	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Sulfide oxidation: An energy-yielding process where microbes oxidize sulfide () to sulfate (), using oxygen as the terminal electron acceptor to generate ATP via both electron transport and substrate-level phosphorylation.

	Step
	Function
	Key Enzyme(s)
	Cofactors/coenzymes
	Enzyme Reversibility: The primary enzyme, DsrAB, operates in "reverse" compared to its standard function in sulfate reduction. Dual ATP Generation: Energy is harvested through two distinct mechanisms simultaneously: electron transport phosphorylation (using the proton motive force) and substrate-level phosphorylation (during the APS to sulfate step). 
Reverse Electron Flow: The pathway can utilize reverse electron flow, driven by the proton motive force, to generate NADH from  for use in anabolic processes.

	
	1. Sulfide Oxidation
	Oxidizes sulfide () to sulfite (), stripping 6 electrons.
	'Reverse' DsrAB
	Electrons transfer to Quinones (Q).
	

	
	2a. Direct Sulfite Oxidation
	Oxidizes sulfite directly to sulfate (), releasing 2 electrons.
	Sulfite reductase
	Electrons transfer to Cytochrome c (Cyt c).
	

	
	2b. Indirect Sulfite Oxidation
	Alternative to 2a: Converts sulfite to APS, then to sulfate (), generating ATP via substrate-level phosphorylation.
	APS reductase
	AMP (converted to APS).
	

	
	3. Terminal Electron Transport
	Electrons from quinones and Cyt c pass to the terminal oxidase, reducing  to  and pumping protons () to drive ATP synthase.
	Cytochrome  complex, Cytochrome 

	Quinones (Q), Cytochrome c.
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Hydrogen oxidation by 'Knallgas' bacteria is a process where hydrogen gas () is oxidized with oxygen () as the terminal electron acceptor to generate ATP via electron transport phosphorylation, while simultaneously building reducing power for anabolism.

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Two Separate Hydrogenases: These bacteria use two variants of the enzyme simultaneously: a membrane-bound version dedicated exclusively to ATP production, and a soluble cytoplasmic version that directly produces NADH for anabolic processes.   
Knallgas Reaction: Named after the explosive mixture of hydrogen gas and oxygen ('oxyhydrogen' or 'knallgas'), which these bacteria safely and efficiently convert into water to extract energy.

	
	1a. Hydrogen Oxidation (Energy Conservation)
	Oxidizes  to protons () and transfers 2 electrons to the electron transport chain for energy production.
	Membrane-bound hydrogenase
	Electrons transfer to quinones (Q).
	

	
	1b. Hydrogen Oxidation (Anabolism)
	Oxidizes  directly in the cytoplasm to generate reducing power for cell material (carbon fixation).
	Cytoplasmic (soluble) hydrogenase
	 (reduced to ).

	

	
	2. Electron Transport
	Electrons are passed from quinones to oxygen via cytochromes, creating a proton gradient () across the membrane. 
	Cytochrome  complex, Terminal reductase (Cyt a, )
	Quinones (Q), Cytochrome c (Cyt c).
	

	
	3. Oxygen Reduction & ATP Production
	Oxygen is reduced to water () and the proton motive force drives the production of ATP. 
	Terminal reductase, ATP synthase
	ADP +  (converted to ATP).
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	Step-by-Step Breakdown
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	Ammonium oxidation converts ammonia () to nitrite () in two key enzymatic steps, utilizing oxygen to release electrons that drive aerobic respiration, proton motive force generation, and ATP synthesis.

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Reverse Electron Flow: Because electrons enter the transport chain at the level of Cytochrome c, the microbe must expend energy to push electrons backwards through the quinone (Q) pool to generate NADH for CO2 fixation.   
Dual Role of Oxygen: Oxygen is strictly required for two distinct purposes in this pathway: it is a direct reactant for the AMO enzyme and serves as the terminal electron acceptor at Cytochrome aa3

	
	1. Ammonia Oxidation
	Oxidizes ammonia to hydroxylamine () and water, utilizing oxygen as a direct substrate. 

	Ammonia monooxygenase (AMO)
	 (substrate), Quinones (Q)

	

	
	2. Hydroxylamine Oxidation
	Oxidizes hydroxylamine to nitrite (), releasing 4 electrons and 5 protons ().
	Hydroxylamine oxidoreductase (HAO)
	Electrons transfer to Cytochrome c (Cyt c).

