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Smallholder agroecosystems play a key role in the world’s food security providing more

than 50% of the food produced globally. These unique agroecosystems face a myriad

of challenges and remain largely unsupported, yet they are thought to be a critical

resource for feeding the projected increasing human population in the coming years.

The new challenge to increase food production through agricultural intensification in

shrinking per capita arable lands, dwindling world economies, and unpredictable climate

change, has led to over-dependence on agrochemical inputs that are often costly and

hazardous to both human and animal health and the environment. To ensure healthy crop

production approaches, the search for alternative ecofriendly strategies that best fit to

the smallholder systems have been proposed. The most common and widely accepted

solution that has gained a lot of interest among researchers and smallholder farmers is

the use of biological agents; mainly plant growth promoting microorganisms (PGPMs)

that provide essential agroecosystem services within a holistic vision of enhancing farm

productivity and environmental protection. PGPMs play critical roles in agroecological

cycles fundamental for soil nutrient amelioration, crop nutrient improvement, plant

tolerance to biotic and abiotic stresses, biocontrol of pests and diseases, and water

uptake. This review explores different research strategies involving the use of beneficial

microorganisms, within the unique context of smallholder agroecosystems, to promote

sustainable maintenance of plant and soil health and enhance agroecosystem resilience

against unpredictable climatic perturbations.
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INTRODUCTION

Biological soil fertility restoration techniques within the
smallholder agroecosystems, in combination with other
agronomic management practices, would provide the
much-needed solutions for revitalizing the declining global
food production (Raimi et al., 2017). Beneficial soil microbiota
such as plant growth promoting microorganisms (PGPMs),
comprising of specific groups of bacteria and fungi, provide
essential agroecosystem services that support plant growth
(Rouphael and Colla, 2020) and ameliorates soil productivity
(Santos et al., 2019). PGPMs maintain key agroecological
cycles fundamental for soil nutrient enrichment, crop nutrient
improvement, plant tolerance to biotic and abiotic stresses,
biocontrol of pests and diseases, and water uptake enhancement
(Lobo et al., 2019; Goswami and Deka, 2020). They are actively
involved in healthy plant development and growth through
secretion of hormonal growth regulators, and resistance
induction against phytopathogens (Dakora et al., 2015). Besides,
versatile PGPMs could be used to bioremediate polluted fields
and increase the land available for production as in the case
of heavy metals polluted soils (Gouda et al., 2018). These
agroecosystem services are primarily important in supporting
crop production in smallholder agroecosystems, which are
characteristically defined by limited resource inputs.

PGPMs promote plant growth and productivity through
various direct and indirect approaches. Several direct
mechanisms have been established through previous studies and
can be broadly classified into phytostimulants (Babalola and
Glick, 2012), biofertilizers (Kalayu, 2019), rhizomediators, or
stress regulators (Stamenković et al., 2018). Indirect mechanisms
mainly occur in form of biocontrol of phytopathogens through
competition for nutrients, enzymatic lysis, antibiosis (Köhl et al.,
2019), secretion of volatile organic compounds (VOCs) (Sun and
Tang, 2013), and triggering of antioxidative defense mechanism
(Sandhya et al., 2010; Malik et al., 2020) and induced systemic
resistance (ISR) response in the host plant (Heil and Bostock,
2002). PGPM biofertilizers promote plant growth by enhancing
nutrient availability to the plants and the most studied pathways
include N fixation (Ahemad and Kibret, 2014; Fukami et al.,
2018b), P and K solubilization (Sharma et al., 2013; Soumare
et al., 2020), S oxidation, Fe and C sequestration (Kannahi and
Senbagam, 2014; Velivelli et al., 2014). PGPMs enhance the
availability of P, K, Zn, Se, and Fe in the soil through biochemical
processes such as solubilization, chelation, mineralization,
oxidation and reduction reactions (Ahmed and Holmström,
2014; Velivelli et al., 2014; Rouphael and Colla, 2020). PGPMs
are also known to secrete phytohormones such as auxins (Lin
and Xu, 2013; Azizoglu, 2019), cytokinin, abscisic acid, ethylene,
brassinosteroids, jasmonic acid, salicylic acid, strigolactones, and
gibberellins (Goswami and Deka, 2020; Saad et al., 2020) that act
as plant growth stimulators and stress controllers.

The PGPMs functionality and vigor, however, depend
on intrinsic soil properties, environmental and agronomic
management factors. Nutrient availability, soil pH, water,
temperature, crop genotype, and cultural management are some
of the key drivers determining the survival and function of

PGPMs in the soil (Gouda et al., 2018; Gupta et al., 2019). For
maximum farm benefits to be realized in a highly heterogenous
smallholder systems (Njeru et al., 2020), tradeoffs in balancing the
highlighted determinants have to be considered and appropriate
farm management practices are ought to be carried out. For
instance, the choice of crop species and diversity is critical in
stimulating specific plant-microbe interactions and consequently
the intended output (Orrell and Bennett, 2013; Saad et al.,
2020). The authors suggest the use of multiple cropping
systems that promote synergy and minimize the yield gap
between the potential and realized production, a phenomenon
that is commonly seen in smallholder systems. Additional
methods efficient in augmenting indigenous soil PGPMs can
be integrated to enhance microbial bio-functionality. These
include the use of organic amendments such as farmyard manure
and vermicompost (Mosa et al., 2018; Koskey et al., 2020),
biotechnological approaches such as plant breeding (Bakker
et al., 2012), crop management practices such as agroforestry,
rotation, intercropping, cover cropping, and practicing reduced
soil disturbance (Ventorino et al., 2012; Hontoria et al., 2019;
Elagib and Al-Saidi, 2020).

The increasing demand among smallholder farmers
to cut input costs and the need for sustainable nutrient
management practices is driving the growing adoption and
use of microbial-rich fertilizers in smallholder setups (Raimi
et al., 2017). Commercial microbial inoculants (commonly used
as biofertilizers or bioenhancers) containing single species or
multiple strains of rhizobia, Pseudomonas spp., Azotobacter
spp., Bacillus spp., Trichoderma spp., Aspergillus spp., and
Glomus spp. (Figure 1) have been largely used in smallholder
agroecosystems for crop production (Koskey et al., 2017; Bargaz
et al., 2018; Adeyemi et al., 2019). Previous field researches
carried out in different agroecosystems around the world have
reported varying levels of successes on the use of PGPMs to
support crop performance quantitatively and qualitatively
(Pellegrino et al., 2012; Mishra et al., 2019; Saad et al., 2020).
However, little has been done focusing on the use of PGPMs to
address various challenges facing smallholder agroecosystems
in the context of changing climatic conditions. Therefore, this
review explores different available strategies involving the use
of beneficial microorganisms as biofertilizers, within the unique
context of smallholder agroecosystems, to promote sustainable
maintenance of plant and soil health, and enhance agroecosystem
resilience against unpredictable climatic perturbations.

ROLES AND CHALLENGES OF
SMALLHOLDER AGROECOSYSTEMS IN
GLOBAL FOOD SECURITY

Eradicating hunger, poverty, and food insecurity while ensuring
sustainable use of natural resources for agriculture, as highlighted
in the United Nations Sustainable Development Goals (SDGs),
is paramount in a world faced with a myriad of economic,
social, political, and environmental challenges (Pérez-Escamilla,
2017). Globally, ∼700 million people have no access to sufficient
food while about 2 billion people face nutritional deficiencies,
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FIGURE 1 | Plant growth promoting microorganisms (PGPMs) play a significant role in provision of beneficial ecosystem services in resource-limiting smallholder

farming systems. Together with crops such as legumes (Phaseolus vulgaris L.), they form multifunctional interactions that enhance nutrient availability and uptake, pest

and disease suppression, soil organic matter (SOM) accumulation and formation of soil aggregates, that collectively increase crop productivity.

of which about 50% of the food insecure individuals are from
Asia, 35% fromAfrica, and 10% from Latin America (FAO, 2018).
This is likely to increase due to the current global health and
economic crisis due to the Coronavirus disease 2019 (Covid-19)
pandemic. Smallholder agroecosystems, predominantly found
in developing countries, are considered critical food security
resources that will support food production for the increasing
human population in the coming years. Currently, it is estimated
that smallholder agroecosystems account for more than 50% of
the food produced globally (Herrero et al., 2017). In Africa,
they contribute about 75% of the total crop production and
50% of the animal products (Nyambo et al., 2019) and, thus,
are significantly involved in rural poverty reduction, economic
development, and food security. However, compared to large-
scale profit-driven systems, smallholder agroecosystems have
limited land size, stringent financial resources, low market
sharing, and product range, thus, are faced with more risks
and vulnerabilities (Kuivanen et al., 2016; Herrero et al.,
2017).

