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Climate Smart Agriculture (CSA) is a sustainable approach that safeguards environmental health management
without compromising crop productivity. CSA ensures resource recycling and carbon sequestration with a
reduction in GHG emissions. It is directly linked to the soil health which in turn is governed by the soil
microbiome performing various physiological functions. The soil microbiome drives the nutrient cycles and
ensures the availability of various macro and micronutrients to the plants. The environmental stresses and biased
chemical treatment have completely changed the microbial diversity and richness in the soil which in turn alters
the soil biochemistry. At basic resource level both the symbiotic and non-symbiotic plant microbe interactions
can address these emerging issues. The non-symbiotic association provides the pool of microbes for the rhizo-
spheric community and helps endophyte recruitments that in some cases even inherited and carried to the next
generation via seeds. The endophyte recruitment process and its possible symbiotic role requires extensive
investigation since it is directly related to plant productivity. Various agriculture practices and their relation to
soil biodiversity and soil food web are crucial for the effective management of soil organic carbon. The designed
microbial community pathway could ensure carbon sequestration and create new biochemical linkages to sup-
port overall richness of the ecosystem. CSA has three most accepted pillars namely adaptive capacity, mitigation,
and productivity. The review develops the linkages between CSA and soil microbiome for efficient execution of
CSA activities. The other tools which can support CSA and can influence even soil microbiome include appli-
cation of weather data analysis and prediction, application of Al tools and metadata analysis and advanced cost
effective machinery for minimizing the chemical stress in the agriculture ecosystem. The policies and regulations
can further improve the intervention process to effectively implement CSA so that the ecological services can be
restored in favour of soil organic carbon and carbon sequestration through microbial community.

1. Introduction

Agriculture has adapted the technologies, chemicals, and fertilizers
in order to meet global food demand. The gradual shift in practices has
changed the gross nutrient flow in agricultural ecosystems and wrecked
food webs that start with microorganisms. This gradual change in
agriculture practices deteriorated the soil biochemistry with increase in
undesired chemicals and loss of microbial diversity. Climate smart
agriculture (CSA) is an integrated process that ensures better crop yield,
improved ecological services and carbon sequestration through
balancing of soil microbiome. Conservation of soil organic matter (SOM)
is crucial for sustainable ecosystem functions, where the soil microbial
community is a key driver. The global SOM studies suggest a gradual soil
carbon loss over time [1]. Globally there is a shift in labour-intensive
agricultural practices to input-intensive ones with progressively
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indiscriminate use of chemical fertilizers. These modern agricultural
practices affect SOM, resulting in imbalances that support carbon
emissions. Hence, there is a need for innovation programs where agri-
cultural productivity, is stabilized with sustainability parameters so that
the basic resources can be preserved (Farrokhi et al., 2023 [2]). Con-
servation agricultural practices ensure permanent soil organic cover
with minimum soil disturbances to produce diverse crops. However, the
balanced soil nutrient is a key issue that has been frequently ignored
with crop rotation which is considered a solution for enhancing pro-
ductivity and sustaining soil health [3,4]. Chemical fertilizer usage has
increased crop productivity at the cost of loss of soil biodiversity
including effective microbiome, impeding sustainable soil health. Such
agricultural lands, after organic amendments gradually return to
climate-friendly soil biochemistry, which substantially recovers the
soil’s active microbial community [5-7]. In this review, we have
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discussed the attributes critical for soil health and its direct relation to
the soil microbial community vis-a-vis a step towards climate smart
agriculture. In the last few decades, the extensive use of fertilizers
resulted in the improved yield at the cost of deteriorated soil health. This
has also made soil as a redundant matrix which over the period of time
got further degraded through accumulation of pesticide residues. It has
completely changed the soil ecosystem with disturbed microbial com-
munity structure, which is the essential resource of desired microbes as
selected by the host plant and colonized in the rhizosphere and various
plant parts including phyllosphere. This plant ecosystem consisting of
host and plant associated microbiome determine the healthy plant life
cycle. However, the fertilizer mediated unhealthy soil ecosystem has
completely perturbed the plant ecosystem compromising food quality to
meet ever increasing demand of yield. This review tried to bring direct
effectors and peripheral ancillary issues, which can be fine-tuned, under
the umbrella of CSA. We reviewed the key parameters that lead to soil
microbiome dysbiosis, and the parameters that affect the overall dete-
rioration of soil health. Based on collective observations, we discussed
the most appropriate way to reinstate the baseline of soil health with a
rejuvenated microbial community. The review provides the holistic
approach where it differs from most of the published literature by
bringing out the practical approach for balancing soil chemistry with
microbial abundance and its diversity. It proposes the conditions
whereby different scenarios can be created for the association of various
abiotic and biotic factors for healthy evolution of plant ecosystems. It
also brings out the policy and financial support mechanisms which can
be considered under the umbrella of CSA for sustainable soil quality
management.

2. Soil quality

Soil quality is determined by physical and chemical properties that
collectively contribute to a set of functions. Depending upon the bio-
physical property of a soil it creates a habitat for colonization of selected
groups of microbes. The resultant ecosystem based on its functional
characteristics supports the plant’s survival, growth, and productivity.
Soil physical quality includes texture, surface area, bulk density and
porosity, which play critical roles in water holding capacity, infiltration
rate and erodibility of soil. Soil chemical parameters including pH and
electrical conductivity affect not only the biological activity but also the
availability of different nutrients to plant. It also includes nutrient re-
serves and heavy metals which are contributed due to various biogeo-
chemical cycles. Biological property is the most important part of soil
quality because it affects both physical as well as chemical properties
[8-10]. Biological properties define a complete ecosystem in soil with its
food web starting from bacteria to earthworm supported by availability
of nutrients and environment which decides the nutrient turnover rates.
Existence of aerobic and anaerobic metabolic activities and their ratios
depend on the soil characteristics and cropping patterns. The respiration
rates could modify the overall SOM level through mineralization process
and/or decomposition of amended organic manure [11-13].

3. Soil health

Healthy soil describes the conservation of basic resources that is soil,
air, and water; and it should not adversely affect animal and human
health [8]. Soil health is a universally used expression to define the soil
suitability for a crop; however, it goes beyond soil quality assessment to
how it can provide overall ecological services. The ecosystem functions
include primarily crop yield as a parameter which is related to the
fertility of the soil, whereas rhizospheric biochemistry has direct func-
tion in controlling the plant health [14]. During the plant growth cycle
the rhizosphere biochemistry and soil environment do not contribute to
greenhouse gas (GHG) emissions. In such a scenario it is expected that
gradually there will be an increase in the SOM and soil quality could be
considered good. This way it supports the whole ecosystem by
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supporting the CSA pillars with sustainable goals. This holistic concept
portrays the different features which collectively define soil health
[10-12,15].

