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umus represents the dark, organic fraction of soil that emerges from the long-term

decomposition and biochemical transformation of plant, animal, and microbial residues.
Unlike fresh litter or partially decomposed organic matter, humus is chemically stable and
persists in soil for decades to centuries. Humus is of paramount importance to soil health.
Humus enhances nutrient availability, improves soil physical structure, increases water
retention, and serves as a major reservoir of terrestrial carbon. Understanding the
biochemistry of humus formation—termed humification—is therefore essential for
sustainable agriculture, climate change mitigation, and ecosystem management.

Composition of humus

Humus is not a single chemical entity but a complex mixture of organic compounds that can
be broadly divided into two categories based on solubility and chemical extractability.

Humic substances

Humic substances constitute approximately 60 to 80 percent of total humus. They are high-
molecular-weight, refractory organic materials that arise from the humification process.
Within this category, three distinct fractions are recognised: humic acid, fulvic acid and
humin. Humic acids are dark brown in colour and are soluble in alkaline solutions but
insoluble under acidic conditions. They function as natural ion exchangers, binding nutrient
cations such as Fe** and Cu?*, and contribute to the formation of stable soil aggregates. Fulvic
acids are yellow in appearance and remain soluble across all pH levels. Their low molecular
weight and high solubility allow them to chelate micronutrients, thereby enhancing the
mobility and plant availability of iron and other trace elements. Humin is the black, insoluble
fraction with the highest molecular weight. Due to its chemical recalcitrance, humin serves as
the primary agent for long-term carbon storage in soils, resisting microbial decay for
centuries.

Non-Humic Substances

The remaining 20 to 40 percent of humus consists of non-humic substances. These are low-
molecular-weight organic compounds that have not yet undergone humification. They
include sugars, amino acids, proteins, lipids, waxes, resins, and pigments, all of which
originate from fresh plant litter and microbial residues. Unlike humic substances, non-humic
compounds are rapidly decomposed by soil microorganisms. They constitute the active
fraction of soil organic matter, providing energy and nutrients to the soil biota and playing a
key role in nutrient cycling. Recent analytical advances, particularly the use of ultraviolet-
visible spectroscopy, have enabled researchers to differentiate genuine humic substances
from non-humic materials. This distinction is critical for quality control in commercial humic
products, preventing the use of adulterated or ineffective materials in agriculture (Diaz-
Barrientos et al., 2023).
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Sources of organic matter for humus formation

Humus formation depends on a continuous supply of organic matter from multiple sources,
each contributing chemically distinct components that influence the rate and pathway of
humification.

Plant residues

Plant residues are the primary input of organic matter into most soils, accounting for 60 to 70
percent of total organic inputs. Among plant components, lignin is most important. Lignin is
a complex, three-dimensional phenylpropane polymer that provides structural rigidity to plant
cell walls. It is one of the most recalcitrant natural organic materials, with natural degradation
rates in soil ranging from only 0.5 to 2 percent per year. The primary agents responsible for
lignin breakdown are white-rot fungi, particularly Phanerochaete chrysosporium. These
fungi secrete extracellular ligninolytic enzymes, including lignin peroxidase, manganese
peroxidase, and laccase. Through oxidative cleavage of the aromatic rings in lignin, these
enzymes facilitate its decomposition. The degradation products, especially phenolic and
quinonic structures, contribute directly to the formation of the aromatic core of humic
substances.

Cellulose, in contrast, decomposes much more rapidly. Cellulose is a linear
polysaccharide composed of B (1,4) linked glucose units and constitutes a major fraction of
plant biomass. Under typical soil conditions, annual cellulose degradation rates range from 20
to 50 percent, depending on temperature, moisture, and microbial activity (Singh et al.,
2024). The decomposition of cellulose is mediated primarily by cellulolytic bacteria,
including Cellulomonas fimi and Cellulomonas terrae. These bacteria secrete a complex
enzyme system comprising endoglucanases, exoglucanases, and [-glucosidases, which
hydrolyse cellulose into glucose units. The liberated glucose is rapidly assimilated into
microbial biomass. Upon microbial death, this biomass—now termed necromass—undergoes
further transformation and ultimately contributes to the formation of humus (Wang et al.,
2024). Thus, the pathway from cellulose to microbial biomass to necromass is vital for soil
carbon sequestration, nutrient cycling, and structural improvement.

