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ABSTRACT 

 
The decomposition of complex organic substances such as cellulose, hemicellulose, 

lignin, proteins, lipids and aromatic compounds is a central process in the global 

carbon and nitrogen cycles. It is carried out mainly by bacteria, fungi and archaea that 

secrete specialized enzymes and operate interconnected catabolic pathways. This article 

reviews the biochemical routes through which large polymeric molecules are 

depolymerized, converted into small intermediates and finally oxidized to carbon 

dioxide or reduced to methane. The roles of extracellular hydrolases and 

oxidoreductases, the degradation of lignin by peroxidases and laccases, proteolysis and 

nitrogen mineralization, lipid beta-oxidation, aromatic ring cleavage and anaerobic 

fermentation are described in detail. Environmental controls such as temperature, 

moisture, oxygen availability and substrate chemistry are discussed, together with 

applications in composting, biofuel production and waste management. Understanding 

these pathways at molecular level provides a basis for improving bioremediation, 

enhancing soil fertility and developing efficient biorefinery processes. 
Key words : biochemical pathways, organic matter decomposition, lignocellulose, microbial enzymes, 

anaerobic digestion 

Introduction: 

Every year photosynthesis fixes 

an enormous quantity of carbon into 

plant biomass, and almost all of this 

material is eventually returned to the 

atmosphere or to the soil through 

decomposition. Without this recycling, 

nutrients would remain locked in dead 

tissue, and the productivity of terrestrial 

and aquatic ecosystems would collapse. 

Decomposition is therefore not simply a 

process of decay but a fundamental 

metabolic service that links primary 

production with nutrient availability, soil 

formation and greenhouse gas fluxes.The 

organic substances that must be broken 

down are chemically diverse. Plant cell 

walls consist of crystalline cellulose 

embedded in a matrix of hemicellulose 

and the irregular aromatic polymer 

lignin. Animal and microbial remains 

contribute proteins, nucleic acids, lipids 

and chitin, while human activities add 

synthetic and semi-synthetic organic 

compounds, many of which resemble 

natural aromatic molecules. Because 

these substances differ greatly in bond 

type, solubility and molecular size, no 

single enzyme or organism can degrade 

them all. Instead, decomposition 

proceeds through sequential and 

cooperative pathways in which the 

products of one organism become the 

substrates of another.In the first stage, 

large polymers that cannot cross the cell 

membrane are attacked outside the cell 

by secreted hydrolytic and oxidative 

enzymes. In the second stage, the 

resulting monomers and small fragments 

are taken up and funneled into central 

metabolic routes such as glycolysis, the 
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pentose phosphate pathway and the 

tricarboxylic acid cycle. In the final 

stage, electrons are transferred to oxygen 

or to alternative acceptors in respiration, 

or are released as reduced end products 

in fermentation and methanogenesis. The 

nature of the available electron acceptor 

determines how much energy is gained 

and which end products appear.This 

article provides an organized account of 

these pathways. It begins with the 

composition of organic matter and the 

microbial communities involved, then 

describes the principal enzymatic routes 

for polysaccharides, lignin, proteins, 

lipids and aromatic compounds. It 

continues with anaerobic processes and 

closes with the environmental factors, 

applications and research directions that 

are most relevant for agriculture, 

environmental protection and 

biotechnology, followed by a brief 

summary. 

Overview of Organic Matter 

Composition and Decomposition: 

Organic matter in terrestrial 

ecosystems is dominated by plant-

derived polymers. Cellulose, a linear 

chain of beta-1,4-linked glucose units 

that aggregate into microfibrils, typically 

makes up roughly one third to one half 

of the dry mass of plant tissue. 

Hemicelluloses are branched 

heteropolymers of xylose, mannose, 

arabinose and other sugars, and they 

cross-link with cellulose and lignin. 

Lignin, formed by radical coupling of 

phenylpropanoid alcohols, is an 

amorphous and heterogeneous network 

that gives rigidity to wood and protects 

polysaccharides from enzymatic attack. 

