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Abstract

The presence of microbial communities in the rhizosphere of plants is an important determinant of plant health and soil
organic matter composition. Plant species play significant roles in selecting the specific microbial communities that inhabit
the root zone. However, till now, there is no solid information regarding the presence of specific plant-microbiome in the
rhizosphere of many plants, especially under-exploited and under-researched species such as Kersting’s groundnut. This
study assessed the effect of five Kersting’s groundnut landraces on the structure of microbial communities in rhizosphere
of field-grown plants. The five tested Kersting’s groundnut landraces (Belane Mottled, Boli, Funsi, Puffeun and Heng Red
Mottled) were found to exert a marked selective influence on bacteria associated with their rhizospheres, measured using
16S rDNA MiSeq illumina sequencing. Community differences in microbial composition and relative abundance were both
significant. Numerous phyla in the rhizosphere were affected by the test landraces. Except for Belane mottled whose rhizo-
spheres were dominated by Proteobacteria, the rhizosphere soils of the other landraces were dominated by Bacteroidetes.
With the exception of landrace Puffeun which showed only Mesorhizobium in its thizosphere, all the other test landraces
revealed the presence of Bradyrhizobium and Rhizobium species of alpha Proteobacteria. Furthermore, the rhizosphere of
all landraces were abundant in species of the indole-3-acetic—acid producing Sphingomonas and cellulose-degrading Fibro-
bacteres. The results of this study suggest that Kersting’s groundnut landraces can shape bacterial community composition
in the rhizosphere via plant-related changes in the rhizosphere soil.

Keywords Phosphate solublizing bacteria - IAA producing bacteria - Cellulose degrading bacteria - Uncultivated bacteria -
Diversity - Legumes - 16S rDNA - MiSeq illumina sequencing

Introduction two subfamilies consist of woody species with a more tropi-
cal distribution, while the Faboideae is the largest subfamily
The Leguminosae represents a major family within the  with both woody and herbaceous species and a cosmopolitan
plant Kingdom, as it comprises more than 20,000 spe-  distribution.
cies [1]. This family is divided into the three subfamilies Of the family leguminosae, grain legumes are consid-
Mimosoideae, Caesalpinioideae and Faboideae [2]. The first ~ ered a vital source of dietary protein in most developing
countries. However, many traditional food legumes have
remained neglected and underutilized despite their contri-
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Kersting’s groundnut is an annual legume cultivated in
the West African savanna, which stretches from Mali to
Nigeria through to Burkina Faso and Benin [4]. Although
there is no reliable statistical data on its production and
trade, Kersting’s groundnut is commonly found in village
markets of West African countries such as Ghana, Togo,
Benin and Nigeria [5, 6]. The legume is adapted to the mar-
ginal Guinea savanna soils, and grows well even under poor
rainfall conditions [5]. The seeds of Kersting’s groundnut
are rich in protein (23.1%) and carbohydrate (61.53-73.3%),
with a high proportion of essential amino acids (42%) [7, 8].
Unfortunately, the crop is facing extinction despite its good
taste, high nutritional and medicinal value and N,-fixing
ability [8-11].

The gradual extinction of Kersting’s groundnut is partly
due to the fact that its cultivation is done by elderly people
for superstitious reasons [12]. The nutritional prospects and
the possible strategies to reverse the disappearance of Kerst-
ing’s groundnut have been comprehensively reviewed [8].
Kersting’s groundnut has potential for inclusion in cropping
systems due to its ability to fix N, in root nodules. Few stud-
ies have revealed the crop’s nitrate-tolerant symbiosis [13],
variable response to inoculation in the field [11] and the
ability to form effective root nodules with diverse species in
the genus Bradyrhizobium leading to high N, fixation [14].

Exudation of phenolic compounds into the rhizosphere of
legume plants can attract rhizobia towards root hairs during
the process of nodule formation [15]. Additionally, some
components of legume root exudates (e.g. flavonoids, amino
acids, aromatic acids and other dicarboxylic acids) also serve
to attract other microorganisms to the rhizosphere region
[16]. The community of microbes in the rhizosphere usually
includes plant growth promoters, pathogens, as well as bac-
teria that are antagonistic to other microbes within the rhizo-
sphere [17]. Bacterial communities in the rhizosphere of
soybean were found to exhibit marked changes in population
dynamics at different plant growth stages (vegetative, flow-
ering and maturative), with an increase in Proteobacteria
and a decrease in abundance of Acidobacteria and Firmcutes
in the rhizosphere, which ultimately resulted in the domina-
tion of the rhizosphere by potential plant growth-promoting
bacteria such as species of Bacillus, Bradyrhizobium and
Rhizobium [18]. Members of the Rhizobiales found in soy-
bean rhizosphere are known for their N,-fixing ability when
in symbiosis with suitable host plants [19].

The practice of inoculating legumes with desir-
able rhizobial strains in order to enhance nodulation
and N,-fixation is also known to modify rhizosphere
microbial communities as a result of complex interac-
tions [16]. For example, inoculating common bean with
Rhizobium etli containing trifolitoxin encoding genes
decreased the diversity of trifolitoxin-sensitive members
of the a-Proteobacteria in the rhizosphere of field-grown
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plants [20]. Similarly, inoculating alfalfa with Sinorhizo-
bium meliloti L33 resulted in a decrease in the rhizos-
phere population of y-Proteobacteria and an increase of
o-Proteobacteria [20]. Kawasaki et al. [21] also observed
that pyrene contamination of the rhizosphere of legumes,
including White clover, caused an increase in the popu-
lations of Actinobacteria and Verrucomicrobia in the
rhizosphere, with a concomitant increase in the numbers
of the genus Denitratisoma. The interaction of plant root
exudates and microbes in the rhizosphere is globally
important for biogeochemical cycling, plant health and
productivity [22, 23]. The roots of plants play a major
role in plant-microbe interaction as they are able to trans-
port 20-50% of photosynthate into the soil environment,
thus aiding microbial colonization by both plant pathogens
and plant growth-promoting rhizobacteria (PGPR) [24].
The PGPRs aid the survival and growth of plants through
nutrient provision and disease suppression in soils under
unfavorable conditions [25], as well as decomposition of
organic matter [26]. While culture-based techniques have
allowed isolated microbes to be studied in detail, molecu-
lar techniques such as metagenomics have increasingly
permitted the identification of microbes in situ.