Microbial biomass

When soil microorganisms die, their cell walls and internal cellular contents are released into
the surrounding soil matrix. This necromass includes proteins, lipids, polysaccharides,
nucleic acids, and other cellular compounds. The decomposition of this dead microbial
biomass is carried out by other soil microorganisms. However, certain components of
microbial cells are partially resistant to complete breakdown. These include cell wall
constituents such as peptidoglycan (in bacteria), chitin (in fungi), and melanin. These
resistant compounds undergo further humification through chemical reactions and
physicochemical stabilisation.

The resistant microbial residues interact chemically with other organic molecules and
mineral particles. Polymerisation and condensation reactions which occur both enzymatically
and non-enzymatically, convert amino acids, sugars, and other microbial by-products into
high-molecular-weight, complex substances. Simultaneously, microbial residues bind tightly
to clay particles or become occluded within soil aggregates, a process that physically protects
them from further microbial degradation. Over time, these stabilised microbial residues
accumulate and contribute to the pool of humic substances. Microbial necromass can
constitute 50 to 80 percent of stable soil organic matter in some ecosystems, showing the
dominant role of the microbial community in long-term humus formation.

Root exudates

Living plant roots also contribute directly to humus formation through the release of root
exudates. Root exudates are a diverse mixture of organic compounds, including sugars,
amino acids, organic acids, and phenolics. These compounds have important functions in
humification. They provide readily available carbon that helps in microbial growth in the
rhizosphere. The resulting increase in microbial biomass and subsequent necromass
represents a major precursor of stable humus. Microbes rapidly transform exudates into more
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complex compounds that undergo humification and stabilisation. Certain exudates,
particularly phenolic compounds, can directly contribute to humic substance formation
through chemical polymerisation. In addition, root exudates stimulate the production of
extracellular polysaccharides by rhizosphere microbes. These polysaccharides act as binding
agents, promoting soil aggregation and physically protecting organic matter from
decomposition. Consequently, the rhizosphere becomes a hotspot for humus formation,
driven by intense plant-microbe—soil interactions.

The role of microorganisms in humification

Microorganisms are the principal agents of humification. Bacteria, fungi, and actinomycetes
collectively perform four essential functions that transform raw organic residues into stable
humus.

a. Decomposition of organic matter: Microbes secrete a wide array of extracellular
enzymes, including cellulases, ligninases, and proteases. These enzymes break down complex
polymers such as cellulose, lignin, and proteins into simpler molecules like sugars, amino
acids, and phenols. In general, bacteria such as Pseudomonas and Bacillus rapidly degrade
labile compounds, while fungi (e.g., Aspergillus and Trichoderma) and actinomycetes (e.g.,
Streptomyces) are more effective at decomposing recalcitrant materials like lignin and
cellulose (Schimel & Schaeffer, 2012).

b. Synthesis of humic substances: Microorganisms metabolise the products of
decomposition and generate precursor molecules especially phenols, quinones, and amino
acids that subsequently polymerise into humic acids, fulvic acids, and humin. Fungal
melanins and bacterial extracellular polymers also contribute directly to the formation of
humic materials (Stevenson, 1994).

c. Stabilisation of organic matter: Microbial byproducts, such as glomalin produced by
arbuscular mycorrhizal fungi, bind soil particles and organic compounds together. This
binding enhances soil aggregation and promotes carbon sequestration. Moreover, some
microbes facilitate organo-mineral interactions, wherein organic molecules bind to clay
particles. Such associations protect the organic matter from further microbial attack (Kleber
etal., 2015).

d. Regulation of nutrient cycling: Humification, as mediated by microbes, ensures the slow
release of nitrogen, phosphorus, and sulphur from organic forms, thereby sustaining long-
term soil fertility. Nitrogen-fixing bacteria (e.g., Rhizobium) and phosphate-solubilising
microbes are particularly active in humus-rich soils, further enhancing nutrient availability.

