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INTRODUCTION 

A metabolic pathway is any sequence of events or 

interactions between genes and the products they produce 

that leads to the creation or modification of a system 

component that is necessary for the proper operation of a 

biological system.
[1]

 Thomas Carr believes there is much 

to be learned by considering our current energy crisis in 

that context. It is interesting to note that the word energy 

is synonymous with the Greek word for challenge. 

Global energy consumption is increasing faster than 

renewable energy sources can keep up with this demand. 

Oil and other natural resources will soon run out, so if we 

want to extend the life of the oil that we now have, we 

must make changes to our way of life. As a result, there 

is a growing global push for all kinds of innovations and 

ideas aimed at creating cleaner, more effective means of 

producing energy. the process of producing power 

through microorganisms. it was Potter who published the 

first paper nearly a century ago demonstrating that 

bacteria could produce electricity.
[2]

 

In place of the conventional power sources like steam, 

wind, solar, or water, microorganisms can produce 

electricity. For almost a century, researchers have been 

examining the capacity of microbes, the tiniest living 

creatures on Earth, to generate energy for purposes other 

than their own survival. The term bioelectrochemical 

system refers to this conversion process. The ability of 

microbes, including bacteria, to generate electricity is 

demonstrated in this article, suggesting that they may one 

day serve as a renewable energy source. Microbial fuel 

cells, or MFCs, are a type of bio electrochemical system 

that produces electricity. Anode chambers, or negative 

electrodes, and cathode chambers, or positive electrodes, 

are typically seen in this setup. Batteries and MFC 

function similarly. The anode chamber’s microorganisms 

break down organic and inorganic materials, or 

substrates, to produce electricity. 

 

To create electricity, these electrons move from the 

anode to the cathode via an external circuit composed of 
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conductive materials, like copper wires. Additionally, 

nearly half of the photosynthesis that produces more 

oxygen and less carbon dioxide on our planet is carried 

out by microorganisms.
[3]

 While preventing the spread of 

disease is crucial for maintaining the health of 

individuals and communities, students also need to learn 

about the advantages that microorganisms and microbial 

communities offer. Numerous websites concentrate on 

microbes and illness. When conducting this review, we 

looked for tools that instructors could utilize to enable 

biology majors and beginners both comprehend the 

advantages that bacteria offer. 

 

MATERIALS AND METHODS 

Major metabolic pathways of microorganism for 

biofuel productions: Many chemicals and fuels are 

currently produced from fossil fuels, which will cause a 

worldwide decrease in fossil materials and many 

environmental problems. The emergence of metabolic 

engineering in the early 1990s provided ideas to solve the 

problems. Several studies have reported bioethanol, 

biodiesel, and other valuable petrochemicals, that is, 

butanol, isopentanol, terpenes, etc., production from 

lignocellulosic biomass (LCB). Its feasibility has been 

hampered by the Inherent recalcitrance of the biomass.
[5-

7]
 

 

Pyruvate and derivatives: Pyruvate and derivatives are 

widely utilized in food, pharmaceuticals, pesticides, feed 

additives, and bioenergy industries. A number of 

endogenous metabolic processes, including as amino 

acid, fatty acid, glycolysis, and the TCA cycle, are 

centered on pyruvate. The utilization of fossil fuels 

results in environmental changes because of greenhouse 

gas emissions, which has an adverse effect on the socio-

political and economic stability of particular nations and 

areas.
[8]

 

 

As a renewable energy source, biomass can be used in 

place of fossil fuels. For the purpose of sustaining their 

metabolism and existence, microorganisms generate 

energy from biomass, or materials found in their 

surroundings. They can absorb greenhouse gasses and 

purify the atmosphere in this way. Blue-green algae or 

cyanobacteria, as well as many other specialized 

microorganisms with remarkable adaptability, are 

particularly suited. Some microorganisms, such as E. 