Regularly used agrochemicals such as plant growth promoters,
weedicides, pesticides and simple to complex nutrients directly impacts
on soil health. These agrochemicals and different fertilizers entirely
transform soil chemistry which influences the primary biological re-
ceptors of an ecosystem that are microorganisms. Consequently, the
shifted biochemistry and interrelationship of microbial communities
affect the carbon, nitrogen, and phosphorus cycling [16-18]. Soil en-
zymes control the nutrient cycles, and in turn, the fertility of soil which
is the key parameter for soil health. Of the various enzymes, dehydro-
genase, an intracellular microbial enzyme, part of the microbial respi-
ratory system gets adversely affected by various pesticides [19]. The
agrochemicals with their longer half-life stay in water or soil in its
original form; and eventually through leaching enter in the food cycle.
The persistence of agrochemicals in the environment is a major concern
for food security and human health [20,21]. In various options of soil
health management, the agricultural practice does not consider in a true
sense, the bioremediation of soil to reinstate base lines, which lead to
shift and reorganization in microbial community structure due to slow
turnover rate of agrochemicals. The emerging understanding of “one
health” concept proposes that there are microorganisms being shared
between different one health compartments. Soil microbiome diversity
serves as a reservoir which links animal and human microbiome with
different levels of associations ([22]; Banerjee et al., 2023, [23,24]). Itis
emerging as a crucial parameter in the “One health” concept and re-
quires better management strategies to render efficient ecological
services.

4. Soil health and microbes

Soil microbiome functional diversity is the manifestation of soil
health. Plants associated microbiome along with available nutrients and
soil chemistry play a crucial role in the SOM cycle. With the evolution of
molecular and genomics tools, soil microbial community structure could
be studied at the level of variation and abundance of different species
([16,17,25]; Tikariha et al., 2019; [26,27]). The microbial diversity at
the phylogenetic level with dissimilarity indices having statistically
significant average distance would provide better microbiome func-
tioning with a wide range of metabolic network and associated metab-
olites. For sustaining multiple ecosystem functions species richness is
required which increases the resilience to different stresses, with avail-
able functional plasticity [28-30]. Studies have shown the effects of
multiple edaphic drivers with nutrient availability that influences mi-
crobial community composition and diversity in soil. Consequently,
these factors affect the performance of multiple functions pertinent to
soil carbon metabolism including microbial growth, respiration, carbon
use efficiency and microbial biomass turnover [31]. Soil pH is a more
important factor compared with nutrients in shaping of microbial di-
versity and functioning of the microbes in the soil. Soil pH is signifi-
cantly correlated with bacterial alpha diversity of soil [32]. After soil
PH, the soil texture is the most important factor which influences the soil
microbial composition. Richness and abundance of fungi and filamen-
tous bacteria is directly related to silt and/or clay content [33]. With
various statistical tools the correlation amongst different levels of as-
sociation of microbial communities could be demonstrated; however,
there is a major gap on bacterial diversity and its function due to poor
annotation of unidentified bacteria with available DNA sequence
information/databases. Hence, for the soil with its complex and dy-
namic chemistry it encompasses and performs varied abiotic and biotic
processes, therefore, no single soil attribute can rationalise single,
sequential, or parallel biological turn over in soil [34,35].
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5. Plant microbiome association

CSA demands environment-friendly rules and understanding for
plant-microbe interactions so that it can be successfully applied to plant
health management. Soil microbial community and phyllosphere
collectively make total plant microbiome. Plants select their microbiome
based on different signalling mechanisms and soil chemistry. The root
exudates with soil biochemistry create an environment that influences
the recruitment of plant specific rhizosphere community under the
specific environmental conditions. From this pool of microbiome, plant
selects the different microbes with desired biochemical properties as
symbionts or endophytes as shown in Fig. 1. Symbionts greatly amend
plant eco-physiological expressions, inhabit the plant tissues, and
transform the rhizosphere soil biochemistry. Most extensively studied
plants symbionts are nodule forming rhizobacteria which are commonly
described as plant growth promoting rhizobacteria (PGPR) or mycor-
rhizal fungi, ectomycorrhizal (EM) and arbuscular mycorrhizal (AM) fungi
[36]. These symbionts other than sharing nutrients also support plants
against pathogens and managing abiotic stress that leads to the coevo-
lution of this association [37]. It has been demonstrated that AM
fungi-plant interaction influences the colonization of the rhizosphere
microbiome which creates a condition for legume formation by rhizobia
[38-40]. Similarly, under the stress condition plant root exudates
change the rhizosphere community, which in turn help in deciphering
the plant’s stress status [41]. Genome-wide association studies can
identify plant genomic islands and selected rhizosphere microbiome
structures and their functions. A correlation analysis could suggest tar-
geted breeding strategies and plant health management. Such studies
can model crop-specific soil microbiome structure, by which a desired
plant phenotype and improved productivity can be achieved [42,43].

