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Abstract
Agriculture forms the cornerstone of food security across sub-Saharan Africa (SSA), serving as a fundamental pillar that
sustains livelihoods, supports economic resilience, and underpins regional stability. This region’s population is projected to
reach 2.4 billion by the year 2050, which will increase its food demand by 60%. However, recurrent droughts, temperature
extremes, and increasing soil salinity are emerging as threats to present and future food security as they restrict agricultural
productivity. The biggest challenge facing the SSA region lies in finding ways to adapt its agricultural practices to climate
change. This article explores the potential role of extremophile microorganisms in enhancing crop resilience to abiotic
stress. Research has so far shown that extremophiles alleviate drought stress in plants by increasing the expression of an
array of novel genes, including genes responsible for induced drought, heat and salt stress tolerance, increased production
of enzymatic antioxidants, as well as increased production of plant growth promoting phytohormones. Importantly, research
shows that (i) extremophile-induced plant growth promotion and stress alleviation is triggered by the presence the stressor
(ii) phylogenetically diverse microorganisms isolated from different desert plants can induce stress tolerance in heterologous
crop hosts. These findings raise hopes of proofing crops against climate change-induced drought stress and hence ensure
food security. However, research on the role of extremophiles in agriculture in the SSA region still lags behind. There is
need to build capacity in extremophile agricultural biotechnology in this region, primarily in the form of bioprospecting
for isolates exhibiting strong plant growth promoting capabilities.
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Introduction

Climate Change and Its Impacts On Food Security in
Sub-Saharan Africa

Weather and climate bear a significant impact on all sectors
of the world’s economies, from manufacturing, transport,
finance, security, and agriculture (Warsame et al. 2022;
Ayugi et al. 2022). The latter is the mainstay of sub-Sa-
haran African (SSA) economies (Salahuddin et al. 2020),
with over 80% of livelihoods dependent on rainfed agricul-
ture (Calzadilla et al. 2013; Mubeng-Tshitaka et al. 2023).
However, the impacts of climate change, primarily mani-
festing in recurrent droughts and heatwaves (Tadesse et al.
2008; Serdeczny et al. 2017; Pondi et al. 2022), have signif-
icant impacts on SSA household food security (Pondi et al.
2022; Ayugi et al. 2022). Drought is a climatic phenomenon
characterised by prolonged periods of below average rain-
fall (Wilhite et al. 1985; Mekonen et al. 2020; Warsame
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et al. 2022), above average growing season temperatures
(Cairns et al. 2013; Gbegbelegbe et al. 2023), and higher
than normal evapotranspiration rates (Wilhite et al. 1985;
Bhaga et al. 2020). Combined, these factors lead to insuffi-
cient water for agriculture, human and animal consumption,
industry, and general ecosystem functioning. The severity
and duration of droughts vary widely, depending on climatic
conditions, geography, and human activities (Gbegbelegbe
et al. 2023). The worst droughts are usually experienced in
the SSA region, southern Europe, south Asia, some parts of
Australia, as well as southern and northern America (Meko-
nen et al. 2020). However, of these regions, the SSA region
suffers the worst effects of drought owing to lack of climate
change mitigation strategies (Ofori et al. 2021; Pondi et al.
2022; Gittard 2023), as well as its mostly tropical climate
which is already characterised by high baseline tempera-
tures (Cairns et al. 2013; Amjath-Babu et al. 2016; Lotter-
ing et al. 2021). Almost every year, one or more countries
in the SSA region experience drought. For example, Bhaga
et al. (2020) report that Mauritania experienced drought
in 2011, Mali in 2015, Cote d’Ivoire and South Africa in
2018, Madagascar in 2019, and Lesotho in 2020, every time
plunging millions of people in the respective countries in
dire need for food assistance, besides livestock losses. Of
all climate change related challenges experienced in SSA,
climate change induced drought presents one of the great-
est threats to food security in this region (Lottering et al.
2021; Shukla et al. 2021). Not only does drought result in
starvation and loss of life, but also in mass migrations from
affected areas, potentially fuelling conflict (Shukla et al.
2021; Gittard 2023; Di Falco et al. 2024).

