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Abstract

The soil microbiome includes bacteria, fungi, archaea, protists and other microorganisms that interact with plant
roots and organic matter. These organisms regulate decomposition, nutrient cycling, soil aggregation and many
biological processes that influence crop growth. The rhizosphere is particularly active because roots release carbon
compounds that attract and select microbial communities. Some microbes fix nitrogen, solubilise phosphorus,
produce growth-promoting compounds or form mycorrhizal associations that improve nutrient and water
acquisition. Others can suppress plant pathogens through competition, antibiosis or stimulation of plant defence.
The microbiome is also influenced by tillage, crop rotation, fertiliser, pesticides, irrigation, organic amendments
and soil pH. Management that maintains organic inputs and diverse plant cover generally supports a more active
biological community, although the response depends on soil and climate. Commercial biofertilisers and microbial
inoculants can be useful when effective strains are matched to the crop and environment, but field performance is
often less predictable than laboratory results because introduced organisms must compete with native communities.
New molecular tools are improving understanding of microbial diversity and function. Sustainable crop production
can benefit from microbiome-aware management, but it should integrate biology with sound soil fertility, water and
disease management rather than treating microbes as a stand-alone solution.

Keywords: Soil Microbiome, Rhizosphere, Nutrient Cycling, Mycorrhizae, Biofertiliser, Sustainable Agriculture

How to Cite this article: Singh, M. (2026). Soil Microbiome and Its Role in Sustainable Crop Production. Future
Agriculture e-magazine, September 2026, Issue 3, pp. 295-302.

Introduction their effects can be interpreted. Workers

A gram of healthy soil can contain should know the normal range and the signs that
enormous numbers of  microorganisms require attention. Monitoring can include
representing many functional groups. Although organic matter, root growth, nutrient
most are not visible, their combined activity availability, respiration or other biological
influences how residues decompose, nutrients indicators, disease and crop performance.
become available and soil structure develops. Trends are more useful than isolated readings
Practical implementation of introduction because season, production stage and local
should start with a clear baseline and a defined conditions alter expected performance. One
management objective. For microbiome-aware limitation is that microbial abundance alone
sustainable crop and soil management, priority does not prove beneficial function because
should be given to recognising soil community activity depends on soil and plant
microorganisms as an interacting community context. Therefore records should be reviewed
that influences decomposition, nutrient regularly and important deviations checked by
availability, structure and root health. A the relevant farm, veterinary, technical or crop
practical plan is to manage the rhizosphere specialist. Measures that fit available labour,
through crop diversity, organic inputs, balanced infrastructure and budget are more likely to be
fertility and suitable moisture rather than trying maintained and to produce reliable long-term
to control individual microbes in isolation. benefit.

Changes should be introduced consistently so
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Plant roots create a specialised zone
called the rhizosphere. Root exudates provide
energy-rich compounds that shape microbial
communities, while microbes can influence
plant nutrition, growth and defence. This two-
way interaction is central to the soil
microbiome. The value of introduction also
depends on integration with the wider
production system. Management should
connect recognising soil microorganisms as an
interacting  community that  influences
decomposition, nutrient availability, structure
and root health with routine records, clear
responsibilities and a response plan. Where
equipment, biological processes or field
operations are involved, timing, maintenance
and quality control matter as much as the initial
choice. Records should show what was done
and the response observed, particularly for
organic matter, root growth, nutrient
availability, respiration or other biological
indicators, disease and crop performance.
Evaluation should consider productivity
together with health or soil function, labour,
input use, risk and economics. Because
microbial abundance alone does not prove
beneficial function because community activity
depends on soil and plant context, weak results
should first prompt a review of implementation
and local constraints. Comparison with a
previous season, baseline or similar group helps
separate real improvement from normal
variation. This adaptive process allows timing,
thresholds and resource use to be refined as
experience accumulates.

