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Abstract
The products which are being developed by the biotechnology industry have huge implications for our future health 

and well-being. All these discoveries in current biotechnical research and its applications will have repercussions 
within the human history. In recent years, microbial fermentations have been revolutionized by the application of 
genetically-engineered microorganisms. Economic importance of bacteria describes mainly from the fact that they 
are extensively exploited by humans in a number of beneficial ways. Fermentation is one such phenomenon in 
which micro organisms like bacteria, fungi, algae, etc are utilized for production of novel products. Industries like, 
diary, food, textile, baking etc are most benefited by these fermented products. Present article mainly focuses on 
the recent techniques which are involved in enhanced production of imperative products like lactic acid, cellulase, 
Human interferon α, and exopolysaccharide, and advantages of fermentation technology. 
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Introduction
Microorganisms are capable of growing on a wide range of 

substrates and can produce a remarkable spectrum of products. The 
relatively recent advent of in vitro genetic manipulation has extended 
the range of products that may be produced by microorganisms 
and has provided new methods for increasing the yields of existing 
ones. The commercial exploitation of the biochemical diversity of 
microorganisms has resulted in the development of the fermentation 
industry and the techniques of genetic manipulation have given this 
well-established industry the opportunity to develop new processes and 
to improve existing ones. The term fermentation is derived from the 
Latin verb fervere, to boil, which describes the appearance of the action 
of yeast on extracts of fruit or malted grain during the production of 
alcoholic beverages. However, fermentation is interpreted differently 
by microbiologists and biochemists. To a microbiologist the word 
means any process for the production of a product by the mass culture 
of microorganisms. To a biochemist, however, the word means an 
energy-generating process in which organic compounds act as both 
electron donors and acceptors, that is, an anaerobic process where 
energy is produced without the participation of oxygen or other 
inorganic electron acceptors [1].

Nowadays there is an increase in interest in the development of more 
efficient and less time consuming methods to measure the presence of 
microorganisms, as well as their viability for bioprocess control and 
improvement [2]. Identification of specific micro organisms is very 
important for carrying out fermentation process [3]. 

The manufacture of industrially important products by the 
methods of modern biotechnology is separated into two stages: 
upstream processing during which proteins are produced by cells 
genetically engineered to contain the desired gene which will express 
the product of interest and downstream processing during which the 
produced products are isolated and purified [4] (Figure 1). 

Upstream processing

Today, upstream processing can also take place in whole animals or 
plants, making the animal or plant a genuine bioreactor. 

E.g. Monoclonal antibody (Mab) production using mice. 

Other protein pharmaceuticals have been produced in the milk of 
goats and sheep and the leaves of tobacco to mention a few instances of 
this sort of upstream production of proteins [4].

Upstream processing may involve steps like preparation of 
inoculums, scaling up, inoculating the inoculums in the culture media/
reactor, assessment of qualitycontrol periodically during various steps 
of fermentation, controlling of pH, temp, etc. (Figure 2) [4].

Downstream processing

In a biochemical process, the highest operating and equipment 
costs can often be found in the area of downstream processing [5]. 
Downstream processing mainly refers to the recovery and purification 

Figure 1: Classification of Fermentation.
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of biosynthetic products, particularly pharmaceuticals, from natural 
sources such as animal or plant tissue or fermentation broth, including 
the recycling of salvageable components and the proper treatment and 
disposal of waste. Downstream processing and analytical bioseparation 
both refer to the separation or purification of biological products, but 
at different scales of operation and for different purposes. 

Downstream processing implies manufacture of a purified product 
fit for a specific use, generally in marketable quantities, while analytical 
bioseparation refers to purification for the sole purpose of measuring 
a component or components of a mixture, and may deal with sample 
sizes as small as a single cell.

A widely recognized heuristic for categorizing downstream 
processing operations divides them into four groups which are applied 
in order to bring a product from its natural state as a component of a 
tissue, cell or fermentation broth through progressive improvements in 
purity and concentration [6] (Figure 3).

Downstream processing steps mainly involve many techniques 
such as chromatography, flocculation, crystallization, etc. The rapid 
development of biotechnology and biomedicine requires more reliable 
and efficient separation technologies for the isolation and purification 
of biopolymers such as therapeutic proteins, antibodies, enzymes and 
nucleic acids [7].

Following are the methods which are used for purification of 
product [6].

 » Filtration

 » Centrifugation

 » Sedimentation

 » Precipitation

 » Flocculation

 » Adsorption

 » Chromatography 

 » Crystallization

 » Fractional distillation 

Bioreactors like TOROCELL have also been developed by by 
Ravindranath Gandlur and Prasadarao Gandlur of Lablinks Biotech 
Pvt. Ltd. recently for the cultivation of Saccharomyces boulardii as a 
probiotic supplement, Escherichia coli for plasmid DNA, Streptomyces 
avidini for producing Streptavidin, BHK 21 [8]. 