Numerous factors can shape the microbial communities
associated with the rhizosphere of plants. Although micro-
bial inoculants have been used to boost legume and cereal
production [27], resource partitioning in soils is influenced
by the rhizosphere microbiome that regulates plant niche
differentiation and plant diversity [28, 29]. More than 50,000
bacterial species, most of which are uncultured, are esti-
mated to be present in a gram of soil [30, 31]. Variable soil
conditions as well as plant root exudates are known to influ-
ence the diversity of rhizosphere bacteria.

There is however little information on the rhizosphere
microbiology of Kersting’s groundnut. Although there is no
available information on the phytochemical composition of
the crop’s root exudates, the Kersting’s groundnut landraces
used in this study have been shown to attract diverse rhizo-
bia leading to the formation of effective symbiotic relation-
ships that confer variable adaptation to soil nutrient limita-
tion, especially nitrogen [11, 14], although there is scanty
information regarding the specific pathogens and diseases
affecting Kersting’s groundnut, black seeded landraces are
reported to exhibit resistance the crop’s key storage beetle,
Callosobruchus maculatus, when compared to their white
or brown seeded counterparts [32, 33].

Recently, 16S rDNA and throughput (large-part of
genome) sequencing has been used to examine rhizos-
phere bacterial communities of various plant species [34,
35]. This study is an attempt to understand the extent to
which Kersting’s groundnut landraces can influence and
shape the microbial community (composition and diversity)
in their rhizospheres in order to know the plant—-microbe
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interactions for agricultural sustainability, using MiSeq illu-
mina sequencing.

Materials and methods
Field planting of Kersting’s groundnut

Seeds of five Kersting’s groundnut landraces of variable seed
coat pigmentation [Boli (white), Funsi (brown), Belane Mot-
tled (brown mottled), Puffeun (black) and Heng Red Mot-
tled (brown mottled)] were each planted on plots measuring
3 mXx2 m at Tamale (09°24"27"N 00°51'12"W) in the North-
ern Region of Ghana. Aside their phenotypic differences, the
test landraces were recently shown to exhibit some genetic
variation [11] Of the test landraces in this study, the seeds
of Boli, Funsi and Puffeun were also shown to have similar
anthocyanin profiles (i.e. Delphinidin-3-O-glucoside, Cyani-
din-3-O-glucoside, Petunidin-3-O-glucoside), with the black
seeded Puffeun recoding higher levels of these anthocyanin
pigments in their seeds when compared to Boli or Funsi
[36]. Planting was done at a spacing of 20 cm between plants
and 50 cm between rows, resulting in ~45 plants per plot.
Three replicate plots were established per each landrace
and laid in a randomized complete block design. Plots were
separated by 1 m spacing while a path of 1.5 m was left
between blocks. The field used for the trial had no history
of inoculant application.

Soil sampling and preparation

Before planting, soils were sampled (0-20 cm depth) from
20 points on the field and bulked together for analysis of
chemical properties (Table 1) at the Institute for Plant Pro-
duction, Elsenburg in the Western Cape, South Africa.
At 50% flowering, rhizosphere soils were collected from
each plot. Plants were carefully dug up using a spade and
the soil attached to roots (rhizosphere soils) was collected
by shaking it off into plastic zip-lock bags. The rhizosphere

Table 1 Physico- chemical properties of the bulk soil sample

pH and minerals Concentration
Carbon 0.26%

Iron 42.70 mg/kg
Potassium 48 mg/kg
Magnesium 0.35 cmol(+)/kg
Sodium 9 mg/kg

P (citric acid) 1 mg/kg
Calcium 2.58 cmol(+)/kg
NH, nitrogen 0.029%

pH 6.8

soils of each landrace from the three replicates plot were
pooled together to obtain one composite sample per lan-
drace. Soils were stored at —20 °C suggested by Vestergaard
et al. [37].

DNA extraction from rhizosphere soils

Genomic DNA was extracted from 0.5 g of rhizosphere
soil for each landrace, using PowerSoil™ DNA Isolation
Kit (MO BIO Laboratories, Inc., Carlsbad, CA) according
to the manufacturer’s instructions. The DNA samples were
sent to Macrogen, South Korea, for sequencing and analysis.
The DNA concentrations were determined using PicoGreen
(Invitrogen, cat. # P7589) method and Victor 3 fluorometry.
Fluorescence was measured for 3 cycles of 30 s at 25 °C in
96 well plates, and a standard curve generated by means of
the fluorescence results used to determine DNA concentra-
tion, which was adjusted to a final concentration of 3.5 ng/ul.

