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Desertification control
Using microbes:

A mini-review

Desertification is a global issue impacting millions of hectares of land
worldwide. A large portion of the earth's surface comprising arid, semi-arid
and hyper-arid lands has been subjected to harsh environmental conditions,
such as salinity, heavy metal toxicity, soil erosion, drought and others. The
survival of various life forms in these conditions has been largely affected.
Therefore, timely effective interventions are necessary to tackle these global
challenges. Various microbial communities have been reported to play an
important role in desertification reversal. Well adapted to harsh
environments, these act against a broad range of abiotic and biotic stresses.
Their potential can be utilized to improve soil structure/fertility and to
increase plant tolerance to several stresses. The present article discusses
the research efforts made for the restoration of degraded lands using various
microbial communities.

Key words: Microbes, Desertification, Land degradation, Mycorrhiza,
Cyanobacteria, Fungi, Drought

Introduction

Land is an essential resource for sustaining forests and wildlife,
growing food, facilitating the natural management of water systems, and
storing carbon. Biodiversity and the maintenance of the hydrological,
nutrient, and carbon cycles are ecosystem services (Nachtergaele and
Petri, 2013). The resulting loss of these services due to land degradation
can unleash a vicious circle of environmental degradation, poverty,
migration, and conflicts, in the affected countries and regions at risk.
Desertification degrades the land quality and is identified as one of the
greatest challenges to the environment. The United Nations Convention
to Combat Desertification defines desertification as the degradation of
land in arid, semi-arid, and dry sub-humid areas as a result of several
factors, such as climate change and human activities (Ambalam, 2014). In
the mid-nineties, scientific studies revealed that each year about 12
million hectares of land are transformed into man-made deserts
(Secretary-General, U.N., 1995). Later, Adger (2000) reported that over
250 million people are directly affected due to desertification and billions
of people in over 100 nations are at risk. The livelihood of more than 25%
of the world's population has been affected by desertification resulting in
continuing and apparent loss of vegetation coverage and bareness of soil
surface (Kefi et al., 2007). The current global assessment suggests that
9% of the total land is under extreme desertification risk, which is
expected to rise by over 23% by the end of this century (Huang et al.,
2020). Desertification affected 51.7% of the South-East region in Italy
(Ladisa et al., 2012), 77% of the north-western region in Bangladesh
(Hoque et al., 2020), and about 46% of Africa (Reich et al., 2019). The
European Environment Agency indicated that 14 Mha, that is 8% of the
territory of the European Union (mostly in Bulgaria, Cyprus, Greece, ltaly,
Romania, Spain, and Portugal), had a 'very high' and 'high sensitivity' to
desertification (European Court of Auditors, 2018).
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India is the seventh largest country in the world with
328.72 Mha area and the second-highest populated
country with 1.21 billion population (Census, 2011).
India is a signatory to the United Nations Convention on
Combating Desertification (UNCCD) and is committed
to achieving a land degradation neutral status by 2030.
The Convention addresses specifically the issue of
Desertification, Land Degradation, and Drought.
Accordingly, Desertification and Land Degradation has
beenidentified as one of the thrust areas by the Standing
Committee on Bio-resources and Environment under
the National Natural Resources Management System,
(NNRMS SC-B), (SAC, 2016). The Desertification and
Land Degradation Atlas of India has been developed by
the Indian Space Research Organisation (ISRO), along
with 19 concerned Central/State government
departments and academic institutes under NNRMS
SC-B. This Atlas presents Desertification /Land
Degradation Status Maps depicting Land Use, Process
of Degradation and Severity Level along with area
statistics consolidated for the entire country as well
state-wise for 2011-13 and 2003-05-time frame and
reports the changes. Approximately 96.40 Mha area of
the country is undergoing the process of land
degradation i.e., 29.32% of the Total Geographic Area
(TGA) of the country during 2011-13, while during
2003-05 the area undergoing process of land
degradation is 94.53 Mha (28.76% of the TGA). Analysis
shows that around 23.95% (2011-13) and 23.64%
(2003-05) of desertification/land degradation with
respect to total TGA is contributed by Rajasthan,
Maharashtra, Gujarat, Jammu and Kashmir, Karnataka,
Jharkhand, Odisha, Madhya Pradesh, and Telangana in
descending order (SAC, 2016). Among various factors,
the salinity of the soils is one of the problems that most
contribute to the degradation of the soils of the regions
susceptible to desertification (Castro and Santos, 2020).
Salinity-related land degradation has become a serious
challenge to food and nutritional security in the
developing world. High concentration of salts in the root
zone soil limits the productivity of nearly 953 million ha of
productive land in the world. Most of the salt-affected
soils and brackish groundwater resources are confined
to arid and semi-arid regions and are the causative
factors for triggering the process of desertification. The
problem of salinity and sodicity has degraded about 6.73
Mha area in India (Singh, 2009).