Microbial Diversity and Soil Function

Bacteria and fungi dominate many
decomposition and nutrient-cycling processes,
while archaea participate in nitrogen
transformations and  protists  influence
microbial food webs. The importance of a
Practical implementation of microbial diversity
and soil function should start with a clear
baseline and a defined management objective.
For microbiome-aware sustainable crop and
soil management, priority should be given to
supporting bacterial, fungal, archaeal and
protist functions that contribute to nutrient
cycling and soil structure. A practical plan is to
maintain diverse carbon substrates, avoid
repeated severe disturbance and consider pH,
moisture and aeration as major filters of
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microbial activity. Changes should be
introduced consistently so their effects can be
interpreted. Workers should know the normal
range and the signs that require attention.
Monitoring can include microbial biomass or
activity, aggregation, decomposition, soil pH,
moisture, residue turnover and crop response.
Trends are more useful than isolated readings
because season, production stage and local
conditions alter expected performance. One
limitation is that greater diversity is not
automatically better if the functional groups
needed for a particular process are absent or
inactive. Therefore records should be reviewed
regularly and important deviations checked by
the relevant farm, veterinary, technical or crop
specialist. Measures that fit available labour,
infrastructure and budget are more likely to be
maintained and to produce reliable long-term
benefit.

IONOCULTURE DIVERSE
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group depends on substrate, moisture, pH
and oxygen conditions. The value of microbial
diversity and soil function also depends on
integration with the wider production system.
Management should connect supporting
bacterial, fungal, archaeal and protist functions
that contribute to nutrient cycling and soil
structure  with  routine records, clear
responsibilities and a response plan. Where
equipment, biological processes or field
operations are involved, timing, maintenance
and quality control matter as much as the initial
choice. Records should show what was done
and the response observed, particularly for
microbial biomass or activity, aggregation,
decomposition, soil pH, moisture, residue
turnover and crop response. Evaluation should
consider productivity together with health or
soil function, labour, input use, risk and
economics. Because greater diversity is not
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automatically better if the functional
groups needed for a particular process are
absent or inactive, weak results should first
prompt a review of implementation and local
constraints. Comparison with a previous
season, baseline or similar group helps separate
real improvement from normal variation. This
adaptive process allows timing, thresholds and
resource use to be refined as experience
accumulates.

Diversity alone does not guarantee a
beneficial function. Sustainable management
aims to create conditions that support organic-
matter turnover, aggregation and nutrient
retention while avoiding disturbance that
repeatedly reduces biological activity.

Nitrogen, Phosphorus and Nutrient
Cycling

Symbiotic bacteria in legume nodules
convert atmospheric nitrogen into forms that
plants can use. Free-living and associative
nitrogen fixers may also contribute smaller
amounts. Other microorganisms mineralise
organic nitrogen and influence nitrification and
denitrification. Practical implementation of
nitrogen, phosphorus and nutrient cycling
should start with a clear baseline and a defined
management objective. For microbiome-aware
sustainable crop and soil management, priority
should be given to using biological nitrogen

fixation, mineralisation, nitrification,
phosphorus mobilisation and mycorrhizal
acquisition  within  balanced fertility

programmes. A practical plan is to match
legume inoculation and nutrient management to
crop need, soil test results and local
environmental conditions. Changes should be
introduced consistently so their effects can be
interpreted. Workers should know the normal
range and the signs that require attention.
Monitoring can include nodulation, plant
nitrogen status, available phosphorus, fertiliser
response, nutrient-use efficiency and yield.
Trends are more useful than isolated readings
because season, production stage and local
conditions alter expected performance. One
limitation is that microbial processes can also
contribute  to  nitrogen loss  through
denitrification or immobilisation, so biological
activity must be interpreted in context.
Therefore records should be reviewed regularly
and important deviations checked by the
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relevant farm, veterinary, technical or crop
specialist. Measures that fit available labour,
infrastructure and budget are more likely to be
maintained and to produce reliable long-term
benefit.

Phosphate-solubilising bacteria and fungi
can increase availability of some poorly soluble
phosphorus compounds. Mycorrhizal fungi
extend the effective absorbing network of roots
and are especially important for phosphorus
acquisition under low-input conditions. The
value of nitrogen, phosphorus and nutrient
cycling also depends on integration with the
wider production system. Management should
connect using biological nitrogen fixation,
mineralisation,  nitrification,  phosphorus
mobilisation and mycorrhizal acquisition
within balanced fertility programmes with
routine records, clear responsibilities and a
response plan. Where equipment, biological
processes or field operations are involved,
timing, maintenance and quality control matter
as much as the initial choice. Records should
show what was done and the response observed,
particularly for nodulation, plant nitrogen
status, available phosphorus, fertiliser response,
nutrient-use efficiency and yield. Evaluation
should consider productivity together with
health or soil function, labour, input use, risk
and economics. Because microbial processes
can also contribute to nitrogen loss through
denitrification or immobilisation, so biological
activity must be interpreted in context, weak
results should first prompt a review of
implementation and local  constraints.
Comparison with a previous season, baseline or
similar group helps separate real improvement
from normal variation. This adaptive process
allows timing, thresholds and resource use to be
refined as experience accumulates.