The gradual worsening of climate change threatens agri-
cultural productivity and viability as it increases both the
intensity and frequency of environmental stresses such as
temperature extremes, drought, and salinity (Selim et al.
2019; Santpoort 2020; Uzilday and Ganie 2023). These
stresses present one of the most unprecedented challenges
currently affecting agricultural production and negatively
impacting on food security (Parida and George 2015; Se-
lim et al. 2019). With exceptions to the Sahelian region
where agriculture is dominated by the production of mil-
let and sorghum (Arumugam et al. 2023), over half of the
SSA region is characterised by a maize-based diet system
(ten Berge et al. 2019; Cairns et al. 2021; Dossa and Mi-
assi 2023; Gbegbelegbe et al. 2023). However, most maize
varieties that are currently produced in SSA are highly un-
adopted to drought and heat stress, with data presented
by Gbegbelegbe et al. (2023) showing that countries in
Southern Africa, including Zimbabwe, Zambia, Mozam-
bique, South Africa, Namibia, and Eswatini, have experi-
enced both a reduction in maize harvest per hectare, as well
as a reduction in the total land area committed to maize
production as a result of recurrent droughts between the

years 2000 and 2016. Additionally, drought has also been
linked to a reduction in the quality of cereal grains pro-
duced (Ayugi et al. 2022). It is predicted that maize yields
decline linearly by 1.7% under drought stress for every de-
gree Celsius above 30°C in SSA (Cairns et al. 2013). Dossa
and Miassi (2023) observed that the average climatic tem-
peratures in Togo rose from 27°C in 1990 to 29°C in 2020,
whereas the average rainfall kept fluctuating. Overall, these
conditions have caused Togo’s maize output to decline, with
the country becoming a net maize importer to plug the re-
sultant food shortages. While climate change impacts are
expected to intensify in the foreseeable future, it is projected
that over 89% of maize producing areas in Central Africa
will experience declines in maize output, with equivalent
maize output decreases being expected in 85% of maize
producing areas in West Africa, 29% in Southern Africa,
and 32% in East Africa (Stuch et al. 2020). On the other
hand, a decline in crop yield has been observed at soil salin-
ity levels exceeding 5dS/m, which is equivalent to 50mM
NaCl (Santos et al. 2023).

Paradoxically, the Sub-Saharan Africa (SSA) region is
home to the world’s fastest growing population which is
projected to double in size by the year 2050 (Waha et al.
2013; Ezeh et al. 2020). Correspondingly, the region’s ag-
gregate food demand is projected to grow by 60% in order
to feed the additional population (Akinbode et al. 2022).
This shows the need for the adoption of climate smart agri-
cultural approaches that are likely to minimise losses espe-
cially during moderate drought scenarios thereby ensuring
food security. Some of the proposed coping mechanisms
include breeding for drought and heat resilient crop vari-
eties, promoting crop and diet diversification in communi-
ties highly dependent on maize, investing in infrastructure
for rainwater harvesting, and investing in off-farm incoming
generating ventures (Cairns et al. 2013; Gbegbelegbe et al.
2023). While these proposals are scientifically sound, some
of them, including breeding and infrastructure development
for rainwater harvesting are prohibitively expensive (Am-
jath-Babu et al. 2016), require long timeframes to produce
the desired result, or are unavailable to the majority of the
SSA population, particularly those residing in remote areas.
As a result, governments in the SSA region mostly resort
to providing food aid and school feeding programmes as
a way of protecting their people from the effects of drought
induced food shortages (Ayugi et al. 2022). Unfortunately,
this approach is both unsustainable and open to abuse, with
food aid sometimes being distributed along political lines,
leaving those not affiliated to ruling governments at the
risk of starvation. There is therefore need for the adoption
of cost-effective and sustainable climate adaptative agricul-
tural approaches that will leave the power to produce food
in the hands of smallholder farmers, who already play a piv-
otal role in the food security of SSA (Stuch et al. 2020). One
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such option includes the use of plant growth promoting mi-
croorganisms that foster crop resilience to multiple abiotic
stresses (Alori et al. 2020), in particular drought and salinity
stresses. These microorganisms include archaea, bacteria,
fungi, and yeasts, whose roles in plant growth promotion
include nutrient solubilisation and fixing, organic matter de-
composition, exopolysaccharide secretion, as well as phy-
tohormone and siderophore production (Naik et al. 2019).
In particular, extremophilic microorganisms are emerging
as a viable alternative to mitigate the deleterious impacts
of the combined effect of drought, salinity, and higher cli-
matic temperatures on crop production (Alori et al. 2020;
Zenteno-Alegría et al. 2024). Microbial extremophiles are
adapted to survive in extreme environmental conditions
which are regarded as inhospitable to other life forms, in-
cluding extremely hot conditions (thermophiles), extremely
saline/salty conditions (halophiles), extremely arid condi-
tions (xerophiles) (Sangeetha et al. 2016; Kochhar et al.
2022), among other conditions. Desert ecosystems offer
a promising source of extremophiles for use in alleviating
abiotic stresses as they are believed to harbour microorgan-
isms that are highly tolerant to extremes of temperature,
aridity, salinity, pH, and UV radiation (Eida et al. 2018;
Mukhtar et al. 2019; Alsharif et al. 2020; Xie and Pathom-
aree 2021). Desert adapted extremophiles are either found
in association with plants (rhizospheric, endophytic, and
epiphytic), or can be isolated directly from the desert soil.