Library preparation

Random fragments of the DNA samples were used to pre-
pare the library, followed by 5’ and 3’ adapter ligation. PCR
amplification was done using adapter-ligated primer pairs
5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
CCTACGGGNGGCWGCAG3' and 5'GTCTCGTGGGCT
CGGAGATGTGTATAAGAGACAGGACTACHVGGG
TATCTAATCC3' targeting variable regions V3-V4 of the
16S rDNA gene [38] in 25 pl reaction volume containing
12.5 ul KAPA HiFi hotstart ready mix (2 X), 5 ul each of
forward and reverse primer (1 uM) and 2.5 pl sterilized dou-
ble distilled water with the standard temperature profiles
[30" =95 °C, 25% (30" =95 °C, 30" =55 °C, 30" - 72 °C),
5'—=72 °C]. PCR amplified products were purified using
AMPure XP beads. The library was loaded into a flow cell
for cluster generation.

Sequencing and data assembling

Illumina SBS technology was utilized for paired end
sequencing. During data analysis and alignment, the
newly identified sequence reads were then aligned using
FLASH to reference genome. The raw sequences were
processed in CD-HIT-OTU for quality control (QC)
assessment. All processed and QC passed cluster files
were analysed using Quantitative Insights into Material
Ecology (QIIME) pipe line [39]. The representative reads
from non-chimeric clusters were grouped using a greedy
algorithm into operational taxonomic units (OTUs) at a
user-specified OTU cut-off (e.g. 97% ID at species level).
The alpha diversity index (Chaol, Shanon, and Simpson)
was calculated for each sample at both distances. The
taxonomical abundance (%) of microbial communities
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of each rhizosphere soil was calculated using read files
as queries against removed and de-replicated set of
sequences from the small subunit (SSU) UCLUST [40].
After normalization of sequences of each sample, rarefac-
tion was analysed at species level for sampling adequacy
by using alpha_rarefaction.py of QIIME.

Statistical analysis

To seek the order of the samples along the axes of prin-
cipal coordinates to explain the variance in samples,
principal coordinate analysis (PCoA) was carried out
using QIIME with output data of beta diversity (pair-
wise sample dissimilarity). The differences in rhizosphere
bacterial community structure among the landraces were
assessed using Unifrac weighted distance metric. A one-
way analysis of variance was used to compare the indi-
vidual bacterial phyla identified in the rhizosphere of the
test landraces. Duncan multiple range test (DMRT) was
applied to separate the means at p <0.05. The data were
submitted to NCBI Sequence Read Archive under project
Bioproject ID PRINA335714.

Results and discussion

Plants can form close symbiotic relationships with soil
microbes. Such plant-microbial communities play a crucial
role in agricultural productivity and the resilience of the
ecosystem to climatic stress. Understanding plant-microbe
interaction can reveal novel ways of using these microor-
ganisms to support plant health and productivity, without
altering ecosystem functioning. Metagenomics can elucidate
the diversity, abundance, and dynamics of microbial genes
and pathways participating in biogeochemical transforma-
tions of mineral nutrients in a variety of ecosystems. In this
study, the bacterial richness and community structure in
the metagenome of the rhizosphere soil of five Kersting’s
groundnuts were analysed using MiSeq Illumina sequenc-
ing (Fig. 1).

Many uncultured bacterial populations were observed in
this study, a finding consistent with the report by Aslam
et al. [41] which found abundant uncultured microbes in
their study site. Our results showed distinct bacterial com-
munities in the rhizospheres of the five Kersting’s groundnut
landraces, which probably denotes differences in bacterial
community function across these environments. Results
indicated that Funsi had maximum sequence bases in its

Fig. 1 A field grown view of Kersting’s groundnut plant, pod and seeds with different seed coat colours
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Table 2 Information

Sample name Total bases Raw read count GC (%) Q20 (%) Q30 (%) Chaol Good coverage
about the number of raw
sequences generated, quality Belane mottled 59921540 132841 5487 9686 8692  680.57 0.98
of sequences and chaol Boli 90362348 200133 5416 971 8771 84071 0.99
Funsi 94982600 210705 54.37 97.11 87.69 981.82 0.99
Puffeun 56900504 123953 52.77 96.5 86.08 609.35 0.99
Heng red mottled 47007778 103559 53.18 96.22 85.25 5743 0.98
900 9 1
800 - 8 - 0.98
700 7 0.96
600 6 0.94
» 0.92
£ 500 g 5 g
= | c 0.9 7]
g 400 c 4 o
= ® 088 £
2 300 | g, £
S 200 | v 086 &
2 0.84
100 14 0.82
n i i eng re . 3 N
mzt?l:d Boli Funsi e mot%led Belane Boli Funsi  puffeun Hengred
Kersting’s groundnut landraces mottled mottled

Fig.2 Distribution and number of OTUs that found in the rhizos-
phere of test Kersiting’s landraces

rhizosphere soils (> 90 million), while the lowest sequences
were observed in the rhizosphere soil of Heng Red Mot-
tled (<5 million) (Table 2). Variations were observed in
read output across the samples, with > 100,000 reads being
obtained for each sample. A total of 0.1 to 0.21 million reads
were generated. Boli and Funsi landraces had > 200,000
reads (Table 2). The highest OTU (816) was observed in
the metagenome of Funsi samples, with Puffeun showing the
least (Fig. 2). The Shannon diversity index showed similar
bacterial diversity (7.6) in the rhizoshere soils of landraces
Belane Mottled, Boli and Funsi, which was higher than
the diversity observed in the rhizosphere soils of Puffeun
(4.2) and Heng Red Mottled (5.1) (Fig. 3). Furthermore,
the results of OTU richeness reached a plateau at 14,000
sequences per sample. The alpha rarefaction graph (Fig. 4)
was not reaching the plateau, indicating that more reads were
needed to capture all the diversity. Based on rarefaction anal-
ysis, the prokaryotic diversity at species level was highest in
the rhizosphere soil of Funsi, and lowest in the rhizosphere
of the Puffeun landrace (Fig. 4). The profiles of microbial
communities in the rhizosphere soils of Boli and Heng Red
mottled were almost similar at the phylum, class, order and
family levels, despite some little differences in the relative
abundance of some bacteria (Fig. 5).