The Maillard reaction in humification

Non-enzymatic chemical reactions also play a role in humus formation. One of the most
significant is the Maillard reaction, which occurs between amino acids and reducing sugars
during the decomposition of organic matter. This reaction produces melanoidins—brown,
nitrogenous polymers that are chemically similar to humic substances. The Maillard reaction
contributes to the dark coloration of humus and to its stability. The compounds formed are
resistant to rapid microbial decomposition, thereby facilitating humus accumulation. These
byproducts also improve nutrient binding and availability for plants. They also influence the
structure of microbial communities, promoting a healthy ecosystem for nutrient cycling.
Because the Maillard reaction sequesters carbon in stable forms, it contributes directly to
climate change mitigation and overall soil sustainability.

The Role of enzymes in humification

Extracellular enzymes are critical drivers of both decomposition and humification. Two most
important enzymes are phenol oxidase and B-glucosidase. Phenol oxidase catalyses the
oxidation of phenolic compounds, especially those derived from lignin. This oxidation
converts phenols into quinones, which are highly reactive and can polymerise spontaneously,
contributing directly to the formation of humus. By breaking down tough plant structures,
phenol oxidase makes carbon more available for microbial consumption and enhances the
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stability of soil organic matter. B-Glucosidase, in contrast, hydrolyses B-glucosidic bonds in
glycosides, releasing glucose and other monosaccharides. This reaction provides energy for
microbial populations. Because B-glucosidase participates in the final stages of cellulose
degradation, it plays a major role in nutrient cycling. Together, these two enzymes illustrate
how the biochemical toolkit of the soil microbiota facilitates the transformation of plant and
microbial residues into stable humus.

Microbial necromass as a precursor of humus

Microbial necromass refers to non-living organic matter derived from bacterial and fungal
dead microbial cells. Its composition includes cell wall components such as peptidoglycan,
chitin, and glomalin; intracellular contents such as proteins, nucleic acids, and lipids; and
extracellular substances such as exudates, enzymes, and extracellular polymeric substances
(EPS). In many ecosystems, microbial necromass accounts for more than 50 percent of total
soil organic carbon. The pathway from necromass to humus involves several steps. First,
microorganisms decompose plant residues and assimilate carbon into their biomass. Second,
due to short life cycles, microbial cells die rapidly, releasing their remains as necromass into
the soil. Third, the biochemical components of this necromass bind to soil minerals especially
clays and metal oxides which protects them from further microbial breakdown. Finally, over
time, the stabilised microbial necromass is chemically transformed into humus. Unlike raw
plant residues, which are chemically heterogeneous, microbial necromass is relatively
uniform and readily stabilised, making it an efficient precursor of stable soil organic matter.

Clay-humus complexes

One of the most important mechanisms for the long-term persistence of humus is the
formation of clay-humus complexes. These complexes form when organic molecules bind
electrostatically to charged clay mineral surfaces. The resulting organo-mineral aggregates
are physically and chemically stable, protecting the enclosed organic matter from microbial
decomposition. The binding is often facilitated by multivalent cations such as Ca*", Fe3*, and
AP**, which act as bridges between negatively charged clay particles and negatively charged
organic functional groups. These ternary complexes exhibit 10 to 100 times greater stability
than unbound organic matter. Within microaggregates (smaller than 250 micrometres), humic
substances become encased within layered clay structures. This physical entrapment limits
microbial access and reduces decomposition rates by 60 to 90 percent compared to free
organic matter. Consequently, clay-protected humus accounts for 40 to 70 percent of long-
term soil carbon storage, with mean residence times exceeding 500 years in soils rich in illite
and smectite. The nature of the binding also varies among humic fractions: fulvic acids tend
to dominate in loosely bound outer-sphere complexes, while humic acids and more
hydrophobic compounds preferentially bind in inner-sphere complexes that exhibit stronger
retention.

Chemical structure of humic substances
From a chemical perspective, humic substances are heterogeneous mixtures of aromatic and
aliphatic organic compounds. Aromatic components comprise 30 to 50 percent of humus.
These aromatic structures are derived primarily from lignin, polyphenols, and charred
biomass. They provide structural rigidity to humic molecules and confer resistance to
ultraviolet radiation. The functional groups associated with aromatic components include
phenolic, quinone, and benzene-carboxylic groups (Stevenson, 1994). Aliphatic components
account for 20 to 40 percent of humus and originate from lipids, cutins, and microbial
residues. These aliphatic chains include fatty acids, waxes, and carbohydrate-like structures.
They enhance the flexibility and hydrophobicity of humic substances, influencing their
interactions with water, soil particles, and pollutants (Huang et al., 2022).