Desertification negatively affects a wide range of
products and services that land provides and results in
decreasing economic returns. The loss consequence of
these declining returns imposes a cost on both land
owners/users and society as a whole. The effects of
desertification on the economy can be classified into
three main categories: direct effects, which have an
impact on land users; indirect effects, which may have
an impact on people who live far from the site of the
degradation; and economy-wide effects, which result
from complex links between different economic sectors
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and the resulting "multiplier effect” (Low, 2013). Some of
these effects are invisible or challenging to measure and
may occur on or off-site. All these effects can have a
significant impact on poverty and national income (Low,
2013). Given these facts, in the past few decades,
researchers have devised a series of ecological
restoration technologies (ERTs) and models to manage
desertification, in which microbial remediation are one of
the important biological ERTs. However, there is a need
for newer ERTs, such as the identification and cultivation
of new stress-resistant species, the generation of
artificial biological crusts, and microbial soil
amendments (Yunjie, 2022).

Stress Tolerance in Plants

Natural stressors (irradiance, salinity, heavy metal,
temperature, frost, drought, pathogens) or
anthropogenic stressors may act simultaneously
leading to land degradation or desertification. Given this,
finding viable approaches to reverse desertification has
become such an urgent issue globally. A simple and
widely accepted method of stabilizing decertified soil is
planting native plants (Park, 2017a) as they have the
potential to protect themselves to some measure by
altering their physiological, anatomical, genetical and
molecular level attributes. For instance, the harmful
effects of salt stress can be shown to alleviate in plants
by responding towards toxic ion uptake, ion exclusion,
osmotic regulation, CO, assimilation, increased
photosynthetic pathway, chlorophyll content and
fluorescence, reactive oxygen species (ROS)
generation, and antioxidant defences (Acosta-Motos,
2017). Similarly, the over-expression of stress
responsive genes and proteins, such as protein kinases,
transcription factors, heat shock protein (HSPs) and
catalases (CAT) have been reported to help plants in
reducing heat stress (Qu, 2013). Before being exposed
to stresses, the plants are in a standard physiological
state. The stressors start a cascade of reactions and
lowers plants vitality and death may occur if the intensity
of stress is too high (Lichtenthaler, 1998). However,
plants develop tolerance to stress with the activation of
repair system. The response of plant to various stresses
and their positive or negative impacts has been
comprehensively studied (Abugamar et al., 2009). It is
interesting to note that some plants may escape stress
altogether, for instance, ephemerals (drought),
psychrophiles (cold) and halophytes (salinity). The
signalling pathways serve as a conduit between sensing
the stress environment and producing the appropriate
response (Lichtenthaler, 1998). Stress avoidance
strategies include changing leaf orientation, rolling leaf
blades, transpiration cooling, or modification of
membrane lipid compositions (Hasanuzzaman, 2013).
However, with respect to long-term defence
mechanisms, studies have revealed that higher
accumulation of osmotically active compounds or osmo-
protectants during extreme stress led to osmotic
regulation in plants, stabilizing cell membranes and
proteins, thus preventing cell dehydration (Lang, 2007;
Shahbaz, 2013; Filippou, 2014). Furthermore, some
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researchers have discussed about stress imprints in
plants which enables them to retain a memory of the
initial stress and responds to the future attacks
accordingly. The potential mechanism proposed for the
memory is accumulation of signalling proteins,
transcription factors and epigenetic changes (Bruce,
2007). However, production of superoxide dismutase
(SOD), peroxidase, ascorbate peroxidase, guaiacol
peroxidase, glutathione-s-transferase, ascorbate,
glutathione, a-tocopherol, carotenoids, catalase (CAT)
and flavonoids has been reported to detoxify ROS-
mediated stress (Kadioglu, 2011; Kubis, 2014). Populus
tremula, for instance, has been shown to reduce salt
stress by accumulating various osmo-protectants
(proline, spermine, sucrose, mannitol, and raffinose) as
well as antioxidants (lipid peroxidases) (Jouve, 2004).
Over-expression of genes responsible for production of
secondary metabolites aiding in stress response is the
major attribute of stress tolerance. Similar research in P,
euphratica revealed higher SOD activity and noticeably
lower malondialdehyde levels when stress responsive
genes were overexpressed (Tian, 2017). Several
inducible genes, which are essential for plant survival,
are known to be up-regulated by a small number of
specialised cell proteins, such as heat-shock proteins
(HSPs). Only certain plant developmental stages, such as
seed germination, embryogenesis, microsporogenesis,
and fruit maturation, allow for the expression of HSPs
(Hasanuzzaman, 2013). However, monotonous
cultivation of the same plant species is prone to attack by
diseases or pests (Park, 2017a). Further, the
evaporation of trees is over 3000 mm while the annual
precipitation of arid regions is generally less than 300
mm, (Jia et al., 2012). Hence, plants may not survive
without proper management of water supply and may
even drain ground water from nearby grasslands (Park,
2017a). Further, desertification reduces the inoculum
potential of microbes that are one of the major factors
sustaining the natural vegetation (Jeffries and Barea,
2000). Microbial communities are known to play an
important role in plant ecosystems, and influence
tolerance to biotic and abiotic stresses through various
mechanisms, such as the induction of osmo-protectants
and HSPs (Grover et al., 2011). Therefore, isolation and
characterization of microbial communities from harsh
environments and their field testing remains a possibility
for controlling desertification. In the following sections,
we review the research focused on inoculating native
plants with beneficial bacteria and fungi that has shown
promise as the best environmental practice for degraded
land reclamation.