Applications of fermentation

There is at present a world-wide need to develop the way we handle 
wastes and to produce energy in a sustainable manner. Taking the waste 
product of one process and using it as input or fuel for another process 
is one way to accomplish this by making intelligent use of resources 
[9]. One such way is fermentation, in which we can use wastes of sugar 
industry, (molasses) for the production of alcohol. Fermented food and 
beverages have been used worldwide since time immemorial [10].

Microbial fermentations may be classified into the following major 
group

(i) Production of microbial cells (biomass) as the product.

(ii) Production of microbial metabolites.

(iii) Production of microbial enzymes.

Figure 2: Steps in upstream processing.

Figure 3: Steps involved in downstream processing.
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(iv) Modification of a compound which is added to the fermentation 
the transformation processes.

(v) Production of recombinant products [1].

Microbial biomass: Microbial biomass is produced commercially 
as single cell protein (SCP) for human consumption or animal feed and 
as viable yeast cells for use in the baking industry. 

Microbial metabolites: The metabolism is defined as the sum 
of all the biochemical reactions carried out by an organism. Primary 
metabolic pathways converge into few end products while secondary 
metabolic pathways diverge into many products. Some of these 
metabolites which are industrially important can be produced by 
fermentation [11].

E.g. citric acid, alcohols (ethanol using Saccharomyces cerevisiae 
[12]) , etc 

Microbial enzymes: Enzymes are biocatalysts produced by living 
cells to bring about specific biochemical reactions in the cells. Each 
single strain of organism produces a large number of enzymes, which 
are hydrolyzing, oxidizing or reducing, and metabolic in nature. 

E.g. Lipase [13,72], amylase, glucosidase, penicillinase, Fibrinolytic 
Enzymes [14], Asparaginase [15-17] etc

In the process of fermentation, selection of strains for the 
commercial production of specific enzymes is carried out, which have 
the capacity for producing highest amounts of the enzymes desired. 
Commercial enzymes are produced from strains of molds, bacteria, 
and yeasts [18].

Transformation Processes: In some cases of fermentation, 
microbial cells may be used to catalyse the conversion of a compound 
into a structurally similar, but financially more valuable, compound. 
Such fermentations are termed biotransformations, transformation 
processes, or bioconversions. The reactions that can be catalysed 
comprise oxidation, dehydrogenation, hydroxylation, dehydration 
and condensation, decarboxylation, deamination, amination, and 
isomerization [1].

Recombinant Products: Genes from higher organisms can 
be introduced into microbial cells for synthesizing foreign (or 
heterologous) proteins. Examples of the hosts include Escherichia coli, 
Saccharomyces cerevisiae and other yeasts as well as filamentous fungi 
such as Aspergillus niger var. awamori. Products produced in such 
genetically manipulated organisms include interferon, insulin [19], 
human serum albumin, factor VIII and factor IX, epidermal growth 
factor, bovine somatostatin and bovine chymosin.

E.g. Production of interferon [20], insulin, human serum albumin, 
factor VIII and factor IX, epidermal growth factor, bovine somatostatin 
and bovine chymosin [1], fusion proteins [21], production of antibiotics 
[22].

Although analysis of select compounds and metabolites has been 
used broadly to elucidate specific metabolic pathways, it is now more 
widely being applied to cataloguing all (or most of) the biochemicals 
coupled with an organism’s metabolism (or metabolome) [23]. Analysis 
of the biochemicals associated with an organism plays a crucial role in 
selection of strains in fermentation. 

A single vertical rotating immobilized cell reactor (VRICR) with the 
bacterium R. Erythropolis as a biocatalyst, was developed and used for 

investigation of biodesulfurization procedure with its two consecutive 
stages of cell growth and desulfurization activity by fermentation [24].

Other applications

	Production of fermented food [13,25]. 

	Production of refreshing beverages by the help of “Tea fungus” 
(kombucha) [26] 

	Production of biofuels [27] like ethanol, biogas [28], 
biomethanol [3]

	Production of pharmacological compounds like salidrosides 
[29]

	Production of human growth hormones [30,31]

	Production of Bioplastics [23]

	Lipases produced through fermentation are of great importance 
in food industry in development of flavour esters [32]

	Grapes and apples have been widely applied to ferment 
beverages [33] the use of other fruits, such as orange[34], cacao 
[35], mango [36] , gabiroba [37] , cajá [38], kiwi [39], and in 
the production of wine has been recently demonstrated [40]. 

	Production of mycoprotein [41]

	Production of xylitol [42].

	Ethanol is considered to be the next generation transportation 
fuel with the most potential, and significant quantities of 
ethanol are at present being produced from corn and sugar 
cane by fermentation process [43].

	Production of Pectinmethylesterase by solid state fermentation 
[44].

