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Soil is a living ecosystem where microorganisms act as nature’s recyclers, transforming
organic residues into simpler compounds and nutrients essential for plant growth.
Microbial succession, the sequential change in microbial communities during decomposition,
plays a crucial role in this transformation. This article explores the stages of microbial
succession, the enzymes and microorganisms involved in organic matter decomposition, the
processes governing nutrient cycling and carbon transformation, and the factors influencing
these activities. Understanding these processes is essential for improving soil fertility,
managing agricultural residues and promoting sustainable agriculture.

Soil organic matter: The foundation of a living soil

Soil organic matter is made up of both living and non-living components. The living fraction
includes bacteria, fungi and other soil organisms, whereas the non-living fraction includes dead
plant and animal materials, organic residues and excreta of soil organisms. Plant residues are
particularly important because they contain several major organic compounds. Cellulose,
hemicellulose and lignin form important structural components of plant tissues along with
proteins, lipids, organic acids and phenolic compounds. The chemical composition of a residue
strongly influences how quickly it decomposes. Simple compounds such as sugars and amino
acids are readily utilized by microorganisms, whereas compounds like cellulose, lignin and
other complex compounds require specialized enzymes and microorganisms for their
breakdown. This explains why a freshly fallen leaf may disappear relatively quickly, while
woody material can remain in the soil for much longer. The quality of organic material
therefore matters just as much as the quantity added to the soil. Organic matter serves as a
major reservoir of carbon, hydrogen and oxygen. Small amounts of nutrients such as nitrogen,
phosphorous, sulphur, potassium, calcium and magnesium are also contained within organic
residues. They are the primary source of carbon and nitrogen for the microbial communities. It
improves soil structure, enhances water holding capacity and aeration, increases cation
exchange capacity, supports an enormous diversity of soil microorganisms, improves water
and air infiltration rate and plays a vital role in carbon sequestration, thereby contributing to
climate change mitigation.

Decomposition: Nature's recycling system

When plant and animal residues enter the soil, microorganisms begin to colonize them.
Decomposition involves the physical breakdown and biochemical transformation of complex
organic molecules into simpler compounds. The process releases carbon dioxide, water, energy
and nutrients. Under aerobic conditions, carbon is mainly released as carbon dioxide, whereas
oxygen limited environments can promote anaerobic pathways that produce compounds such
as methane and organic acids. Microorganisms decompose organic matter primarily to obtain
energy for growth, carbon for cell formation and nutrients required for microbial growth.

PRgri grticles ISSN: 2582-9882 Page 839

Ear e e de v e Ae de v e e Lo e O e Lo D v e Ao e O e e e O e Ae Ao v e e de v Ov e Le de e v e e Ae de e D 0 de Ao e e v O O


http://www.agriarticles.com/
mailto:anisa.na@kau.in%20

Earde de de de de Ao de de Ao Ao e Ae Ae Ao Ae e e A A Ae A A e e e U O O Or Up Ov dv dv dv G de de de Ae 1e e e dr Ov G de de de Ae Ae e e Or

Anisa and Rajan (2026) Agri Articles, 06(05): 839-845 (SEP-OCT, 2026)

Modern soil research increasingly recognizes that microorganisms do not merely destroy soil
organic matter. Their growth, residues and transformation products can also contribute to the
formation and stabilization of persistent soil organic matter. Therefore, the microbial
community plays a dual role: it drives organic matter turnover while also contributing to long
term carbon storage.

Microbial succession

Organic matter added to a field undergoes a continuous sequence of biological transformations.
Microorganisms act as nature's recyclers, converting complex materials into simpler
compounds and ultimately releasing nutrients that plants can use. But decomposition is not
performed by a single group of microorganisms. Different microbial communities become
important at different stages. This orderly change in microbial dominance is known as
microbial succession. It is a dynamic ecological process which refers to the sequential
replacement of microbial communities during decomposition as environmental conditions and
substrate composition change. It ensures efficient utilization of all organic substrates and
complete decomposition. One of the most fascinating features of decomposition is that
microorganisms do not all become active at the same time. During the early stage of
decomposition, microorganisms that can rapidly utilize simple compounds become dominant.
As these compounds are exhausted, microorganisms capable of degrading more complex
materials become increasingly important. Thus, microbial communities undergo a sequential
replacement, or microbial succession, as the organic substrate and environmental conditions
change. Microbial succession can broadly be viewed through four stages (Fig. 1).