This atlas of bacterial communities associated with the
rhizosphere of Kersting’s groundnut could aid in our under-
standing of how bacterial communities function with each
landrace as a host plant. Although reads were also assigned

Kersting’s groundnut landraces

Fig.3 Microbial community in Shannon (Blue line) and Simpson
(Red line) diversity index of microbial communities in the rhizos-
phere soils of the test Kersting’s groundnut. (Color figure online)

as far as the species level, the taxonomic differences between
the various rhizosphere soils were indicated by their PCoA
(Fig. 6). The PCoA results indicated that there were differ-
ences in microbial community composition and showed that
the first axis of PC1 versus PC2 could explain 73.25% of the
variance in the data, indicating that the relative abundance of
most OTUs were diverse between the rhizosphere soils of all
test landraces (Fig. 6). The number of sequences attributed
to each taxon were compared between the rhizospheres of
the five Kersting’s groundnut landraces based on distance
matrix estimated with UPGMA algorithm presented by the
phylogenetic tree in Fig. 7. The results yielded two main
clusters (Cluster I & II), which clearly showed the presence
of diverse microbial community structures in the test rhizo-
sphere soils.

Sequences were classified and summarized according to
bacterial phyla, and these showed differences between and
among the rhizosphere soils of the five Kersting’s groundnut
landraces, as well as revealed the overall composition of the
community at a high phylogenetic resolution. The variation
in OTU richness, both within and among phyla, decreased
non-linearly with landraces, which suggests that selection
of rhizosphere microsymbionts was highly plant-specific
[28, 42]. The results also showed that microbial communi-
ties in the rhizosphere of the black seeded Puffeun landrace
were slightly different (i.e. less cover of bacterial phyla) in
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Fig.4 Rarefaction analysis of
microbial communities at the
species levels to determine
whether sampling depth was
sufficient to accurately charac-
terize
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Fig. 5 Taxonomic distribution based on 16S rDNA sequences at the bacterial phylum to order levels in rhizosphere soils of Kersting’s landraces.
(x axis =sample name; y axis=OTU proportions)

comparison to the rhizosphere soils of the other landraces. In
contrast, the rhizosphere of Belane Mottled harboured many
bacterial genera, which suggests that bacterial community
composition and its development in the rhizosphere is regu-
lated by plant-induced changes in the soil [28].

Despite the presence of diverse bacterial species in the
rhizosphere soil of the five Kersting’s groundnut landraces,
most of these bacteria were unclassified. For example, the
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rhizosphere soils of Belane Mottled, Boli, Funsi, Puffeun
and Heng Red Mottled, respectively, contained 39.91, 36.86,
37.73, 30.35 and 34.25% unclassified bacteria (Table 3).
Except Puffeun, other landraces contain beta proteobacteria
Methylophilaceae in their rhizosphere.

The most abundant prokaryotes in the rhizosphere of the
landrace Belane Mottled was the Proteobacteria. In con-
trast, Boli, Funsi, Puffeun and Heng Red Mottled harboured
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Fig.6 PCoA plot based on
weighted unifrac distances
showing the differences in the
composition of microbial com-
munities in the rhizospheric soil
samples of Kersting’s groundnut
landraces
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Fig. 7 Hierarchical cluster analysis based on distance matrix with the UPGMA algorithm for five metagenomes of rhizosphere of Kersting’s

groundnut

many more Bacteroidetes, followed by Proteobacteria,
Acidobacteria, Actinobacteria, Firmicutes, Nitrospirae,
Planctomycetes and Verrucomicrobia in their thizospheres.

Furthermore, the Cynobacteria were in high proportion in
all test rhizosphere soils. These major groups were earlier
identified in a PCR-based and metatranscriptomic study of
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Table 3 The Phylum showing significant differences among the samples