Table 1. Important soil microbial groups and major
functions.

Microbial group

Rhizobia

Examples of functions

Symbiotic nitrogen fixation in legumes.

Plant-growth-promoting
rhizobacteria

Nutrient mobilisation, hormone effects and
induced plant defence.

Arbuscular mycorrhizal
fungi

Improved phosphorus and water acquisition
and contribution to aggregation.

Breakdown of residues and release or
immobilisation of nutrients.

Decomposer fungi and
bacteria

Transform soil nitrogen and influence

Nitrifiers / denitrifiers . .
nitrogen-use efficiency and gaseous losses.

Compete with or inhibit selected soil-borne

Antagonistic microbes plant pathogens.
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Mycorrhizae and Root Symbiosis

Arbuscular mycorrhizal fungi colonise
roots of many crops and form hyphal networks
in soil. These networks can improve access to
phosphorus and water and may influence soil
aggregation. Benefits are usually greater where
nutrient availability is moderate rather than
excessive.  Practical implementation of
mycorrhizae and root symbiosis should start
with a clear baseline and a defined management
objective. For microbiome-aware sustainable
crop and soil management, priority should be
given to maintaining beneficial root-fungal
associations that extend nutrient and water
acquisition beyond the immediate root surface.
A practical plan is to reduce unnecessary
disruption, use compatible crop rotations and
avoid nutrient regimes that eliminate the plant's
incentive to maintain symbiosis.

PLANTS MYCORRHIZA

Q‘.. ’

PHOSPHORUS

Changes should be introduced consistently
so their effects can be interpreted. Workers
should know the normal range and the signs that
require attention. Monitoring can include root
colonisation where assessed, phosphorus
uptake, drought response, root growth, crop
vigour and yield. Trends are more useful than
isolated readings because season, production
stage and local conditions alter expected
performance. One limitation is that mycorrhizal
benefits vary among crops, soils and fertility
levels and are not guaranteed by the presence of
fungal inoculum alone. Therefore records
should be reviewed regularly and important
deviations checked by the relevant farm,
veterinary, technical or crop specialist.
Measures that fit available labour,
infrastructure and budget are more likely to be
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maintained and to produce reliable long-term
benefit.

Intensive tillage can disrupt fungal
networks, while long fallows and non-host
crops can reduce inoculum. Crop rotation and
reduced disturbance may therefore influence
the strength of mycorrhizal associations. The
value of mycorrhizae and root symbiosis also
depends on integration with the wider
production system. Management should
connect maintaining beneficial root-fungal
associations that extend nutrient and water
acquisition beyond the immediate root surface
with routine records, clear responsibilities and
a response plan. Where equipment, biological
processes or field operations are involved,
timing, maintenance and quality control matter
as much as the initial choice. Records should
show what was done and the response observed,
particularly for root colonisation where
assessed, phosphorus uptake, drought response,
root growth, crop vigour and yield. Evaluation
should consider productivity together with
health or soil function, labour, input use, risk
and economics. Because mycorrhizal benefits
vary among crops, soils and fertility levels and
are not guaranteed by the presence of fungal
inoculum alone, weak results should first
prompt a review of implementation and local
constraints. Comparison with a previous
season, baseline or similar group helps separate
real improvement from normal variation. This
adaptive process allows timing, thresholds and
resource use to be refined as experience
accumulates.