However, plant associated extremophiles possess the
advantage of having co-evolved with plants, and provide
hope of transferability between unrelated plant species,
particularly from wild desert plants to cultivated crop spe-

Fig. 1 Plant molecular and
physiological response to
drought and salinity stress
(Figure created using Bio render
Online tool)

cies. According to Marasco et al. (2013), plants growing
in arid environments select for microbial assemblages that
are metabolically and physiologically adapted to drought,
thereby determining the ecological services they receive,
which ultimately improve their resistance to various abiotic
stresses.

Plant-associated extremophiles have been reported from
all three domains of life: archaea, bacteria, and eukarya,
and of different phyla including Actinobacteria, Ascomy-
cota, Bacteroidetes, Basidiomycota, Crenarchaeota, Eu-
ryarchaeota, Firmicutes and Proteobacteria (Nath Yadav
2017). Given that multiple extreme conditions can occur
in desert microbial niches, the vast majority of desert mi-
crobes are classified as polyextremophiles (Yadav 2021).
Use of polyextremophilic microorganisms as plant growth
promoters is all the more suitable considering that plants,
being sessile, are simultaneously exposed to different abi-
otic stresses for long periods of their lifespan (Bokhari
et al. 2019). For better appreciation of the physiologi-
cal and molecular mechanisms of microbial plant growth
promotion and stress alleviation, the following section
discusses plants’ response to drought and salinity stress.

Molecular and Physiological Responses of
Plants to Drought and Salinity Stress

When exposed to stresses such as drought and high tem-
perature, plants undergo morphological, physiological, and
biochemical changes meant to counter the stress (Ayang-
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benro and Babalola 2021). Some of these responses are
shown in Fig. 1.

In a sustained drought scenario, plants undergo long-
term physiological changes such as increased ethylene pro-
duction in order to close stomata and so reduce transpira-
tive water loss. However, ethylene levels inadvertently reach
concentrations that block plant growth due to reduced pho-
tosynthetic rates as a result of decreased carbon dioxide
uptake, as well as increasing root to shoot ratio in a bid to
increase water uptake (Marasco et al. 2013). Additionally,
the accumulation of reactive oxygen species (ROS) dam-
ages essential cellular molecules and structures including
nucleic acids, proteins, and lipids, changing their configu-
ration and hampering the overall survival of the plant (Kran-
ner et al. 2008; Marasco et al. 2013). The higher-than-nor-
mal temperatures associated with drought conditions have
been observed to stunt plant growth, reduce plants’ ability to
generate an immune response, as well as increase their sus-
ceptibility to virulence by pathogens (Xu and Weng 2020).

On the other hand, plants experience salt stress if there
is excessive accumulation of water-soluble salts includ-
ing calcium sulphate, magnesium chloride, magnesium sul-
phate, potassium sulphate, sodium nitrate, sodium chloride,
sodium sulphate, and sodium carbonate (Gupta et al. 2022).

Fig. 2 Mechanisms of plant growth promoting bacteria-mediated drought and salinity stress tolerance in plants. IAA indole acetic acid; SOD su-
peroxide dismutase; CAT catalase; POX peroxidases; VOCs volatile organic compounds; SDR1 salt and drought responsive gene; ERF ethylene
responsive element-binding factor; LCOs lipo-chitoolisaccharides; HKT high-affinity K+ transporters; NHX1 vacuolar Na+/H+ antiporter gene;
BADH1 betaine aldehyde dehydrogenase 1. Cited from Gupta et al. (2022), with modifications

The practice of irrigation, while used to sustain crop pro-
ductivity during drought, has been implicated in increasing
soil salinity levels due to the constant addition of irrigation
water-borne dissolved salts (Chen et al. 2016; Santos et al.
2023). Plants exposed to the dual threat of drought and salt
stress suffer from reduced photosynthetic activity owing to
reduced gaseous exchange as stomata tend to close to re-
duce water loss, reduced nutrient metabolism, chlorophyll
synthesis and ion uptake and translocation (Kaur and Asthir
2017; Hussain et al. 2018). Overall, whatever changes the
plant undergoes under stress, it results in reduced survival,
and ultimately productivity, which affects food security.