The productivity of smallholder agroecosystems largely
depends on the services naturally provided by the ecosystem
such as soil fertility, nutrient cycling, water availability, pest
control, and pollination (Altieri et al., 2012). Farmers’ decision
and selection of their appropriate agronomic management
practices affect the extent of agroecosystem functioning. External
pressures such as poverty, unreliable climatic conditions,
and farmer’s need for immediate satisfaction exert pressure
on land use and cause negative impacts on the ecosystem
(IFAD and UNEP, 2013). Agricultural intensification coupled

with the use of harmful agrochemical inputs has negatively
impacted on smallholder agroecosystems (Bationo et al., 2012).
Their long-term sustainability in the face of new challenges
such as the shrinking per capita arable lands, emerging
diseases, dwindling world economies, and unpredictable
climate change, is on the balance. Notwithstanding their
benefits, economic and policy marginalization, low investment
support, and the increasing land fragmentation of small
farms threaten their contribution to global food security,
leaving many farmers vulnerable (IFAD and UNEP, 2013).
The rising environmental awareness, depletion of natural
resources, and human health nutritional concerns have led to
a paradigm shift among the farmers from over-dependence on
agrochemical inputs to the use of ecofriendly biological agents
for agricultural production (Herrero et al., 2017; Alori and
Babalola, 2018). To increase the use and adoption of biological
agents in smallholder agroecosystems, more robust integrated
pathways that encourage food production based on local
innovations, practices, and resources should be established.
Tapsoba et al. (2020) emphasize that smallholder farmers
should be involved in re-designing agricultural production.
This way, farmers are likely to integrate new techniques
into their current farm management practices to meet their
agrosociological and economic needs. The authors warn that
some agricultural initiatives may remain localized and isolated
despite evidence of success in other agroecosystems. It is,
therefore, necessary to have the right network of stakeholders
on a territorial scale to support agricultural initiatives and
their implementation.
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USE OF PGPM INOCULANTS IN
ENHANCING THE PRODUCTIVITY OF
SMALLHOLDER AGROECOSYSTEMS;
OPPORTUNITIES AND CHALLENGES

Use of Nitrogen Fixing PGPMs as
Biofertilizers
Nitrogen (N) is one of the essential elements required by plants
for proper growth, development, and productivity, and plays a
pivotal role in various structural, biochemical, and physiological
processes (Giller et al., 2019). Therefore, to achieve good crop
productivity and quality, N application in form of nitrogenous-
based fertilizers or amendments is inevitable. The production
of inorganic N fertilizer through the Haber-Bosch industrial
chemical process revolutionized agriculture and significantly
increased crop production. However, there are serious human
health, economic, and environmental concerns raised on the
excessive and continuous use of chemically derived inorganic
N fertilizers (Reddy and Saravanan, 2013), and hence the
introduction of N biofertilizer formulations as a viable and
sustainable alternative. Biological nitrogen fixation (BNF) is a
process that naturally involves legumes and rhizobia symbionts,
and/or plants and a group of free-living PGPMs known as
diazotrophs (Giller et al., 2019). Through the BNF, inert
atmospheric N2 gas is converted via a series of enzymatically
regulated complex reaction mechanisms into N containing
organic compounds utilizable by the plants (Gupta et al., 2019).
In symbiotic association, nodule forming rhizobia produces
nitrogenase enzyme complex in the presence of leghemoglobin
molecules and convert N2 into ammonium and nitrate ions
which are readily absorbed by the plants. In return, plant hosts
the bacteria inside the root nodules and provide photosynthates
such as C that rhizobia uses as an energy source (Wang et al.,
2013; Choudhary and Varma, 2017).

In smallholder farming systems, the use of microbial
inoculants containing diazotrophs and symbiotic PGPMs is on
the rise. Major groups of N-fixing bacteria commonly used
include Rhizobium spp., Azorhizobium spp., Mesorhizobium
spp., Bradyrhizobium spp., Thiobacillus spp., Azospirillum
spp., Sinorhizobium spp., Clostridium spp., Azotobacter spp.,
Cyanobacteria, and Frankia spp. (Yeager et al., 2005; Mus
et al., 2018; Raimi et al., 2019). It has been demonstrated
that inoculating legumes with a single or a consortium of N-
fixing bacteria improves soil fertility, plant growth, yield, and
nutrition quality (Kawaka et al., 2014; Mabrouk et al., 2018;
Menge et al., 2018). Inoculation also enhances root development,
nodulation, water stress tolerance, and suppresses pathogenic
infestation (Koskey et al., 2017; Alori and Babalola, 2018;
Musyoka et al., 2020). Private sectors, research institutions
and universities have partnered with smallholder farmers in
delivering efficient inoculants. For instance, N2-Africa, a multi-
stakeholder project, actively researched on N-fixing rhizobia
strains and developed inoculants for use by African smallholder
farmers in the production of soybean, common bean, chickpea,
ground nut, and faba bean (Giller et al., 2019). In Kenya, the
University of Nairobi in collaboration with the Microbiological

Resources Center Network (MIRCEN) partnered with MEA
Fertilizer Ltd to produce Biofix R©, a cheap Rhizobium based
bioinoculant for use in the cultivation of legumes (Odame, 1997).
In South Africa, BioControl Products SA (Pty) Ltd produces
Azospirillum based N-fixing bioinoculants such as Azo-N R© and
Azo-N Plus R© for cultivating grain and cover crop legumes
(Raimi et al., 2017). Currently, more bacterial species are being
identified for use as potential N-fixing bioinoculants (Ouma
et al., 2016; Koskey et al., 2018; Gabasawa, 2020; Musyoka et al.,
2020). Most of these trials have shown promising results under
greenhouse-controlled conditions. Repeated field trials should be
done to ascertain their performance under different ecological
conditions of smallholder agroecosystems.

Generally, BNF can supplymore than half of the plant N needs
and can significantly reduce the use and overdependence on
external chemical N fertilizers in agriculture (Bado et al., 2018).
For instance, in Australia, diazotrophic N-fixation is estimated
to provide the annual N demand of 20–80 kg N ha−1 year−1

for perennial grasses (Gupta et al., 2019). In Ghana, symbiotic
N fixation is estimated to provide up to 16–145 kg N ha−1

year−1 for legumes (Kermah et al., 2018). Therefore, BNF could
reduce substantially the use of additional basal or top-dresser
inorganic N fertilizers and thus cutting the input cost for the
smallholder farmers. BNF contribution and N quantification
within smallholder agroecosystems, however, remains poorly
understood due to the high cost of resources and technical
expertise needed, and difficulty to implement at the grassroot
level (Mhango et al., 2017; Bado et al., 2018). Despite a large
and diverse genetic pool of N-fixing bacteria (Giller et al., 2019)
and legume species suitable for different African agroclimatic
conditions (Kebede, 2020), their utilization in promoting soil
fertility and plant growth has not been achieved. Hence, new
sustainable methods that are affordable, simpler, rapid, and easier
to implement in smallholder setups should be developed to fill the
aforementioned gap.