	

	
	3. Terminal Electron Transport
	Electrons pass from Cyt c to the terminal oxidase to reduce  to , pumping protons for ATP generation. 
	Cytochrome , Cytochrome  oxidase
	Cytochrome c (Cyt c)
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Nitrite oxidation is a low-energy yielding process utilized by nitrite-oxidizing bacteria (NOB) to convert nitrite () to nitrate (), driving a remarkably short electron transport chain to generate a proton motive force and ATP. 
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Low Energy Yield: This reaction provides roughly four times less energy than ammonium oxidation due to the high redox potential () of the nitrate/nitrite couple. 
Truncated Chain: The electron transport chain is extremely short, limiting the number of protons that can be pumped per cycle. 
High-Cost Reverse Electron Flow: Because electrons enter late in the chain at Cytochrome c, a significant portion of the generated proton motive force must be consumed to drive reverse electron flow to produce NADH. 

	
	1. Nitrite Oxidation
	Oxidizes nitrite to nitrate utilizing water (), releasing 2 protons () and 2 electrons. 
	Nitrite oxidoreductase (NXR)
	Electrons transfer to Cytochrome c (Cyt c).
	

	
	2. Terminal Electron Transport
	Electrons pass from Cyt c to the terminal oxidase to reduce oxygen () to water, generating a proton motive force.
	Cytochrome  (Cyt bd)
	Cytochrome c (Cyt c).
	

	
	3. ATP Synthesis
	The proton motive force drives protons back across the membrane to synthesize ATP.
	ATP synthase
	ADP + .
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	The anammox (anaerobic ammonium oxidation) reaction is a strictly anaerobic process where bacteria combine nitrite () and ammonium () to form nitrogen gas () and water (), generating a proton motive force for ATP synthesis.


	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Compartmentalization: The entire reaction occurs inside a specialized intracellular compartment called the anammoxosome. 
Ladderane Lipids: The anammoxosome membrane is uniquely composed of dense ladderane lipids, which are thought to act as a physical barrier to protect the cell's DNA and RNA from toxic intermediates. 
Hydrazine Intermediate: The process utilizes hydrazine ()—a highly reactive, unusual biological nitrogen intermediate known commercially as rocket fuel. 
Strict Anaerobes: These bacteria rely on  fixation to make organic molecules and will die if exposed to oxygen (). 

	
	1. Nitrite Reduction
	Reduces nitrite () to nitric oxide (NO).

	NIR
	Consumes 1 electron from the electron transport chain. 
	

	
	2. Hydrazine Synthesis
	Combines NO, ammonium (), and protons to synthesize hydrazine () and water ().
	Hydrazine synthase (HZS)
	Consumes 3 electrons from the electron transport chain.
	

	
	3. Hydrazine Oxidation
	Oxidizes hydrazine to nitrogen gas (), releasing 4 protons () and 4 electrons. 
	Hydrazine dehydrogenase (HDH)
	Supplies 4 electrons back to the electron transport chain.
	

	
	4. ATP Synthesis
	The electron transport chain pumps protons across the membrane to create a proton motive force (pmf), driving ATP production.
	ATP synthase
	ADP + . 
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	Nitrogen fixation is a highly energy-intensive process where microbes reduce atmospheric nitrogen gas () into biological ammonia ().

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	FeMo Cofactor: Nitrogen fixation occurs specifically at the iron-molybdenum (FeMo) cofactor, and nitrogenase is the only enzyme known to possess this unique structure. 
Obligatory Byproduct: The reaction inherently produces hydrogen gas () as an unwanted but inescapable side product. 
High Energy Cost: The pathway requires a massive energy investment, hydrolyzing 16 ATP to fix a single molecule of . 
Microbial Context: This capability is found across both symbiotic and non-symbiotic nitrogen-fixing microbes. 

	
	1. Electron Transfer
	Delivers electrons to the nitrogenase complex.
	Dinitrogenase reductase
	Reduced flavodoxin or ferredoxin.
	