Proteins, lipids, starch and soluble sugars 

are present in smaller amounts but are 

decomposed much faster and supply 

most of the readily available energy and 

nitrogen.Decomposition is usually 

described as a sequence of three 

overlapping processes. Leaching 

removes soluble compounds shortly after 

tissue death, fragmentation by soil fauna 

increases the surface area available to 

microorganisms, and biochemical 

catabolism converts the organic carbon 

to carbon dioxide, biomass and humified 

residues. The rate at which these 

processes proceed depends on the 

chemical quality of the substrate, with 

high lignin content and high carbon-to-

nitrogen ratio generally slowing 

decomposition, and on the physical 

environment. The graph below compares 

the approximate extent of mass loss of 

major components of plant litter after a 

short incubation, which illustrates the 

strong dependence of decomposition rate 

on molecular structure. 

Microbial Communities and 

Enzymatic Machinery: 

Decomposition is carried out by a 

succession of microbial groups. Bacteria, 

especially those belonging to the 

Actinobacteria, Proteobacteria and 

Firmicutes, dominate the early utilization 

of soluble compounds and proteins, 

whereas fungi, particularly the white-rot 

and brown-rot basidiomycetes and many 

ascomycetes, are the most effective 

degraders of lignocellulose in aerated 

environments. In oxygen-free habitats, 

consortia of fermentative bacteria, 

syntrophic acetogens and methanogenic 

archaea take over, forming metabolic 

chains in which hydrogen and acetate are 

rapidly consumed to keep the 

thermodynamics of each step 

favorable.The enzymatic toolkit of these 

organisms is extremely diverse. The 

Carbohydrate-Active Enzymes 

classification groups glycoside 

hydrolases, polysaccharide lyases, 

carbohydrate esterases and auxiliary 

activities into families based on 

sequence similarity, and it shows that 

cellulolytic organisms often encode 

dozens of related enzymes with 

complementary specificities. Proteases, 
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lipases, phosphatases and nucleases 

supply the other nutrient-releasing 

activities. Oxidative enzymes such as 

lignin peroxidase, manganese 

peroxidase, laccase and lytic 

polysaccharide monooxygenase act on 

substrates that are too recalcitrant for 

hydrolysis alone.Enzyme production is 

tightly regulated. Many degradative 

genes are induced by the substrate or by 

its breakdown products and repressed by 

easily metabolized sugars through 

catabolite repression. This regulation 

conserves cellular resources and also 

explains why the addition of labile 

carbon can either stimulate or suppress 

the breakdown of more complex 

material, a phenomenon known as 

priming. Enzyme activities measured in 

soils and composts are therefore widely 

used as indicators of the functional state 

of the microbial community. 

Extracellular Hydrolysis of 

Polysaccharides: 

Cellulose degradation is 

accomplished by the cooperative action 

of three major groups of hydrolytic 

enzymes. Endoglucanases cleave 

internal beta-1,4 bonds in amorphous 

regions, creating new chain ends, 

exoglucanases or cellobiohydrolases 

then remove cellobiose units 

processively from the chain ends, and 

beta-glucosidases hydrolyze cellobiose 

to glucose, relieving product inhibition. 

In many anaerobic bacteria these 

enzymes are assembled on a scaffold 

protein to form a large extracellular 

complex called the cellulosome, which 

brings the catalytic modules into close 

proximity with the crystalline substrate 

and with the cell surface.Aerobic fungi 

complement hydrolysis with lytic 

polysaccharide monooxygenases, 

copper-containing enzymes that 

oxidatively cleave glycosidic bonds on 

the surface of crystalline cellulose and 

thereby create access points for 

hydrolases. The electrons required for 

this reaction are provided by small 

reductants such as phenolic compounds 

derived from lignin or by cellobiose 

dehydrogenase. This discovery has 

changed the traditional view of cellulose 

degradation as a purely hydrolytic 

process and has had direct consequences 

for the design of industrial enzyme 

cocktails.Hemicellulose degradation 

requires a wider range of enzymes 

because of its heterogeneous structure. 

Endo-xylanases cut the xylan backbone, 

beta-xylosidases release xylose, and 

accessory enzymes such as 

arabinofuranosidases, acetyl xylan 

esterases and feruloyl esterases remove 

side chains and ester links to lignin. 