Use of Nutrient (P, K, Fe) Solubilizing and
Mobilizing Microorganisms as Biofertilizers
Soil nutrients such as phosphorus (P), potassium (K), and iron
(Fe) often limit plant growth and development because of their
low solubility in the soil (Giovannini et al., 2020). They are
firmly fixed and are not readily available for plant uptake,
and their shortage could be detrimental to healthy growth and
physiological development of the plant (Parani and Saha, 2012).
Smallholder farmers rely on the external application of inorganic
P-fertilizers whose efficiency declines in the presence of too
much rainfall. Granular P-inorganic fertilizers precipitate to form
metal-cation complexes in rainy tropical ecosystems and thus
become unavailable for plant use (Dissanayaka et al., 2018). Most
soils of East and West Africa experience N, P, and K deficiency
(Bationo et al., 2012). Therefore, the use of low-cost P and K
solubilizing and mobilizing microorganisms that take part in P
and K geo-cycles would be of paramount importance to alleviate
soil nutrient deficiency and losses. They mineralize organic P
and K through a series of complex enzymatic and hydrolytic
reactions (Thakur et al., 2014) and also secrete organic acids
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FIGURE 2 | Application of phosphate solubilizing bacteria (PSB) enhances P availability without disturbing the soil biochemical composition, improves plant growth,

photosynthetic activity, crop nutritional values, and yield. The photo shows a greenhouse experiment carried out by the Kenyatta University FLAIR research students

on the effect of PSB inoculation on Zea mays L. and Vigna unguiculata (L.) Walp. (A) Un-inoculated Zea mays L. plant, (B) PSB inoculated Zea mays. L plant, (C) PSB

inoculated Vigna unguiculata (L.) Walp, and (D) Un-inoculated Vigna unguiculata (L.) Walp. Inoculated plants showed improved growth and enhanced photosynthetic

activity.

such as gluconic, lactic, and oxalic acids that hydrolyze inorganic
P compounds found in the soil (Sharma et al., 2013). Figure 2
shows the effect of maize (Zea mays L.) and cowpea [Vigna
unguiculata (L.) Walp.] inoculation with P solubilizing bacteria
(PSB) under controlled greenhouse conditions. There was an
improved growth of maize and cowpea plants inoculated with
PSB compared to the un-inoculated controls. Similarly, field
studies have reported an enhanced growth, yield and improved
nutritional values on crops inoculated with PSBs (Kalayu, 2019;
Soumare et al., 2020). The most commonly used P and K
solubilizing microorganisms (PSMs) include bacteria such as
Pseudomonas spp., Enterobacter spp., Burkholderia spp., and
Bacillus spp., and fungi such as Penicillium spp., Trichoderma
spp., and Aspergillus spp. (Aseri et al., 2009; Sangeeth et al., 2012;
Selvi et al., 2017). Although these studies evidently show increase
in P solubilization when a single or a combination of bacteria

species are used, the mechanism of action leading to synergism
in delivering P to the plants remains unclear.

Arbuscular mycorrhizal fungi (AMF) are also well-known
for P mobilization and solubilization and this has led to the
development of mycorrhizal inoculants (Tabassum et al., 2017).
AMF colonize the roots of nearly 90% of the terrestrial plants and
increase the plant root surface area for the absorption of nutrients
and water. Primarily, AMF actively participates in P and K
mobilization and solubilization and this has been demonstrated
both in the greenhouse and in the field with various crops
including cereals, legumes, vegetables, fruits and trees (Wu et al.,
2005; Njeru et al., 2017; Avio et al., 2018). The most commonly
used AMF inoculants include Funneliformis mosseae, Glomus
etunicatum, and Rhizophagus irregularis (Giovannini et al., 2020;
Musyoka et al., 2020). Iron starvation in the soil causes a
specific group of plants and soil microbes to secrete siderophores,
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iron specific chelating molecules, that play a vital role in
iron transportation and regulating its bioavailability (Novo
et al., 2018). Multifunctional biofertilizers containing Bacillus
subtilis, Pseudomonas aeruginosa, Penicillium chrysogenum, and
Streptomyces griseus not only secrete ferric ion-specific chelating
biomolecules but also stimulate antagonistic actions against
rhizosphere pathogens (Ahmed and Holmström, 2014; Kannahi
and Senbagam, 2014).

In Kenya, smallholder farmers utilize Rhizatech R© inoculant
(Table 1) containing a combination of three AMF species
produced and distributed by Dudu Tech Ltd company (Faye
et al., 2020). In South Africa, Mycoroot (Pty) Ltd produces a
number of Mycoroot R© branded AMF inoculants that solubilize
P, K, Cu, Zn, and Fe, and improve plant tolerance against abiotic
stresses. Organo R© biofertilizer produced by Amka Products
(Pty) Ltd, South Africa, contains Bacillus spp., Enterobacter
spp., Pseudomonas spp., Stenotromonas spp., and Rhizobium
spp (Raimi et al., 2017). These PGPMs secrete siderophores
and multifunctional plant growth promoting hormones such as
gibberellin, IAA, and cytokinin (Saad et al., 2020). Pseudomonas
fluorescens, produced by BioControl Products SA (Pty) Ltd
as NAT-P R©, and Bacillus subtilis produced by Ag-Chem
Africa SA (Pty) Ltd as B-RUS R©, are some of the commonly
used multifunctional inoculants available for farmers (Raimi
et al., 2017). In addition to P-K-solubilization, they produce
siderophores that bind iron (Fe3+) suppressing its availability
to phytopathogens, and indole acetic acid (IAA) responsible for
stimulating root growth and plant cell elongation (Parani and
Saha, 2012).

Despite their novel potential use as agro-inputs, various
biotic and abiotic factors may mask the performance of several
upcoming commercial bioinoculants in delivering nutrients
to the plant (Wahid et al., 2020). Comparative studies
on their performance in various smallholder agroecosystems
characterized by varying soil typologies should be assessed.
Recent studies have suggested that a second generation of
multi-trait bioinoculants should be developed based on specific
biostimulatory synergism of different PGPMs (Rouphael and
Colla, 2020). However, little work has been done to adequately
understand the synergistic role of AMF, P-solubilizing bacteria,
and siderophore producers and how smallholder farming
conditions affect their functional roles. Without scientific
experiments to answer these considerations, the economic
benefits in the use of bioinoculants in smallholder setups will
remain elusive.

PGPMs in Enhancing the Adaptation of
Crops to Abiotic Stresses
Crop production in rain-fed smallholder agroecosystems is
mainly limited by various abiotic stresses that interfere with the
genetic regulation of key cellular pathways in plants and severely
affect the plant’s physiological functioning and morphology
(Sindhu et al., 2020). High temperatures, water stress, salinity,
and floods are some of the important abiotic plant stressors
experienced by smallholder farmers in SSA and may cause
up to 70% of crop yield losses (Bationo et al., 2012). As the

average global temperatures increase, the risk of widespread
desertification heightens and this could traverse across many
developing nations, hitting on the majority of the vulnerable
smallholder farmers the hardest. The search for new plant breeds
that could cope up with the stressors is a long-drawn and costly
process considering the unique crop diversity of smallholder
agroecosystems. Exploiting the unique environment-tolerant
properties of microorganisms, their huge genetic diversity, and
interaction with various plants could be crucial in addressing the
management of abiotic stress in agriculture (Grover et al., 2011).

Agroforestry is an important practice central to climate
change mitigation, soil and water conservation, energy and food
sources. There is evidence that farmer-managed agroforestry
is responsible for the significant increase in food production,
tree diversity, and the greening trends in the Sahel region
of Senegal, Niger, and Mali (Elagib and Al-Saidi, 2020). The
choice of tree species used in agroforestry depends on various
environmental, social, and economic factors. Recently, many
development programs in collaboration with the local farmers of
the Sahel region have engaged to combat the rising desertification
through the use of leguminous trees such as acacia (Sileshi
et al., 2020). Legumes such as Acacia seyal, A. senegal, and A.
albida have successfully demonstrated their ability to interact
with the indigenous AMF and rhizobia species of the Sahel
region of West Africa and are considered potential agents for
carbon sequestration and land restoration in the region (Fofana
et al., 2020). Based on these and other evidence, integration of
biofertilization and optimization of agroforestry techniques in
the context of an integrated fight against desertification should
be considered. The search for potential microbial candidates for
ameliorating various abiotic stresses, restoring soil fertility, and
enhancing crop productivity should be done in areas vulnerable
to the effects of climate change (Goswami and Deka, 2020).

PGPMs exhibiting growth-promoting and stress-tolerant
traits such as secretion of volatile organic compounds
(VOCs), osmoprotectants (proline, glutamate, trehalose),
siderophores, gibberellic and IAA production, P-solubilization,
and exopolysaccharides (EPS) (Table 2) could be ideal for
use in dryland agroecosystems (Grover et al., 2011; Gouda
et al., 2018). For instance, in semiarid regions of India, EPS-
producing drought-tolerant strains of Pseudomonas spp. with
various plant-growth inducing traits, osmoregulation, and
antioxidant properties on maize have been identified (Sandhya
et al., 2010). EPS cement and stabilizes soil aggregates together
creating a biofilm that increases water retention and regulates
nutrient and water flow within the plant roots (Grover et al.,
2011). In Brazil, an impressive soybean yield enhancement and
increased tolerance to water stress have been reported through
co-inoculation with Azospirillum brasilense and Bradyrhizobium
japonicum (Hungria et al., 2015). PGPMs such as Pseudomonas
spp., Burkholderia spp., Funneliformis mosseae, Enterobacter
spp., and Rhizophagus irregularis stimulate osmolyte regulation
mechanisms that control plant cell wall integrity and induce
plant tolerance to water and salinity stresses (Agami et al., 2016;
Gouda et al., 2018).