Disease Suppression and Plant Defence

Some soils naturally suppress particular
pathogens because resident microbes compete
for nutrients, occupy infection sites or produce
inhibitory compounds. Beneficial rhizobacteria
can also stimulate plant defence responses.
Practical ~ implementation  of  disease
suppression and plant defence should start with
a clear baseline and a defined management
objective. For microbiome-aware sustainable
crop and soil management, priority should be
given to encouraging microbial competition,
antibiosis and induced plant responses that
reduce opportunities for soil-borne pathogens.
A practical plan is to combine diverse rotations,
healthy organic inputs, sanitation and resistant
varieties SO biological suppression
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complements established disease
management. Changes should be introduced
consistently so their effects can be interpreted.
Workers should know the normal range and the
signs that require attention. Monitoring can
include  disease  incidence,  pathogen
populations, root health, crop stand,
amendment response and yield. Trends are
more useful than isolated readings because
season, production stage and local conditions
alter expected performance. One limitation is
that suppressive effects are often community-
level and site-specific, making single-organism
claims difficult to reproduce across fields.
Therefore records should be reviewed regularly
and important deviations checked by the
relevant farm, veterinary, technical or crop
specialist. Measures that fit available labour,
infrastructure and budget are more likely to be
maintained and to produce reliable long-term
benefit.

Disease  suppression is usually a
community property rather than the result of
one organism. Organic amendments and
rotations may shift microbial communities, but
poorly decomposed material can also introduce
pathogens or create temporary nutrient
imbalance. The value of disease suppression
and plant defence also depends on integration
with the wider production system. Management
should connect encouraging microbial
competition, antibiosis and induced plant
responses that reduce opportunities for soil-
borne pathogens with routine records, clear
responsibilities and a response plan. Where
equipment, biological processes or field
operations are involved, timing, maintenance
and quality control matter as much as the initial
choice. Records should show what was done
and the response observed, particularly for
disease incidence, pathogen populations, root
health, crop stand, amendment response and
yield. Evaluation should consider productivity
together with health or soil function, labour,
input use, risk and economics. Because
suppressive effects are often community-level
and site-specific, making single-organism
claims difficult to reproduce across fields, weak
results should first prompt a review of
implementation and local  constraints.
Comparison with a previous season, baseline or
similar group helps separate real improvement
from normal variation. This adaptive process
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allows timing, thresholds and resource use to be
refined as experience accumulates.

Microbiome and Abiotic Stress
Tolerance

Root-associated microbes can influence
plant response to drought, salinity and nutrient
stress by changing root growth, hormone
signalling or nutrient acquisition. Research on
these interactions is expanding because climate
stress is becoming more important in crop
production. Practical implementation of
microbiome and abiotic stress tolerance should
start with a clear baseline and a defined
management objective. For microbiome-aware
sustainable crop and soil management, priority
should be given to understanding how root-
associated microbes may influence drought,
salinity and nutrient-stress responses through
root growth and signalling. A practical plan is
to test promising practices under local field
stress, maintain realistic controls and separate
microbial effects from changes in water or
fertility. Changes should be introduced
consistently so their effects can be interpreted.
Workers should know the normal range and the
signs that require attention. Monitoring can
include plant water status, salinity response,
root traits, survival, biomass, nutrient uptake
and yield stability. Trends are more useful than
isolated readings because season, production
stage and local conditions alter expected
performance. One limitation is that results from
controlled environments may not persist in field
soils where introduced organisms compete with
established communities. Therefore records
should be reviewed regularly and important
deviations checked by the relevant farm,
veterinary, technical or crop specialist.
Measures that fit available labour,
infrastructure and budget are more likely to be
maintained and to produce reliable long-term
benefit.

Field effects are variable. A strain that
improves stress tolerance in controlled
conditions may not establish in a different soil.
Local testing is therefore necessary before
broad recommendation. The value of
microbiome and abiotic stress tolerance also
depends on integration with the wider
production system. Management should
connect understanding how root-associated
microbes may influence drought, salinity and
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nutrient-stress responses through root
growth and signalling with routine records,
clear responsibilities and a response plan.
Where equipment, biological processes or field
operations are involved, timing, maintenance
and quality control matter as much as the initial
choice. Records should show what was done
and the response observed, particularly for
plant water status, salinity response, root traits,
survival, biomass, nutrient uptake and yield
stability. ~ Evaluation  should  consider
productivity together with health or soil
function, labour, input use, risk and economics.
Because results from controlled environments
may not persist in field soils where introduced
organisms  compete  with  established
communities, weak results should first prompt
a review of implementation and local
constraints. Comparison with a previous
season, baseline or similar group helps separate
real improvement from normal variation. This
adaptive process allows timing, thresholds and
resource use to be refined as experience
accumulates.