	
	2. Energy Coupling
	Transfers electrons one at a time to dinitrogenase, consuming 2 ATP per electron (16 ATP total for the cycle).
	Dinitrogenase reductase
	ATP (converted to ADP + ).

	

	
	3. Nitrogen Reduction
	Reduces  to yield 2 molecules of ammonia () and hydrogen gas (). 
	Dinitrogenase (part of Nitrogenase)
	FeMo (iron-molybdenum) cofactor.
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	Methanogenesis is the metabolic process by which methanogens produce methane (), progressively reducing carbon through a series of oxidation states using highly specialized -transfer molecules and electron carriers. 

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Multiple Substrate Pathways: Methanogenesis occurs in three distinct forms depending on the microbe: Hydrogenotrophic (using  and ), Methylotrophic (using methylated amines or methanol), and Acetoclastic (using acetate). 
Oxidation-State Specific Carriers: The microbe utilizes completely different -transfer molecules (methanofuran, , and Coenzyme M) at different steps because each is adapted to a specific oxidation state of the carbon atom. 
Redox-Specific Electron Donors: Distinct electron carriers (ferredoxin, , and Coenzyme B) are deployed at specific steps because different redox potential ranges are required as the carbon becomes increasingly reduced. 

	
	1.  Reduction

	Reduces  (oxidation state +IV) to a formyl group (+I).
	-
	Methanofuran ( carrier), Ferredoxin (electron carrier).
	

	
	2. Formyl Reduction
	Reduces the formyl group to a methylene group (, oxidation state -II).
	-
	Methanopterin /  ( carrier),  (electron carrier).
	

	
	3. Methylene Reduction
	Reduces the methylene group to a methyl group (, oxidation state -III). 
	-
	 ( carrier),  (electron carrier).
	

	
	4. Methyl Transfer
	Transfers the methyl group in preparation for the final reduction step.
	-
	Coenzyme M (CoM) ( carrier). 
	

	
	5. Methane Production
	Reduces  to methane (, oxidation state -IV).
	Methyl-CoM reductase
	Coenzyme B (CoB) (electron carrier).
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	Pathway Overview
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	Methylotrophic methanogens conserve energy via electron transport phosphorylation, generating methane from methylated amines or methanol using a specialized respiratory chain.

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Soluble Enzymes: Utilizes a soluble, substrate-specific methyl transferase during the initial activation step.   Terminal Acceptor: Employs CoM-S-S-CoB as the terminal electron acceptor in its respiratory chain rather than traditional molecules like oxygen or nitrate.

	
	1. Substrate Activation
	Transfers a methyl group from the substrate (e.g., methanol).
	Substrate-specific methyl transferase (soluble)
	-corroinoid

	

	
	2. Methyl Transfer
	Transfers the methyl group in preparation for reduction.
	Methyl transferase
	Coenzyme M ().


	

	
	3. Methane Production
	Reduces  to methane ().

	-
	Coenzyme B (CoB).


	

	
	4. Respiration & Energy
	Oxidizes carriers to pump sodium ions (), driving ATP production.
	-
	, Ferredoxin, CoM-S-S-CoB (terminal acceptor).
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	Acetoclastic Methanogenesis split acetate to produce methane and , utilizing a respiratory chain to conserve energy via electron transport phosphorylation.
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Reverse Action: The key enzyme (CO dehydrogenase / Acetyl-CoA synthase) works essentially in reverse compared to its role in carbon fixation pathways.

	
	1. Acetate Activation
	Activates acetate () into a usable form, consuming ATP.
	-
	Acetyl-CoA, ATP.
	

	
	2. Acetyl-CoA Splitting
	Cleaves Acetyl-CoA into a methyl group and 
	CO dehydrogenase / Acetyl-CoA synthase
	 (). 
	

	
	3. Methyl Transfer
	Transfers the methyl group while pumping out sodium ions ().
	-
	Coenzyme M (). 
	

	
	4. Methane Production
	Reduces  to methane () while oxidizing ferredoxin.
	-
	CoB, CoM-S-S-CoB (terminal acceptor).
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	Anaerobic methanotrophic (ANME) archaea oxidize methane in a syntrophic consortium with sulfate-reducing bacteria, reversing the methanogenesis pathway to run in the opposite direction.
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Strict Syntrophy: Requires an obligate partnership between an ANME archaeon and a sulfate-reducing bacterium.   Electricity Wiring: Electrons are exchanged extracellularly through direct physical contact or conductive nanowires (DIET) rather than soluble chemical intermediates.