Phylum Belane mottled  Boli Funsi Puffeun Heng Red mottled  F statistics
Acidobacteria 7.44+0.15a 3.83+0.36b 1.76 +0.54c 0.32+0.17c 6.25+0.58a 54.9%%*
Actinobacteria 6.29+0.76b 6.08+0.36b 9.07+0.04a 3.47+0.20c 4.89+0.38bc 24 1%
Arthropoda 0.38+0.04a 0.22+0.00bc  0.28+0.02ab - 0.25+0.08ab 7.4%
Ascomycota 0.35+0.05bc 0.47+0.06b 0.74+0.30a 0.22+0.03cd  0.13+0.05d 327wk
Bacillariophyta 0.88+0.01ab 0.89+0.11ab  0.68 +0.06b 0.16+£0.01c 0.99+0.12a 18.5%*
Bacteroidetes 8.38+0.49d 16.11+0.66c  14.75+0.11c  34.61+1.48a  23.76+1.29b 111.8%%*
Basidiomycota 0.08+0.03a 0.07+0.03a 0.13+0.02a - - 2.6 ns
Chlamydiae 0.35+0.09a - 0.12+0.0a - 0.29+0.12a 4.1 ns
Chloroflexi 1.22+0.39a 1.17+0.24a 1.45+0.46a 0.40+0.08a 0.57+0.21a 2.1ns
Chlorophyta 0.09+0.01bc 0.31+0.05a 0.14+0.02b 0.001+0.00c  0.08+0.00bc 14.8%%*
Cyanobacteria 2.51+0.02¢c 3.86+0.55ab 4.42+0.37a 1.01+0.11d 3.12+0.03bc 19.5%*
Deinococcus-Thermus 0.13+0.10a - - - 0.10+0.00a 1.0 ns
Firmicutes 5.96+1.72a 5.88+0.05a 6.44+0.79a 4.77+0.31a 6.24+1.07a 0.43 ns
Gemmatimonadetes 0.63+0.01a 0.37+0.01b 0.57+0.08ab - 0.41+0.08b 16.7%*
Nitrospirae 1.60+0.18a 0.98£0.16b 0.73+£0.11b 0.11+£0.01c 0.60+0.15bc 15.7%%*
Planctomycetes 1.40+0.75a 1.80+0.57a 1.55+0.54a 0.59+0.23a 1.06 +0.62a 0.7 ns
Proteobacteria 12.60+2.81a 11.53+1.31a 11.21+097a  20.97+5.69a 10.32+0.61a 2.17 ns
Spirochaetes 0.54+0.19a 0.25+0.09a 0.25+0.12a - 0.27+0.16a 1.8 ns
Streptophyta 1.67+0.13a 1.25+0.14b 1.11+0.12bc  0.60+0.10d 0.77+0.00 cd 14.4%%*
Synergistetes 0.10+0.02 - - - - -
unclassified (derived from Bacteria) 39.91+0.13a 36.86+0.95a 37.73+1.58a 30.35+6.07a  34.25+2.57a 1.4 ns
unclassified (derived from Eukaryota)  0.59 +0.02a 0.45+0.03b 0.65 +0.05a 0.19+0.01c 0.42+0.01b 46.1%%*
Verrucomicrobia 4.79+0.93a 5.19+0.99a 4.04+1.36a 1.33+0.46a 3.20+0.56a 2.8 ns

Values (Mean + SE) with dissimilar letters in a row are significantly different at p<0.05 (*), p<0.01 (¥*), p<0.001 (**%*)

both bulk and rhizosphere soils [42-45]. Although in this
study the Actinobacteria and Bacteriodetes contributed
more to their respective phyla, it was the Proteobacteria
that showed greater diversity. In fact, this study shows that
the major microbial communities associated with Kerst-
ing’s groundnut rhizosphere were Flavobacteriales, Sphin-
gobacteriales, Rhizobiales, Sphingomonadales, Burkholde-
riales and Xanthomonadales, which are well known for their
interaction with plants in the rhizosphere [46]. From this
study, changes in rhizosphere microbial communities can
be attributed to differences in the genetic make-up of Kerst-
ing’s groundnut landraces [28] as well as variations in the
relative phytochemical compositions of their seed and root
exudates [36].

Based on species level PCoA, there was a plant effect
on the total community structure in the rhizosphere. The
dissimilarity in microbial community structure between
rhizospheres of test landraces could be attributed to selec-
tion or depletion by plant root exudates. For example, we
observed the selection of taxa with phosphate-solubi-
lizing ability in the rhizosphere of Kersting’s groundnut
landraces. The rhizosphere of the landrace Puffeun was
strongly enriched with species of Flavobacterium (previ-
ously discovered in soybean rhizosphere) and Aeromonas,
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a phosphate-solublizing bacterium [47, 48]. Both Chry-
seobacterium and Flavobacterium were abundant in the
rhizosphere of Heng Red Mottled. Interestingly, species
of Chryseobacterium were earlier isolated from bean roots
and reported to have phosphate-solubilizing ability and a
role as plant growth-promoting rhizobacteria [49-51]. The
rhizospheres of Belane Mottled, Boli and Funsi landraces
showed an abundance of the indole-3-acetic acid-producing
bacterium Sphingomonas, reported earlier in the rhizosphere
of soybean [18]. Some other Gram-negative bacteria such
as Massilia, Flavobacterium, Chitinophagaceae, Nitros-
piraceae, and Bacillus were also detected in the rhizosphere
of Kersting’s groundnut landraces. The absence of Sphingo-
monas in the rhizosphere of Puffeun and Heng Red Mottled
could possibly be attributed to their production of antimi-
crobial compounds, or the inability of these bacteria to use
plant-derived carbon sources which can lead to depletion of
the taxa in the rhizosphere. Some cellulose-degrading bacte-
ria such as Fibrobacteres [52] were found in the rhizospheres
of Belane Mottled and Funsi, an observation that probably
suggests the role of plant cell wall substances in shaping
rhizosphere microbiome [53]. The nitrate-reducing Methy-
lophilaceae of the beta-Proteobacteria was also present in
the rhizosphere of all landraces, except Puffeun. Apparently,
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members of the Methylophilaceae can reduce nitrate in the
presence of methanol produced from pectin of plant cell
walls origin, and this helps in bacterial colonization through
the activation of C1 metabolism in the rhizosphere [42, 54].

