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Diversity and abundance of
bacterial and fungal communities
in rhizospheric soil from
smallholder banana producing
agroecosystems in Kenya
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‘Department of Biochemistry, Microbiology and Biotechnology, Kenyatta University, Nairobi, Kenya,
2Department of Plant Sciences, Kenyatta University, Nairobi, Kenya, *Department of Forestry and Land
Resources Management, South Eastern Kenya University, Kitui, Kenya

In agroecosystems, microbial communities play a crucial role in delivery of various
ecosystem services. These microbial communities are affected by several factors
such as soil physicochemical properties which contribute to the diversity of
bacterial and fungal communities. In this study, we investigated the soil
physicochemical parameters and the diversity and abundance of bacterial and
fungal communities in rhizospheric soil collected from banana growing regions in
Kisii, Nyamira and Embu Counties of Kenya. Rhizospheric soil samples from the
three regions showed significant differences at (P= 0.01) with the lowest recorded
pH being 4.43 in Embu County. Based on Next-generation sequencing results,
there was a significant diversity and abundance of bacterial division Proteobacteria
while the predominant fungal division was basidiomycota, Several genera in the
fungal division such as Penicillium and Cladosporium as well as bacterial genera
such as Acidobacterium and Pseudomonas sp. were those associated with soil.
There were several plant pathogenic and beneficial bacteria and fungi. Based on
redundancy analysis (RDA) the distribution of these microbes was affected
negatively by soil parameters such as total organic carbon (TOC) and pH. In
conclusion, Soil health and continuous mono-cropping systems play a
significant role in the diversity and abundance of both beneficial and harmful soil
microbes. Metagenomics approaches in studying microbial communities in
agroecosystems is a revolutionary approach which will aid in the development
of sustainable tools in agriculture that improve microbiome structures as well as
overall productivity.
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Introduction

Banana farming is a major economic activity in Kenya. However,
the current production trends by the smallholder farmers who form
85% of the banana producers in Kenya do not meet the market
demand (Okumu et al., 2011). This is because there are various factors
directly affecting production such as soil health as well as pests and
diseases (Koberl et al., 2017).

There has been increasing interest in soil health, specifically
microbial diversity in soil habitat. This is because soil microbial
communities are considered as essential in improving soil health
and quality. A wide range of microorganisms are essential in soil
function since microbial communities are key contributors to
sustainable agriculture. Microbes are known to act as mediators in
many processes that are involved in agricultural production (Lupwayi
et al., 1998; Rondon et al., 2000 and Gupta et al., 2018).

It has been observed that farm practices such as conservation
tillage and legume-based crop rotation supports soil microbial
communities and may have direct positive effects on agricultural
ecosystems (Nguyen et al., 2018). The culturing techniques of
studying microorganisms are not efficient in their study since
majority of the microbes are unculturable (Goel et al., 2018)).
Advances in molecular application in determining microbial
diversity in nature shows that there is a lot of information that was
not previously accessible (Gupta et al., 2018). Therefore,
understanding the factors that influence microbial communities can
assist greatly in the innovation of new agricultural tools for
sustainable environment (Gupta et al., 2018).

There are numerous soil borne diseases that act as limiting factors
in banana production all over the world (Koberl et al., 2017). Most
farmers use conventional methods in their control that mainly target
pathogens using antibacterial agents, pesticides and fungicides and
this has the potential of reducing the soil microbial community (Dita
et al, 2018). Therefore, studying microbial communities can aid in
creating tools to mitigate problems affecting essential microbial
communities (Chaparro et al., 2012).

Recent reports indicate that stressors that affect soil biodiversity
such as human activities, the decline in soil organic matter and
degradation of land has led to the loss of aboveground and below
ground biodiversity (Orgiazzi et al., 2016). The decline in soil health
and fertility including biological degradation (organic matter) is a
worrying trend and has the potential to lower productivity
significantly. Constant monitoring of soil health status is an
essential factor in processes of development of land management
systems that ensure the sustainability of soil resources (Tilhou et al.,
2021). In order to reclaim the damage to soil and ensure global
agricultural sustainability, the identification of these stressors as well
as development of sustainable methods such as bioremediation is
important (Tahat et al., 2020).