Stage 1: Initial colonization

The first stage begins soon after fresh organic material enters the soil. At this stage, simple
compounds such as sugars, amino acids, organic acids and soluble proteins are readily
available. Fast growing bacteria and yeasts rapidly colonize the material. Genera such as
Bacillus, Pseudomonas and Enterobacter can participate in this early phase. Microbial growth
and respiration are high because easily available substrates provide an immediate source of
energy. Nutrients are rapidly taken up by microorganisms, initiating the decomposition
process. For agricultural residues rich in easily degradable compounds, this stage can proceed
rapidly.
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Fig. 1 Microbial succession of organic matter decomposition

Stage 2: The active decomposition phase

Once easily available compounds are depleted, microorganisms turn their attention towards
more complex plant materials. Cellulose, hemicellulose and pectin become important
substrates. This stage involves strong activity of cellulolytic bacteria and fungi.
Microorganisms such as Cellulomonas, Bacillus, Aspergillus, Penicillium and Trichoderma are
associated with the degradation of plant residues. This is often the most active phase of
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decomposition. Microbial biomass increases and organic matter is rapidly transformed. The
agricultural importance of this stage is considerable because nutrients contained within organic
residues begin to move through the soil nutrient cycle.

Stage 3: The late decomposition

After easily degradable materials have been consumed, resistant compounds remain. Among
the most important are lignin, waxes and polyphenolic compounds. These materials are
chemically complex and cannot be easily degraded by all microorganisms. Specialized fungi,
particularly lignin degrading fungi, become increasingly important. White rot fungi are
particularly well known for their ability to attack lignin. Actinomycetes, including
Streptomyces, also contribute to the degradation of resistant organic materials. At this stage,
decomposition becomes slower. However, the process remains essential because it allows the
remaining complex materials to undergo further transformation.

Stage 4: Humification

The final stage involves the transformation of resistant organic materials into more stable forms
of soil organic matter. This process is known as humification. Actinomycetes and slow growing
fungi participate in the transformation of remaining organic materials. The resulting humic
substances contribute to the long term storage of carbon in soil. Humus improves several
important soil properties, like water retention, nutrient retention, soil structure, cation exchange
capacity and carbon storage Thus, the end of decomposition is not simply the disappearance of
organic matter. Some of the transformed material becomes part of the more stable organic
matter pool.

Enzymes in organic matter decomposition

Microorganisms cannot simply absorb large molecules such as cellulose, proteins and lignin
directly through their cell membranes. They therefore rely heavily on enzymes (Table 1). Some
enzymes are constitutive enzymes meaning they are produced continuously by microbial cells
regardless of the substrate present. In contrast, inducible enzymes are synthesized only when a
specific substrate is available in the environment. Extracellular enzymes are secreted outside
microbial cells and break large molecules into smaller compounds. These smaller molecules
can then enter microbial cells and be metabolized. This makes enzymes the biochemical tools
that drive decomposition. The production of different enzymes allows different
microorganisms to specialize in different stages of decomposition.

Table 1. Different enzymes acting during decomposition and their main function

Cellulase Cellulose Trichoderma, Aspergillus, Penicillium,
degradation Cellulomonas, Bacillus, Clostridium
Hemicellulose Aspergillus, Trichoderma, Penicillium,
Xylanase . .
degradation Bacillus, Streptomyces
Pectinase Pectin degradation Aspergillus, 'PemCllllum, Trichoderma,
Bacillus, Pseudomonas
Protease Protein degradation Bacillus, Pseuq’omonas, ‘S'tre'p fomyces,
Aspergillus, Penicillium
. . . Pseudomonas, Bacillus, Aspergillus,
Lipase Lipid degradation Penicillium, Candida
. L Trametes, Pleurotus, Phanerochaete,
Laccase Lignin oxidation

Aspergillus, Penicillium
Lignin peroxidase

(LiP) Lignin degradation Phanerochaete, Trametes, Pleurotus
Manganese — .
peroxidase (MnP) Lignin degradation Phanerochaete, Trametes, Pleurotus
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Decomposition of major components of organic matter

Cellulose

Cellulose is one of the most abundant organic compounds in plant residues. It is composed of
glucose units linked together in long chains. Microorganisms produce cellulase and related
enzymes to break these chains into smaller molecules. The resulting sugars can then be
absorbed and used for microbial energy and growth. Important cellulose degrading
microorganisms include Trichoderma, Cellulomonas, Phanerochaete and Clostridium and
several other bacteria and fungi. However, cellulose associated closely with lignin can be
considerably more resistant to decomposition.

Hemicellulose

Hemicellulose is another important structural component of plant cell walls. Unlike cellulose,
it has a more complex and branched structure. Its decomposition involves several
hemicellulolytic enzymes. Microorganisms convert hemicellulose into simpler sugars such as
xylose, arabinose, galactose and mannose. These compounds are subsequently metabolized by
microorganisms. Fungi such as Aspergillus, Penicillium, Trichoderma and Chaetomium,
together with bacteria such as Bacillus and Pseudomonas, can participate in hemicellulose
decomposition.