Some bacterial taxa were thus common in all rhizosphere
soils and this could suggest their general presence in plant
rhizospheres. The microbial community in the rhizosphere
of the black-seeded Puffeun was totally different in having
a less diverse type of microbiome when compared to the
rhizospheres of other landraces (Table 3). These results
probably suggest that the black-seeded Puffeun releases
antimicrobial compounds that select for a specific type of
microbiome a further indication that the presence of a micro-
bial community in the rhizosphere is plant-regulated. The
impact of plant accessions on microbial community in the
rhizosphere has been well documented for wheat [55], maize
[56] and Arabidopsis [28]. In this study, Kersting’s ground-
nut landraces have been shown to influence rhizosphere
microbial communities with strong evidence of landraces
of same plant species differently shaping the rhizomicro-
bial populations. As legumes, the rhizosphere soils collected
from Kersting’s groundnut landraces would be expected to
contain N,-fixing rhizobia. In that regard, Puffeun had a very
low population of Rhizobiales (Mesorhizobium) in contrast
to the other landraces which harboured Bradyrhizobium,
Rhizobium and Mesorhizobium in their rhizospheres. This
variation in rhizobial population could be due to exudates
released by plant roots. The components of root exudates
include organic acids, sugars, amino acids, fatty acids, vita-
mins, growth factors, hormones and antimicrobial com-
pounds [17] which can play a major role in structuring the
rhizosphere microbiome [57-62]. However, root exudate
production and composition can vary with plant taxa, even
among closely-related plant species, and/or within different
accessions of the same plant species [28, 63, 64].

In this study, Miseq Illumina-based metagenomic analysis
provided well-defined taxonomic groups in all the test rhizo-
sphere soils and helped to contribute to our understanding
of microbial community structure. Our results showed that
the rhizosphere microbiomes were largely plant-based. The
rhizosphere soil of Puffeun landrace had a very selective
microbiome, while the other landraces were enriched with
diverse microbiomes. In this study, phosphate-solublising
bacterial (PSB) genus were richly present in the rhizos-
pheres of Puffeun and Heng Red Mottled landraces while
with Belane Mottled, Boli and Funsi, the rhizosphere har-
boured mostly the IAA-producing bacteria Sphingomonas.
Cellulose-degrading and nitrate-reducing bacteria were also
present in the rhizosphere soils of all Kersting’s groundnut
landraces except for Puffeun.

Acknowledgements This work was supported with grants from the
South African Department of Science and Technology, the Tshwane

University of Technology, the National Research Foundation in Pre-
toria, and the South African Research Chair in Agrochemurgy and
Plant Symbioses.

Compliance with ethical standards

Conflict of interests The authors declare that they have no competing
interests.

References

1. Dzoyem JP, Kuete V, Eloff IN (2014) Biochemical parameters in
toxicological studies in Africa: significance, principle of meth-
ods, data interpretation, and use in plant screenings. Toxicologi-
cal Survey of African Medicinal Plants. Elsevier, Amsterdam, pp
659-715

2. Group AP (2009) An update of the angiosperm phylogeny group
classification for the orders and families of flowering plants: APG
III. Bot J Linn Soc 161:105-121

3. Magbagbeola JAO, Adetoso JA, Owolabi OA (2010) Neglected
and underutilized species (NUS): a panacea for community
focused development to poverty alleviation/poverty reduction in
Nigeria. J Econ Int Financ 2:208

4. Pasquet RS, Mergeai G, Baudoin J-P (2002) Genetic diversity
of the African geocarpic legume Kersting’s groundnut, Macro-
tyloma geocarpum (Tribe Phaseoleae: Fabaceae). Biochem Syst
Ecol 30:943-952. https://doi.org/10.1016/S0305-1978(02)00040
-6

5. Bampuori AH (2007) Effect of traditional farming practices on
the yield of indigenous Kersting’s groundnut (Macrotyloma geo-
carpum Harms) crop in the upper west region of Ghana. J Dev
Sustain Agric 2:128-144

6. Assogba P, Ewedje EEBK, Dansi A et al (2016) Indigenous
knowledge and agro-morphological evaluation of the minor crop
Kersting’s groundnut [Macrotyloma geocarpum (Harms) Mare-
chal et Baudet] cultivars of Benin. Genet Resour Crop Evolut
63:513-529

7. Ajayi OB, Oyetayo FL (2009) Potentials of Kerstingiella geocarpa
as a health food. ] Med Food 12:184-187

8. Ayenan MAT, Ezin VA (2016) Potential of Kersting’s groundnut
[Macrotyloma geocarpum (Harms) Marechal & Baudet] and pros-
pects for its promotion. Agric Food Secur 5:10

9. Adu-Gyamfi R, Dzomeku IK, Lardi J et al (2012) Evaluation of
growth and yield potential of genotypes of Kersting’s groundnut
(Macrotyloma geocarpum harms) in Northern Ghana. Int Res J
Agric Sci Soil Sci 2:509-515

10. Dansi A, Vodouhe R, Azokpota P et al (2012) Diversity of the
neglected and underutilized crop species of importance in Benin.
Sci World J. https://doi.org/10.1100/2012/932947

11. Mohammed M, Jaiswal SK, Sowley ENK, Ahiabor BDK (2018)
Symbiotic N, fixation and grain yield of endangered Kersting’s
groundnut landraces in response to soil and plant associated
Bradyrhizobium inoculation to promote ecological resource-use
efficiency. Front Microbiol 9:2105

12. Amuti K (1980) Geocarpa groundnut (Kerstingiella geocarpa) in
Ghana. Econ Bot 34:358-361

13. Dakora FD (1998) Nodule function in symbiotic Bambara ground-
nut (Vigna subterranea L.) and Kersting’s bean (Macrotyloma
geocarpum L.) is tolerant of nitrate in the root medium. Ann Bot
82:687-690

14. Mohammed M, Jaiswal SK, Dakora FD (2019) Insights into the
phylogeny, nodule functioning and biogeographic distribution
of microsymbionts nodulating the orphan Kersting’s groundnut

@ Springer


https://doi.org/10.1016/S0305-1978(02)00040-6
https://doi.org/10.1016/S0305-1978(02)00040-6
https://doi.org/10.1100/2012/932947

4480

Molecular Biology Reports (2019) 46:4471-4481

16.
17.
18.
19.
20.