Starch is attacked by alpha-amylases and 

glucoamylases, pectin by 

polygalacturonases and pectate lyases, 

and chitin by chitinases and N-

acetylglucosaminidases. The resulting 

hexoses and pentoses enter glycolysis or 

the pentose phosphate pathway after 

uptake by specific transporters. 

Lignin Degradation Pathways: 

Lignin cannot be hydrolyzed 

because its subunits are connected by 

stable carbon-carbon and ether bonds 

rather than by regular hydrolyzable 

linkages. Its breakdown therefore 

depends on oxidative reactions that 

generate reactive radicals. White-rot 

fungi secrete lignin peroxidase, 

manganese peroxidase and versatile 

peroxidase, which use hydrogen 

peroxide as oxidant. Lignin peroxidase 

oxidizes non-phenolic aromatic rings 

directly, while manganese peroxidase 

oxidizes Mn(II) to Mn(III), which is 

stabilized by organic acids such as 

oxalate and diffuses into the wood to 

oxidize phenolic structures.Laccases are 

multicopper oxidases that reduce 

molecular oxygen to water while 

oxidizing phenolic substrates, and in the 

presence of small redox mediators they 
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can also attack non-phenolic units. 

Hydrogen peroxide is supplied by 

enzymes such as glyoxal oxidase and 

aryl alcohol oxidase, which couple the 

oxidation of small aldehydes and 

alcohols to peroxide formation. The 

oxidation of the polymer produces 

unstable radicals that undergo side-chain 

cleavage, demethoxylation and aromatic 

ring opening, releasing smaller aromatic 

fragments.Bacterial lignin degradation is 

less well characterized but is 

increasingly recognized. Actinomycetes, 

Pseudomonas and Rhodococcus strains 

produce extracellular peroxidases, dye-

decolorizing peroxidases and laccase-

like enzymes, and they possess 

intracellular pathways such as the beta-

aryl ether cleavage route that convert 

dimeric lignin fragments to vanillate, 

protocatechuate and related compounds. 

These intermediates are then processed 

by the aromatic catabolic pathways 

described below. The slow and 

incomplete oxidation of lignin also 

contributes to the formation of stable 

humic substances, which are important 

for soil carbon storage. 

Proteolysis and Nitrogen 

Mineralization: 

Proteins and peptides are the 

largest pool of organic nitrogen in most 

soils and decaying tissues. Extracellular 

proteases, including serine, metallo, 

cysteine and aspartic proteases, 

hydrolyze peptide bonds and release 

oligopeptides and amino acids. Because 

small peptides and free amino acids can 

be taken up directly by many 

microorganisms and by plant roots, the 

proteolytic step is considered the rate-

limiting step in the supply of 

bioavailable nitrogen rather than the later 

conversion to ammonium.Inside the cell, 

amino acids are either incorporated into 

new proteins or deaminated to provide 

carbon skeletons and energy. 

Transaminases transfer amino groups to 

alpha-ketoglutarate to form glutamate, 

and glutamate dehydrogenase releases 

ammonium by oxidative deamination. 

The carbon skeletons enter the 

tricarboxylic acid cycle at the level of 

pyruvate, acetyl coenzyme A, 

oxaloacetate, alpha-ketoglutarate, 

succinyl coenzyme A or fumarate, 

depending on the amino acid. In 

anaerobic habitats, amino acids may be 

fermented by the Stickland reaction, in 

which one amino acid serves as electron 

donor and another as acceptor.Whether 

the released ammonium is retained or 

released to the environment depends on 

the nitrogen demand of the microbial 

community. When the substrate has a 

high carbon-to-nitrogen ratio, 

microorganisms immobilize ammonium 

into biomass, but when nitrogen is in 

excess it is mineralized and becomes 

available for nitrification, in which 

ammonia-oxidizing and nitrite-oxidizing 

microorganisms convert it first to nitrite 

and then to nitrate. Nucleic acids follow 

a similar course, with nucleases, 

phosphatases and deaminases releasing 

phosphate, ammonium and sugars. 