So far, the difficulty experienced by farmers in trying to
adapt their farming practices to climate change is that un-
der climate change, plants tend to concurrently experience
a combined effect of multiple stresses such as drought,
salinity and extreme heat, which complicates adaptation
strategies. However, plant associated microbiomes in arid
lands, in particular deserts, have been shown to promote
multi-stress resilience to their host plants (Hnini and Aurag
2024). Therefore, their use as biofertilisers for climate
adapted agriculture would have a distinct advantage stem-
ming from the fact that most extremophiles are concurrently
exposed to multiple stresses in their ecological niches, and
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so have evolved to be polyextremophiles. Their application
to crops is therefore likely to foster crop resilience to the
combined effects of drought, salinity, and heat, or to at least
one of the stresses at a time. For example, some fungal
endophytes isolated from desert grasses of the USA were
observed to both alleviate drought stress in corn and cotton
plants as well as to protect these plants from heat stress
(Zenteno-Alegría et al. 2024). We discuss more on this in
the following section.

Molecular and Physiological Mechanisms of
Extremophile Induced Drought and Salinity
Stress Alleviation in Plants

The potential with extremophiles lies in their ecological
adaptation to extreme environments, which they find opti-
mal for their physiological and ecological functions, aspects
of which are important for promoting plant growth under
hostile conditions (Santos et al. 2023). Extremophiles help

Fig. 3 A cascade of extremophile PGPB induced stimulation (") and inhibition () pathways that foster plant resilience to drought and salinity
stress. ACC deaminase 1-aminocyclopropane-1-carboxylate deaminase, IAA indole-3-acetic acid, EPS exopolysaccharide, VOCs volatile organic
acids, MDA malondialdehyde, HKT1 High-affinity K+ transporter, Na+/H+ antiporter trafficking excess Na+ ions for elimination/sequestration.
(Figure created using Bio render Online tool)

plants combat drought conditions by increasing the expres-
sion of an array of novel genes (Fig. 2), including moisture-
stress tolerance, phosphorus-solubilising genes, osmoregu-
latory genes, as well as decreasing catabolism (Parida and
George 2015; Sangeetha et al. 2016; Andrés-Barrao et al.
2017; Kochhar et al. 2022).

These drought responsive genes are induced by endoge-
nous abscisic acid (ABA), a phytohormone produced in
plant roots and translocated to the rest of the plant in re-
sponse to drought stress and increasing levels of ROS like
hydrogen peroxide (H2O2), superoxide radical (O2

–), and
hydroxide radical (HO–) (Kaur and Asthir 2017; Phillips
and Ludidi 2017). However, extremophile production of
ABA has been linked to increased drought stress toler-
ance in inoculated crops as compared to non-inoculated
crops whose own ABA-mediated ROS scavenging activ-
ity is overwhelmed by ROS production at certain drought
stress thresholds (de Carvalho 2008). Plant inoculation
with extremophiles also results in increased expression of
dehydration-inducible, osmoprotectants-producing genes
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such as AtBCAT2 (which codes for the enzyme branch-
chain aminotransferase 2 responsible for the production of
branched chain amino acids); AtLKR/SDH (codes for lysine
ketoglutarate reductase/saccharopine dehydrogenase which
produces saccharopine); AtP5CS1—delta 1-pyrroline-5-
carboxylase 1 (produces proline), and AtADC2—arginine
decarboxylase 2 (for production of agmatine) (Takahashi
et al. 2020). Solutes like saccharopine, proline, and agma-
tine are known to perform a number of functions including
lowering the water potential of plant cells thereby promot-
ing plant water retention and maintenance of cell turgor for
plant growth, protein stabilisation, as well as free radical
scavenging activity thereby restoring cellular redox balance
(Chun et al. 2018; Takahashi et al. 2020).