High soil salinity, caused by excessive water evaporation
and accumulation of chloride salts such as NaCl and MgCl2,
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TABLE 1 | Selected examples of bio-inoculant products and their roles in smallholder agroecosystems.

Bioinoculant

product name

Main PGPMs components

(declared or based on previous

studies)

Manufacturer

/Distributor

Roles declared by the

manufacturer or reported through

research

References

Bonasol® A consortium of Azospirillum

brasiliense, Pseudomonas

fluorescens, Pseudomonas spp.,

Bacillus subtilis, and Glomus

intraradices

Abiosa (Mexico) Enhance P and K nutrition in tomato,

pepper, and chili crops

Jiménez-Gómez et al., 2017

Biofix® N-fixing bacteria MEA Ltd (Kenya) Enhance N fixation and yields of

legumes (snow peas, common

beans, soybeans)

Odame, 1997; Koskey

et al., 2017

Ajay

azo/rhizo/azospirillum®

Azotobacter spp., Rhizobium spp.,

and Azospirillum spp.

Ajay bio-tech

(India) limited

N-fixation and P-solubilization in

legumes and cereals

Alori and Babalola, 2018;

Celador-Lera et al., 2018

Nitrofix® Azospirillum chroococcum Agri-Life (India) Produces phytohormones such as

auxins and increases N and P uptake

in legumes and vegetables

Wu et al., 2005; Azizoglu,

2019

QuickRoots® Bacillus amyloliquefaciens and

Trichoderma virens

Bayer

group-acceleron

Solubilize P, enhance root

development, moisture, and NPK

uptake in corns

Celador-Lera et al., 2018;

Kalayu, 2019; Saad et al.,

2020

LegumeFix® Rhizobium spp. Legume

technology (UK)

N fixation and growth enhancement in

various legumes

Masso et al., 2016; Faye

et al., 2020

Azotobacterin® Azospirillum brasiliense B-4485 JSC “Industrial

innovations”

(Russia)

Increase (up to 20%) in yields of

maize, barley, and wheat

Fukami et al., 2018a; Misra

et al., 2020

VitaSoil® A consortium of rhizospheric PGPMs Symborg (Spain) Soil nutrient amelioration and growth

promotion in cereals and legumes

Celador-Lera et al., 2018;

Misra et al., 2020

Pro-soil® Consortium of Bacillus subtilis,

Rhodopseudomonas palustris, and

Streptococcus thermophilus

Efficient microbes

South Africa

Increase nutrient uptake in grasses

and legumes and balances NPK

levels in the soil

Iriti et al., 2019

TwinN® A consortium of N-fixing diazotrophs,

P solubilizers and plant growth

microbial inducers

Mapleton Agri

Biotec Pt Ltd

(Australia)

Increase crop growth and

productivity, N and P acquisition,

auxins secretion and induce disease

resistance to plants

Azizoglu, 2019

Rhizatech® Various strains of AMF Glomus

intraradices, G. claroideum, G.

etunicatum, and G. mosseae

Dudutech Ltd

(Kenya)

Increase the absorption and

translocation of P, N, S, Zn, and Cu

Kavoo-Mwangi et al., 2013;

Mukhongo et al., 2017

Trichotech® Trichoderma asperellum strain kd Dudutech Ltd

(Kenya)

Biocontrol of soil borne fungal

diseases caused by Fusarium,

Pythium and Rhizoctonia in

horticultural crops

Preininger et al., 2018

Zander

mycorrhiza®
Different strains of AMF Zander coporation

(UK)

Enhance plant nutrition (NPK), growth

and health, and induce plant

tolerance to water stress in arid zones

Faye et al., 2020

Myco apply® Various endo-AMF species including

Glomus intraradices, G. aggregatum,

G. etunicatum, G. mosseae, and

ecto-AMF species like Rhizopogon

villosulus, R. amylopogon,

Scleroderma cepa, among others

Mycorrhizal

applications, Inc.

(USA)

Increase solubility of P, Zn, Cu, Fe,

and Mn and secretion of enzymes

and siderophores

Faye et al., 2020

Symbion VAM

plus®
Bacillus megaterium var.

phosphaticum and two AMF strains

Glomus fasciculatum and Gigaspora

spp.

T. Stanes and

company Ltd

(India)

Enhance the absorption of P, water

and other micro elements and induce

water stress and fungal diseases

resistance

Khalid et al., 2017;

Mukhongo et al., 2017;

Mishra et al., 2019

ECO-T® Trichoderma asperellum Plant health

products (Pty) Ltd

(South Africa)

Biofungicide against Pythium,

Fusarium, and phytophthora diseases

and promotes the development of

healthy root systems

Kavoo-Mwangi et al., 2013

PHC biopak® Bacillus licheniformis, B. megaterium,

Paenibacillus azotofixans, B. subtilis,

and B. polymyxa

Plant health care

Inc. (USA)

Stimulates NPK uptake and enhance

the survival, growth, and productivity

of crops

Egamberdiyeva, 2007;

Kavoo-Mwangi et al., 2013

(Continued)
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TABLE 1 | Continued

Bioinoculant

product name

Main PGPMs components

(declared or based on previous

studies)

Manufacturer

/Distributor

Roles declared by the

manufacturer or reported through

research

References

Mycor® Glomus intraradices Iftech (France) Stimulates root growth and P

acquisition and increases plant

resistance against climatic stress

Rowe et al., 2007;

Kavoo-Mwangi et al., 2013;

Mosa et al., 2018

SumaGrow® A consortium of N-fixers,

P-solubilizers, and other plant

nutrient-mobilizing microbes

suspended in organic humid acid

carrier

Bio soil enhancers,

Inc. (BSEI), USA

Increase crop yields and nutritional

values of food and forage crops,

reduce fertilizer dependence, and

ameliorates soil pH gradient under

extreme environmental conditions

Rivera et al., 2015;

Preininger et al., 2018

negatively affect soil microbial biomass, seed germination, and
plant development via osmotic potential or ion-specific
damage mechanisms (Sindhu et al., 2020). In Uganda,
smallholder farmers use Symbion vam plus R© biofertilizer
produced by T. Stanes and Company Ltd, and contains
Bacillus megaterium, Glomus spp., and Gigaspora spp. that
improve salinity tolerance and bioavailability of nutrients
such as Fe, Cu, Zn, and P (Mukhongo et al., 2016). Gururani
et al. (2013) reported increased potato (Solanum tuberosum)
tuberization, enhanced tolerance to salt, drought and heavy
metal stresses upon inoculation with two Bacillus spp. that
induce changes in the expression of reactive oxygen species
(ROS), scavenging enzymes, and proline content. Oxidative
stress is commonly associated with drought, salinity and
high-temperature conditions and also during plant-pathogen
interaction. Fukami et al. (2018a) reported an enhanced
induced systemic tolerance (IST) on maize against salinity
stress following co-inoculation with Azospirillum brasilense and
Rhizobium tropici that significantly affected antioxidant enzymes
and proline content in the leaves.

The area of multi-microbial combinations to equip plants
with abiotic stress tolerance is still equivocal and involves
many genes of which some have not been identified yet. Thus,
further research at the gene regulation level should elucidate
the superior performance or lack of additive or synergistic
effects that are observed when a combination of certain PGPMs
are applied in the field (Ouma et al., 2016; Njeru et al.,
2017). Understanding the complex plant-microbe interactions,
stress tolerance, response, and adaptation as influenced by the
changing soil and environmental factors will be important.
Advanced biotechnological tools for identifying the potential
microbial candidates with abiotic stress-tolerant properties
should be employed and tested for their efficiency under different
smallholder agroecosystems.