The soil microbial communities in agroecosystems play a crucial
role in plant growth and health. Recent studies have been focusing on
microbial communities in continuous cropping systems and their
roles. Understanding their roles as well as environmental factors that
affect the communities is important in improving banana production
(Berg et al, 2017 and Gomez-Lama et al, 2021). Studying soil
microbial diversity in relation to other soil physicochemical
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parameters is essential. This aids greatly in identifying factors
affecting beneficial microbial communities, thus highlighting the
need for adoption and development of tools for sustainable
agricultural practices (Gomez-Lama et al., 2021). The current study
was aimed at determining microbial diversity and abundance in
banana rhizospheric soil from banana producing regions in Kenya
and the influence of soil physicochemical parameters on the
distribution of fungal and bacterial communities.

Materials and methods
Soil sampling and characterization

Rhizospheric soils samples were collected from the farmers’ fields
in Kisii, Nyamira and Embu Counties at a depth of 15-20 cm using a
sterile hand shovel. The GPS coordinates were used to create a map
where soil sampling was carried out (Figure 1). Soil sampling was
carried out across and diagonally from 20 points per field and were
mixed to form a composite sample which was packed in sterile bags
for transportation to Kenyatta University, Tissue Culture Laboratory
and stored in a freezer at -30 °C. Soil physicochemical parameters
were determined according to the standard procedures described by
Anderson and Ingram (1993) and Okalebo et al. (2002).

Soil DNA extraction and next generation
sequencing (NGS) of soil metagenome
targeting 16S rDNA and ITS regions

DNA for metagenomic analysis was extracted from 200 mg
composite soil samples using soil DNA extraction kit (Invitrogen by
Thermofisher Scientific) according to the manufacturer’s
instructions. The DNA pellets were washed with 70% ethanol and
stained using SYBR Green dye and subjected to gel electrophoresis
in 1.2% agarose gel in 0.5X TBE buffer at 80 V for 20 minutes. A 100
bp gene ruler was used to estimate the band sizes (Gupta
et al.,, 2018).

The 16S rRNA primer pair, 515F GTGYCAGCMGC
CGCGGTAA/806R GGACTACNVGGGTWTCTAAT for bacterial
communities and the internal transcribed spacer (ITS) primer pair,
ITS1F CTTGGTCATTTAGAGGAAGTAA/ITS4R TCCTCC
GCTTATTGATATGC for fungal communities were used to
evaluate microbial ecology of each sample on the Illumina NovaSeq
with methods via the bTEFAP® DNA analysis service. Prokaryotic
and eukaryotic libraries were constructed and each sample underwent
a single-step 35 cycle PCR using HotStarTaq Plus Master Mix Kit
(Qiagen, Valencia, CA). The PCR amplification conditions were as
follows: initial denaturation at 95°C for 10 minutes, followed by 35
cycles (denaturation at 95°C for 30 seconds; annealing at 53°C for 40
seconds and elongation at 72°C for 1 minute) and a final elongation
step at 72°C for 10 minutes. Following PCR, all amplicon products
from different samples were purified using SPRI beads (Soliman et al.,
2017). Samples were sequenced utilizing the Illumina NovaSeq
chemistry following manufacturer’s instruction (Gastauer
et al., 2019).
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FIGURE 1
Map of Kenya showing the sampling sites in the study regions of Kisii, Nyamira and Embu Counties. Source: Generated using GPS co-ordinates.

Statistical analysis

The open source package DADA 2 running under R was used to
process the raw reads. The Q25 sequence data derived from the
sequencing process was processed using the MR DNA ribosomal and
functional gene analysis pipeline (www.mrdnalab.com, MR DNA,
Shallowater, TX). The unique sequences were deionized and
identified with illumina sequencing. PCR point errors were removed,
followed by chimera removal, thereby providing a or zOTU. Final
sequence operational taxonomic units (zOTUs) were taxonomically
classified using BLAST against a curated database derived from NCBI
(www.ncbi.nlm.nih.gov) and compiled into each taxonomic level into
both counts and percentages. Counts files contain the actual number
of sequences while the percent files contain the relative (proportion)
percentage of sequences within each sample that map to the
designated taxonomic classification. Statistical analysis was
performed using a variety of computer packages including XLstat
(Dowd et al., 2008a), NCSS 2007 (Dowd et al., 2008b), “R” (Tasnim
et al., 2017); and NCSS 2010 (Eren et al., 2011 and Swanson et al,,
2011). Alpha and beta diversity analysis was conducted as described
previously using Qiime 2 (Bolyen et al., 2018). Based on the analysis,
percentages, counts and diversity indices with a P value < 0.05 were
recorded as significant.
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Results
Soil composition

Soil samples collected from Kisii, Nyamira and Embu counties had
varied physicochemical parameters. The samples obtained from the three
counties varied in soil organic carbon levels with majority of the soil
samples from Embu and Nyamira containing moderate organic carbon
levels (Table 1). The study showed the average pH recorded in the soils
obtained from the Counties was 4.94. Additionally, there was a significant
difference in the pH between the three Counties (P= 0.01).