Coli and Klebsiella, are also acceptable.
[8]

 

 

Producing Power with Shewanella Oneidensis MR-1 

Lactate Utilization in Microbial Fuel Cells A promising 

technique for directly harnessing microbes to produce 

electricity from organic materials is the microbial fuel 

cell (MFC). The electrical performance of MFCs is 

influenced by the kind of electron donors supplied into 

them, and optimizing MFC performance requires a 

mechanistic knowledge of these effects. In this work, 

they examined the function of formate in the production 

of electricity and the associated microbial metabolism 

using a model organism in MFCs, Shewanella oneidensis 

MR-1, and 
13

C pathway analysis. According to findings, 

formate and lactate work together to generate energy, 

and adding more formate to the initial lactate produced 

more power than utilizing either substance alone as an 

electron donor. 

 

 
Fig. 1: Butanol as substitute for gasoline to alleviate pressure of petroleum resources.

[4]
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Fig. 2: Micro organisms engineering approaches for energy production.

[4]
 

 

They observed decoupled cell growth and electricity 

generation during co-utilization of lactate and formate in 

S. oneidensis MR-1 based on the
 13

C tracer analysis (i.e., 

while the lactate was mainly metabolized to support the 

cell growth, the formate was oxidized to release electrons 

for higher electricity generation). To the best of our 

knowledge, 13C tracer analysis has never been used to 

investigate microbial metabolism in MFCs, but it has 

proven to be an effective technique for comprehending 

how electron donors alter the metabolic pathways in the 

chosen electro chemically active bacteria. Potter 

published the first study on bacteria’s ability to produce 

electricity nearly a century ago, but at the time, his 

findings received little national attention.
[9]

 

 

This power of bacteria has only been rediscovered in 

recent years. As previously noted, the demand for 

alternative energy sources, a deeper comprehension of 

the microbial system in connection to electron transport, 

and eventually the creation of microbial fuel cells are the 

driving forces behind this newfound interest. Using a 

microbe as a catalyst, a Microbial Fuel Cell (MFC) may 

produce power directly from a wide range of organic or 

inorganic chemicals. Traditionally, fuel cells use an 

oxidant at the cathode and a fuel at the anode to convert 

chemical energy to electrical energy.
[10] 

Through the use 

of an external circuit, the released protons and electrons 

create electricity. An ion exchange membrane separates 

the anode and cathode in MFCs, and a mixture of 

microorganisms and organic materials is employed.
[11]

 

 

 
Fig. 3: Microbial fuel cell structure and working.

[10]
 

 

A schematic representation of the MFC.
[10]

 The cathode 

Is exposed to air on one side, and the solution containing 

the biodegradable substrate is present on the other side. 

The anode chamber containing the bacteria is sealed off 
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from oxygen. Biochemical treatment systems are being 

extensively studied for their potential to produce 

electricity directly. Microbial fuel cell (MFC) devices, on 

the other hand, use biodegradable raw materials, 

including wastewater, to convert chemical energy into 

electricity without the need for the Carnot cycle.
[12,13]

 

The possibilities of producing electricity directly through 

biochemical treatment systems are also being studied 

very closely. Moreover, the MFC device has been shown 

to contain possibly electrogenic bacteria.
[14]

 These 

microorganisms consume organic substances and 

electrons onto the electrode, which causes electricity to 

produced.
[14]

  

 

Synthesis and Metabolism of pyruvate: The essential 

microbial metabolic pathways, enzymes, cofactors (e.g., 

NAD+ and NADH) and energy transfer compounds (e.g., 

ATP and ADP) are involved in pyruvate formation and 

consumption. Pyruvate is synthesized from glucose 

through the glycolytic pathway. Subsequently, pyruvate 

enters the TCA cycle via acetyl-CoA and converts to 

various chemicals such as lactate, alanine, α-acetolactate, 

and acetate.
[15]

 

 

 
Fig. 4: Synthesis and Metabolism of pyruvate. 

 

The maximal theoretical yield of pyruvate from glucose 

is 0.966 g/g, as indicated by the following equation, 

which describes the biochemical process of pyruvate 

generation from glucose through the glycolytic pathway: 

glucose + 2 NAD+ + 2 Pi + 2 ADP → 2 pyruvate + 2 

NADH + 2 ATP. 