Biological Soil Crust

Among the important issues in desertification
control, topsoil stability and vegetation regeneration are
severely impacted by the extreme desert environmental
stresses. In addition, the soil surface has never been
fully covered and stabilizes due to the meagre surviving
populations, and the spaces among the patchy
vegetation remain a source of dust and sand (Lan,
2013). In contrast, biological soil crusts (BSCs) survive
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and reach maximum coverage in deserted areas due to
their exceptional physiological and ecological
characteristics (Belnap and Lange, 2001). In arid or
semi-arid conditions, BSCs are home to a community of
interacting organisms (Rossi, 2015; Antoninka, 2020).
The formation of BSCs includes a multifaceted alliance
among fungi (free-living, lichenized, and mycorrhizal);
bacteria (cyanobacteria, chemoheterotrophic and
diazotrophic (nitrogen-fixing); terrestrial algae (including
diatoms); bryophytes (mosses, liverworts, and
hornworts) and soil particles within the uppermost
millimeters of topsoil, where the filamentous
cyanobacteria first inhabit and grow, and then other
organisms emerge after the stabilization of topsoil
(Warren et al., 2021). Thus, the development of BSCs is
considered to have an important role in desertification
control (Lan et al., 2012a; Lan et al., 2013a). The BSCs
are crucial for ecosystems with significant levels of
abiotic stresses, such as severe resource limitations
(water or nutrients), geographical constraints
(inadequate rooting depth), or temporal constraints
(short growing seasons), high solar radiation and salinity
levels (Bowker, 2007). It supports food webs by
providing nutrition to micro-, meso-, and macro-
organisms (Antoninka, 2020). The restoration of
ecosystem function and resilience depends on the
development of efficient techniques for restoring
damaged drylands. Strategies to successfully grow
BSCs by inoculation-based technique enable enhanced
recovery rates (Bowker, 2007). For instance, an artificial
cyanobacterial crust was constructed over 30 km? in
2010 via inoculating two mixed filamentous
cyanobacteria in Dalate Banner of Inner Mongolia in
2002, which is perhaps the first and only attempt to
develop an artificial cyanobacterial crust on such a
large-scale worldwide (Chen et al., 2006; Lan et al.,
2012b and Lan and Rossi, 2021). Itis interesting to note
that diverse vegetation communities were established
after three years of cyanobacterial inoculation (Wang et
al., 2009). Biotechnological approaches by applying
microorganisms as soil inoculants has been regarded as
a promising alternative to improve soil quality and offset
soil degradation in affected areas (Bowker, 2007,
Maestre et al., 2017; Rossi et al., 2017). Successful
restoration of terrestrial ecosystems may be achieved by
microbial inoculations (Wubs et al., 2016). Furnished
below is a brief review on microbial inoculation based-
techniques to reduce desertification.