Table 2. Farm practices that can influence the soil
microbiome.

Practice Likely microbiome effect

Broadens root exudates and residue inputs

Diverse crop rotation
across seasons.

Maintains living roots and microbial

Cover cropping activity between cash crops.

Adds carbon substrates and nutrients for

Organic amendments microbial growth.

Reduces physical disruption of aggregates

Reduced tillage and fungal networks.

Supports plant growth without extreme

Balanced fertilisation nutrient or pH effects.

Good drainage /
irrigation

Maintains moisture and oxygen conditions
suitable for desired processes.

Management Practices that Shape the
Microbiome

Crop diversity, cover crops and organic
inputs provide a wider range of substrates for
soil organisms. Reduced tillage may protect
fungal networks and aggregates. Balanced
fertilisation supports plant growth and root
carbon inputs, while extreme nutrient
application or soil acidity can shift
communities. Practical implementation of
management  practices that shape the
microbiome should start with a clear baseline
and a defined management objective. For
microbiome-aware sustainable crop and soil
management, priority should be given to using
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rotations, cover crops, organic amendments,
tillage, irrigation and pesticides to create a
biologically favourable soil environment. A
practical plan is to evaluate management as a
package over several seasons because microbial
communities respond to cumulative changes in
substrate and disturbance. Changes should be
introduced consistently so their effects can be
interpreted. Workers should know the normal
range and the signs that require attention.
Monitoring can include soil cover, residue
inputs, moisture, pH, microbial activity,
disease, nutrient cycling and crop performance.
Trends are more useful than isolated readings
because season, production stage and local
conditions alter expected performance. One
limitation is that heavy disturbance, repeated
bare fallow or inappropriate chemical use can
reduce biological function even when microbial
products are added. Therefore records should
be reviewed regularly and important deviations
checked by the relevant farm, veterinary,
technical or crop specialist. Measures that fit
available labour, infrastructure and budget are
more likely to be maintained and to produce
reliable long-term benefit.

Pesticides should be used according to need
and label because non-target effects vary
among compounds and microbial groups.
Irrigation and drainage also shape the
microbiome by controlling oxygen and
moisture. The value of management practices
that shape the microbiome also depends on
integration with the wider production system.
Management should connect using rotations,
cover crops, organic amendments, tillage,
irrigation and pesticides to create a biologically
favourable soil environment with routine
records, clear responsibilities and a response
plan. Where equipment, biological processes or
field operations are involved, timing,
maintenance and quality control matter as much
as the initial choice. Records should show what
was done and the response observed,
particularly for soil cover, residue inputs,
moisture, pH, microbial activity, disease,
nutrient cycling and crop performance.
Evaluation should consider productivity
together with health or soil function, labour,
input use, risk and economics. Because heavy

disturbance, repeated bare fallow or
inappropriate chemical use can reduce
biological function even when microbial
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products are added, weak results should
first prompt a review of implementation and
local constraints. Comparison with a previous
season, baseline or similar group helps separate
real improvement from normal variation. This
adaptive process allows timing, thresholds and
resource use to be refined as experience
accumulates.
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Biofertilisers and Microbial Inoculants

Rhizobium, Azotobacter, Azospirillum,
phosphate-solubilising microorganisms and
mycorrhizal  inoculants are = commonly
promoted as biofertilisers. Their value depends
on strain quality, viable cell count, storage,
application method and compatibility with the
crop. Practical implementation of biofertilisers
and microbial inoculants should start with a
clear baseline and a defined management
objective. For microbiome-aware sustainable
crop and soil management, priority should be
given to using verified strains of Rhizobium,
Azotobacter, Azospirillum, phosphate-
solubilising organisms or mycorrhizae where
crop and field conditions are suitable.
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A practical plan is to select quality
products, protect viability during storage, apply
at the recommended time and compare
performance with standard nutrient
management. Changes should be introduced
consistently so their effects can be interpreted.
Workers should know the normal range and the
signs that require attention. Monitoring can
include viable count where available,
nodulation, establishment, nutrient uptake,
yield response, cost and consistency across
fields. Trends are more useful than isolated
readings because season, production stage and
local conditions alter expected performance.
One limitation is that inoculants should not
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replace soil testing or adequate fertility, and
poor-quality or poorly matched products may
show little field benefit. Therefore records
should be reviewed regularly and important
deviations checked by the relevant farm,
veterinary, technical or crop specialist.
Measures that fit available labour,
infrastructure and budget are more likely to be
maintained and to produce reliable long-term
benefit.