Further, and in a somewhat promising observation for
microbially induced drought stress tolerance research in-
volving crop plants, Marasco et al. (2013) revealed that bac-
teria-mediated drought resistance is not just a shared feature
among different drought adapted bacterial species but is
also transferable to different types of plants. Biomolecules
produced by extremophiles within the plant rhizospheric
region act as external stimuli when captured by sensors
on plant cell membranes. Once received, the stimuli are
transmitted through several signal transduction pathways
to the nucleus, mediated by H2O2 as a secondary mes-
senger molecule (de Carvalho 2008), resulting in the in-
duction of drought-stress tolerance genes (Kaur and Asthir
2017). Other messenger molecules which play significant
roles in signal transmitting pathways include Ca2+, ROS,
ABA, phosphoglycerol, diacylglycerol, and transcriptional
regulators (Kaur and Asthir 2017). Overall, crop inocula-
tion with extremophiles results in a cascade of pathways
that result in abiotic stress alleviation as shown in Fig. 3.

As depicted in Fig. 3, 1-aminocyclopropane-1-carboxy-
late (ACC) deaminase producing microbes degrade the
ethylene precursor, ACC, into α-ketoglutarate and ammo-
nia, thereby protecting the plant from the harmful effects
of ethylene which the crop produces under drought stress
(Rani et al. 2021). Degradation of ethylene restores normal
plant growth under moisture stress conditions. Meanwhile,
rhizospheric microbial extremophiles produce extracellular
matrices favouring soil and water stability, increasing root
adhering soil, and positively influencing water potential
around the root system under drought conditions when
limited water content causes salt accumulation, osmotic
stress, and soil hardness. In addition, plant inoculation with
extremophile PGPB promotes root development through
the production of phytohormone-like substances like in-
dole-3-acetic acid (IAA) (also called auxin) (Santos and
Olivares 2021) leading to enhanced water and nutrient
uptake, and therefore improved plant survival chances
when water represents the limiting growth factor. Volatile
organic compounds (VOCs) released by some microorgan-

isms like Bacillus subtilis have been noted to stimulate
plant biosynthesis of choline, a nutrient and solute in-
volved in preventing water loss and eventual wilting by
maintaining cell turgor pressure (Marasco et al. 2013).
On the other hand, halophiles secrete haloenzymes with
polyextremophilic features, including cellulases, xylanases,
proteases, amylases, lipases, and gelatinases whose sta-
ble catalytic activities at elevated salt concentrations are
crucially exploited by the plant for its own biochemical re-
actions (Munir et al. 2022), thereby fostering salt tolerance
in these plants. Halophile microorganisms are divided into
three categories according to their optimal sodium chloride
(NaCl) requirements; slight halophiles (1–3%); moderate
halophiles (3–15%), and extreme halophiles (15–30%)
(Tuesta-Popolizio et al. 2021). As per Table 1 below, some
species of these group were found to improve plant growth
and enhance tolerance to salinity in some crops of agricul-
tural interest like maize, wheat, rice, barley, oat, sunflower,
and tomato. Overall, plant inoculation with extremophile
microorganisms modulates plant molecular and physiolog-
ical responses to both water deprivation and salinity stress
as shown in Table 1, thereby increasing plant survival under
adverse environmental conditions.

Research findings indicate that the plant growth promot-
ing traits of extremophiles are stress-induced. For example,
Inostroza et al. (2017) demonstrated that some halophiles
significantly enhanced plant growth only under drought
simulation and nutrient poor/rich soils as compared to
well-watered, nutrient rich/poor soils. These observations
are corroborated by Chen et al. (2017) who demonstrated
that wheat plants inoculated with Pantoea alhagi exhibited
significant differences in shoot and root length, as well
as the total plant fresh weight between inoculated and
uninoculated seedlings only when the inoculated seedlings
were grown under simulated drought conditions. Similarly,
Bokhari et al. (2019) observed that some Bacillus strains
could not significantly influence A. thaliana growth under
non-salt conditions, but significantly increased the fresh
weight of the plant under salt stress conditions, when
compared to the uninoculated control plants. Two impor-
tant observations arising from these studies are: (1) the
presence of the stressor, be it water deprivation, NaCl, or
both, may be the trigger that induces extremophile mi-
croorganisms to produce factors that facilitate plant growth
under stress conditions, and (2) phylogenetically diverse
microorganisms isolated from different desert plants are
able to induce stress tolerance in heterologous plant hosts,
including cultivated crop plants through similar mecha-
nisms as in the original host plants from which they were
isolated. However, Bokhari et al. (2019) observed that
while some B. circulans strains tested positive for PGP
traits, they could not increase the growth of the target
plant (A. thaliana) either under non-salt or under salt-stress
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conditions. This is an important observation in the process
of biofertiliser research and development as it proves that
until microorganisms are able to prove their PGP traits in
planta, they may not necessarily be concluded as plant
growth promoters based on their ability to demonstrate
PGP traits in vitro.