 

Through the cyclic regeneration of cofactors, 

NADH/NAD+ and ATP/ADP influence the cell’s 

metabolic network while taking part in enzymatic 

reactions as products or substrates. Pyruvate is created by 

the glycolytic process, which yields two mol ATP and 

two mol NADH. Moreover, under aerobic conditions, 

pyruvate enters the TCA cycle through acetyl-CoA to 

create 1 mol ATP and 3 mol NADH. Through NADH-

dependent dehydrogenase, NADH enters the lactate and 

ethanol pathways for NAD+ regeneration or generates 

ATP through oxidative phosphorylation (Figure 5) 
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Fig. 5: Oxidative phosphorylation of NADH in microorganisms. 

 

Utilizing Metabolic Engineering to Produce Compounds 

Derived from Pyruvate. 2,3-BD with Acetoin The 

production of 2,3-BD and acetoin follows two main 

routes (Figure 3). One approach is that ALS condenses 

two pyruvate molecules to α-acetolactate, which α-

acetolactate decarboxylase (ALDC) then breaks down 

into acetoin. 

 

The essential microbial metabolic pathways, enzymes, 

and cofactors (e.g., NAD+ and NADH) are involved in 

acetoin and 2,3-BD formation and consumption. The 

reversible transformation between acetoin and 2,3-BD is 

associated with the cellular NADH/NAD+ ratio 

balance.
[16]

 Cofactors are closely related to the 2,3-BD 

pathway. The production of acetoin and 2,3-BD could be 

improved by regulating the ratio of NADH/NAD+.
[17,18]

 

 

 
Fig. 6: Synthesis and Metabolism of acetoin and 2,3-BD. 

 

DISCUSSION 

Synthesis of Butanol and Butyrate: The essential 

microbial metabolic pathways, enzymes, cofactors (e.g., 

NADH), and energy transfer compounds (e.g., ATP) are 

involved in butanol and butyrate formation. Green is the 

butanol synthesis pathway in the solvent-producing 

phases. Yellow is the butyrate synthesis pathway in the 

acid-producing phase.utanol is generated in the solvent-

producing phases. Enhancing the synthesis pathway and 

reducing by-products are fundamental to increasing 

butanol yield. On the one hand, overexpression of crucial 

enzymes of the synthesis pathway could increase butanol 

yield.
[19]

 

 

L-Alanine: Most microbes use ALT to convert L-

alanine, which is primarily produced for cellular 
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biosynthesis (Figure 6). However, due to the low 

amounts of L-alanine accumulation and the presence of 

the DL-alanine form, there is no practical purpose for a 

strain to manufacture L- alanine utilizing ALT. Certain 

organisms, such as Bacillus sphaericus, Lysinibacillus 

sphaericus, Arthrobacter oxydans, and Clostridium sp, 

can accumulate L-alanine in response to L-alanine 

dehydrogenase (ALD), which is then converted to D-

alanine by alanine racemase (ALR).
[20,21,22,23,24]

 

 

 
Fig. 7: Synthesis of butanol and butyrate. 

 

L-alanine synthesis by (A) alanine transaminase 

(ALT) and (B) L-alanine dehydrogenase (ALD): The 

creation of byproducts during the fermentative synthesis 

of L-alanine presents another difficulty. Genes involved 

in competing for metabolic pathways were deleted to 

develop strains that could fulfill the challenge.
[25]

 A two-

stage batch fermentation procedure yielded 32 g/L of L-

alanine in the E. coli mutant strain following the deletion 

of the aceF and ldhA genes .In addition, the E. coli 

mutants lacked the pyruvate-formate lyase, 

phosphoenolpyruvate synthase, POX, LDH, and parts of 

the PDHc. The strain that was obtained yielded 88 g/L L- 

alanine, which is about the theoretical maximum.
[26]

 C. 

glutamicum was also treated using a similar approach. In 

C. glutamicum, the genes for organic acid production 

and ALR were eliminated, leading to a carbon flow from 

organic acid to L-alanine and the production of 98 g/L L-

alanine.
[27]

 

 

 
Fig. 8: L-alanine synthesis by alanine transaminase (ALT) and alanine dehydrogenase (ALD). 