Microbial distribution

The bacterial communities varied in the different rhizospheric soil
samples obtained from the three Counties. A total of 420000
sequences were parsed and 335089 were then mapped to
(operational taxonomic units (OTUs), 324697 sequences identified
within the Bacteria and Archaea domains. The dominant bacterial
phyla were Actinobacteria, Proteobacteria, Acidobacteria (Figure 2).

A total of 391220 sequences were parsed and 314531 sequences
identified within the Fungi kingdom and were the basis of
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TABLE 1 Soil physico- chemical properties of rhizospheric soil obtained from Kisii, Nyamira and Embu Counties.

Embu Kisii Nyamira P- Value
pH 4.94 +0.12a 6.15 + 0.24b 5.09 £ 0.17b 0.01
TN 0.61 + 0.30a 0.16 + 0.01a 021 £ 0.01a 0.14
TOC 18.20 + 11.20a 1.72 £ 0.10b 239 £ 0.11b 0.03
TP 37.35 + 7.07a 36.30 + 3.40a 32.00 + 3.27a 071
TK 1.15 £ 0.20a 1.04 £ 0.14a 1.50 + 0.44a 0.62
Ca 1.28 + 0.50ab 332+ 0.66a 1.50 + 0.44ab 0.02
Mg 2.09 +0.23a 3.07 + 0.30a 221 + 0.40a 0.08
Mn 1.32 £ 0.22a 127 £ 0.11a 1.10 £ 0.33a 0.97
Cu 239 £ 1.12a 1.84 + 0.24a 252 £ 0.63a 071
Fe 54.70 + 6.50b 70.76 + 4.03ab 84.20 + 11.70a 0.05
Zn 931+ 1.97b 16.65 + 3.92a 19.84 + 3.12a 0.04
Na 1.40 + 0.70ab 0.34 + 0.06a 0.34 + 0.06a 0.05

pH, acidity/basicity; TN, total nitrogen; TOC, total organic carbon; TP, total phosphorus; TK, total potassium; Ca, calcium; Mg, magnesium; Mn, Manganese; Cu, Copper; Fe, Iron; Zn, Zinc and Na,
Sodium. Different letters indicate significantly different between treatments (P < 0.05) according to Tukeys honest significance test (HSD).

identification of fungal phyla (Figure 3). Fungal diversity was higher
in soil samples obtained from Kisii County based on Shannon
diversity metrics.

Based on the dual hierarchal dendrogram, there was a lack of distinct
clustering between the presumed sample groups N and C (Figure 4).
There was no clear evidence of a significant difference between sample
groups. The heatmap obtained from the dual hierarchal classification of
the predominant genera enabled the visualization and analysis of multi-
dimensional datasets such as data obtained from this study.

A dual hierarchal dendrogram displayed the predominant genera
with clustering related to the different groups. Based on the lack of
distinct clustering between the presumed sample groups N and C
(Figure 5), there is no clear evidence of a significant difference
between sample groups. Based on the results, Fusarium sp., a
commonly known plant pathogenic genera was significantly
abundant in soil samples from Nyamira County (Figure 5).

Plant beneficial fungi (Trichoderma, Talaromyces and
arbuscular mycorrhiza fungal species such as Gigaspora) commonly
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FIGURE 2
Relative abundance of total observed bacteria and archea domain phyla in banana soil rhizosphere samples from Nyamira County (N1, N4, N6, N8), Kisii
County (C11, C14, C16, C19) and Embu County (C3, C5, C7, C10).
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Dual Hierarchal dendrogram evaluation of the taxonomic classification data of fungal genera, with each sample clustered on the X-axis labeled based soil
sample from Nyamira County (N1, N4, N6, N8), Embu County (C3, C5, C7, C10) and Kisii County (C11, C14, C16, C19). The heatmap represents the
relative percentages of each genus. The predominant genera are represented along the Y-axis (right).

used as bioenhancers were detected in some samples but at low
abundance levels.