21.

22.
23.

24.

25.

26.

217.
28.
29.
30.

31.

32.

33.

34.

35.

Qs

[Macrotyloma geocarpum (Harms) Marechal & Baudet] in Afri-
can soils. Appl Environ Microbiol 85(11):e00342

. Makoi J, Ndakidemi P (2007) Biological, ecological and agro-

nomic significance of plant phenolic compounds in rhizosphere
of the symbiotic legumes. African J Biotechnol 6(12):1358
Hassan S, Mathesius U (2012) The role of flavonoids in root-
rhizosphere signalling: opportunities and challenges for improv-
ing plant-microbe interactions. J Exp Bot 63:3429-3444
Dakora FD, Phillips DA (2002) Root exudates as mediators of
mineral acquisition in low-nutrient environments. Plant Soil
245:35-47

Sugiyama A, Ueda Y, Zushi T et al (2014) Changes in the bacte-
rial community of soybean rhizospheres during growth in the
field. PLoS ONE 9:1-9

Carvalho FM, Souza RC, Barcellos FG et al (2010) Genomic
and evolutionary comparisons of diazotrophic and pathogenic
bacteria of the order Rhizobiales. BMC Microbiol 10:37
Trabelsi D, Mhamdi R (2013) Microbial inoculants and their
impact on soil microbial communities: a review. Biomed Res
Int. https://doi.org/10.1155/2013/863240

Kawasaki A, Watson ER, Kertesz MA (2012) Indirect effects
of polycyclic aromatic hydrocarbon contamination on micro-
bial communities in legume and grass rhizospheres. Plant Soil
358:169-182

Bloemberg GV, Lugtenberg BJJ (2001) Molecular basis of plant
growth promotion and biocontrol by rhizobacteria. Curr Opin
Plant Biol 4:343-350

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 11:789

Kuzyakov Y, Domanski G et al (2000) Carbon input by plants
into the soil. Review. J Plant Nutr Soil Sci 163:421-431
Mendes R, Kruijt M, De Bruijn I et al (2011) Deciphering the
rhizosphere microbiome for disease-suppressive bacteria. Sci-
ence 332:1097-1100

Kuzyakov Y (2002) Factors affecting rhizosphere priming
effects. J Plant Nutr Soil Sci 165:382-396

Bhattacharjee RB, Singh A, Mukhopadhyay SN (2008) Use of
nitrogen-fixing bacteria as biofertiliser for non-legumes: pros-
pects and challenges. Appl Microbiol Biotechnol 80:199-209
Micallef SA, Shiaris MP, Col6n-Carmona A (2009) Influence of
Arabidopsis thaliana accessions on rhizobacterial communities
and natural variation in root exudates. J Exp Bot 60:1729-1742
Reynolds HL, Packer A, Bever JD, Clay K (2003) Grassroots
ecology: plant-microbe—soil interactions as drivers of plant
community structure and dynamics. Ecology 84:2281-2291
Handelsman J (2004) Metagenomics: application of genom-
ics to uncultured microorganisms. Microbiol Mol Biol Rev
68:669-685

Roesch LFW, Fulthorpe RR, Riva A et al (2007) Pyrosequencing
enumerates and contrasts soil microbial diversity. ISME J 1:283
Badii BK, Adarkwah C, Obeng-Ofori D, Ulrichs C (2014) Effi-
cacy of diatomaceous earth formulations against Callosobruchus
maculatus (F.) (Coleoptera: Bruchidae) in Kersting’s groundnut
(Macrotyloma geocarpum Harms): influence of dosage rate and
relative humidity. J Pest Sci 87:285-294

Badii KB, Asante SK, Bayorbor TB (2011) Susceptibility of some
kersting’s groundnut landrace cultivars to infestation by Calloso-
bruchus maculatus (fab.)[Coleoptera: Bruchidae]. J Sci Technol
31:11-20

Margulies M, Egholm M, Altman WE et al (2005) Genome
sequencing in microfabricated high-density picolitre reactors.
Nature 437:376

Scholer A, Jacquiod S, Vestergaard G et al (2017) Analysis of soil
microbial communities based on amplicon sequencing of marker
genes. Biol Fertil Soils 53:485-489

pringer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Tsamo AT, Mohammed M, Ndibewu PP, Dakora FD (2019) Iden-
tification and quantification of anthocyanins in seeds of Kersting’s
groundnut [Macrotyloma geocarpum (Harms) Marechal & Bau-
det] landraces of varying seed coat pigmentation. J Food Meas
Charact. https://doi.org/10.1007/s11694-019-00150-3
Vestergaard G, Schulz S, Schéler A, Schloter M (2017) Making
big data smart—how to use metagenomics to understand soil qual-
ity. Biol Fertil Soils 53:479-484

Klindworth A, Pruesse E, Schweer T et al (2013) Evaluation of
general 16S ribosomal RNA gene PCR primers for classical and
next-generation sequencing-based diversity studies. Nucleic Acids
Res 41:el-el

Caporaso JG, Kuczynski J, Stombaugh J et al (2010) QIIME
allows analysis of high-throughput community sequencing data.
Nat Method 7:335

Edgar RC (2010) Search and clustering orders of magnitude
faster than BLAST. Bioinformatics 26:2460-2461. https://doi.
org/10.1093/bioinformatics/btq461

Aslam Z, Yasir M, Khaliq A et al (2010) Mini review: too much
bacteria still unculturable. Bioscience 45:600-609