Use of Microorganisms in Suppression of
Pests and Diseases
Evidence-based concerns against the use of synthetic chemical
pesticides are increasingly pushing for the need to develop
environmentally friendly pest and disease management
strategies. Teratogenic and carcinogenic effects of chemical
pesticides have been well-documented (Nicolopoulou-Stamati

et al., 2016; Bonner and Alavanja, 2017). Notwithstanding the
injurious effects, the development of synthetic pesticides is a
complex process and requires rigorous regulatory approval
demands. Besides, they are often costly and beyond the reach of
the resource-strained smallholder farmers that contribute
immensely to global food security (Mburu et al., 2016;
Constantine et al., 2020). In smallholder agroecosystems,
pests and diseases cause agricultural losses ranging from 45
to 100% (McDonald and Stukenbrock, 2016), depending on
the infestation level. Fall armyworm alone can potentially
cause losses of up to 13 billion USD in the smallholding
family units of Sub-Saharan Africa (Harrison et al., 2019).
Other than significantly limiting yields, most fungal pathogens
are well-known producers of mycotoxins that negatively
impact human health (Zhou et al., 2018). Development of
alternative green technologies in pest and pathogen control is
a need of the hour that should be fast-tracked to boost crop
production that could feed the growing human population with
minimalist disturbance to the already shrunk natural ecosystems.
Microorganisms have been widely used as biological control
agents (BCAs) for a long time and have been established to
antagonize and suppress destructive entomopathogens in several
ways (Köhl et al., 2019).

Most bacterial BCAs are of the genus Bacillus, with Bacillus
thuringiensis being the most widely used bacterial biocontrol
agent against common fungal pathogens and insects. Its
derivatives are found in over 70% of bacterial biopesticides
(Melo et al., 2016; Liu et al., 2019). Agrobacterium, Arthrobacter,
Burkholderia, Azotobacter, Rhizobium, Serratia, Thiobacillus, and
Pseudomonas are other bacteria genera with antibiotic attributes
in-vitro and in-vivo (Saxena et al., 2000; Raaijmakers et al., 2002).
Bacterial biopesticides, like most BCAs, are environmentally
friendly and are inexpensive to develop and can be as effective
as synthetic pesticides (McDonald and Stukenbrock, 2016; Köhl
et al., 2019). Pseudomonas fluorescens has been established to
be as effective in controlling the root decay agent Aphanomyces
cochlioides in sugar beet as the commercial fungicides (Kristek
et al., 2006). Most fungal BCAs are of the genera Aspergillus,
Penicillium, Beauveria, Metarhizium, and Trichoderma (Abbey
et al., 2019; McGuire and Northfield, 2020). Trichoderma
species have been extensively studied for their antagonism
against common soil-borne pathogens such as Rhizoctonia and
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TABLE 2 | Plant growth promoting rhizobacteria (PGPR) and their plant growth promoting traits and mechanisms.

Plant growth promoting

rhizobacteria (PGPR)

Plant growth promoting traits and mechanisms Host/associated plant References

Achromobacter

marplatensis and

Achromobacter

xylosoxidans

Production of phytohormones IAA and promote

vegetative growth and yield

Tomato (Solanum lycopersicum L.) Salem, 2016;

Abdel-Rahman et al., 2017

Aeromonas veronii and

Acetobacter diazotrophicus

Production of phytohormone indole-3-acetic acid

(IAA)

Rice (Oryza sativa L.) Etesami et al., 2015

Azospirillum brasilense Promote secretion of nod-gene inducing flavonoids Common bean (Phaseolus vulgaris L.) Coniglio et al., 2019

Azospirillum spp. and

Azotobacter spp.

Nutrient uptake Maize (Zea mays L.) Abdel Latef et al., 2020

Azotobacter chroococcum Enhance resistance against armyworm Maize (Zea mays L.) Song et al., 2020

Bacillus amyloliquefaciens Induces systemic resistance against tomato leaf curl

virus disease

Tomato (Lycopersicon esculentum L.) Guo et al., 2019

Bacillus aryabhattai Production of phytohormones Soybean (Glycine max (L.) Merr.) Park et al., 2017

Bacillus cereus Biotic stress resistance against bacterial speck

disease caused by Pseudomonas syringae pv.

tomato

Tomato (Solanum lycopersicum L.) Niu et al., 2012

Bacillus pumilus and B.

subtilis

Resistance against downy mildew disease Millet (Pennisetum glaucum L.) Kushwaha et al., 2020

Bacillus subtilis Absorption of K+ Tobacco (Nicotiana tabacum) Ding et al., 2020

Bacillus thuringiensis Bio-pesticide Maize (Zea mays L.) Sanchis, 2011; Melo et al.,

2016

Bradyrhizobium spp. Biological nitrogen fixation Soybean (Glycine max (L.) Merr.) Mburu et al., 2020

Enterobacter spp. Production of phytohormones IAA Lettuce (Lactuca sativa L.) Park et al., 2015

Gluconacetobacter

diazotrophicus

Enhance nitrogen fixation and induce tolerance to

NaCl

Wheat (Triticum aestivum L.) and sorghum

(Sorghum bicolor L.)

Velázquez-Hernández et al.,

2011

Klebsiella variicola,

Enterobacter roggenkampii,

and Pseudomonas

koreensis

Nitrogen fixation Sugarcane (Saccharum officinarum L.) Wei et al., 2014; Li et al.,

2017; Guo et al., 2020

Paenibacillus alvei and

Bacillus velezensis

Confer resilience to water stress and crown rot

disease caused by Fusarium pseudograminearum

Sorghum bicolor (L.) Carlson et al., 2020

Pseudomonas fluorescens Production of 1-aminocyclopropane-1-carboxylic

acid (ACC) deaminase to confer resilience against

salinity

Groundnuts (Arachis hypogea L.) Saravanakumar and

Samiyappan, 2007

Pseudomonas aeruginosa

and P. fluorescens

Cytokinin production Soybean [Glycine max (L.) Merr.] Kumawat et al., 2019

Pseudomonas fluorescens Promotes early plant development and enhances

yield and leaf nutrition

Canola (Brassica napus L.), tomato (Solanum

lycopersicum L.), and banana (Musa spp.)

Gamez et al., 2019;

Premachandra et al., 2020

Pseudomonas putida, P.

fluorescens, Bacillus

megaterium and B.

polymyxa

Phosphate solubilization Potato (Solanum tuberosum) and legumes Browne et al., 2009;

Dawwam et al., 2013

Pseudomonas spp. Promote nodulation in mung bean (Vigna radiata L.) Vigna radiata (L.) Kumari et al., 2018

Pseudomonas spp.,

Burkholderia spp., and

Acidithiobacillus spp.

K solubilization Soybean [Glycine max (L.) Merr.] Jaiswal et al., 2016

Rhizobium leguminosarum

and Bradyrhizobium

japonicum

Amelioration of arsenic toxicity Legumes Seraj et al., 2020

Sinorhizobium meliloti Confer acid tolerance Alfalfa (Medicago sativa L.) Draghi et al., 2017

Streptomyces cellulosae Confer resistance against tobacco mosaic virus Tomato (Solanum lycopersicum L.) Abo-Zaid et al., 2020

Trichoderma erinaceum Biocontrol agent, stress resilience inducer, and

promotes plant growth

Rice (Oryza sativa L.) Swain et al., 2018

Trichoderma harzianum Enhances production of auxins and biomass

production

Cucumber (Cucumis sativus L.) Zhang et al., 2013

Frontiers in Sustainable Food Systems | www.frontiersin.org 9 April 2021 | Volume 5 | Article 606308

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Koskey et al. Beneficial Microorganisms for Sustainable Crop Production

Fusarium (Haldar and Sengupta, 2015; Köhl et al., 2019). Most
destructive arthro-pests have also been successfully suppressed
in smallholder agroecosystems through the use of Steinernema
and Heterorhabditis nematodes (Arthurs and Heinz, 2006),
baculoviruses and protozoa, such as Nosema (Sarwar, 2015;
Hatting et al., 2019). BCAs act against pests and pathogens
in several established ways, which can be direct or indirect.
Understanding the modes of action of BCAs are integral in
determining their efficacy in field conditions since in-vitro
antagonism is not often reflected in-vivo (Köhl et al., 2019).