6. Symbiotic association of fungi with plant

Fungi are the most sensitive of all the microorganisms and their di-
versity gets significantly affected by soil texture, pH, and salinity.
Different fertilizer amendments in soil affect the different fungal groups;
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of which ectomycorrhizal diversity is most sensitive [44]. Soil fungi have
two primary roles, association with roots as part of the rhizospheric
microbial community and decomposing the complex organic matter
with a mixture of extracellular hydrolytic enzymes. Symbiotic associa-
tion of arbuscular mycorrhizal fungi (AMF) in agricultural systems is
widely reported. This association increases root absorbing area thus
improves plant access to nutrients, particularly the micronutrients
having poor mobility rate or present in very low concentration such as
selenium and zinc uptake from soil. AMF association with plants induces
plant gene expression through cross talk of jasmonic acid interaction
with abscisic acid to regulate plant responses to water stress conditions
([45]; de Ollas et al., 2016). In semi-arid areas the mulching practises
further improves the beneficial colonization of the rhizospheric micro-
bial community. The saprophytic fungi and members of phylum Asco-
mycota and Basidiomycota generally act as primary decomposers of
organic matter thereby improving soil quality; here the fungal network
complexity has been positively correlated with soil quality [46,47]. AMF
contributes to soil health via influencing plant physiology, sharing nu-
trients with microbial communities, and soil physico-chemical proper-
ties. Fungi play a key role in soil aggregate formations. Saprobic
filamentous fungi with their hydrophobic character contribute to soil
aggregate formations [11,12]. Fungi can be distinguished based on the
DNA sequence analysis of the Internal Transcribed Spacer (ITS) region.
Soil fungal beta biodiversity in soils is discriminately affected by plant
communities particularly in terms of pathogens [48]. The most studied
soil-borne root pathogenic fungi and oomycetes are Fusarium, Verti-
cillium, Rhizoctonia, Pythium, Phytophthora, and others. Fusarium wilt
diseases is reported in cucumber, banana and others [49]; Verticillium
causes necrosis in plants [50]; Rhizoctonia solani is reported pathogen in
potato, rice, tomato, fava beans and others [51]; Pythium is common
pathogen observed in horticulture [52]; and Phytophthora another
highly infectious pathogen which infects cocoa and various vegetable
crops that modulate alternative splicing -mediated host immunity [53].
The distribution of fungi at different depths in the soil and their rela-
tionship with other partners of the microbiome can further support the
CSA process.
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Fig. 1. Soil microbiome influences the complete plant cycle. Figure shows the association of microbiome at different stages of the plant cycle. Soil microbiome is rich
source of diversity. Environmental stress including harsh treatment with chemicals and fertilizers changes the soil microbiome as shown in A). This altered soil
environment changes the soil chemistry and adversely affects SOC with GHG emissions. The altered microbiome leads to compromised plant physiology, that effects
the overall plant productivity. A desired scenario is presented in B). Nutrient rich soil with SOC allows colonization of rich microbial diversity and creates the
condition for selection of the desired commensals of the plant. This selected population with their characteristics biochemical properties resides in the different part

of plant, or even inherited with seeds for next generation as presented in C).
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7. Actinomycetes in soil microbiome

Actinomycetes are an essential part of the soil microbial community,
morphologically hyphae like fungi and accountable for the natural
“earthy” smell of healthy soil. Actinomycetes can survive in extreme
conditions, such as acidophilic [54], haloalkaliphiles [55], halotolerant
[56] and thermophilic [57] environments. The large and diverse group
of Actinobacteria has been extensively reported for synthesis of different
types of metabolites and extracellular enzymes. These metabolites and
enzymes have an enormous influence on agricultural productivity. Ac-
tinomycetes are saprophytes, like other members of the soil microbial
community participate in nutrient recycling. Actinomycetes in associa-
tion with different bacterial clusters participate in recycling of organic
matter with a wide variety of hydrolytic enzymes [58]. During the
composting process, at elevated temperatures, thermo-tolerant Actino-
mycetes perform a key role in decomposition of the organic matter [59].
It also mediates availability of mineral phosphorus via organic acid
solubilization [60]. The metagenomic studies discriminating between
microbial communities from root and rhizosphere has shown coloniza-
tion of Actinomycetes in root supporting the symbiotic fixation of nitro-
gen [61,62]. In case of leguminous plants, the association of
Actinomycetes contributes to the nitrogen utilization process by inducing
the anabolic enzymes, such as glutamine synthetase, glutamate syn-
thase, and nitrate reductase [63,64]. Actinomycetes also support plant
growth via different cytokines, auxins, and anti-microbial secondary
metabolites. With chitinolytic activity Actinomycetes can significantly
reduce the fungal pathogenic infection; while some other Actinobacteria
produce nikkomycins, a class of nucleoside peptide antibiotics which
inhibit chitin synthesis in fungi and insects [65]. Soil also shows abun-
dance and richness for non-Streptomyces group of Actinomycetes in the
rhizosphere and these Actinomycetes are known to produce siderophores,
volatile compounds, and antibiotics that supports plant health and
survival [66]. Different members of Actinomycetes are associated with
PGPR activity and are equally useful in plant pathogen control.

8. Soil quality indicators

In general, to define soil quality status, biochemical, microbiological,
and biological properties are appropriate parameters than physical and/
or chemical properties. Soil biological processes are primary receptors
and are sensitive to any biotic and abiotic perturbations. One of the most
sensitive parameters in soil quality is biological indicators which differ
with soil chemistry and are also highly context specific. In other words,
the species selection from the food web and developing its metrics and
their measure could suggest the soil quality, which will also depend on
agro-climatic conditions and cropping patterns. Based on agricultural
practices and usage of different chemicals, an expected soil functioning
pattern could be envisaged which can suggest a typical microbial matrix
as soil quality parameter. Structural features of the microbial commu-
nity and their functions could be used as biological indicators of soil
quality. The soil quality index based on various microbial functions such
as respiration, multiple enzymatic properties, and other biochemical
events; and even soil fauna such as nematodes and other invertebrates
have been proposed [67-69]. The collective soil quality with available
biological capacities renders the overall ecological services, which are
equally essential for human health. This suggests that instead of taking
an isolated feature as an indicator for quality, the correlation of different
attributes could be used as a soil quality indicator. Such expressions
could be derived through statistical analysis or mathematical modelling.
However, on arriving at such expressions, it will require more rigorous
validation using different agricultural fields to understand the most
sensitive attributes to be included in the analysis and in defining the soil
quality [70,71]. Different agricultural practices, such as tillage, will
induce limitations to such expressions since they change the perfor-
mance of various biological processes. It extensively influences biolog-
ical activity; the mouldboard ploughing, that has been shown to damage
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soil microbial communities by disturbing the hyphal systems of sapro-
phytic fungi thereby impacting the complete decomposition process [72,
73]. Soil quality is primarily linked to crop productivity, hence now
machine learning tools which can integrate various crop management
modules through remote sensing have been proposed. The tool can es-
timate the impact of different inputs in agriculture fields as fertilizers,
different agricultural practices and others and its relation to soil quality
and crop productivity [74].