Turner TR, Ramakrishnan K, Walshaw J et al (2013) Compara-
tive metatranscriptomics reveals kingdom level changes in the
rhizosphere microbiome of plants. ISME J 7:2248-2258. https://
doi.org/10.1038/ismej.2013.119

Inceoglu 0O, Al-Soud WA, Salles JF et al (2011) Comparative
analysis of bacterial communities in a potato field as determined
by pyrosequencing. PLoS ONE 6:¢23321

Lundberg DS, Lebeis SL, Paredes SH et al (2012) Defining the
core Arabidopsis thaliana root microbiome. Nature 488:86-90.
https://doi.org/10.1038/nature11237

Urich T, Lanzén A, Qi J et al (2008) Simultaneous assessment of
soil microbial community structure and function through analysis
of the meta-transcriptome. PLoS ONE 3:e2527

Lu Y, Rosencrantz D, Liesack W, Conrad R (2006) Structure
and activity of bacterial community inhabiting rice roots and the
rhizosphere. Environ Microbiol 8:1351-1360

Hunt S, Layzell DB (1993) Gas exchange of legume nodules
and the regulation of nitrogenase activity. Annu Rev Plant Biol
44:483-511

Muleta D, Assefa F, Borjesson E, Granhall U (2013) Phosphate-
solubilising rhizobacteria associated with Coffea arabica L. in
natural coffee forests of southwestern Ethiopia. J Saud Soc Agric
Sci 12:73-84

Dardanelli MS, de Cérdoba FJF, Estévez J et al (2012) Changes
in flavonoids secreted by Phaseolus vulgaris roots in the presence
of salt and the plant growth-promoting rhizobacterium Chryseo-
bacterium balustinum. Appl Soil Ecol 57:31-38

Miethling R, Ahrends K, Tebbe CC (2003) Structural differ-
ences in the rhizosphere communities of legumes are not equally
reflected in community-level physiological profiles. Soil Biol Bio-
chem 35:1405-1410

Singh AV, Chandra R, Goel R (2013) Phosphate solubilization
by Chryseobacterium sp. and their combined effect with N and
P fertilizers on plant growth promotion. Arch Agron Soil Sci
59:641-651

Ransom-Jones E, Jones DL, McCarthy AJ, McDonald JE (2012)
The fibrobacteres: an important phylum of cellulose-degrading
bacteria. Microb Ecol 63:267-281

Dennis PG, Miller AJ, Hirsch PR (2010) Are root exudates more
important than other sources of rhizodeposits in structuring rhizo-
sphere bacterial communities? FEMS Microbiol Ecol 72:313-327
Galbally IE, Kirstine W (2002) The production of methanol by
flowering plants and the global cycle of methanol. ] Atmos Chem
43:195-229

Mazzola M, Funnell DL, Raaijmakers JM (2004) Wheat culti-
var-specific selection of 2,4-diacetylphloroglucinol-producing



https://doi.org/10.1155/2013/863240
https://doi.org/10.1007/s11694-019-00150-3
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1038/ismej.2013.119
https://doi.org/10.1038/ismej.2013.119
https://doi.org/10.1038/nature11237

Molecular Biology Reports (2019) 46:4471-4481

4481

56.

57.

58.

59.

60.

61.

fluorescent Pseudomonas species from resident soil populations.
Microb Ecol 48:338-348

Dalmastri C, Chiarini L, Cantale C et al (1999) Soil type and
maize cultivar affect the genetic diversity of maize root-associated
Burkholderia cepacia populations. Microb Ecol 38:273-284
Badri DV, Chaparro JM, Zhang R et al (2013) Application of
natural blends of phytochemicals derived from the root exudates
of Arabidopsis to the soil reveal that phenolic-related compounds
predominantly modulate the soil microbiome. J Biol Chem
288:4502-4512

Bais HP, Weir TL, Perry LG et al (2006) The role of root exudates
in rhizosphere interactions with plants and other organisms. Annu
Rev Plant Biol 57:233-266

Bertin C, Yang X, Weston LA (2003) The role of root exudates
and allelochemicals in the rhizosphere. Plant Soil 256:67-83
Broeckling CD, Broz AK, Bergelson J et al (2008) Root exudates
regulate soil fungal community composition and diversity. Appl
Environ Microbiol 74:738-744

Shi S, Richardson AE, O’Callaghan M et al (2011) Effects of
selected root exudate components on soil bacterial communities.
FEMS Microbiol Ecol 77:600-610

62.

63.

64.

Gu Y, Wei Z, Wang X et al (2016) Pathogen invasion indirectly
changes the composition of soil microbiome via shifts in root
exudation profile. Biol Fertil Soils 52:997-1005

Czarnota MA, Rimando AM, Weston LA (2003) Evaluation
of root exudates of seven sorghum accessions. J Chem Ecol
29:2073-2083. https://doi.org/10.1023/A:1025634402071
Warembourg FR, Roumet C, Lafont F (2003) Differences in
rhizosphere carbon-partitioning among plant species of different
families. Plant Soil 256:347-357. https://doi.org/10.1023/A:10261
47622800

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1023/A:1025634402071
https://doi.org/10.1023/A:1026147622800
https://doi.org/10.1023/A:1026147622800

	Microbial community structure in the rhizosphere of the orphan legume Kersting’s groundnut [Macrotyloma geocarpum (Harms) Marechal & Baudet]
	Abstract
	Introduction
	Materials and methods
	Field planting of Kersting’s groundnut
	Soil sampling and preparation
	DNA extraction from rhizosphere soils
	Library preparation
	Sequencing and data assembling
	Statistical analysis

	Results and discussion
	Acknowledgements 
	References