Cyanobacterial Inoculation

Utilization of certain photoautotrophic and
dinitrogen fixing organisms, such as cyanobacteria and
microbial-plant symbionts, is one the promising
approaches for restoring degraded arid soils and
enhancing their productivity (El-Tayeb, 1989).
Cyanobacteria are the oldest, gram-negative
prokaryotic oxygenic phototrophs that are usually the
early immigrants inhabiting almost every habitat and
produces a significant level of extracellular
polysaccharides, forming a biotic layer on which
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eventually other organisms, such as bacteria and fungi
are recruited (Rossi, 2015). They can with stand
extreme environmental conditions like high or low
temperature, acidic or alkaline condition, salinity, low
precipitation, strong irradiation, and desiccation that
ultimately leads to desertification (Park, 2017a).They
play a significant role due to their ability to improve
surface micro-environments and increase the likelihood
of colonisation and survival of later successional species
by enhancing mineral chelation, dust entrapment, and
nutrient fixation (Lan, 2014; Park, 2017b; Afkairin, 2021).
The direct effect of application of cyanobacteria as soil
conditioners includes soil stabilization and
improvement, enrichment in nutrients and increase in
moisture content. The first cynobacteria inoculation
technology were mostly aimed to improve agricultural
conditions, however more recent approaches have been
found promising for land rehabilitation in arid and
semiarid environments (Rossi, 2017). Development of
BSCs by the application of cyanobacteria has been
regarded as a novel biotechnological tool for the
restoration of barren degraded areas and combating
desertification in arid lands (Chamizo et al., 2018).
Under natural conditions, the recovery times for
cyanobacterial crusts are predicted to take several
decades. Therefore, several researchers have
proposed to artificially induce the development of
cyanobacterial crusts in order to restore the function of
the soil ecosystem (Acea, 2001; Hu, 2003; Bowker,
2007; Park, 2017b). In Qubqi Desert (Inner Mangolia),
where desertification was quite severe, artificial
cyanobacterial crusts were successfully constructed
with two filamentous cyanobacteria (Microcoleus
vaginatus and Scytonema javanicum) combined with
Salix planting (Lan et al., 2013b). A few studies have
commended to use a stabilizer along with the
cyanobacteria for greater stability in BSCs (Zhao,
2019a; Zhao, 2019b; Lan, 2014). For instance, Zaady
(2017) reported better soil stability due to cumulative
effect of the filamentous cyanobacteria and fly ash.
Recently, chemical methods, such as the addition of
modified water-borne polyurethane and cationic poly
copolymer emulsion to cyanobacteria, have been used
conveniently to enhance the effectiveness of BSCs
formation (Fick, 2019; Meng, 2017; Park, 2017b). In a
novel approach to combat desertification in arid regions,
combined application of Nostoc sp. Phormidium sp. and
Scytonema arcangeli with Tacki-SprayTM (soil fixing
agent) and superabsorbent polymer (water-holding
material and nutrient supplement) remarkably improved
macro-aggregate stability against water and erodibility
against wind after 12 months of inoculation when
compared to the control soil (Park, 2017a). A more
promising approach based on nanocomposites has
recently emerged as a research frontier in ecological
restoration techniques (Li, 2021). Chi (2020) introduced
aquatic cyanobacteria (AC) to encourage the growth of
BSCs in Tengger Desert (Inner Magnolia). A network-
structured nanocomposite (SXA), which showed high
water-retention ability, viscosity, and biosafety, also
provided a suitable microenvironment for AC and desert
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cyanobacteria (DC) growth. Importantly, the
combination of AC and SXA effectively increased sand
nutrient levels, facilitating the growth of DC and BSCs
which maintained stability for at least 210 days and
played a key role in stabilizing the sand surface.
Importantly, large-scale cyanobacterial inoculation
(Microcoleus vaginatus and Scytonema javanicum) was
carried out in more than 40 km? in Inner Mongolia to
induce BSCs development for combating desertification
(Hu et al., 2012). Zhu et al., (2021) proposed a
technology of cultivating sand-consolidating
cyanobacterium (S. javanicum) in wastewater having
significant potential in human settlements and desert
areas. These finding suggest that cyanobacterial
inoculation technology has the potential to create
artificially induced BSCs to combat desertification.