	
	1. Methane Oxidation
	Oxidizes  up to  through reverse methanogenesis steps, releasing 8 electrons
	-
	-
	

	
	2. Electron Transfer
	Passes the 8 extracted electrons directly to the syntrophic bacterial partner.
	-
	Direct Interspecies Electron Transfer (DIET) via nanowires.

	

	
	3. Sulfate Reduction
	The bacterial partner uses the transferred electrons to reduce sulfate () to hydrogen sulfide ()
	-
	Sulfate ().
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	Aerobic methanotrophs sequentially oxidize methane to  using oxygen, yielding significantly more energy than anaerobic oxidation while simultaneously siphoning carbon for biosynthesis.
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Biosynthetic Divergence: The intermediate formaldehyde can be diverted away from oxidation into the serine or ribulose monophosphate pathways for  assimilation. 
Exotic Cofactors: Certain extreme aerobic methanotrophs require rare earth metals (lanthanides) for their specialized methanol dehydrogenases.

	
	1. Methane Oxidation
	Incorporates oxygen to oxidize  to methanol ().
	Methane monooxygenase 

	
	

	
	2. Methanol Oxidation
	Oxidizes methanol to formaldehyde (HCHO).
	Methanol dehydrogenase
	-
	

	
	3. Formaldehyde Oxidation
	Oxidizes formaldehyde to formate/carbonate (). 
	-
	-
	

	
	4. Formate Oxidation
	Oxidizes formate to , extracting final reducing equivalents.
	-
	 (reduced to NADH).
	

	
	5. Energy Conservation
	Passes electrons through the respiratory chain to , pumping protons () for ATP.
	ATP Synthase
	 (terminal acceptor)
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	Acetogenic bacteria utilize the Wood-Ljungdahl pathway to reduce  into acetate via parallel methyl and carbonyl branches, conserving energy via substrate-level phosphorylation and ion gradients.

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Bifurcating Hydrogenase: Utilizes electron bifurcation to simultaneously generate both high and low potential electron carriers from hydrogen. 
Dual Energy Conservation: Generates ATP through two independent mechanisms: standard substrate-level phosphorylation and an Rnf-complex driven sodium motive force

	
	1. Electron Bifurcation
	Splits electrons from  to generate required electron donors with varying redox potentials.
	Bifurcating hydrogenase
	Generates NADH and .
	

	
	2. Methyl Branch
	Binds  and stepwise reduces it to a methyl group ().
	-
	Tetrahydrofolate (THF), , NADH.
	

	
	3. Carbonyl Branch
	Reduces a second  directly to carbon monoxide (CO).
	-
	Reduced ferredoxin ().
	

	
	4. Acetyl-CoA Synthesis
	Fuses the methyl and carbonyl groups together.
	Acetyl-CoA synthase / CO dehydrogenase
	CoFeSP.
	

	
	5. Acetate Production
	Converts Acetyl-CoA to acetate, generating ATP via substrate-level phosphorylation.
	-
	ADP + .

	

	
	6. Gradient Generation
	Oxidizes  to reduce , pumping  to drive ATP synthase.
	Rnf complex, ATP synthase
	, NADH, .
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	Dissimilatory Sulfate Reduction (Sulfate Respiration) Sulfate reduction is a highly specialized anaerobic respiration process where sulfate () is activated and reduced to hydrogen sulfide ().
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Cytoplasmic Reduction: Unlike most respiratory chains, the terminal electron acceptor (sulfate) is reduced entirely in the cytoplasm rather than by a membrane-bound enzyme.
Energy Investment: Because sulfate is a poor electron acceptor, the cell must spend an ATP molecule upfront just to activate it into APS.
Dual Energy Conservation: Energy is conserved simultaneously through chemiosmosis and substrate-level phosphorylation.
Donor Flexibility: These microbes can grow as organotrophs (using lactate or acetate) or lithotrophs (using ).