At the molecular level, the stress-depended extremophile
response leads to either the upregulation or downregula-
tion of genes concerned with stress susceptibility, thereby
increasing both plant growth as well as stress tolerance.
For instance, the upregulation of osmoprotectants-encod-
ing genes (e.g., proline and malondialdehyde (MDA)) in
extremophile-inoculated plants under drought stress results
in reduced oxidative damage of plant cellular structures
(Andrés-Barrao et al. 2017). Similarly, Eida et al. (2019)
describe a scenario where, inoculating Arabidopsis thaliana
with halophilic bacteria endophytes resulted in the down-
regulation of the genes AKT1, GORK, KUP6, SOS1 and
SOS3 in the shoots and an upregulation of the genes HAK5,
SKOR, and HKT1 in the roots. The general physiology
of the Na+-K+ pump is such that the higher uptake of
K+ increases the efflux of Na+, thereby maintaining the
cell’s osmotic pressure and cell integrity. The halophile-
induced overexpression of the high-affinity plasma mem-
brane Na+/K+ symporter HKT1 leads to increased unload-
ing/retrieval of Na+ from the root xylem into the xylem
parenchyma, ultimately leading to reduced Na+ accumu-
lation in the leaves, causing the plants to have higher
salt tolerance. Further, Santos et al. (2023) linked the in-
oculation of soybean with Stenotrophomonas sp. to the
upregulated expression of the salt stress tolerance soybean
gene Glyma.02G228100 (encodes for glutamine-dependent
asparagine synthase 1 (ASN1)) under salt-stress conditions,
thereby enabling the soybeans to thrive under salt stress.

Using a genome sequencing study, Andrés-Barrao et al.
(2017) elucidated that an endophytic bacterium, Enter-
obacter sp., confers multi-stress tolerance to its host plants
owing to a number of biosynthetic pathways and/genes
that it contained. They discovered that the strain contained
biosynthetic pathways for the production of osmoprotec-
tants like proline as well as trehalose. Proline is a pro-
teinogenic amino acid known to confer salt tolerance to
organisms (Joanna et al. 2023). The strain also had path-
ways for membrane transporters like ProP whose role is
in the uptake of osmoprotectants like carnitine. In nature,
carnitine released into the rhizosphere by microbes can
be assimilated by plants resulting in significantly higher
osmotolerance than that afforded by proline under salt con-
centrations (Charrier et al. 2012; Oney-Birol 2019). The
repertoire of stress-response biosynthetic pathways also
included the cation/proton (H+) antiporters that contribute
to osmoregulation; ABC transporters involved in the uptake
of nutrients (e.g., phosphate, sulphate, nitrate, etc), and the

K
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genes for siderophore enterobactin synthesis, plant defense
to oxidative stress, as well as plant hormone modulation
and growth promotion.

Numerous other studies, including Osman et al. (2016),
Singh and Jha (2016) and Eida et al. (2018) have also con-
firmed both the plant growth promoting traits of desert
plant associated rhizobacteria and endophytes, as well as
their ability to confer salt stress tolerance onto cultivated
crop plants. The common thread among all such research
studies is that regardless of what plant the rhizobacteria/
endophytes are isolated from, they are still equally capable
of inducing stress resilience in other, non-related plants.
Further, a study by Singh and Jha (2016) reports coloni-
sation of wheat roots by Serratia marcescens in the range
of 1.1× 104 CFU/g of the root after 15 days of inocula-
tion. This ability of the inoculum to colonise plant roots
significantly enhances plant physiological and biochemi-
cal responses to abiotic stresses, allowing them to maintain
critical metabolic activity. Finally, the tendency of the ex-
tremophiles to express their stress alleviating traits only
in the presence of the stressor makes them invaluable re-
sources for the formulation of biofertilisers for application
in places affected by specific abiotic stresses. In conclusion
of this section, is worth noting that some microorganisms
associated with extreme environments represent a poten-
tially vast repertoire of biofertilisers due to their ability to
produce unique secondary metabolites and robust enzymes,
making them suitable for supporting plant growth under
abiotic stresses (Santos and Olivares 2021; Kochhar et al.
2022). They therefore have the potential to provide critical
ecosystem services to farmers in drought prone areas like
the sub-Saharan Africa (SSA) whose food security hangs in
the balance owing to lack of climate adaptable agricultural
practices.