Lignin

Lignin is one of the most resistant components of plant residues. Its complex aromatic structure
makes it difficult for most microorganisms to degrade. Certain fungi possess powerful
oxidative enzyme systems that enable them to attack lignin. Laccase, lignin peroxidase and
manganese peroxidase are particularly important enzymes associated with lignin
transformation. This is why materials containing high amounts of lignin generally decompose
more slowly than materials containing large quantities of easily degradable compounds.
Proteins

Proteins contain nitrogen as well as carbon, hydrogen and oxygen. Their decomposition is
therefore closely connected with the soil nitrogen cycle. Microorganisms such as Bacillus,
Pseudomonas, Aspergillus and Penicillium produce proteases that break proteins into smaller
compounds. The conversion of proteins into amino acids is called aminization, while the
subsequent conversion of aminoacids into ammonia is known as ammonification. The released
nitrogen can then enter other stages of the nitrogen cycle and eventually become available to
plants.

Chitin and lipids

Chitin occurs in fungal cell walls and the exoskeletons of arthropods. Although resistant to
decomposition, it can be degraded by specialized microorganisms using enzymes such as
chitinases. Streptomyces and Nocardia, along with fungi such as Trichoderma, participate in
chitin decomposition. Lipids are another component of soil organic matter. Lipolytic
microorganisms such as Pseudomonas, Bacillus, Aspergillus and Penicillium produce lipases
and related enzymes that break down fats, oils and phospholipids. These processes return
carbon and nutrients to the soil microbial system.

From decomposition to nutrient availability

The decomposition of organic matter is not simply the breakdown of dead plant and animal
residues; it is a dynamic process through which microorganisms transform complex organic
compounds into simpler forms and regulate the availability of nutrients in soil. The products
of this decomposition may either be released into the soil as inorganic nutrients, temporarily
incorporated into microbial biomass or transformed into more stable organic compounds. Thus,
decomposition acts as a bridge between organic matter and plant available nutrients.
Decomposition and transformation are closely connected with nutrient cycling.
Mineralization

Mineralization is the process by which microorganisms convert organically bound nutrients
into inorganic forms that can be absorbed by plants. When microbes decompose nitrogen
containing compounds such as proteins, amino acids and nucleic acids, organic nitrogen is
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released as ammonium (NH4"). Under suitable conditions, nitrifying microorganisms
subsequently convert ammonium into nitrite (NO:") and then nitrate (NOs~), which are major
forms of nitrogen available to plants. Similarly, decomposition releases phosphorus as
inorganic phosphate and sulphur mainly as sulphate. Therefore, mineralization is an important
microbial pathway through which nutrients locked in organic residues become available for
plant uptake.

Immobilization

Immobilization temporarily reduces the availability of inorganic nutrients in soil. When
microorganisms decompose residues with a high C:N ratio, such as straw, sawdust or mature
crop residues, they require additional nitrogen to build their cells and reproduce. They therefore
take up available inorganic nitrogen from the soil and incorporate it into their microbial
biomass. This process is known as immobilization. Although immobilization may temporarily
compete with plants for nutrients, it is not necessarily a loss. As microbial cells die and are
further decomposed, the nutrients contained in their biomass can be released again through
secondary mineralization. Immobilization therefore acts as a temporary nutrient storage
mechanism and helps regulate nutrient cycling in soil. Thus, mineralization and immobilization
work together to regulate nutrient availability in soil.

Humification

Humification represents another important pathway during decomposition. Not all organic
matter is completely mineralized. Some partially decomposed plant residues, microbial
products and complex organic compounds undergo further transformation, and contribute to
the formation of humus and other stable forms of soil organic matter. Microbial activity breaks
down easily degradable compounds first, while more resistant components, particularly lignin
derived materials, persist longer and undergo chemical and biochemical transformations. The
resulting humified organic matter improves soil structure, water holding capacity, cation
exchange capacity and nutrient retention ability. Humus also provides a long term reservoir of
carbon and nutrients, which can be gradually released through microbial activity.

Carbon transformation

Carbon is one of the most important elements involved in organic matter transformation.
Carbon transformation is central to the entire decomposition process because carbon forms the
structural framework of most organic residues and serves as an energy source for soil
microorganisms. During respiration, part of this carbon is released as CO.. Under oxygen
limited conditions, microbial processes can instead contribute to methane (CH4) production.
Another fraction of carbon becomes incorporated into microbial biomass or transformed into
more persistent soil organic matter. Thus, carbon continuously moves between plant residues
— microbial biomass — CO: — stable soil organic matter, linking decomposition with both
soil fertility and the global carbon cycle. Thus, microbial succession during decomposition
does not merely reduce organic residues, it progressively changes the chemical nature of
organic matter and controls the timing and availability of nutrients for plants.