Microbial diversity and richness

To determine the alpha diversity, the Shannon-Wiener Index at
20,000 reads were sufficient. This indicated that all the samples were
equally and sufficiently sampled and the sequence depth was sufficient
to capture all the fungal community diversity. Based on Shannon
diversity metrics, the highest bacterial diversity was recorded in a soil
sample obtained from Embu County (Table 2).

The o- and B-diversity of the bacterial and fungal communities in
the sampled farms showed no significant differences. The Shannon
diversity metrics of fungal communities were low especially in
samples obtained from Nyamira County (NI, N4, N6 and N8).
However, bacterial community diversity metrics were higher with
the lowest diversity recorded in soil sample N6 obtained from
Nyamira County (Table 3).
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A Bray-Curtis dissimilarity matrix using principal coordinate
analysis (PCoA) of the microbial communities showed that there
appears to be phylogenetic grouping amongst sample group N1, N4,
N6, sample group C3, C5, C7, C10 that is distinct from sample group
C11, C14, C16, C19. Primary vector explains 45.1% of the variation
between the samples. Beta diversity analysis showed the microbial
community structure of the different soil samples. A principal
coordinate analysis allowed for visualization and comparison of the
communities of microbes as a whole taking into account differences in
the samples and phylogenetic relatedness.

There were variations in bacterial and fungal communities which
closely correlated with the soil parameters based on Canonical
correspondence analysis. These included soil pH, total organic
carbon (TOC), and total nitrogen which were the main drivers of
microbial community distribution (Figure 6).

Plant beneficial bacteria species such as Bradyrhizobium,
Azotobacter and Rhizobium species distribution was mainly affected
by soil pH, soil P (Phosphorus), Total Nitrogen (TN) and TOC. In
plant pathogenic bacterial species TN, TOC and soil pH were the
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TABLE 2 Alpha and Beta diversity bacterial communities analysis of banana rhizosphere soil samples.

Sample Identity Shannon-Wiener Index Faith PCoA

Cl4 8.961142 79.44049 -0.072402585
N4 8.215836 4539901 0.156259897
N8 9310428 78.61191 0291114114
Cl10 8.518025 75.05421 -0.070074251
Cl1 9.292135 108.6745 -0.050913035
Cl6 8.637193 67.11941 -0.001735964
C19 8.623961 66.22904 -0.009044414
C3 8.73809 91.60279 -0.101475774
Cs 9301601 106.0649 -0.057552317
c7 8.948829 80.48075 -0.077219799
N1 8.275062 4858578 0.280032429
N6 5.36682 15.70566 -0.286988302

Key: Shannon-Wiener Index, faith and Principal coordinate analysis (PCoA) indices of soil sample from Nyamira County (N1, N4, N6, N8), Embu County (C3, C5, C7, C10) and Kisii County (C11,

Cl14, Cl16, C19).

main drivers, in which soils with high pH, adequate TN and TOC had
low incidences of pathogenic bacterial species such as Xanthomonas

and Ralstonia.

The distribution and abundance of beneficial fungal species such
as arbuscular mycorrhiza fungi (AMF) which includes Gigaspora sp

was affected by soil pH with low counts observed in highly acidic soil.

The abundance of fungal genera such as Acaulospora were affected by
total nitrogen (TN) and total organic carbon (TOC) (Figure 7).
Population of plant pathogenic species such as Colletotrichum and

Verticillium were TOC and TN while majority of Fusarium species

were affected by soil pH and P.

Discussion

Soil health plays a critical role in ensuring the stability of
microbial communities. Soil organic carbon levels are a good
indicator of the health status of soil and positively correlate to the
yield of crops (Bennett et al, 2010). Highly acidic conditions were
detected in the majority of soil samples collected from Embu and
Nyamira which is worrying. Delgado and Gomez (2016) has reported
that a pH of below 5.5 is harmful to agroecosystems since it negatively
influences plant and environment interaction, indicating that the soil
pH in Embu County poses a great danger to agroecosystems.

TABLE 3 Alpha and Beta diversity metrics of the fungal communities’ analysis of banana rhizospere soil samples.