Lipid Breakdown and Beta-Oxidation: 

Lipids, including 

triacylglycerols, phospholipids and 

waxes, are energy-rich compounds that 

are degraded by lipases and 

phospholipases secreted by bacteria and 

fungi. Lipases hydrolyze the ester bonds 

of triacylglycerols at the lipid-water 

interface to release glycerol and long-

chain fatty acids. Glycerol is 

phosphorylated and oxidized to 

dihydroxyacetone phosphate, which 

joins glycolysis, while fatty acids are 

activated to acyl coenzyme A derivatives 

and enter the beta-oxidation spiral.In 

each turn of beta-oxidation, the acyl 

chain is dehydrogenated, hydrated, 

dehydrogenated again and finally 

cleaved by thiolase, releasing one 

molecule of acetyl coenzyme A and a 
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chain shortened by two carbon atoms. 

The reaction also produces reduced 

flavin adenine dinucleotide and reduced 

nicotinamide adenine dinucleotide, 

whose electrons feed the respiratory 

chain. The acetyl coenzyme A is 

oxidized in the tricarboxylic acid cycle 

or, in organisms growing exclusively on 

fatty acids, passed through the 

glyoxylate cycle to generate four-carbon 

intermediates for 

gluconeogenesis.Unsaturated and odd-

chain fatty acids require auxiliary 

enzymes such as isomerases, reductases 

and propionyl coenzyme A carboxylase. 

Under anaerobic conditions, syntrophic 

bacteria oxidize fatty acids to acetate and 

hydrogen, but this reaction is 

thermodynamically possible only when 

hydrogen is kept at very low 

concentration by methanogens or sulfate 

reducers. Accumulation of long-chain 

fatty acids may therefore inhibit 

anaerobic digestion in lipid-rich wastes, 

which is a well-known operational 

problem in biogas plants. 

Aromatic Compound Catabolism: 

Aromatic compounds originate 

from lignin, tannins, flavonoids, 

aromatic amino acids and anthropogenic 

pollutants, and their stable ring structure 

makes them difficult to degrade. Aerobic 

bacteria and fungi use a strategy in 

which a variety of peripheral pathways 

convert different substrates to a small 

number of central dihydroxylated 

intermediates such as catechol, 

protocatechuate and gentisate. 

Monooxygenases and dioxygenases 

introduce hydroxyl groups using 

molecular oxygen, which is both the co-

substrate and the means of activating the 

otherwise unreactive ring.The central 

intermediates are cleaved by ring-fission 

dioxygenases. Intradiol dioxygenases 

cleave the bond between the two 

hydroxylated carbons to form muconic 

acid derivatives, whereas extradiol 

dioxygenases cleave adjacent to the 

hydroxyl groups to give semialdehyde 

products. In the beta-ketoadipate 

pathway, the products are converted 

through a series of reactions to succinyl 

coenzyme A and acetyl coenzyme A, 

which enter the tricarboxylic acid cycle. 

This pathway is widely distributed 

among soil bacteria and fungi and is a 

key route for the complete 

mineralization of lignin-derived 

monomers.In the absence of oxygen, an 

entirely different strategy is used. 

Anaerobic bacteria activate aromatic 

substrates by attaching coenzyme A and 

then reduce the ring by ATP-dependent 

or ATP-independent benzoyl coenzyme 

A reductases, after which the 

dearomatized ring is opened by 

hydrolysis and degraded by a modified 

beta-oxidation. This process allows the 

decomposition of aromatic compounds 

in sediments, flooded soils and digesters, 

although it is considerably slower than 

aerobic degradation and yields much less 

energy per mole of substrate. 

AnaerobicDecomposition, 

Fermentation and Methanogenesis: 

In environments where oxygen is 

absent, such as wetlands, rice paddies, 

sediments and anaerobic digesters, 

decomposition proceeds through a food 

chain of metabolic groups. Hydrolytic 

and fermentative bacteria convert 

polymers into sugars, amino acids and 

long-chain fatty acids, and then into 

volatile fatty acids, alcohols, carbon 

dioxide and hydrogen. The pattern of 

fermentation products depends on 

hydrogen partial pressure and pH, and 

the fermentative pathways include 

mixed-acid, butyrate, propionate and 

lactate fermentations.Syntrophic 

acetogenic bacteria oxidize propionate, 

butyrate and other intermediates to 

acetate, carbon dioxide and hydrogen. 