	
	1. Sulfate Activation
	Couples  with ATP to form Adenosine 5'-phosphosulfate (APS) and pyrophosphate ().
	ATP sulfurylase
	ATP.
	

	
	2. APS Reduction
	Reduces APS to sulfite (), releasing AMP.
	APS reductase
	2 electrons from the donor.
	

	
	3. Sulfite Reduction
	Reduces sulfite directly to hydrogen sulfide ().
	Dissimilatory sulfite reductase (DsrAB)
	DsrC, 6 electrons.
	

	
	4. Acetate/ATP Production (Optional)
	If utilizing organic donors like lactate, converts acetyl-CoA to acetate to yield ATP.
	Acetate kinase, Phosphotransacetylase
	ADP + .
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	Pathway Overview
Denitrification (Nitrate Respiration) is an anaerobic respiration pathway where nitrate () is sequentially reduced to nitrogen gas (), generating a proton motive force for ATP synthesis.
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Unique Features
Gaseous Intermediates: The pathway obligately produces nitric oxide (NO) and nitrous oxide () as intermediary gases, with  acting as a potent greenhouse gas. 
Modular Chain: Microbes utilize a modular respiratory chain where enzymes like NADH dehydrogenase function exactly as they do in aerobic respiration, but the terminal reductases differ. 

	
	1. Electron Donation
	Oxidizes NADH to , pumping protons () across the membrane. 
	NADH dehydrogenase (Complex I) 
	Quinones (Q). 
	

	
	2. Nitrate Reduction
	Reduces nitrate () to nitrite (). 
	Nitrate reductase complex (Cyt b) 
	Electrons from quinol (). 
	

	
	3. Nitrite Reduction
	Reduces nitrite to nitric oxide (NO). 
	Nitrite reductase (Cyt cd) 
	Not specified.
	

	
	4. Nitric Oxide Reduction
	Reduces NO to nitrous oxide (). 
	Nitric oxide reductase (Cyt ) 
	Not specified.
	

	
	5. Nitrous Oxide Reduction
	Reduces  to nitrogen gas (). 
	 reductase 
	Not specified.
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	Pathway Overview
	Step-by-Step Breakdown
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	Aerobic Electron Transport Chain The aerobic electron transport chain oxidizes the reducing equivalents (NADH and ) generated from metabolism, passing electrons through a series of membrane-bound complexes to oxygen () to generate a proton motive force (pmf) for ATP synthesis.
	Step
	Function
	Key Enzyme(s)
	Cofactor/
coenzymes
	Modular Entry: Electrons can enter the chain independently at either Complex I (from NADH) or Complex II (from ). 
Specialized Cofactors: The chain utilizes a diversity of prosthetic groups, including flavins (which can shift between 1- and 2-electron states), iron-sulfur clusters (which only transfer electrons, no protons), and heme-containing cytochromes. 
Dual Function Enzyme: Complex II (succinate dehydrogenase) is uniquely embedded in both the electron transport chain and the citric acid cycle

	
	1. Electron Entry (Complex I)
	Oxidizes NADH to , passing 2 electrons into the chain and pumping 4 protons () across the membrane. 
	NADH dehydrogenase (Complex I) 
	FMN, Fe/S clusters, Quinone (Q). 
	

	
	2. Electron Entry (Complex II)
	Oxidizes  (from the citric acid cycle) to pass 2 electrons into the quinone pool without pumping protons. 
	Succinate dehydrogenase (Complex II) 
	FAD, Fe/S clusters, Quinone (Q). 
	

	
	3. Electron Transfer (Complex III)
	Oxidizes ubiquinol () to pass electrons to Cytochrome c via the Q-cycle, pumping 4 protons. 
	Cytochrome  complex (Complex III) 
	Quinones (Q), Fe/S clusters, Heme (Cyt b, ). 
	

	
	4. Terminal Reduction (Complex IV)
	Oxidizes Cytochrome c, transferring electrons to the terminal acceptor () to form water, pumping 2 protons. 
	Cytochrome  oxidase (Complex IV) 
	Heme (Cyt a, ). 
	

	
	5. ATP Synthesis
	Dissipates the electrical and pH gradients of the pmf, driving the import of protons to phosphorylate ADP into ATP. 
	ATP synthase () 
	ADP + . 
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Citric Acid Cycle (TCA Cycle) The citric acid cycle oxidizes pyruvate into  to solve the limited NADH yield of glycolysis, generating abundant reducing power for the electron transport chain while supplying carbon intermediates for biosynthesis.