9. Role of organic amendments

Conservation agriculture ensures the least soil disturbance and a
lasting soil organic cover with crop diversification. The organic
amendments in this process further safeguards better SOM and supports
soil microbial community that ensures essential ecosystem services. The
hypothesis of circular economy is built on closed-loop models, in which
waste or by-products consumption helps in reducing natural resource
utilization and waste production [75]. In agriculture fields the following
improvements could provide additional organic carbon such amend-
ments include composts, animal manures, slurries, crop residues, and
any other form of available biosolids. Organic amendments add carbon
and nutrients to SOM and create buffering conditions that otherwise get
affected due to the application of chemical fertilizers [76,77]. Globally,
soil salinity is becoming a major issue in agriculture; the proper selection
of organic material for amendment helps in managing stress response for
plants [78,79]. Organic amendments could have different C/N ratios
and in combination with other mineral fertilizers could significantly
influence soil microbial community. It has been shown that a high C/N
ratio helps microbial N immobilization instead of N uptake by plants
[80]. A recent study has shown how a typical cropping pattern with
combination of organic manure with inorganic fertilizer enhanced the
productivity of wheat by 20 % [81,82]. Organic amendments induce
fungal abundance which is required for soil aggregate formations. Fungi
have shown to be vital for the development of macroaggregates with
produced glucosamine like biochemicals, while bacteria through their
exo-polysaccharides contribute to the formation of both micro- and
macroaggregates [83]. Application of decomposed wheat or maize res-
idue enhances fungal abundance with macroaggregate formation [84,
85]. Thus, a systematic/planned organic amendment to soil could prime
the SOM development process.

10. Organic acids and microbiome sustainability

Microbial diversity plays a key role in organic matter decomposition,
and many ecosystem services are linked to this process. Flux of nutrients
at different trophic levels is governed by microbial interactions; and
richness in diversity provides the required resilience to the ecosystem
[86,87]. Organic acids are generated in soil from plant roots, microbial
biomass or through organic decomposition process. Low molecular
weight aliphatic and aromatic organic acids are predominantly excreted
as root exudates. Different complex molecules are also transformed by
the microbial community resulting in a mixture of organic acids, which
are by-products metabolites of the citric acid cycle. The members of
family B-proteobacteria mostly contribute the mixture of organic acids
which comprises lactic, formic, butyric, citric, adipic, propionic, suc-
cinic, and acetic acids. Similarly, ectomycorrhiza and other soil fungi
could degrade the plant organic matter such as lignin and humic acid
resulting in a mixture of aromatic acids such as phenolic acids, shikimic
acid, 3,4-dihydroxybenzoic, 3,5-dihydroxybenzoic, 4-hydroxybenzoic,
and vanillic acids and others [88,89]. The bioavailability of phos-
phorus and micronutrients is essential for plant growth and wherein the
citric and oxalic acids have been shown to be assisting this process
[90-92]. Phosphorus is cycled in soil via abiotic or biotic processes.
Phosphorus in mineral forms makes complexes with iron, magnesium,
and calcium; and these complex salts exist in various forms in soil. In
soil, organic matter and metal oxy-hydroxides make colloidal particles
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which interact with organic or inorganic phosphorus and thereby
reducing plant availability. Depending upon their structures either
enzymatically or by organic acid interactions the phosphorus gets sol-
ubilized [93,94]. Organic acids produced from fungi mediates the sol-
ubilization of mineral bound phosphorus [95]; whereas, enzymatically
acid-monophosphates, alkaline-monophosphates, phosphodiesterase,
and phytase are known to contribute in phosphorus cycling [93,96].
Organic acids such as gluconic, citric and oxalic acid produced by
Aspergillus and other fungi are known to solubilize potassium and other
micronutrients required by plants [97,98]. Organic acids with available
sugars facilitate colonization of the microbial community in the rhizo-
sphere as biofilm. This altered growth option induces indole acetic acid
production which is a plant growth hormone [99]. Furthermore, a
mixture of organic acids including lactic acid produced by hetero-
fermentative Lactobacillus group of bacteria is shown to provide pro-
tection against diseases and promote plant growth [100]. Different
organic acids participate in plant stress tolerance phenomenon, but the
choice of organic acid and its physiological role varies with observed
stress [101]. In this manner, microbiome mediated organic acids and
enzymes contribute to improve soil fertility through effective nutrient
cycling.

11. Soil respiration and microbiome

SOM through microbial processes, respiration, and sequestration
remains in dynamic states. Microbial biomass and fungal richness are
identified as key drivers of soil respiration [102]. Soil respiration rate
depends upon the overall heterotrophic activity carried out by soil bi-
omes that include micro-, meso- and macrofauna. This has been
explained using metabolic theory which integrates the soil microbiome
metabolism, community configuration and respiration rate across
different levels of biome. The composition of biomes drives the meta-
bolism where the metabolic rate is influenced by various abiotic pa-
rameters such as temperature, availability of nutrients and soil
characteristics [103,104]. Regarding soil microbiome respiration, it
could be autotrophic and heterotrophic respiration. It has been shown
that in phosphate limiting soil, addition of P increases the overall soil
respiration rate (Feng and Zhu et al., 2019). Studies carried out in
subtropical forest showed that nitrogen or acid enrichment in soil over a
period reduced the overall soil respiration. Acid addition impacted more
on both, autotrophic and heterotrophic respiration compared to nitro-
gen amendments [105,106]. In agro-technology, the tillage and its in-
tensity has been shown to have direct relevance to SOM composition of
soil. Hence, tillage is directly related to SOM decomposition rate or
heterotrophic respiration rate. A long-term study carried out with
mouldboard ploughing and no-tillage treatments showed that irre-
spective of crop type or season the no-tillage resulted in better coloni-
zation of the community with richness and better respiration rates
[107]. The soil abiotic factor in combination with frequency of tillage
treatment can influence the soil respiration. No-tillage scenarios in-
crease the soil aggregate stability which also governs water holding
capacity of soil [108]. Paddy is the most energy consuming crop; and it
has been shown that no-tillage leads to less GHG emissions in paddy
cultivation [109]. Repeated puddling adversely disturbs the soil phys-
ical properties by disintegrating the soil aggregates in paddy fields.
Under conservation agriculture, with reduced tillage and residue man-
agement the microbial activity can be regulated with a multi-cropping
system that can increase SOM [110]. A long-term study with different
tillage patterns where wheat was intermittently sown with different
crops showed that with an increase in tillage intensity SOM level drops.
The intensity of tillage also affects the movement of dissolved organic
matter in different depths where complex organic matter is mostly
retained through physico-chemically with soil mineral fraction in upper
layers [111]. A study carried out in a mixed watershed ecosystem with
six different land use practices demonstrated that the permanganate
oxidizable organic fraction was maximum in soils under forestry and
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significantly low in soils under horticulture and agriculture. The
sub-surface, deeper layer showed low levels of permanganate oxidizable
organic matter whereas the zones which has elaborated root system has
the more labile fraction of organic matter supporting microbial respi-
ration, atypical scenario where there was less soil disturbance [112].
The agricultural practices affecting soil respiration need to be managed
in such a way as to avoid loss of SOM.