Likely Role of Extremophiles in Agriculture in
Sub-Saharan Africa

In light of the discussions in the above sections and taking
into consideration the negative impacts of drought and soil
salinity on the food security situation of SSA as highlighted
in the introduction, the need for research that spearheads
the adoption of extremophile based biofertilisers cannot be
understated. In the Middle East, a project known as Dar-
win21 (https://www.darwin21.org/) has been launched with
the aim to prospect different desert ecosystems for plant
growth promoting rhizosphere microbes for application in
organic and sustainable agriculture. The project has so far
generated over 1500 culturable microbial strains from vari-
ous deserts in the Middle East whose capacity to confer salt,
drought and heat tolerance on both model and crop plants
has been confirmed (Bang et al. 2018). Unfortunately, and

despite its agricultural sector being severely affected by cli-
mate change induced recurrent droughts that threaten food
security, not much research has been done in the SSA re-
gion to bioprospect for drought-adapted plant growth pro-
moting microbes as a strategy for climate-change adapted
agriculture. This is despite the region being home to a num-
ber of deserts from which samples could be obtained for
the isolation of plant-associated extremophiles, including
the 700km2 Nyiri Desert in Kenya; the 7000km2 Guban
Desert in Somalia; the 81,000km2 Namib Desert in An-
gola, Namibia, and South Africa; the 100,000km2 Chalbi
Desert in Kenya; the 136,956km2 Danakil Desert in Dji-
bouti, Eritrea, and Ethiopia; the 400,000km2 Karoo Desert
in South Africa; and the 930,000km2 Kalahari Desert in
Botswana, Namibia, and parts of South Africa and Western
Zimbabwe. Besides, this region is bordered by the 9.2 mil-
lion km2 Sahara Desert in the North (https://safarisafricana.
com/deserts-in-africa/).

Of the limited studies that have been carried out in
SSA to determine the stress alleviation potentials of
extremophiles on crops, Enquahone et al. (2022) from
Ethiopia report on the plant ability of some halotolerant
bacterial strains to solubilise phosphate, fix nitrogen, as
well as produce indole-3-acetic acid (IAA) and hydrogen
cyanide, showing their potential ability to both promote
plant growth as well as biocontrol plant pathogens (Aki-
nola et al. 2021). These isolates also exhibited tolerance to
abiotic stress by growing in high NaCl concentrations and
under growth temperatures of up to 50°C, showing their
potential to foster plant tolerance to salinity and drought
stress. These abilities were, however, not proof-tested on
plants as they were not used to inoculate crops. With-
out this proof, the observed results remain inconclusive.
Further north, Nafis et al. (2019) characterised some ex-
tremophilic actinobacteria for plant growth promoting traits
in Morocco, with their findings showing that the actinobac-
teria, belonging to the genera Streptomyces, Nocardioides,
Saccharomonospora, Actinomadura, and Prauserella could
solubilise inorganic phosphate and potassium, fix nitro-
gen, as well as produce siderophores and IAA. While all
these traits are characteristic of plant growth promoting
microorganisms, the limitation with this particular study
was also the failure to prove these traits using inoculation
experiments, which could have been done under green-
house settings. On the other hand, however, these results
are a glimmer of the hope for climate adapted agriculture
that lies with as yet unexploited potential of extremophiles
in SSA, and Africa as a whole.

In Namibia, Southern Africa, Chimwamurombe et al.
(2016) assessed the plant growth promoting traits of
Marama bean seed associated bacterial endophytes. The
plant grows in nutrient poor sandy soils that are frequently
exposed to high light intensity, extreme temperatures, and
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prolonged moisture stress, which places the endophytes
into the category of extremophiles. Like the other studies
already highlighted, the isolates turned out positive for
plant growth promoting traits, including the production of
IAA, siderophores, ACC deaminase, as well as the ability
to solubilise phosphate and fix nitrogen. The limitation
with this study, which the authors also alluded to, is that
though the isolates proved positive for a myriad of plant
growth promoting traits in vitro, they were not tested in
planta, and so their plant growth promoting capabilities
remain unproven.