Factors affecting microbial succession

Microbial activity does not occur at the same rate under all conditions. Microbial succession
and decomposition are influenced by a combination of environmental conditions, substrate
characteristics and microbial interactions. The major factors include temperature, moisture,
oxygen availability, pH, carbon-to-nitrogen (C:N) ratio, particle size and lignin content. These
factors determine which microbial groups are able to grow, compete and dominate at different
stages of organic matter decomposition. Temperature strongly affects microbial growth and
enzyme activity. Microbial activity generally increases with temperature up to an optimum
range, beyond which excessive heat can inhibit microbial growth or denature enzymes.
Moisture is essential for microbial metabolism and the movement of soluble nutrients. Very
dry conditions restrict microbial activity, whereas excessive moisture can fill soil pores with
water and reduce oxygen availability, thereby favouring anaerobic microorganisms. Oxygen
availability influences both the rate and pathway of decomposition. Well aerated conditions
generally favour aerobic bacteria and fungi, whereas oxygen limited conditions favour
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anaerobic microorganisms and result in different decomposition products. Soil pH also
influences microbial succession because different microbial groups have different pH
preferences. Changes in pH during decomposition can therefore alter the composition and
activity of the microbial community.

The C:N ratio of organic residues is another important determinant of decomposition.
Materials with a relatively low C:N ratio generally decompose more rapidly because
microorganisms have sufficient nitrogen for growth. In contrast, residues with a high C:N ratio
may decompose slowly and can promote temporary nitrogen immobilization. Particle size also
affects decomposition; smaller particles provide a greater surface area for microbial
colonisation and enzyme action, generally accelerating decomposition. The chemical
composition and quality of the substrate further influence microbial succession. Easily
degradable compounds such as sugars, amino acids and starch are utilised rapidly by early
colonisers, whereas compounds such as cellulose, hemicellulose and lignin require more
specialised microorganisms and enzymes. Lignin rich residues are particularly resistant to
decomposition and therefore favour microbial groups capable of degrading complex plant
polymers, especially certain fungi. In addition to these factors, nutrient availability, substrate
composition, microbial competition and interactions among microorganisms can influence
succession. As decomposition progresses, the availability of substrates changes, creating new
conditions that favour different microbial groups. Thus, microbial succession is the result of a
continuous interaction between the changing organic substrate and the surrounding soil
environment.

Methods to study microbial succession

A combination of traditional culture based methods and modern molecular techniques is used
to study microbial succession during organic matter decomposition. Traditional methods
include plate counting and microscopy. In the plate count method, microorganisms are grown
on suitable nutrient media and the resulting colonies are counted to estimate the abundance of
culturable microorganisms. However, this method does not represent the entire microbial
community because many soil microorganisms cannot be readily cultured under laboratory
conditions. Microscopy provides direct visual information about microbial cells, including
their size, shape and abundance, and can also help observe changes in microbial populations
during decomposition. Modern molecular approaches provide a more comprehensive picture
of microbial communities. DNA sequencing and metagenomics allow researchers to
characterise microorganisms directly from environmental samples without the need for
cultivation. These methods help to identify the microbial community by analyzing their genetic
material. Quantitative PCR (qPCR) is used to quantify specific microorganisms or functional
genes and thereby estimate their abundance at different stages of decomposition. 16S rRNA
sequencing is mainly used to identify bacteria, while ITS (Internal Transcribed Spacer
Sequencing) is used to identify fungi.

Phospholipid Fatty Acid (PLFA) analysis uses characteristic membrane lipids to
estimate microbial biomass and distinguish broad microbial groups such as bacteria and fungi.
Enzyme assays measure the activities of extracellular and intracellular enzymes involved in the
breakdown of organic compounds and nutrient cycling, providing an indication of microbial
functional activity. Metatranscriptomics analyses RNA transcripts to determine which genes
are actively expressed at a particular stage, thereby providing insights into the functions being
performed by the microbial community. Together, these approaches provide complementary
information on the composition, diversity, abundance, biomass and functional activity of
microorganisms. By comparing these parameters at different stages of decomposition,
researchers can determine which microbial groups appear, increase, decline or become
dominant, and how their activities contribute to the transformation of organic matter and
release of nutrients.
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Summary

Microbial succession is a dynamic process that drives the decomposition and transformation of
soil organic matter. Different groups of microorganisms dominate successive stages, from the
breakdown of simple sugars to the degradation of resistant compounds and the formation of
stable humus. Through enzymatic activity, mineralisation, immobilisation and carbon
transformation, these microorganisms regulate nutrient availability and contribute to long-term
carbon storage. Their activities are influenced by environmental conditions and the chemical
composition of organic residues. Understanding and managing this invisible microbial
workforce can improve soil health, enhance nutrient cycling and support sustainable
agricultural productivity.
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