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Amphibolic Utility: Beyond generating reducing equivalents for energy, the cycle produces essential , , and  carbon backbones required for amino acid biosynthesis. 
Maximum Yield: When coupled with glycolysis, the complete aerobic breakdown of a single glucose molecule through the cycle produces a theoretical maximum of 38 ATP. 



	
	1. Entry & Condensation
	Condenses acetyl-CoA () with oxaloacetate () to form citrate (). 
	Citrate synthase 
	CoA (released). 
	

	
	2. Isomerization
	Rearranges citrate into isocitrate. 
	Aconitase 
	Not specified.
	

	
	3. First Oxidation
	Oxidizes isocitrate to -ketoglutarate (), generating reducing power and releasing the first . 
	Isocitrate dehydrogenase 
	 (reduced to NAD(P)H). 
	

	
	4. Second Oxidation
	Oxidizes -ketoglutarate to succinyl-CoA (), generating NADH and releasing the second . 
	-Ketoglutarate dehydrogenase 
	 (reduced to NADH), CoA. 
	

	
	5. Substrate-Level Phosphorylation
	Cleaves the CoA group to form succinate, directly generating one molecule of ATP or GTP. 
	Succinyl-CoA synthetase 
	GDP/ADP + . 
	

	
	6. Third Oxidation
	Oxidizes succinate to fumarate. 
	Succinate dehydrogenase (Complex II) 
	FAD (reduced to ). 
	

	
	7. Hydration
	Converts fumarate to malate. 
	Fumarase 
	Not specified.
	

	
	8. Fourth Oxidation
	Oxidizes malate to regenerate oxaloacetate, closing the cycle. 
	Malate dehydrogenase 
	 (reduced to NADH). 
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Glycolysis is the strictly anaerobic universal first stage of sugar catabolism, splitting a 6-carbon glucose into two 3-carbon pyruvate molecules to extract a small amount of energy and reducing equivalents.

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Net Yield: While Stage II produces 4 ATP, Stage I requires an initial investment of 2 ATP, resulting in a net yield of exactly 2 ATP and 2 NADH per glucose molecule. 
Obligatory Stage III: Because the  pool is limited, glycolysis will completely halt unless the cell proceeds to a "Stage III" (fermentation or respiration) to re-oxidize the NADH back into 

	
	1. Stage I: Preparation
	Activates glucose by phosphorylation and splits the 6-carbon sugar into two 3-carbon Glyceraldehyde-3-P (G-3-P) molecules. 
	Hexokinase, Phosphofructokinase, Aldolase 
	Consumes 2 ATP. 
	

	
	2. Stage II: Redox Reactions
	Oxidizes G-3-P, extracting electrons to build reducing power. 
	Glyceraldehyde-3-P dehydrogenase 
	 (reduced to NADH). 
	

	
	3. Stage II: Energy Harvest
	Converts the oxidized intermediates to pyruvate, generating energy via substrate-level phosphorylation. 
	Phosphoglycerokinase, Pyruvate kinase 
	ADP +  (converted to ATP). 
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Homofermentative lactic acid fermentation is an anaerobic redox-balancing process that directly reduces the pyruvate generated from glycolysis into lactate to regenerate .
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Single Product: This pathway produces exclusively lactic acid as a waste product, which acts as a strong acid. 
Flavor Profile: Carried out by microbes like Lactobacillus and Streptococcus, this massive acid production is responsible for the distinct sour flavor in fermented foods like yogurt and kimchi. 

	
	1. Glycolysis
	Breaks down glucose to 2 pyruvate, extracting ATP and NADH. 
	Standard glycolytic enzymes 
	, ADP. 
	

	
	2. Pyruvate Reduction
	Directly reduces pyruvate into lactate, acting as an electron sink to recycle the cell's  pool. 
	Not specified
	NADH (oxidized back to ). 
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Heterofermentative Lactic Acid Fermentation (Entner-Doudoroff Pathway) Heterofermentative bacteria utilize the alternative Entner-Doudoroff pathway to oxidize and cleave glucose, yielding a mixed output of lactate, ethanol, and .