Direct mechanisms of antagonism involve parasitism,
antibiosis, and predation (Figure 3). Mycoparasitism is the
primary mode of action of most strains of Trichoderma and
Clonostachys spp. against fungal pathogens (Abbey et al., 2019).
Bdellovibrio bacteriovorus is a biocontrol agent unique in its
ability to invade and derive nutrients from the cytoplasmic
contents of other pathogenic gram-negative bacteria (McNeely
et al., 2017). The direct antagonistic mechanisms of microbial
BCAs are aided by the agents’ ability to secrete cell wall degrading
enzymes; chitinases, proteases, cellulases, glucanases, esterases,
and catalases (Alori and Babalola, 2018). These hydrolytic
enzymes facilitate the penetration of pathogen’s cell wall and
pest’s tissues. Bacillus thuringiensis, the prime entomopathogenic
bacteria, produces endotoxins that disrupt insect cell structures,
inducing osmotic cell lysis that causes significant ion leakage
and functional integrity loss (Melo et al., 2016; Azizoglu,
2019). Steinernema and Heterorhabditis nematodes secrete lytic
enzymes that enable them to invade and release bacteria into
the insect’s haemocoel (Arthurs and Heinz, 2006). The infected
insects consequently die of septicaemia. Trichoderma asperellum,
Trichoderma virens, Trichoderma atroviride, and Trichoderma
harzianum, are well-known to possess a high level of chitinolytic
activity against common soil-borne pathogens such as Fusarium,
Aspergillus, Rhizoctonia, and Puccinia (Panwar et al., 2014; Abbey
et al., 2019). At humidity of at least 60%, BCA Ampelomyces
germinates its pycnidia on host surfaces and penetrates powdery
mildew hyphae resulting in cytoplasm degeneration (Kiss, 2008).

Other than parasitism, most BCAs also suppress pathogens
directly through the production of antibiotic compounds that
impede the proliferation of the target pathogens. Bassiacridin and
beauvericin produced by Beauveria have insecticidal property
against entomopathogens (McGuire and Northfield, 2020);
bioactive lipopeptides produced by Bacillus subtilis necrotizes
insect epithelial cells causing death (Melo et al., 2016; Liu et al.,
2019). Microbial antagonists also suppress pathogens through
indirect mechanisms, notably through competition and induced
systemic resistance (Heil and Bostock, 2002). Most antagonist
microbes possess aggressive colonization ability suppressing the
pathogens hindering their establishment through competition.
This mode of action is incredibly effective in controlling
necrotrophic pathogens that require exogenous nutrients for
their establishment (Tewari et al., 2019). Trichoderma strains
can produce siderophores and out-compete pathogens for iron,
which is essential for the pathogens’ normal physiology (Ahmed
and Holmström, 2014). Some secondary metabolites produced
by Trichoderma strains are associated with systemic resistance
in Lycopersicon esculentum against Leptosphaeria macularis and

Botrytis cinerea (Abbey et al., 2019). It is imperative to note
that the antagonistic mechanisms are complex, and microbial
BCAs may suppress a pathogen through several mechanisms.
Synergistic effects of co-inoculation of certain BCAs have led
to higher efficacy in field conditions (Köhl et al., 2019), which
can be explored further in smallholder agroecosystems for more
significant results.

MICROBIAL FUNCTIONAL IDENTITY VS.
FUNCTIONAL DIVERSITY IN DELIVERING
AGROECOSYSTEM SERVICES

Soil microbial communities mediate nearly every biogeochemical
process occurring on earth crust controlling the functionality
of an ecosystem (Escalas et al., 2019). Their ubiquitous nature,
diversity richness, and ability to establish multiple interactions
with higher organisms and among themselves, make them the
best candidates in delivery of essential agroecosystem services
(Brussaard et al., 2007). Understanding the importance of having
a specific functional species or group of PGPMs here referred
to as “functional identity” or “functional diversity,” respectively
(definitions adapted from Barberi, 2015) is not well-established
in smallholder agroecosystems. This drives the rising research
demand for soil biodiversity in the quest for the delivery of
beneficial agroecosystem services. In the previous decades, most
of the commercial inoculants contained a single microbial species
or strain targeting a specific crop genotype (Kaminsky et al.,
2019). Economically, this no longer favors the smallholder
agroecosystems that are nowadays characterized by a wide range
of crop production.

Currently, through research, various microbial species and
strain combinations have been produced targeting a broad range
of crop species depending on the market requirement and
species compatibility. For instance, SumaGrow R© bioinoculant
(Table 1) produced by Bio Soil Enhancers Inc. (USA) contains
a consortium of polyfunctional PGPMs comprising of N fixers,
P mobilizers and solubilizers, micronutrient mobilizers, growth
hormones, and organic humic acid, and enhance growth and
yield in a wide range of crops including vegetables, cereals,
legumes, trees, and fruits (Preininger et al., 2018). Co-inoculation
or mixed inoculation of diverse multifunctional microbial groups
as a single inoculant could maximize the chances of strain
functional performance (Escalas et al., 2019) in particular
the functional biodiversity effect when functional identity
effect is suppressed. For instance, a mixture of PGPMs that
enhance P solubilization (e.g., Bacillus spp.), phytopathogenic
biocontrol (e.g., Pseudomonas spp.), BNF (e.g., Rhizobium spp.),
and phytohormone production (e.g., Azospirillum spp.) could
have synergistic or additive functional biodiversity effect on
crops (Hungria et al., 2015; Rashid et al., 2016). However,
the performance of co-inoculation is not always the case as
its efficiency is affected by several factors including strain
compatibility, concentration ratios, inoculation methods, plant
genotypes, soil factors, and environmental conditions at the time
of application (Kaminsky et al., 2019). Considering all these
factors and the changing climatic conditions, the performance of
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FIGURE 3 | PGPMs are considered models of biotechnological interest in agronomy. Their positive effects on crops can be direct as in the case of stimulating plant

growth by enhancing nutrient acquisition via mechanisms such as N fixation, P solubilization, siderophore production, and secretion of phytohormones. Indirect

methods are mainly in form of biocontrol of plant pest and diseases which is achieved through antibiosis, antagonism, competition, predation, enzymatic lysis, and

induction of plant systemic resistance.

the current inoculants may not be guaranteed in the near future.
Thus, research should be done to deepen the understanding of
complex interactions associated with mixing various inoculants
to come up with new formulations for use with different crops.
Efficient delivery methods of inoculant application in the context
of the changing climate should also be investigated.

PGPMS CONTRIBUTION TO CROP YIELD
AND NUTRITIONAL QUALITY

Studies have shown that there are significant benefits of using
PGPM inoculants as biofertilizers or biostimulants in crop
production (Chavoshi et al., 2018; Aliyu et al., 2019; Santos
et al., 2019). A global meta-analysis of biofertilizer efficiency

in enhancing crop nutrients and yields showed an average of
16 % increase in yield of all crops, with legumes showing
a superior response to inoculation (Schütz et al., 2018). The
beneficial effects of bioinoculation could be more in nutrient-
limited soil conditions which reflects the case of SSA smallholder
agroecosystems. According to Singh et al. (2017), Rhizobium
biofertilizer inoculum when applied in semiarid and arid
environments can supplement nutrient requirement in legumes
and hence improving crop yield. Chavoshi et al. (2018) reported
a maximum biomass accumulation of 7,985 kg ha−1 in red beans
and a higher water use efficiency after inoculation with Bio-P
and Bio-K fertilizers in limited water resources. In desert areas
of the Sahel region, double inoculation of indigenous rhizobia
and AMF isolates improved the survival rate and growth of
Vachellia seyal (acacia) plantations (Fofana et al., 2020). The
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authors attribute the improved plant growth to the adaptation
of the native bioinoculants to the pedoclimatic conditions of the
region and the microbial synergism in delivering plant nutrients
under water and heat stress conditions. The fact that PGPM
inoculants mitigate water stress in crops and enhance crop health
and productivity ensures that there is consistency in yields for
smallholder farmers.