The functional groups present on humic molecules determine their chemical
reactivity. Carboxyl groups (-COOH) contribute to humus acidity and nutrient availability by
binding cations. Phenolic hydroxyl groups (-OH) provide antioxidant properties and help
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retain metals and nutrients. Quinone groups (C=0) participate in redox reactions, aiding
microbial processes and nutrient cycling. Aromatic rings add structural stability, increasing
resistance to microbial degradation. Aliphatic chains contribute flexibility and
hydrophobicity, while ester groups (RCOOR’) assist in forming stable organic complexes
(Ghosh & Bandyopadhyay, 2021). All of these functional groups originate primarily from the
decomposition of plant and microbial materials.

The molecular architecture of humic substances has been a subject of debate. Current
understanding favours a supramolecular model rather than a fixed polymer model. In this
view, humic substances form dynamic aggregates held together by hydrogen bonds, van der
Waals forces, and hydrophobic interactions. This supramolecular architecture allows humic
substances to adapt to changing environmental conditions, facilitating interactions with soil
components, nutrients, and microorganisms. The flexibility and complexity implied by this
model highlight the importance of humic substances in soil health and nutrient cycling
(Lehmann & Kleber, 2015).

Environmental factors affecting humification

The rate and extent of humification are influenced by several environmental factors.
Temperature plays a crucial role: higher temperatures increase microbial activity and
accelerate decomposition, thereby enhancing humification rates. Moisture levels are equally
important; adequate moisture promotes microbial activity, while excessive waterlogging can
hinder decomposition due to reduced oxygen availability (Huang et al., 2022). The
composition of the organic matter itself affects humification; materials high in lignin, such as
woody plant tissues, undergo slower decomposition and lead to more stable humic substances
(Stevenson, 1994). Soil pH influences microbial community composition and nutrient
availability, which in turn alter humification processes. Finally, soil texture and structure
affect water retention and aeration, thereby impacting both microbial activity and the
efficiency of humification.

Role of earthworms in humification

Earthworms are important macrofauna that contribute physically and biochemically to humus
formation. Their burrowing activity enhances soil aeration and promotes the mixing of
organic matter with mineral particles, thereby facilitating microbial decomposition. As
earthworms consume organic materials, they fragment them into smaller pieces, dramatically
increasing the surface area available for microbial attack. This physical fragmentation
accelerates humification. Furthermore, the casts produced by earthworms are rich in nutrients
and microbial biomass. These casts contribute significantly to the formation of stable humus
and improve soil structure. Earthworm activity also stimulates nutrient cycling by breaking
down organic materials and releasing essential nutrients in forms readily available to plants
(Tiunov & Sushkova, 2005).

Conclusion

Humus formation is a biochemically complex, multi-stage process involving the sequential
breakdown of plant residues, microbial transformation, enzymatic catalysis, and
physicochemical stabilisation through organo-mineral interactions. The resulting humic
substances-humic acids, fulvic acids, and humin-are supramolecular aggregates that interact
flexibly with soil particles, nutrients, water, and pollutants. Microbial necromass serves as the
dominant precursor of stable soil organic matter, often contributing 50-80% of the humus
pool, while clay-humus complexes facilitated by multivalent cations physically protect
organic matter from rapid decomposition, enabling carbon sequestration for centuries.
Environmental factors such as temperature, moisture, pH, and soil texture modulate
humification rates, and macrofauna like earthworms accelerate the process through
fragmentation and mixing. The functional groups on humic molecules like carboxyl, phenolic
hydroxyl, quinone, and ester groups support cation exchange, metal chelation, redox
reactions, and nutrient retention. Collectively, humic substances enhance soil fertility,
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improve water-holding capacity, mitigate heavy metal toxicity, purify water, and contribute
to climate change mitigation through long-term carbon storage, making their understanding
indispensable for sustainable agriculture, soil restoration, and terrestrial carbon cycle
management.
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