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Missing Aldolase: Because these microbes lack the aldolase enzyme used in standard glycolysis, they must use this specialized oxidization and cleavage route. 
Low Energy Yield: The pathway is highly inefficient for energy generation, yielding only 1 net ATP per glucose (half the energy of the homofermentative route). 
Complex Flavor Producers: While they are weak acid producers, microbes like Leuconostoc are strong flavor producers due to the diverse mix of fermentation byproducts.

	
	1. Oxidation & Decarboxylation
	Oxidizes Glucose-6-phosphate to 6-Phosphogluconic acid, then decarboxylates it to form Ribulose 5-phosphate and . 
	Glucose-6-P dehydrogenase 
	 (reduced to NADH). 
	

	
	2. Cleavage
	Splits the 5-carbon intermediate (Xylulose 5-phosphate) into acetyl-phosphate and G-3-P. 
	Phosphoketolase 
	. 
	

	
	3. Lactate Branch
	G-3-P follows standard glycolytic steps to become pyruvate, which is then reduced to lactate. 
	Not specified
	Generates ATP; oxidizes NADH. 
	

	
	4. Ethanol Branch
	Reduces acetyl-phosphate to acetaldehyde, and then to ethanol. 
	Not specified
	Oxidizes 2 NADH. 
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Alcoholic fermentation is a two-step anaerobic pathway that converts pyruvate into ethanol and carbon dioxide to maintain the cell's redox balance.

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Gas Production: The obligatory first step produces massive amounts of  gas as a waste product, which is the mechanism that naturally carbonates beer and causes bread dough to rise. 
Microbial Context: This specific pathway is the hallmark metabolism of yeasts and specific bacteria like Zymomonas (tequila).

	
	1. Glycolysis
	Breaks down glucose to 2 pyruvate, yielding 2 ATP and 2 NADH. 
	Standard glycolytic enzymes 
	, ADP. 
	

	
	2. Decarboxylation
	Strips  from the 3-carbon pyruvate, leaving a 2-carbon acetaldehyde. 
	Pyruvate decarboxylase 
	None specified.
	

	
	3. Acetaldehyde Reduction
	Reduces acetaldehyde into ethanol, regenerating the  required to keep glycolysis running. 
	Alcohol dehydrogenase 
	NADH (oxidized back to ). 
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Purple Bacterial Photosynthesis (Anoxygenic) Anoxygenic photosynthesis where light energy converts a weak electron donor into a strong donor, driving a cyclic electron flow to generate a proton motive force (pmf) for ATP synthesis.

	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Cyclic Flow: Electrons for energy conservation travel exclusively in a closed cycle without needing a terminal electron acceptor. 
Reverse Electron Flow: Because the primary acceptor has a more positive redox potential than the /NADH couple, the microbe must consume energy (pmf) to push electrons "uphill" to generate reducing power (NADH). 

	
	1. Light Absorption
	Light excites the reaction center (P870), converting it into a strong electron donor. 
	Q-type reaction center (RC) 
	Bacteriochlorophyll (Bchl a). 
	

	
	2. Electron Transfer
	Electrons flow from P870 via bacteriopheophytin (BPh) to the quinone pool. 
	Not specified
	BPh, Quinones (, ). 
	

	
	3. Proton Pumping
	Quinols () transfer electrons to cytochrome , pumping 4 protons (). 
	Cytochrome  
	Quinones (Q). 
	

	
	4. Cyclic Return
	Electrons return to P870 to close the cycle. 
	Not specified
	Cytochrome  (). 
	

	
	5. ATP Synthesis
	The generated pmf drives the production of ATP. 
	ATPase (ATP synthase) 
	ADP + . 
	

	
	6. Reverse Electron Flow
	External donors (like ) supply electrons; pmf is consumed to produce NADH for  fixation. 
	NADH dehydrogenase 
	, , Quinones. 
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Green Sulfur Bacterial Photosynthesis (Anoxygenic) Anoxygenic photosynthesis utilizing an FeS-type reaction center to create an electron donor strong enough to directly reduce ferredoxin.
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Strong Primary Donor: The FeS-type reaction center produces a much stronger electron donor than the Q-type found in purple bacteria. 
No Reverse Flow: Thanks to the strong negative redox potential, ferredoxin can be directly reduced for carbon fixation, eliminating the need for reverse electron flow. 