 

Biofuel production: The basic feature of life is 

oxidoreduction, which creates energy from matter.
[28]

 

Thus, microorganisms are undoubtedly crucial in 

developing waste purification and use strategies.
[29]

 

Bioenergy research is the center of scientific and 

technological research in the strategy of finding cost-

effective biorefineries.
[30]

 The main reason for increased 

interest in biomass as an energy source is application to 

sustainable development paradigm. In addition, biomass 

sources are often present at local level, and conversion 

into biofuel is possible with low initial costs.
[31]
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Fig. 9: Methane Formation and Decomposition via biological and non-biological means. 

 

 
Fig. 10: Biodiesel production pathway. 

 

The possibilities of direct electricity production by means 

of biochemical treatment systems are also being studied 

very intensively, and microbial fuel cell (MFC) devices 

convert chemical energy into electricity (without the 

Carnot cycle) from biodegradable raw materials and even 

from wastewater.
[32,33]

 

 

Bioenergy carrying Molecules and Metabolic pathways 

 
Fig. 11: Main bioenergy carrying molecules and metabolic pathways generated in biosynthetic fuels. 
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A. Molecules according to the fuel category; orange-

alcohols; pink-gasoline, and purple-diesel. B. Metabolic 

pathways involved in the generation of the above 

molecules. C. Reversed β-oxidation and fatty acid 

synthesis for the production of branched-chain alcohols, 

long-chain alkanes, and fatty acid methyl esters.
[34,35,36]

 

 

Abbreviations for enzymes : 1, citramalate synthase; 2, 3-

isopropylmalate isomerase; 3, 3-isopropylmalate 

dehydrogenase; 4, acetate kinase; 5, acetyl-

CoA:acetoacetyl- CoA transferase; 6, alcohol 

dehydrogenase; 7, isopentenyl pyrophosphate isomerase; 

8, geranyl pyrophosphate synthase; 9, monoterpene 

synthases; 10, farnesyl pyrophosphate synthase; 11, 

sesquiterpene synthases; 12, carboxylic acid reductase; 

13, a fatty aldehyde decarbonylase; 14, acyl-ACP 

thioesterase I; 15, acyl-CoA synthetase and 16, aldehyde 

deformylating oxygenase (or aldehyde decarbonylase). 

 

As an example, certain strains of Clostridium, such as 

Clostridium acetobutylicum, have been shown to 

naturally create 1-butanol through the acetone-butanol-

ethanol fermentation route.
[37]

 The three primary 

metabolic pathways utilized in the design and 

comprehension of: A) The kind of biofuel generated; B) 

The primary pathway for producing branched-chain 

alcohols is 2- ketoacid; C) Reversed β-oxidation and 

fatty acid synthesis for producing branched-chain 

alcohols, short- and long-chain alkanes, and fatty acid 

methyl esters; D) Isoprenoid pathways for producing 

branched and cyclic hydrocarbons.
[38,39,40]

 

 

Electrochemically active bacteria: Under anaerobic 

circumstances, electrochemically active bacteria (EAB) 

function as efficient microbial catalysts to move 

electrons from substrates to solid electron acceptors 

(such as an anode electrode).
[41,42,43,44]

 One of the most 

crucial phases in the production of electricity by MFCs is 

the transfer of electrons from the EAB to the electrode. 

This process is greatly impacted by the kind of electron 

donors used, which can alter the anode electrode’s 

microbial composition, structure, and metabolism
[45,46,47]

 

To increase the effectiveness of energy recovery, it is 

crucial to comprehend how electron donors affect the 

generation of electricity in MFCs.
[48,49,50]

 Coulombic 

efficiency (CE) and Coulombic recovery (CR) are 

quantitative indicators that display the fraction of 

collected electrons through EET vs total ideal electron 

production, which is used to evaluate the efficiency of 

electricity generation.
[51,52,53]

 The purpose of this work is 

to look into the function of formate in S. oneidensis MR-

1’s catabolic metabolism and power production in 

MFCs. We specifically used the 13C tracer experiment, a 

technique that is frequently employed to helpmetabolic 

rewiring in a variety of non-model environmental 

microbes.
[54,55,56]

 

 

 
Fig. 12: From: 

13
C Pathway Analysis for the Role of Formate in Electricity Generation by Shewanella 

Oneidensis MR-1 Using Lactate in Microbial Fuel Cells. Current generation in the MFC supplied with various 

electron donors. 