Adeleke and Dames (2014) showed that bacteria associ-
ated with the Kalahari truffle (Kalaharituber pfeilii), known
as mycorrhization helper bacteria (MHB) are capable of
stimulating fungal growth and exhibiting plant growth-pro-
moting activities. These bacterial isolates belonging to dif-
ferent phyla including Proteobacteria, Firmicutes, and Acti-
nobacteria exhibited plant growth promoting traits such
as IAA production, phosphate solubilization, and stimula-
tion of mycelial growth in vitro, suggesting that they play
a pivotal role in aiding fungal growth in desert conditions.
Correspondingly, Cherif et al. (2015) discovered that some
endophytic bacteria (under the phyla Proteobacteria, Acti-
nobacteria, Firmicutes, and Bacteroidetes) associated with
the date palm (Phoenix dactylifera L.) roots exhibited tol-
erance to salt and drought stress, and variable tolerance to
high temperatures. In a promising development for the pro-
duction of extremophile based biofertilisers in Africa, some
strains belonging to the genus Pseudomonas showed PGP
activity in planta when, in experiments used to inoculate
date palms, they significantly enhanced their growth under
drought conditions. Besides extremophiles, mesophile bac-
teria with plant growth promoting traits have been shown
to not only promote plant growth but to also increase yield.
As a case in point, Amogou et al. (2019) showed that maize
inoculated with a combination of Serratia marcescens and
50% chemical fertiliser (NPK fertiliser) in open field condi-
tions resulted in significant increases in plant height, fresh
root biomass, dry apical biomass, dry root biomass, and
grain yield compared to uninoculated control plants though
with a similar NPK treatment. Given that the vast majority
of such studies are based on green-house experiments, the
findings of this study confirm the viability of applying plant
growth promoting microorganisms in open field conditions,
with remarkable returns.

There is therefore room for expansion into assessing
the plant growth promoting abilities of extremophiles in
drought prone field conditions in this region as a way of
ensuring food security in this era of global warming and
climate change. However, there are still a number of hur-
dles which must be overcome for this to become a reality.
One such limitation that seems to have confined biofer-
tiliser researchers to greenhouses is the poor adaptability of

bioinoculants to the different agro-ecosystems in which they
are applied in order to be of any ecological and economic
benefit (Zenteno-Alegría et al. 2024). There is need to build
capacity in extremophile agricultural biotechnology in this
region, primarily in the form of bioprospecting for isolates
exhibiting aggressive plant growth promoting capabilities.
That objective should concurrently be pursued with inocu-
lum adaptation trials under open field situations and for
such trials to be repeated over multiple growing seasons in
which the bioinoculants are likely to be tested through ex-
posure to different biotic and abiotic factors before they can
be certified suitable for commercial distribution as biofer-
tilisers. Priority should also be given to understanding the
likely ecological effects of extremophile biofertiliser appli-
cation into agroecosystems from which they did not origi-
nate, determining potential biosecurity issues, and ensuring
equitable socioeconomic rewards. Moreover, improvements
in the biotechnological components of extremophile use
as biofertilisers, including standardisation protocols, scal-
ability issues, and cost-effectiveness are required. Finally,
effective collaboration among scientific communities, poli-
cymakers, and regulatory agencies is essential for creating
strong frameworks that would regulate the utilisation of ex-
tremophiles in agriculture.

Conclusion

The food security situation in sub-Saharan Africa (SSA)
is under threat owing to its above global average popula-
tion growth per capita. Adding on to that is climate change
which, in this region, manifests in recurrent droughts, above
global average temperatures, and soil salinisation which are
projected to further reduce agricultural productivity. The
impacts of climate change on agricultural output in SSA
are exacerbated by its already high baseline temperatures,
as well as its lack of climate change mitigation measures.
However, extremophiles are emerging as a likely solution to
climate change induced food insecurity as they have been
proven to not only promote plant growth, but to also fos-
ter plant tolerance to drought, heat and salinity stress by
inducing a combination of molecular and physiological re-
sponses. However, compared to other regions, the SSA re-
gion is lagging behind in this research, despite being en-
dowed with numerous extreme environments from which
extremophiles with both plant growth and stress alleviation
traits could potentially be isolated. Even in regions where
extremophiles have been trialled for plant growth promotion
and stress alleviation, these trials have largely been limited
to greenhouse settings. There is still need to bridge the gap
between research and practice by applying extremophile-
based biofertilisers to crops in open field agro-ecosystems
under natural conditions to holistically evaluate their effec-
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tiveness in enhancing crop productivity under drought stress
and hence meet the food demands of the SSA population.
To achieve this, we recommend that research be done to
achieve the following:

� expand the scope of extremophile-based biofertilisers re-
search in SSA both in scale as well as in setting, by taking
it beyond the greenhouse into the open field.

� carry out adaptability trials of extremophile-based biofer-
tilisers in open field ecosystems to ascertain the extent to
which they survive in agroecosystems, as well as how
well they compete against native microbial populations.

� determine the impact of extremophile-based biofertilis-
ers on both crop survival and yield enhancement under
drought and salinity stress in open field conditions.
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