	
	1. Light Absorption
	Light excites the reaction center (P840). 
	FeS-type RC 
	Chlorophyll a (Chl a). 
	

	
	2. Electron Transfer
	Electrons pass to FeS clusters and then to menaquinone (MQ) or ferredoxin (Fd). 
	Not specified
	FeS, Menaquinone (MQ). 
	

	
	3. Proton Pumping
	MQ transfers electrons to cytochrome  to generate a pmf. 
	Cytochrome   
	Menaquinone (MQ). 
	

	
	4. Cyclic Return
	Electrons return to the reaction center. 
	Not specified
	Cytochrome  (). 
	

	
	5. Direct Reduction
	Electrons from external donors () can directly reduce ferredoxin (Fd) without reverse electron flow. 
	Not specified
	Ferredoxin (Fd), . 
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	Oxygenic Photosynthesis (Z-Scheme / Cyanobacteria) Combines two photosystems to oxidize water into oxygen, generating a pmf for ATP synthesis and directly producing NADPH for the Calvin cycle.
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Z-Scheme: Utilizes a non-cyclic flow through two coupled photosystems (PSII and PSI) to move electrons from water to . 
Oxygen Production: Unlike anoxygenic species,  serves as the initial electron donor, leading to the production of oxygen gas as a byproduct. 
FNR Key Enzyme: The enzyme FNR plays a crucial role by supplying the reducing power (NADPH) directly required for the Calvin cycle.

	
	1. Water Oxidation (PSII)
	Light excites P680; electrons are extracted from water (), releasing oxygen (). 
	Photosystem II (PSII), Water-oxidizing complex 
	, Pheophytin (Ph). 
	

	
	2. Electron Transport
	Electrons flow from PSII via plastoquinone to cytochrome , pumping protons (). 
	Cytochrome  
	Plastoquinone (PQ). 
	

	
	3. Transfer to PSI
	Electrons travel to the second reaction center. 
	Not specified
	Plastocyanin (PC). 
	

	
	4. Excitation & Reduction (PSI)
	Light excites P700; electrons pass via ferredoxin (Fd) to FNR to reduce . 
	Photosystem I (PSI), FNR (Ferredoxin:NADP+ oxidoreductase) 
	Chl a, FeS, Ferredoxin (Fd), NADPH. 
	

	
	5. ATP Synthesis
	The proton motive force drives ATP production. 
	ATP synthase 
	ADP + . 
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	Pathway Overview
	Step-by-Step Breakdown
	Unique Features

	The Calvin Cycle (Autotrophy) The anabolic cycle where autotrophs use ATP and NAD(P)H from photosynthesis to fix and reduce highly oxidized carbon () for biosynthesis.
	Step
	Function
	Key Enzyme(s)
	Cofactor/coenzymes
	Extremely Energy-Intensive: To fix enough carbon for biosynthesis, the cycle consumes massive amounts of energy (18 ATP and 12 NADPH to form fructose-6-phosphate). 
RuBisCO Oxygenation: The core enzyme RuBisCO has a tendency to alternatively react with oxygen (); many bacteria use carboxysomes to shield the enzyme from this side reaction

	
	1. Carboxylation
	Fixes  onto ribulose-1,5-bisphosphate (), splitting into two 3-phosphoglycerate () molecules. 
	RuBisCO 
	. 
	

	
	2. Reduction
	Phosphorylates and reduces the  molecule to glyceraldehyde-3-phosphate. 
	Not specified
	ATP, NAD(P)H. 
	

	
	3. Biosynthesis Split
	A portion of the carbon (e.g., fructose-6-phosphate) exits the cycle for cell material. 
	Not specified
	Not specified.
	

	
	4. Carbon Rearrangement
	Sugar rearrangements reform the remaining carbon chains. 
	Pentose phosphate pathway enzymes 
	Not specified.
	

	
	5. Regeneration
	Phosphorylates ribulose-5-phosphate to restore the  acceptor (ribulose-1,5-bisphosphate). 
	Phosphoribulokinase 
	ATP. 
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