The use of effective PGPMs enhances leaf photosynthesis, seed
quality traits, and yield of legumes such as Phaseolus vulgaris
L.) (Iriti et al., 2019). High-quality agricultural products are
easily marketable and fetch high prices, therefore, bringing more
fortune to smallholder farmers resulting in improved livelihoods.
The choice and selection of superior native strains over exotic
strains is often encouraged (Aliyu et al., 2019). For instance,
the application of native strains of Bacillus spp. as PGPM in
the cultivation of cumin (Cuminum cyminum Linn.) increased
the seed oil content and yields compared to uninoculated
control (Mishra et al., 2019). Studies have revealed that it is
economical for smallholder farmers to apply polyfunctional
microbial inoculants with multiple plant growth-promoting
traits such as P solubilization, N fixation, and biocontrol
compared to the use of single-trait inoculants (Reddy and
Saravanan, 2013). However, some studies favor the promotion of
functional identity over functional diversity when dealing with
specific crop genotypes and environments (Njeru et al., 2017).
Further studies to elucidate this disparity should be done in the
context of smallholder agroecosystems paying attention to proper
management of microbial inoculants as this could significantly
affect microbial functioning, abundance, and effectiveness.

The global demand for healthy food and fiber is expected
to rise by 2050 to 70% (Singh and Trivedi, 2017). The
increase in food demand needs to be satisfied from the
existing arable land, which is already under pressure from
the rising human population, harsh climatic conditions, and
the decline in soil fertility and water availability. In addition,
there is a need to safeguard farm produce from emerging
and re-emerging pests and diseases. Despite the success
of chemically associated conventional farming practices in
increasing agricultural productivity, their future reliability is
on the balance due to various health concerns arising from
food contamination and disease resistance (Alori and Babalola,
2018). Harnessing natural resources such as plant-associated
microbiome (PAM) could be one of the most effective strategies
to improve agricultural productivity and future food security
in a more sustainable way. The PAM technology has a better
potential to minimize environmental hazards and increase
food quality and quantity while lessening resource inputs
compared to the conventional farm practices. Additional plant-
microbiome discoveries and technological improvements are
emerging and embracing a shift in the paradigm toward
next-generation microbial applications could lead to better
food production systems (Nezhad et al., 2015). In situ plant-
microbiome engineering, high throughput sequencing, and plant
breeding will be integral to enhancing the understanding and
development of efficient microbial inoculants. Evidence shows
that more attention has been given to rhizosphere and root
microbiota that play a key role in plant productivity (Goswami

and Deka, 2020; Nuzzo et al., 2020; Sousa et al., 2020), while
other plant sections such as leaf, stem, seeds, and flowers remains
largely unexplored. Yet, they could be playing important roles
in plant defense system and response against abiotic and biotic
stress (Singh and Trivedi, 2017).

AGRONOMIC MANAGEMENT PRACTICES
AND INTERVENTIONS THAT OPTIMIZE
PGPM FUNCTIONALITY

Modern farming encourages the integration of bio-inoculants
with other farm management practices and this has been
shown to have complementary and synergistic effects in
improving growth and yield quality characteristics in apple fruit
farming (Mosa et al., 2018). The positive association between
agronomic management practices and ecosystem functioning
could be exploited to enhance soil fertility amelioration
and plant productivity (Costanzo and Bàrberi, 2014). One
possible approach is to increase the above-ground litter and
below-ground root traits that host and provide energy to the
PGPMs responsible for decomposition and nutrient recycling
(Bakker et al., 2012). This approach encourages farmers to
utilize agronomic practices that increase genetic, species, and
habitat diversity within the field scale hence increasing farm’s
overall productivity and agroecosystem resilience (Moonen
and Bàrberi, 2008; Mburu et al., 2016). Conserving a high
diversity of indigenous microbial functional communities in the
soil ensures continuous maintenance of critical soil functions
amidst the changing climatic conditions. This could provide
production-related insurance to the farmers on ecosystem
productivity and stability upon any ecological perturbations
(Yachi and Loreau, 1999; Shanafelt et al., 2015).

Multiple cropping systems coupled with rotational practices
is demonstrated to sequester more carbon to the soil (Hontoria
et al., 2019). Obligate PGPMs, that would not survive without a
plant host, utilize carbon as the sole energy source (Ventorino
et al., 2012). Therefore, farmers should critically choose cropping
systems that favor carbon sequestration in order to conserve
the functioning of beneficial obligate microbial communities.
However, for maximum benefits to be achieved in multiple
cropping systems, choosing complementary plant genotypes
known to host multiple beneficial PGPMs would be ideal. For
instance, intercropping of cereals with legumes such as lentils,
faba bean, and chickpea, which are considered (Faucon et al.,
2017; Lazzaro et al., 2018). Cereal-legume intercropping system
creates a microclimate that regulates heat stress, moisture, wind
stress, weed and pest infestation (Lazzaro et al., 2018). The
use of PGPMs can enhance the interspecific plant-microbial
interactions in intercropping system (Figure 3). The addition
of organic amendments such as vermicompost, manure, and
biochar that are rich in PGPMs and nutrients would help to
sustain high energy demanding soil processes and promotes
microbial decomposition and nutrient recycling (Cobb et al.,
2018; Nyamwange et al., 2018; Koskey et al., 2020). Non-
chemical weeding and pest control methods promote the build-
up of beneficial plant-soil biodiversity which are considered the
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main drivers of an ecosystem (Marzaioli et al., 2010). On the
contrary, intensive cultivation, a common practice in smallholder
agroecosystems, reduces soil biodiversity, organic matter, and
increase CN ratio, therefore, reducing the overall microbial
functionality (Ventorino et al., 2012). Therefore, a change in
cultivation practices to more sustainable agroecological practices
in smallholder systems would be inevitable if food security is to
be realized.

Plants are considered naturally as selective agents that
continuously shape rhizospheric soil microbiome and
rhizosphere engineering is slowly emerging as a new research
field to potentially address crop production (Haldar and
Sengupta, 2015). AMF are important ecosystem promoters and
are recognized as key elements in low-input agroecosystems;
however, their structural composition, diversity and performance
are highly influenced by plant genotype (López-García et al.,
2017). Certain plant taxonomic families are known to be poor
AMF hosts while others such as legumes are known to be
excellent AMF hosts. A few plant taxa are non-host. Currently,
plants are selectively bred to produce root exudates that enhance
rhizosphere plant-microbiome interactions and possibly
promote agroecosystem sustainability and productivity (Bakker
et al., 2012). To embrace this strategy and apply in smallholder
agroecosystems, it will require farmers no infrastructural
changes other than the selection of their preferred crop cultivars
or species bred to enhance root exudation. However, more
knowledge in this area should be generated to deepen the
understanding of their mechanisms, pros and cons, cost-benefit
analysis, and their applicability to resource-strained smallholder
farmers. Enhancing farmers’ knowledge of agroecosystem
functionality would optimize soil fertility restoration successes,
agroecosystem sustainability, and crop productivity.

DEVELOPMENT OF MICROBIAL INOCULA
FOR SMALLHOLDER FARMERS

Currently, there is a rising global market demand for microbial
inoculants that can be used as biofertilizers or biostimulants in
crop production (Lobo et al., 2019). Bioinoculants contain one
or more PGPMs (bacteria, algae, or fungi) packaged in a carrier
material. A carrier material refers to the delivery “vehicle” that is
packaged to transfer the bioinoculum to the plant rhizosphere.
It determines the form (either liquid or solid), shelf life, and
the application or delivery methods of the microbial inoculant
(Reddy and Saravanan, 2013). According to Soumare et al.
(2020), a good microbial inoculum should be packaged in a
carrier material that provides an optimum microenvironment
(pH, water, and carbon content) for microorganisms, maintain
longer shelf life and microbial viability without the need for
a special storage facility. Besides, the carrier material should
be cost-effective, readily available, eco-friendly, acquiescent to
nutrient supplement, and not harmful to the user (Alori and
Babalola, 2018). It is interesting to note that very few studies
have focused on the selection and development of carrier
material and their effect on bio-inoculum as most studies
emphasize on the performance of microbial strains (Herrmann

and Lesueur, 2013). Encapsulation of bioinoculants is a newly
emerging technique that utilizes polymer beads to enclose
one or more microbial species. This technique allows the
incorporation of other organic bio-effectors such as humic acid
and strigolactones, protects the microbial life from desiccation,
and allows slow release of the components into the soil
(Gouda et al., 2018). Despite its biotechnological potentials as
bioinoculant carriers, nano- and micro-encapsulation methods
have not been exploited commercially particularly by entities
targeting smallholder systems (Herrmann and Lesueur, 2013).
Therefore, with advancing technologies, more studies that could
lead to the development of versatile carrier inoculants suitable for
use in smallholder agroecosystems should be done.