Plant Growth Promoting Rhizobacterial Inoculation

Soil bacteria are extremely crucial for nutrient
cycling (Uroz et al., 2011; Qi, 2018). For instance,
ammonia and nitrate oxidising bacteria play a significant
role in nitrogen cycle (De Boer and Kowalchuk, 2001;
Kowalchuk and Stephen, 2001; Mursyida et al., 2015).
Further, to withstand harsh environmental conditions,
plant growth promoting rhizobacteria (PGPR) aid in the
dissolution of insoluble phosphates, and other essential
minerals responsible for plant growth (Bashan, 2010).
As evident from previous studies, many bacterial
communities remain attached to the vegetation present
in harsh environment, helping them adapt to the
condition by promoting growth and imparting resistance
(Liu et al., 2014; Opelt and Berg, 2004; Spiess et al.,
1986; Tang et al., 2016). The mechanism of action can
be demonstrated to be the best environmental practise
for recovering degraded land (He, 2020). Bacterial
communities including Actinobacteria, Acidobacteria
and Firmicutes are usually known to predominate in
barren deserted lands as they can adapt to dry
environments by going dormant, however, these genera
can also produce antimicrobial substances that affect a
broad range of microorganisms (Shah, 2011; Li, 2015;
Sathya, 2017; Hazarika, 2020; Yan, 2021; Hayat, 2021).
In Ningxia, China, members of the genera
Nitrosomonas, Pirellula, and Methylobacterium were
selected as potential indicator species to predict very
severe desertification, thus providing new insights for
the restoration of degraded habitats (Fan, 2020). A
similar study showed predominance of Proterobacteria,
Actinobacteria and Acidobacteria and a calcium-driven
bacterial response mechanism that contributed to
desertification process in Karst areas in China (Tang,
2019). Thus, a most common approach is the isolation of
bacteria from arid or deserted areas and then inoculation
to plants under harsh conditions for stress control
(Cipriano, 2016; Saikia, 2018; Quoreshi, 2019; Xie,
2019; He, 2020; Astorga-El6, 2021). For instance,
among the three bacterial strains (Acinetobacter,
Paraburkholderia and Pseudomonas) isolated from fruit
tree rhizosphere soils in Karst rocky desertification
region in China, Acinetobacter sp. Ac-14 had a
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sustained and stable phosphate-solubilizing ability. This
strain increased the number of lateral roots, fresh
weight, and chlorophyll content of Arabidopsis thaliana.
Metabolomics analysis revealed the production of 23
types of organic acids, majorly including gluconic acid
and D-(-)-quinic acid by Ac-14 (Xie et al., 2021).
Likewise, a novel strain of Bacillus tequilensis CGMCC
17603 has been found to be a promising soil fixing agent
to combat desertification in arid and semi-arid areas
(Zhao, 2019c). Similarly, B. amyloliquefaciens strain
GB03 and water retaining agents (super absorbent
hydrogels) significantly enhanced ryegrass survival
rate, biomass and chlorophyll content under deserted
conditions (Su, 2017). These studies hold promise for
the reversal of desertification and therefore must be
replicated in other regions atrisk.