Sample Identity Shannon-Wiener Index Faith PCoA

N6 0.677111 3.814889 -0.40025
N1 3.26986 11.92947 0.269778
N4 3.667344 10.82037 -0.56726
N8 322053 8.366606 0.295455
Cl4 6.686194 5256977 0.032562
Cl6 5.792565 39.74698 0.020006
C19 6.079599 31.46444 0.025211
Cs 4.189097 14.2502 -0.00526
Cl10 5.496617 4434761 0.03522
cl1 4.805027 23.60839 -0.08128
c3 5.985529 30.4308 -0.01315
c7 6.531445 47.61447 -0.01128

Key: Shannon-Wiener Index, faith and Principal coordinate analysis (PCoA) indices of soil sample from Nyamira County (N1, N4, N6, N8), Embu County (C3, C5, C7, C10) and Kisii County (C11,

Cl14, Cl16, C19).
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Canonical correspondence analysis (A) Beneficial and (B) Pathogenic bacterial species and soil chemical parameters for banana rhizospheric soil. Red
arrows represent fungal species while the blue arrows represent soil physico-chemical parameters.

It has been reported that rhizospheric soil that is closest to the
root system and is essential in studying microbial communities
(Berendsen et al., 2012). Sui et al. (2019) and Chaudhary et al.
(2021) Zhu et al. (2018), reported that Actinobacteria are among
the most identified rhizospheric bacteria phyla in banana plants. The
abundance of Proteobacteria and Actinobacteria has been previously
linked to long periods of production (Pang et al., 2021). However,
Actinobacteria have been reported to produce antibiotics as well as
having an important role in organic matter decomposition (Zhang
et al., 2017). Berendsen et al. (2012) reported that microbial
community composition in rhizosperic soil are linked to soil quality
as well as the health of the crop grown. Microbiota associated with soil
has great influence on how plants are able to adapt and respond to
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FIGURE 7
Canonical correspondence analysis of the (A) Beneficial and (B) Pathogenic fungal species and soil chemical parameters for banana rhizospheric soil. Red
arrows represent fungal species while the blue arrows represent soil physico-chemical parameters.
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changes in the environments such as emergence of stressors such as
salinity and drought (Zhang et al., 2017). High abundance were noted
in the phyla Basidiomycota and Ascomycota similar to results by
Sommermann et al. (2018) and Gomez-Lama et al. (2021).
Rossmann et al. (2012) reported the presence of potential plant,
human and insect pathogens similar to the results obtained in this
study. Gu et al. (2016) utilized high-throughput gene expression to
visualize hierarchal classification and species richness, similar to this
study. Plant beneficial bacteria genera diversity such as Rhizobium
and Azotobacter differed with that of probable plant pathogenic
bacteria genera such as Ralstonia in all the soil samples similar to
results reported by Kepler et al (Kepler et al., 2020). The presence of
Rhizoctonia, Colletotrichium and Verticillium was an indicator of
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disease causing fungal pathogens in some of the soil samples similar
to results by Sommermann et al. (2018).

Investigation of abundance of plant beneficial fungi such as those
used as biocontrol agents in agroecosystems is a field that has not
been extensively studied (Harman et al, 2004). The variations in
bacterial genera indicate differences in land use strategies resulting in
changes in microbial community structure and diversity (Lynn et al.,
2017). Fan et al. (2020) reported variations in bacterial and fungal
communities in relation to soil parameters. It has been reported that
many soil variables such as soil organic matter, salinity and pH have a
lot of impact on soil microbial populations (Gans et al., 2005).
Additionally, these microbial communities cannot recover to their
natural state even after many years (Pellegrino et al., 2014). Based on
previous studies pH impacts soil microbial communities therefore
defines taxonomic composition of microbial communities (Delgado
and Gomez, 2016).

It has been established that soil composition and function are
associated with plant soil borne disease outbreaks in which healthy
fields have different microbial communities from the infected ones
(Zhang et al,, 2017). Frac et al. (2018) reported that the diversity and
fungi activity is regulated by biotic and abiotic factors such as soil pH,
structure and some nutrients.

Conclusion

Based on the results obtained from this study, there were
variations in soil composition and microbial populations in the
different regions. The soil physicochemical properties played a
significant role in the rhizosphere soil microbial communities. It
has been established that plants modify the rhizosphere through
various modes such as changes in microbiome composition and
function. Studying the interaction between plants, microorganisms
and soil physicochemical conditions enables one to understand how
each plays a role in ecosystem balance and well as productivity in
agroecosystems. The results show that studying soil microbiome in
monocropping systems is a great tool in determining ideal microbial
community structures for the crops. In addition, application of
metagenomics techniques in studying microbial communities in
agroecosystems will aid in designing banana production systems as
well as targeted approaches in disease management.
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