12. Soil aggregates

Efficient agricultural practices are based on the stabilization of SOM.
SOM comprises various fractions of SOC, that are stabilized in soil ag-
gregates, and it contributes to productivity and sustainability which has
been proven with long term experiments [113,114]. Soil aggregate
stability is linked with water erosion and loss of organic matter where
the clay soil shows list losses during any perturbations [115]. Soil ag-
gregates structure and stability is governed by various factors
comprising of soil properties, microbial community, nature of muci-
laginous polysaccharide accumulated in the system, and type of root
exudates with root structure and density [116,117]. Of the various
factors root exudates are very critical for aggregate stability, as it has
been shown that at deeper soil layers due to low root density, there is
low aggregate stability [118]. The complexity of the soil ecosystem
varies due to various abiotic and biotic factors, and soil aggregate is one
of the complex products of these interactions. Hence, there is no single
method which can evaluate and compare soil aggregate stability from
different fields [119]. However, by using soil characteristics and prop-
erties and compounding with various attributes there are machine
learning algorithms that have been used to predict the soil aggregate
properties and stability [120,121]. The soil microbiome plays a crucial
role in biogeochemistry through microbial diversity, metabolic capac-
ities, excreted products, and even as dead microbial material [122]. The
various microbial products could contribute to soil aggregate formation
in three ways. It can act as a bridging agent that helps in surface mod-
ifications thereby attracting various participating ions, or as a separation
agent that facilitates the mobility, and transport of organo-mineral as-
sociations or as a gluing agent which mediates aggregate constancy
[123,124]. Long-term studies have demonstrated that organic fertilizer
promotes soil aggregate formation with complexities in microbial
communities that influences the microbial enzymatic profile [125-127].
Nitrogen fertilizer significantly influences the soil surface properties,
which decides the soil aggregate size and chemical properties. The
altered scenario creates microhabitats for microbial colonization and is
the main driver of diversity of prokaryotes and fungi in soil aggregates
[128]. Depending upon the size and chemistry, soil aggregates offer
discrete micro-environments influence colonization of the microbial
community [129]. Condition specific microbiome assembly in soil ag-
gregates generates different types of nutrient utilization patterns which
is further influenced by fertilizer amendments and affects the overall
crop productivity.

13. Crop management and soil health

Under defined ecological conditions the soil renders a series of
ecological functions, which can be connected to supporting the sus-
tainable cropping systems. Under defined quantifiable physical, chem-
ical and biological characteristics soil provides the nutrient supply to
produce plants; and collectively these attributes contribute for fertility
indicators [130]. Soil health assessment, with time considers and gives
more weight to the biological activities of soil which include soil
microbiome diversity, respiration, and nutrient turnover rates. Different
agronomic practices used in agriculture affect SOM and its biological
activities [131]. Crop diversification brings new biological association
for agriculture fields, wherein plant microbe interaction every time es-
tablishes new microbial community composition at the cost of a pool of
biochemicals generated as part of interactions. The richness of biological
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diversity is a key driver for soil health, which is lost during monoculture
cropping [132]. Frequently, the crop rotation with grain and legumes is
followed since it increases productivity of grains due to increased bio-
logical nitrogen fixation after legume cultivation. It’s really desired that
the rotation length and frequency of the same crop should be regularly
correlated with soil quality and occurrence of pathogen incidences; and
based on these observations for different ecosystems; a system specific
cropping cycles should be adapted. The intercropping system ensures
soil disease burden, enhances rich rhizospheric metabolic activity, and
warrants flow of nutrients at different depth levels and overall microbial
activities [133]. During plant growth, different plants selectively enrich
desired microbial communities through chemical signalling, and the
community composition is decided by the properties of root exudates
and the available organic carbon of the soil. Hence, an intercropping or
crop rotation system generates the condition for dynamic development
of biological richness [134]. Long-term rotation cropping supplemented
with organic manure not only enriches the microbial diversity but also
gradually reduces plant pathogen load from soil. The study showed that
there is an increase in SOM with soil organic nitrogen levels [135]. A
data generated using over one hundred farmers has shown that cover
crop as soil quality management option could be another way of grad-
ually increasing SOM. Cover crop practices reduce soil erosion thereby
reducing the nutrient losses. In the USA and Canada there are financial
incentives given to promote this program [136-138]. However, in this
program existing soil quality, climatic conditions and type of crop res-
idues influence the overall impact of cover crop strategy which is
adapted for soil quality improvement [139]. Of the various options crop
rotation with residue recycle enhances the SOM and it sustainably im-
proves the soil quality, which is shown in rice -wheat crop rotation
practices [140-142]. Nevertheless, the soil quality heterogeneity, com-
plex climatic conditions and with available options for enhancing crop
productivity with fertilizers and others, crop management approach
cannot be generalized; there are new tools emerging which recommends
the gradual improvement in SOM without compromising the produc-
tivity [143].