These reactions are endergonic under 

standard conditions and become feasible 
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only through interspecies electron 

transfer, in which methanogens or other 

hydrogen consumers keep the hydrogen 

and formate concentrations low. 

Homoacetogens add flexibility by 

forming acetate from hydrogen and 

carbon dioxide through the Wood-

Ljungdahl pathway, which also functions 

in the oxidation of acetate in some 

syntrophic partnerships.The terminal 

step is methanogenesis carried out by 

archaea. Acetoclastic methanogens split 

acetate to methane and carbon dioxide, 

hydrogenotrophic methanogens reduce 

carbon dioxide with hydrogen, and 

methylotrophic methanogens use 

methylated compounds. Unique 

coenzymes including methanofuran, 

tetrahydromethanopterin, coenzyme M 

and coenzyme F430 participate in these 

reactions, and the final step catalyzed by 

methyl coenzyme M reductase releases 

methane. In the presence of alternative 

electron acceptors such as nitrate, ferric 

iron and sulfate, respiratory bacteria out-

compete methanogens, so the dominant 

end products shift from methane to 

nitrogen, ferrous iron or hydrogen 

sulfide. 

Environmental Controls, Applications 

and Future Directions: 

The rate of biochemical 

decomposition is controlled by 

temperature, moisture, oxygen, pH, 

nutrient availability and the chemical 

quality of the substrate. Enzyme-

catalyzed reactions generally accelerate 

with temperature up to an optimum, 

which explains the faster decomposition 

in warm and moist climates and the 

sensitivity of soil carbon stocks to 

climate warming. Water is required for 

enzyme diffusion and substrate transport, 

but excess water limits oxygen supply 

and shifts metabolism toward anaerobic 

pathways. Mineral surfaces and 

aggregates can protect organic molecules 

from enzymes, so that persistence of 

organic matter is now understood as an 

ecosystem property and not only a 

consequence of intrinsic molecular 

recalcitrance.Knowledge of these 

pathways supports many applications. In 

agriculture, composting and the use of 

microbial inoculants accelerate the 

conversion of crop residues into stable 

humus and plant-available nutrients, a 

practice of considerable importance for 

Pakistan, where large quantities of rice 

straw, wheat straw and sugarcane 

bagasse are generated each year and are 

often burned in the field. In energy 

production, anaerobic digestion converts 

animal manure and food waste into 

biogas, and enzymatic saccharification 

of lignocellulose provides sugars for 

bioethanol and other chemicals. In 

environmental technology, aromatic 

catabolic pathways are exploited for the 

bioremediation of petroleum 

hydrocarbons, pesticides and industrial 

dyes.Several challenges remain. The 

detailed mechanisms of lignin 

depolymerization, especially in bacteria, 

are still incompletely understood, and 

the cost of enzymes is a major obstacle 

for lignocellulosic biorefineries. 

Metagenomics, metatranscriptomics, 

proteomics and metabolomics are now 

revealing uncultured organisms and new 

enzyme families that participate in 

decomposition, and protein engineering 

and synthetic biology offer routes to 

more efficient and robust catalysts. 

Combining these molecular tools with 

ecosystem-scale measurements will be 

necessary to predict how decomposition 

and associated greenhouse gas emissions 

respond to land-use and climate change. 
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Summary: 

The decomposition of complex 

organic substances is a multistage 

biochemical process in which 

extracellular hydrolases and oxidases 

depolymerize cellulose, hemicellulose, 

lignin, proteins and lipids, and 

intracellular pathways such as 

glycolysis, beta-oxidation, aromatic ring 

cleavage and the tricarboxylic acid cycle 

convert the products to energy, biomass 

and simple end products. In the absence 

of oxygen, fermentative, syntrophic and 

methanogenic communities carry out the 

same task through cooperative metabolic 

chains. The rate and direction of these 

pathways depend on substrate chemistry, 

microbial community composition and 

environmental conditions. Better 

understanding of the enzymes and 

regulatory networks involved will 

improve composting, biogas and biofuel 

production, bioremediation and 

predictions of the carbon cycle under a 

changing climate. 
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