Inoculants should complement rather than
replace basic soil testing and nutrient
management. Farmers should use products with
quality assurance and realistic claims,
especially because performance can vary with
temperature, soil pH and native microbial
competition. The value of biofertilisers and
microbial inoculants also depends on
integration with the wider production system.
Management should connect using verified
strains of Rhizobium, Azotobacter,
Azospirillum, phosphate-solubilising
organisms or mycorrhizae where crop and field
conditions are suitable with routine records,
clear responsibilities and a response plan.
Where equipment, biological processes or field
operations are involved, timing, maintenance
and quality control matter as much as the initial
choice. Records should show what was done
and the response observed, particularly for
viable count where available, nodulation,
establishment, nutrient uptake, yield response,
cost and consistency across fields. Evaluation
should consider productivity together with
health or soil function, labour, input use, risk
and economics. Because inoculants should not
replace soil testing or adequate fertility, and
poor-quality or poorly matched products may
show little field benefit, weak results should
first prompt a review of implementation and
local constraints. Comparison with a previous
season, baseline or similar group helps separate
real improvement from normal variation. This
adaptive process allows timing, thresholds and
resource use to be refined as experience
accumulates.

Modern Tools and Future

DNA sequencing and metagenomics allow
researchers to detect organisms that cannot be
cultured casily. Metatranscriptomics,
metabolomics and stable-isotope methods can
help connect community composition with
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function. Practical implementation of
modern tools and future direction should start
with a clear baseline and a defined management
objective. For microbiome-aware sustainable
crop and soil management, priority should be
given to linking sequencing, metagenomics and
functional measurements with  practical
agronomy rather than simply cataloguing
organisms. A practical plan is to combine
molecular data with soil chemistry, crop
performance and management history, and
validate proposed indicators across sites and
seasons. Changes should be introduced
consistently so their effects can be interpreted.
Workers should know the normal range and the
signs that require attention. Monitoring can
include community composition, functional
genes, enzyme activity, nutrient cycling,
disease outcomes and reproducibility. Trends
are more useful than isolated readings because
season, production stage and local conditions
alter expected performance. One limitation is
that large datasets can reveal correlations that
do not necessarily prove causation, so field
experiments remain essential. Therefore
records should be reviewed regularly and
important deviations checked by the relevant
farm, veterinary, technical or crop specialist.
Measures  that fit  available labour,
infrastructure and budget are more likely to be
maintained and to produce reliable long-term
benefit.

The future goal is not simply to list
microorganisms but to identify reliable
microbiome indicators and management
practices that improve crop performance across
environments. Long-term field experiments are
essential for this transition. The value of
modern tools and future direction also depends
on integration with the wider production
system. Management should connect linking
sequencing, metagenomics and functional
measurements with practical agronomy rather
than simply cataloguing organisms with routine
records, clear responsibilities and a response
plan. Where equipment, biological processes or
field operations are involved, timing,
maintenance and quality control matter as much
as the initial choice. Records should show what
was done and the response observed,
particularly for community composition,
functional genes, enzyme activity, nutrient
cycling, disease outcomes and reproducibility.
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Evaluation should consider productivity
together with health or soil function, labour,
input use, risk and economics. Because large
datasets can reveal correlations that do not
necessarily = prove causation, so field
experiments remain essential, weak results
should first prompt a review of implementation
and local constraints. Comparison with a
previous season, baseline or similar group helps
separate real improvement from normal
variation. This adaptive process allows timing,
thresholds and resource use to be refined as
experience accumulates.

Conclusion

The soil microbiome is a living component
of soil fertility. Microorganisms support
nutrient cycling, root symbiosis, organic-matter
turnover and disease suppression, and their
activity is strongly influenced by crop and soil
management.

Sustainable crop production can support
beneficial microbial functions through
diversity, organic inputs, balanced fertility and
appropriate disturbance. Microbial products
can add value, but they are most effective when
integrated with good agronomy and locally
tested soil management.
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