14. Climate smart agriculture (CSA)
CSA has three most accepted pillars: adaptive capacity, mitigation,

and productivity. The complete system of CSA is interwoven with the
responsibilities and expectations of different stakeholders. The changes
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in climatic conditions and deteriorated soil quality have compelled
various interventions to avail more information, supply, and technolo-
gies. This impacted the conventional agricultural practices which are
mostly location specific, whereas the emerging solutions are relatively
global; hence there are gaps in implementation of effective CSA plans.
CSA practices help in managing the factors which negatively contribute
to climate change. CSA adopts new technologies and capacity building
to sustainably increase crop productivity with reduced GHG emissions
and efficient resource utilization for food security [144]. The different
activities and interventions to address the identified attributes of CSA
impact performance and productivity as presented in Fig. 2. Designing a
CSA plan should be location-specific where the local practices and
traditional knowledge must be gradually combined with emerging
knowledge and technologies that will allow acceptance of technology
and changes. These plans require a definite target without compro-
mising productivity; and should eventually drive carbon sequestration
and address soil health. In implementation of CSA plans the crucial
factor is the available financial resources for farmers with small land
holdings with varied cropping patterns. In such circumstances, avail-
ability of quality seeds, optimization of input materials and marketing of
produce could contribute to sustainability [145]. Studies recommend
that the socio-economic and location-specific variables determine the
farmer’s preference in accepting and applying the emerging technolo-
gies. This suggests that there is a need for adaptation policies with
defined priorities for different agro-climatic zones for agriculture and
associated sectors. This will facilitate acceptance of different parameters
contributing to CSA. This implies that the guiding principle in drafting a
policy would be the climatic vulnerability of the region, average rainfall,
or irrigation support with average land holding mostly being the key
attribute; and will assist in drafting and execution of CSA plan at
different local levels [146,147]. Financial support to farmers is a critical
factor for adaptation of climate-resilient practices because various un-
foreseen factors control the overall crop yields. Hence for marginal
farmers, the subsidies for input resources could encourage CSA practices
[148,149]. Adapting CSA practices such as adjusting sowing/planting
dates as per weather conditions, balancing the plant-microbiome in-
teractions to support SOM through water and nutrient management,
increasing crop rotation, and minimum tillage have significant impact
on productivity. Training and proper education combined with
economical and motivational factors could bring such CSA practices to
support sustainable agriculture at a global level [150-152].
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Fig. 2. CSA has three fundamental pillars with various other effectors that impact adaptive capacity and mitigation. Figure shows the inter-dependency of different
effectors which can directly or indirectly influence the overall productivity through adaptive process and mitigation plans. The mitigation options mostly drive the
sustainability of CSA which involves balanced nutrition amendments to soil as per the agro-climatic region and applied agricultural practices.
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15. CSA and water management

With growing food demand the water requirements for agriculture
are regularly increasing. At the same time because of various reasons the
impact of climate change is realized worldwide. The International Panel
on Climate Change (IPCC) has reported that rain-fed agriculture is
drastically affected due to the rainfall pattern or even due to extreme
climatic events such as floods and droughts [153]. All these issues de-
mand smart water management interventions, and advanced irrigation
technologies to improve water use efficacy. However, these technology
interventions will be situation-specific. Of the various options, plastic
mulching [24,154,155,156], micro-irrigation [24,155,157] and
poly-house technologies [23,24] are more preferred, since these prac-
tices reduce greenhouse emissions and water loss and support carbon
sequestration. It has been reported for arid environments for maize
cultivation, managing nutrients with 50 % moderate irrigation has
shown reduction in greenhouse gases with no compromise to expected
harvest [158]. For CSA the energy and water use efficiency are inter-
dependent and hence an alternative source of water with optimizing
situation-specific irrigation option and reduced evaporation is a key in
efficient water usage strategy [159]. To achieve water use efficiency,
advanced methodologies are emerging, such as smart irrigation, moni-
toring, and forecasting systems, which use the application of sensors and
machine learning technologies that could be combined with weather
data for open field irrigation [160-162]. For example, an adaptive
neuro-fuzzy inference system algorithm uses the following attributes;
viz., water consumption during the growing season, climatic factors
including temperature, average relative humidity, and the amount of
solar radiation in terms of sunshine hours. The developed methodology
showed an increase in water use efficiency with improved yield [163].
For further refining the decision-making system in precision water
management, evapotranspiration data could be integrated for perfor-
mance evaluation of empirical or machine learning models [>164,165].

16. Digital agriculture

Food security and environmental sustainability demand the digiti-
zation of data in agriculture. However, its exploitation in decision-
making processes will take time to be utilized globally. In the agricul-
ture sector, the primary apprehension is the acceptability of technology;
and to change the different stakeholders from their established ways of
utilization of knowledge to digitized information. This issue is due to a
gap in available digital solutions that address a particular issue in a
typical decision-making layer, whereas the end user is looking for a few
options to support the decision-making process. This will bring value to
technology with understanding [166]. Nevertheless, digitalization im-
proves the relation, productivity, and transparency of all the players
involved in agro-food value chains. It involves data acquisition and
systematic utilization of information for a complete life cycle for any
crop [167]. There are gaps between digitization and sustainable utili-
zation of resources, which will require a complete inventory of different
products and residues with energy accounting to propose a compre-
hensive management plan. It requires a platform where different attri-
butes influence ecological services and support the overall throughput in
agriculture, which should be integrated with sustainability parameters.
The group of effectors which are crucial for sustainability and CSA are
overlapping; and there are multiple stakeholders therefore it requires
situation specific evaluation [168,169].

17. CSA and sustainable agriculture

The three pillars of CSA are food security, adaptation, and mitiga-
tion, where mitigation is linked with GHG emissions and analysing
environmental sustainability. The overall GHG emission depends upon
the water availability and quality, soil health, ecosystem services [170,
171]. Agriculture sustainability depends upon the applied technology
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that should be cost-effective, socially acceptable, and environment
friendly. Sustainability in agriculture has a canvas with a wide range of
distinct attributes [172]. Ultimately, the agri-food chain must be sus-
tainable and environment friendly; the applied technology should work
towards attaining CSA without compromising the quality of the pro-
duce. However, the intensive agriculture practices impacted the nutri-
tional quality of the produce such as a reduction in essential
micronutrients in crops and loss of SOC in soil. CSA is gradually adapting
advanced technologies to achieve precision agriculture where resources
are managed, and the overall systems become at least carbon neutral
[173]. The long-term aim of CSA to drive efforts towards making the
system carbon-positive, suggesting increasing SOC vis-a-vis enhancing
soil health [174-176]. Increase in crop throughput with required
nutritional values, while taking climate change measures and preserving
soil health is one of the significant goals of sustainable agriculture.
Technology interventions are emerging at different levels in the agri-
culture ecosystem, which provides resource management with precision
owing to sustainability. Precision agriculture effectively utilizes tech-
nology and uses diverse data to manage agricultural resources and input
materials, including water, land, fertilizers, and pesticides with reduced
fuel consumption, labour time, and human error [177]. To understand
the efficacy of agricultural systems after the introduction of precision
technology, various studies for the life cycle assessment (LCA) are re-
ported. A standardized framework of comparative LCA could quantify
and assess the environmental impacts of products and services for a crop
cycle with different agricultural practices or precision technology
applied [178]. One of the essential parameters for devising precision
farming is getting average information from a cluster of smallholder
farms and integrating in decision or prediction making systems. The
technologies emerging that use drones with imaging systems, cloud data
collection, and analysis could help in such scenarios [179]. Agri-food
chains have attributes separated in different layers of implementation
with varied stakeholders; precision technology can play a crucial role in
optimizing all the layers and making this ecosystem sustainable through
a proper flow of information.