Mycorrhizal Inoculation

Fungi have been regarded to play a critical role in
modulating physiological processes by tolerating
several stressors (Mona, 2017; Chepsergon, 2014).
They can significantly affect hormone balance by
altering their levels as well as through stress tolerance
and resistance pathways and defend the plant from
biotic and abiotic factors (Dreischhoff, 2020). Stressed
plants colonized by the fungal endophytes release
phytohormones (gibberellic acid, abscisic acid) and
over-express genes, thereby, helping them cope harsh
environment (Khan, 2013). Mycorrhizal inoculation is
considered as one of the most promising methods for
improving plant growth and nutrient absorption under
various biotic and abiotic stresses by altering signalling
pathways, plant physiology, osmotic adjustment
stimulants, and antioxidant enzyme activity (Porcel and
Ruiz-Lozano, 2004; Marulanda et al., 2006;
Yooyongwech et al., 2013; Chen, 2014; Millar and
Bennett, 2016; Zhang, 2019; Silva, 2022). Mycorrhizal
fungi via stabilizing and equalizing mechanisms (soil
nutrient partitioning, feedback to soil antagonists,
differential mycorrhizal benefits, and nutrient trade)
regulate plant establishment and species coexistence,
and hence plant diversity (Tederso et al., 2020). Some of
the most important genera of desert mycorrhizal fungi
include Acaulospora, Archaeospora, Glomus, and
Paraglomus (Shi et al., 2006). The AMF, namely G.
mosseae, G. etunicatum, and G. intradices, which are
dominant species in the desert (Shi et al., 2007), can be
used in desertification reversal. In Gurbantunggut
Desert (China), 89% of the desert ephemerals can form
mutualisms with arbuscular mycorrhizal fungi (AMF)
(Shietal., 2006), and a sharp decline in the biomass and
number of seeds produced by desert plants was
observed without AMF (Sun et al., 2008). In a follow up
study, field inoculation experiments with (AMF)
conducted for three years in a central Asian desert
indicated significant improvement in the biomass,
density, and cover of ephemerals. Importantly, a
significant increase in the community productivity
revealed that AMF inoculations can be used as an
effective biological approach to restore degraded desert
ephemeral plant communities (Zhang et al., 2012).
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Importantly, AMF infection significantly increased
ephemeral plant growth and biomass, and significantly
influenced ecosystem respiration and methane flux in a
field control experiment conducted in the Gurbantunggut
Desert (Yue et al., 2020). In Karst rocky desertification
area in China, inoculation of mulberry saplings with
Gigaspora rosea showed an increase in height, stem
diameter, leaf area, leaf number, fibrous roots and
shoots and roots biomass, chlorophyll content, net
photosynthetic rate, transpiration rate, and stomatal
conductance (Chen et al., 2014). In the Karst regions of
China, before afforestation under drought stress, the
growth of AMF has been observed in inoculated plants
(Wangetal.,2012)

Importantly, significant growth promotion of C.
migao seedlings was observed after inoculation with G.
lamellosum and G. etunicatum. Further, root
colonization with G. lamellosum or G. etunicatum had
lowered the of malondialdehyde accumulation and
increased the accumulation of enzymes, osmotic
substances and water content in drought-stressed
seedlings in Karst soil (Liao et al., 2021). More recently,
in Karst regions, inoculation with AMF (G. etunicatum
and F. mosseae) positively affected the growth and root
vigor of Cinnamomum migao under drought stress by
upregulating antioxidant enzyme activities and osmotic
adjustment substances. The stimulatory effect of G.
etunicatum was found to be more efficient as compared
to F. mosseae and provides a strategy to prevent rocky
desertification in Karst ecosystems (Xiao et al., 2022).
Moreover, an interaction of AMF Claroideoglomu
setunicatum with Earthworm (Amynthas divergens
yunnanensis) had a greater potential in increasing plant
growth via the complementary and dynamic
mechanisms of on amending nutrient supply in nutrient-
poor Karst stony desertification land (Li, 2019).
Interestingly, soil treatment with biopolymers obtained
from a fungus (Aureobasidium pullulans) offers a unique
possibility of desertification control (Chang, 2015).

Conclusion

This paper summarizes the research conducted on
desertification control by the application of microbes,
including cyanobacteria, PGPR and mycorrhiza.
However, it is necessary to first understand the diversity
of microbes in unexplored deserted areas, their testing
for stress tolerance and devising suitable inoculation
strategies for the effective desertification management.
Development of a consortium of fungal and bacterial
strains seems to be more promising against salinity,
drought, and other factors contributing to land
degradation. Application of biocontrol agents that also
act as a plant growth promoter (especially Trichoderma
species) has also been reported to alleviate abiotic
stress (salinity and drought) in agricultural crops.
Therefore, identification of these fascination fungi from
harsh environment, their testing and further application
in degraded lands may contribute to better vegetation
growth and development.
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