 

Note: “L” means lactate; “F” means formate; “(F + L)” 

means addition of both substrate together; “0.8 mM” 

means 0.8 mM of each substrate added each cycle. 

Current generation in the MFC supplied with various 

electron donors. Note: L means lactate; F means formate; 

(F + L) means addition of both substrate together; 0.8 

mM means 0.8 mM of each substrate added each cycle. 

 

Electricity generation in the MFC clearly competed for 

electron donors and the comparable CR (Coulombic 

recovery) with other MFC studies of S. oneidensis MR-1 

indicates that the anode electrode has strong ability to 

compete with oxygen for the electron donors to collect 

electrons.
[57,58]

 

 

CONCLUSION AND FUTURE PROSPECTIVE 

The hardest part of creating biofuels with “microbial 

factories” is producing a lot of fuel with a lot less money 

and a lot more efficiency than with traditional fossil 

fuels. To put it another way, bioethanol should be less 

expensive than gasoline when it comes to replacing it, 

albeit this could be a very difficult undertaking in terms 
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of reaching the daily requirement (quantity). For 

instance, almost 19 million barrels of gasoline are 

consumed daily in the United States; producing this 

quantity on an industrial scale could be difficult. Thus, 

future output of microbial biofuel should be given 

priority in order to raise its acceptability. 

 

The goal of this review was to summarize the 

developments in the field of pyruvate and its related 

molecules through metabolic engineering. Provides 

outlines production techniques for pyruvate and its 

derivatives. The microbial synthesis of these chemicals 

has a lengthy history, as we discovered. Usually, these 

microbes create artificial metabolic pathways that result 

in the production of particular products. In the past, the 

primary method used by microbes to create synthetic 

metabolic pathways to increase output was gene 

overexpression or deletion. On the other hand, issues like 

cell growth inhibition and metabolic flow may arise due 

to incorrect gene expression or specific metabolic 

abnormalities. In order to better understand their effects 

on sustainability, exhaust gas emissions, and 

compatibility with both current and future modes of 

transportation and energy production, we have covered 

the most recent developments in microbial fuel 

development and fuel design in this study. Numerous 

investigations have looked into the possibility of using 

microbes to transform trash and biogenic residue into 

fuels and chemicals that convey energy. 

 

Microorganisms cultured on various available organic 

substrates can produce advanced microbial biofuels, 

which are renewable energy sources. These substrates 

come from organic wastes and affordable, sustainable 

feedstock. In order to manufacture new fuels or achieve 

high product yields, the capacity to manipulate or modify 

the native biofuel producing metabolic pathways is a 

fundamental challenge in converting feedstocks into 

advanced biofuels using native hosts using biocatalysts 

and genetically tractable microorganisms that can be 

induced to manufacture desired fuels from a range of 

feedstocks is essential. Advanced biofuel production and 

use have been improved by fuel design and microbial 

metabolic engineering. Although advancements are still 

in their infancy, new metabolic pathways have been 

found and employed for synthesis of metabolites.  

 

The amounts of fuels and energy molecules produced are 

still quite minimal for the majority of metabolic 

processes. However, the synthesis of microbial fuel 

molecules can be improved, with the potential to surpass 

fossil fuels in terms of clean and efficient combustion, 

with the advent of CRISPR genome editing technologies 

and advances in synthetic and systems biology. The 

increasing need to discover new renewable energy 

sources that could displace gas and oil and lessen adverse 

effects on the ecology has prompted a plethora of studies. 

Scientists are therefore increasingly looking to 

microorganism-based biofuels. By employing a 

sufficient number of microorganisms that are present in 

our immediate surroundings, civilization can be 

preserved and even thrive. Microorganisms are prepared 

to guide us into new human-environment partnerships in 

this way, acting as our companions in a future that is 

safer and more assured. 
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