18. Microbiome and SOC cycling

Soils deliver essential ecosystem services through biogeochemical
cycles and with their vast biodiversity [122]. The inherent soil micro-
biome activities are very complex, which gets further complicated by
exudates coming from plants that essentially create a rhizospheric
community. Of the various biogeochemical processes, soil anabolic ac-
tivities are crucial; and can be directly correlated with carbon seques-
tration and relevance to climate change [180]. The study of soil
microbiome resilience needs a long-term program. Microbiome resil-
ience is generally assessed based on taxonomic studies; however, the
functional plasticity of microbiome drives the biogeochemical cycle. The
multi-omics approach can help in understanding the survival of micro-
bial communities in this inter kingdom plant -microbiome interaction,
which is much more complex in saline environments. For example, the
warming effects on microbial activities have taxonomically shown that
it reduces the fungal and firmicute diversity and enhances the ascomy-
cetes diversity. Metagenomic studies have shown that the abundance of
microbial cell synthesis and housekeeping pathways has reduced
significantly, whereas the abundance of genes associated with lignolytic
pathways has increased [181]. Omics tools add extra dimension as soil
virome and its role in microbial community dynamics [182]. The more
systematic investigation for soil viruses will clarify their role in soil-food
web and its influence on biogeochemistry [183]. Soil C storage by mi-
crobes is a forthcoming option emerging to mitigate the consequences of
climate change. To predict in the context of climate change, there is a
need to develop microbial eco-evolutionary models that can forecast and
assess biochemical trends that may appear [184]. Soil salinization
negatively impacts soil nutrient cycling by gradually changing the mi-
crobial community structure. Salinity mostly affects the shift in
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microbial necromass, where contribution to SOC shifts from fungal to
bacterial-dominated residues [185]. Microorganisms are the key players
in converting plant-derived carbon into SOC. The polymeric forms of
SOC that are relatively persistent are stored in soil aggregates where the
size of pores and water availability facilitate the process [186].
Plant-microbe interactions result in a pool of metabolites that decide the
dissolved organic carbon composition. Depending upon the plant type,
the selective group of microbes colonize in the rhizosphere, which also
changes with the age of the plant [187]. Lime and phospho-gypsum
when applied in combination work as soil conditioners for acidic soils
and help in transforming the SOM. The study demonstrated that the
regular amendments have improved the soil fertility parameters with
fungal and bacterial diversity. Calcium based amendments, initially
change physicochemical properties of soil and eventually change the soil
microbiome structure [188]. It has been demonstrated that organic
amendments enhance the abundance of copiotrophic bacteria, of which
the abundance of firmicutes is positively correlated with SOC levels.
Organic amendments influence bulk soil microbial community signifi-
cantly compared to rhizospheric community [189].

19. Microbiome and CSA

The yield, plant biomass, and sustainability of crops depend upon
soil health, which is related to microbiome diversity and associated soil
chemical characteristics. The interaction collectively decides the func-
tional soil processes but influenced by climate change drivers. With the
application of metagenomics tools, it has been realized that plant-
specific collective microbiome colonizes at the cost of generated exu-
dates and shifts soil biochemistry [190]. Soil microbiome through aer-
obic respiration contributes CO, while with anaerobic activities it
contributes CH4. The equilibrium involving these two processes controls
the net flux of CO, and CH4 to the atmosphere. Similarly, the aerobic and
anaerobic processes also contribute to microbial nitrogen turnover in
soil. Variability in moisture, temperature and local atmospheric chem-
istry influences the biochemical expression of the soil microbiome with
response to climate change drivers. With shifts in environmental con-
ditions microbiome with their metabolic flexibilities, try to survive by
changing their biochemical partners with the altered soil chemistry.
Different elevated CO, experiments have shown that with an increase in
COq level, there is shift in the microbial community. Climate change
parameters are very complex, and their relation to soil chemistry which
could be influenced by moisture, temperature, and other abiotic stresses
further increase the complexity. Hence, different locations will demand
different interventions to achieve the same goal [191]. Other than land
management strategies, there is a need to manipulate and design the
required soil microbiome in croplands which can promote carbon
sequestration. This will require identification and assessment of CO5
sequestering microbes. Using selected microbes, we can bio-augment the
soil or we can coat with the seeds to introduce in the soil ecosystems, and
such selected microbes could be considered as “probiotics”. Alterna-
tively, we can design a “prebiotic” which enriches the desired microbial
population in soil microbiome that could drive carbon sequestration. For
CSA, if this could be demonstrated that with an increase in crop pro-
ductivity there is an increase in soil carbon sequestration, then it would
be a preferred scenario [24,192].

20. Plant microbiome

The plant can select its microbiome from environmental bacteria;
identifying the plant genes involved in quorum sensing phenomenon
which initiate colonization of selected group of bacteria could be the
first step in understanding the plant-microbiome interactions as
described in Fig. 1. This demands extensive exploration for plant en-
dophytes and their characterization. At the same time, the rhizospheres
of a genetically overproducing plant variant will need its characteriza-
tion. Such studies will create a bank of knowledge that could design the
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crop-specific microbial consortium, a synthetic microbial community
with the desired biochemical attribute to engineer the rhizospheric
flora. Studies will be required after introduction of synthetic community
how it interacts with indigenous microbiome to reach steady state via
initial perturbances. Such studies would demonstrate the role of the
synthetic community in CSA with desired plant phenotype [42,43,43,
193,194]. Another intriguing part of plant-microbiome interaction is
that there exists microbiome heritability in plants. Different seeds
harbour different species of microbes, where some species could reside
persistently and can be transmitted to the next germination cycle, some
have transient association. It has been reported in simulated laboratory
studies that after germination the transmitted community gets distrib-
uted in different parts of matured saplings. More insight is required for
this association, whether it has its role with seed germination and dif-
ferentiation steps or supports plants for environmental stress manage-
ment [195]. A study for host-microbiome co-evolutionary dynamics
demonstrated that the main wild type of progenitor/ancestor breed
accounts for the majority of fungal and bacterial communities of
domesticated variety [196]. Regardless of the difference in species
richness amongst seeds belonging to discrete species, some microbial
groups are frequently observed in seeds, and could be together consid-
ered as the seed core microbiome. The inherited microbiome, which is
part of the seed dormancy period, is the most challenging area of
research. Establishing the role of selected microbes in germination and
seedling stage could be translated into novel agricultural bio-inoculants
to support CSA [197]. Phyllosphere microbiomes constitute the vast and
diverse terrestrial system, associated with exterior aerial parts of plants
related to flowering, pollination, seed germination events. Phyllosphere
community has not only its role in carbon sequestration or nitrogen
cycle but also it induces the expression and triggering of plant immune
system and plant pathogen interactions [198]. Different and rapid dy-
namics of the temporal environment factor shift the phyllosphere com-
munity and break the seed microbiome inheritance cycles [199,200].