The fact that the majority of microbial inoculants in SSA
are imported (Babalola and Glick, 2012) raises a question if
they are tailored to match the varying smallholder farmers’
agroecosystems, shelf-life needs, local storage, and soil
conditions. A short inoculant shelf-life constraints inoculant
supply chain and significantly reduces inoculant reliability,
viability, and availability (Deaker et al., 2012). Inoculant viability
determines the success of its use and continuous adoption by the
farmers, who are in most cases production-oriented rather than
agroecology conservationists. Therefore, effective bioinoculants
should be able to competitively and successfully establish
themselves in the soil within the shortest time possible amidst
the presence of already established native microbes. Various
studies have tried to unveil the fate of microbial inoculum and
their effect on the native microbial communities upon their
introduction into the soil (Sharma et al., 2012). For instance,
Nuzzo et al. (2020) demonstrated that some PGPM formulations
have no impact on plant growth but significantly affect the
diversity and structure of native microbial communities. On the
contrary, PGPM inoculation improved plant growth but had no
influence on species diversity and richness of native microbes in
the host plant roots (Piromyou et al., 2011). These inconsistencies
are likely to be common in smallholder agroecosystems and,
therefore, calls for selection and development of microbial
strains that interact well with native microbial communities.

Soil conditions such as pH, presence of organic matter,
water availability, and other physicochemical properties affect
the infectivity of microbial inoculants (Njeru et al., 2020; Saad
et al., 2020). Some PGPM inoculants can confer resilience against
such harsh local environmental conditions (Agami et al., 2016).
This explains why microbial inoculants are recommended even
in soils with less water and where most nutrients are immobile
(Sindhu et al., 2020). In some instances, seed companies
and researchers have solved this challenge by producing crop
cultivars that customarily favor colonization of specific PGPMs
under a wide range of soil conditions (Faye et al., 2020).
Through this approach, Gitonga et al. (2021) investigated how
organic and conventional smallholder farming systems and
soybean cultivars (promiscuous vs. non-promiscuous) affect
native Bradyrhizobium spp. diversity. Similarly, Sinong et al.
(2021) found P-solubilizing microbial isolates that could be
exploited to enhance the growth of two rice cultivars under
low-input cultivation than conventional practices. The authors
aimed at optimizing smallholder agroecosystem at the farm level
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that potentially harbor diverse soil microbiota that enhances
crop productivity.

In other cases, seed manufacturers have partnered with
farmers to establish ‘custom seed inoculation’ where on farmer’s
request, seeds are inoculated with specific PGPMs by the
manufacturer prior to packaging and delivery to the farmers for
planting (Deaker et al., 2012). These two approaches can be easily
replicated in smallholder agroecosystems, but more research and
partnerships on bioprospecting for effective PGPMs compatible
with various local crop cultivars should be initiated. Researchers
should keep in mind the need for new PGPM inoculants adapted
to the current and incoming stressful climatic conditions as the
future performance of the inoculants currently in the market may
not be guaranteed.

CHALLENGES OF WIDESPREAD
UTILIZATION OF PGPMS IN
SMALLHOLDER AGROECOSYSTEMS

Notwithstanding their importance in upscaling agriculture, the
use of PGPM inoculants in smallholder settings is largely
unaccountable (Oruru and Njeru, 2016) and more research
should focus on quantifying their use, adoption, and their overall
effect on soil, crops, and farmers’ livelihood. Farmers are used
to the application of ‘blanket’ solutions in solving their day-to-
day field challenges and the adoption of particular techniques
providing specific solutions in certain locations should be
encouraged. Industrially, there is a challenge in the production of
bioinoculants that could be used for a broad range of crops grown
in geographically and climatically diverse territories (Santos
et al., 2019). PGPMs, unlike the broad-spectrum agrochemicals,
are highly selective in their use and only target specific plant
hosts. Their viability is short and the cost of maintaining
PGPMs during storage is very high especially in rural setups
where electricity and modern storage facilities are limiting
resources (Tabassum et al., 2017). Thus, the search for innovative
microbial solutions based on farmers’ needs should be done with
geographical considerations, increasing episodes of climatic and
environmental stresses.

The risk of toxicity arising from inoculant contamination
is high if proper quality control standards and storage
measures are not taken into consideration. Raimi et al.
(2019) reported 67% of the South African biofertilizers,
analyzed through sequencing, showed high levels of toxins
and contaminants affecting the quality of the inoculants,
therefore, jeopardizing their potential benefits. The intentional
movement of bioinoculants containing various exotic microbial
species or strains to new agroecosystems is growing, but the
possible negative ecological consequence of their introduction
is poorly understood (Schwartz et al., 2006). This may lead
to unintended negative invasion and the establishment of
microbes in new agroecosystems. Non-sterile and contaminated
inoculum can result in the emergence of phytopathogens
that are parasitic to the native PGPMs and plants and
can potentially cause significant crop losses. Controlling the
cases of invasive species would be costly to the farmers

and thus, the need for inoculation particularly with imported
inoculants should first be carefully evaluated and where possible,
the use of high-quality local indigenous species should be
recommended. In some of the African countries where economic
and technological policies have been put in place to support
the use of biofertilizers, there is hardly any evidence of the
successful implementation of the approaches. This failure is
linked to financial misappropriation, policy management and
lack of investment interest among the stakeholders (Abdullah
and Samah, 2013). Additionally, unreliable climatic conditions,
variation in soil factors and poor agronomic management
practices need to be addressed especially in the SSA region where
the impact of bio-inoculation would be profound if fully adopted
(Ngetich et al., 2012).

FUTURE PERSPECTIVES

The increasing demand for safe food and better nutrition,
advancing research technologies, and interest in sustainable
agriculture has further renewed global interest on PGPM
bioinoculants. For instance, by 2019, China registered more
than 800 inoculant related patents while India surpassed 100
patents (Santos et al., 2019). Therefore, it is expected that,
through advanced research innovations, more bioinoculants
will be produced in the following years. The effects of climate
change present a major challenge to industrial bioinoculant
producers, and research on PGPMs that are more effective
under a broader range of stressful conditions and induce
plant tolerance would increase. The challenges on microbial
shelf life, storage and viability losses should be addressed
and new technologies of seed coating that deliver stable
formulations able to withstand harsh storage conditions
should be developed (Bargaz et al., 2018). Plant breeders,
seed producers, and farmers could overcome these challenges
through the initiation of “tailor-made” products that could
address specific challenges. However, further scientific
research and economic benefit analysis in this area should
be done.

More knowledge and deeper understanding are needed on
how agronomic practices under changing climatic conditions
affect the composition, abundance, and bio-functionality of
PGPMs in delivering multiple agroecosystem services. Farmers
need to know how PGPM communities are managed at spatial
and temporal scale to promote synergies, effectiveness, and
avoid trade-offs. Fostering proximity to smallholder farmers
in redesigning agroecosystems and policy making should be
prioritized. This can be achieved by involving them in-field
research demonstrations, data collection, reporting, and policy
recommendation drafting (IFAD and UNEP, 2013). These
approaches will enhance farmers’ knowledge and technological
capacity in the use of bio-inoculants, therefore, ensuring a
continuous adoption of techniques that take into account their
local ecological conditions and knowledge.
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CONCLUSION

The use of PGPMs as biostimulants, biofertilizers, or biocontrol
agents by smallholder farmers has substantially grown
owing to their impressive performance, economic benefits,
and environmental safety associated with their use. They
provide beneficial agroecosystem services such as soil nutrient
amelioration, crop nutrient, and yield improvement, plant
tolerance to biotic and abiotic stresses, biocontrol of pests
and diseases, and water uptake. The adoption of PGPMs in
smallholder agroecosystems is on the rise with the increasing
number of patents and new inoculants being observed in
developing countries. Multisectoral research on the use of
PGPMs involving smallholder farmers is encouraged and its
output should capture the aims of both the “productionist” and
“agroecologist” paradigms. More knowledge on the effects of
climate change and agronomic practices on the bio-functionality
of PGPMs in delivering multiple agroecosystem services should
be generated. Robust technologies are needed to enhance
the PGPM production and most importantly to improve the
effectiveness, stability, and reliability of the products under
environmentally stressing conditions. Putting into consideration
the collective experience, needs, and indigenous knowledge of
smallholder farmers, PGPM inoculation could be a key pillar
in addressing SDG 2 goal of ending hunger, promoting food
security, and environmental sustainability.
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