21. Regenerative agriculture and future

In the literature there are different ways regenerative agriculture has
been defined, the definitions could be based on processes and outcomes.
Some definitions consider and include the land management practices
and their impact on productivity and soil quality, whereas others are
more directed toward addressing the CSA goals [201,202]. Regenerative
agriculture provides ecosystem services with various attributes encom-
passing soil health to human health while managing biodiversity and
environmental issues that directly impact sustainable development
goals. Land management is the first step of regenerative agriculture with
an aim for carbon sequestration and biodiversity enhancement. Biochar
amendments have been extensively reported for improving soil health
and reducing GHG emissions and emerging as a process parameter in
agriculture (Bolan et al., 2024 [203]). Biochar is a material produced by
the combustion of biomass under controlled temperatures and a limited
oxygen environment. Biochar produced at low temperature provides
bioavailable organics for the microbial community whereas biochar
prepared at high temperature with its porosity promotes colonization of
microbes. Biochar at the same time helps in stabilizing the SOC, building
bulk density and soil tensile strength with water retention. The porosity
and surface area of biochar creates an ideal habitat for colonization of
microorganisms. Biochar amendments at optimum or low nitrogen
fertilization inhibit N»O, CO2, and CH4 emissions without compromising
productivity ([43,193]; Bolan et al.,, 2024). Further processing of
biomass under controlled conditions makes quantum dots, which are
emerging as a processed material finding various biological applications
[204]. Application of carbon quantum dots (CQD) has been reported for
plant growth. CQD can be applied to plants in two ways: by seed and
root soaking or foliar spraying method. It has been reported to induce
root growth and photosynthesis [205]. Innovations at different steps of
the agriculture food-web chain will further improve the sustainability
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and will support farmers and consumers. Regenerative agriculture will
shape the future of the CSA where different steps in the food web chain
would be optimized by all the stakeholders with needed productivity
while meeting population growth.

22. CSA: Role of policies and regulations

Comprehending and forecasting the impact of climate change drivers
on soil health could assist in devising strategies for CSA. This will require
support through policies and regulations. The CSA optimization will
require interventions at various levels. One of the major concerns will be
vulnerability measurement and assessment and accordingly support
through policies to protect the interest of farmers, and for smallholder
farmers, it will be very critical. Based on different reports the major
vulnerability observed is resource management at production level, the
other is in distribution and food supply network. The national level
policies will be necessary for effective risk management, indexing in-
surance, safety nets and input subsidies [206,207]. Policy incentives can
assist as an instrument for improving adoption of CSA practices by
smallholder farmers. These incentives should support farmers in provi-
sioning their resources toward more resilient CSA practice. Regulating
the market price through policies and keeping more stable market pri-
ces, will further facilitate the adoption of CSA, where the expected
returns are ensured for all the stakeholders. Taxing smallholder farmers
directly, or indirectly in the agricultural value chain, will most likely
adversely affect, hence policies must be framed accordingly, and if
required could have two tiers where the economic interest of small-
holders based on their turnover could be protected. Farmer friendly
implementation of CSA practices would demand financing facilities and
improved agricultural infrastructure that should help in decision making
for farmers with seed to resource cost fluctuations, market price for
produce, with timely knowledge of weather predictions through cloud
database and others [208].

23. Conclusion

CSA is an emerging phenomenon that holds promise to address
global food security. This review identifies different aspects of the soil
microbiome and its role in CSA processes. Being an important factor
responsible for soil health, soil microbiome plays an intrinsic role in
managing the three pillars of CSA, as depicted in Fig. 3. CSA activities
engage various stakeholders in this network, starting from unorganized
marginal farmers surviving with their rain-fed agricultural practices.
CSA proposes modern technologies in agricultural practices with
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instrument-intensive interventions. For effective implementation of
CSA, different stakeholders, their position and workings in the total food
value chain with identified weight should be modelled to create an
operative network. CSA tools must be user-friendly and consider the
existing culture and practices which will gradually evolve for its
acceptance. Soil microbiome is an essential factor of the mitigation
agenda of CSA controlling the GHG emissions Agriculture productivity is
directly proportional to soil quality and associated microbiome biodi-
versity. The sustained exposure to selected chemicals and fertilizers
gradually reduces the richness of the microbiome, compromising the
rhizosphere community’s taxonomic and functional diversity. Since, the
rhizospheric microbial community corresponds with the growth of the
plant with dynamically changing exudate biochemistry; a rich soil
microbiome is a prerequisite condition. The altered soil chemistry af-
fects the soil nutrient cycle with skewed soil microbiome. This modified
soil microbiome neither can keep healthy soil nor can support plant
growth. Under these scenarios plants behave as a bioreactor which fixes
the CO5 and compliments the nutritional requirements through fertil-
izers and chemicals until the native soil system collapses. The seques-
tration of carbon by reducing GHG emissions and water conservation are
prerequisites associated with CSA. This can only be addressed through
rich soil microbiome diversity. Another necessary attribute supporting
CSA and farmers is looking for seed varieties to cope with environmental
changes. Plant breeding is a common process where the improved ge-
netic variants are selected and evaluated; now this process needs to be
supplemented with seed engineering for a designed inherited endophyte
microbiome. These doped seeds with selected microbes could provide
the desired adaptability, pathogen protection, and better germination
rates under a stressed environment. The seeds could be designed with
inherited microbiome as per the soil chemistry and other ecological
variables. Similarly, for soil rejuvenation, a synthetically designed mi-
crobial community, the probiotic consortium, must be planned which
could be condition specific. These probiotic consortia should harmonize
the existing soil microbiome with chosen biochemical gaps including
missing links to bring back the complete nutrient cycle. This will help in
completing the soil food web and gradually will support SOC build up
and reduction in GHG emissions. The microbiome-assisted seeds and soil
rejuvenation with a designated consortium could collectively address
one of the major challenges for the CSA, by reducing the usage of
chemicals and fertilizers.
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