In this article, we are going to discuss the fermentation of a range of 
products which comprise of the following

1. Enzyme production

2. Polysaccharides production

3. Organic acid production

4. Recombinant protein production

Production of enzymes

Enzymes are among the most significant products obtained for 
human needs through microbial sources. They are catalysts which 
speed up a reaction without being used up in the reaction. A large 
number of industrial processes in the areas of industrial, environmental 
and food biotechnology utilize enzymes at some stage or the other. 
Current developments in biotechnology are yielding new applications 
for enzymes [45]. The starting point for enzyme production is a vial of 
a selected strain of microorganisms. They will be nurtured and fed until 
they multiply many thousand times. Then the desired end-product is 
recovered from the fermentation broth and sold as a standardised 
product [46]. 

Different kinds of processes can be used for enzyme production 
such as, solid state fermentation, submerged fermentation, etc. 

E.g. Cellulase (for cellulose hydrolysis), β-galactosidase (for lactose 
hydrolysis, which converts lactose to glucose and galactose) [47], 
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Cellulase

Research on cellulase has progressed very rapidly in the past 
few decades’, emphasis being in enzymatic hydrolysis of cellulose to 
glucose [48]. Cellulose constitutes the highest percentage of municipal 
and wastes. It represents a major source of renewable energy and raw 
materials. Therefore, the utilization of cellulosic wastes to produce 
energy is potentially of great importance [49].

Cellulase refers to a class of enzymes produced primarily by fungi, 
bacteria, and protozoans that catalyze cellulose hydrolysis (cellulolysis). 

Five types of cellulases based on the kind of reaction catalyzed are 
as follows

1. Endocellulase breaks internal bonds to disrupt the crystalline 
structure of cellulose and expose individual cellulose 
polysaccharide chains

2. Exocellulase cleaves two to four units from the ends of the 
exposed chains produced by endocellulase, resulting in the 
tetrasaccharides or disaccharides, such as cellobiose. There are 
two main types of exocellulases [or cellobiohydrolases (CBH)] 
- CBHI works processively from the reducing end, and CBHII 
works processively from the nonreducing end of cellulose.

3. Cellobiase or beta-glucosidase hydrolyses the exocellulase 
product into individual monosaccharides.

4. Oxidative cellulases depolymerize cellulose by radical 
reactions, as for instance cellobiose dehydrogenase (acceptor).

5. Cellulose phosphorylases depolymerize cellulose using 
phosphates instead of water [50].

Method of production: T. reesei is a saprobic fungus capable of 
efficiently degrading plant cell wall polysaccharides such as cellulose 
and hemicelluloses. It was first isolated in Solomon Islands in 1944 
by the US Army. The original T. reesei isolate, T. reesei QM6a soon 
became an area of huge interest, due to its high cellulolytic potential. 
The construction of different mutant strains with several-fold increase 
in the amount of secreted cellulolytic enzymes compared to the wild-
type strain has been achieved by both academic and industrial research 
programs. 

One of the most hypercellulolytic strains, RUT-C30, originated 
from T. reesei QM6a by three rounds of mutagenesis including a UV-
light treatment followed by N-nitrosoguanidine (NTG) and another 
round of UV-light treatments. Recently, massive parallel sequencing 
of two mutant strains including RUT-C30 and its ancestor NG-14 
(originated from T. reesei QM6a) has been reported. Expression of 
the cellulolytic enzymes in T. reesei is induced by cellulose and also by 
some disaccharides such as D-lactose, cellobiose and sophorose [51]. 
Cellulase from T. reesei can be produced in following steps [52] (Figure 
4).

Cellulases are among the industrially important hydrolytic enzymes 

Figure 4: Flow chart for cellulase production by Trichoderma reesei.
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and are of great importance in present day biotechnology. Cellulases 
are widely used in the food, feed, textile and pulp industries [53].

Production of polysaccharides 

During the past several decades, much interest has been generated 
in the subject of polysaccharides produced by microorganisms, due 
to their various biological and pharmacological activities, including 
immuno-stimulating and anti-tumour activities [54]. Polysaccharides 
are polymeric carbohydrate structures, formed of repeating units 
(either mono- or di saccharides) joined together by glycosidic bonds. 
These structures are often linear, but may contain various degrees of 
branching. 

Bacterial polysaccharides represent a varied range of 
macromolecules that comprise peptidoglycan, bacterial cellulose [55], 
lipopolysaccharides, capsules and exopolysaccharides; compounds 
whose functions range from structural cell-wall components 
(e.g., peptidoglycan), and chief virulence factors (e.g., Poly-N-
acetylglucosamine in S. aureus), in order to permit survival of the 
bacterium in harsh environments (e.g., Pseudomonas aeruginosa in the 
human lung). Polysaccharide biosynthesis is a firmly regulated, energy-
intensive process and understanding the subtle interplay between the 
regulation and energy conservation is a huge area of research. The 
potential benefits are huge and should enable the development of novel 
antibacterial strategies (e.g., new antibiotics and vaccines) and the 
commercial exploitation to develop novel applications [56].

Exopolysaccharides

Exopolysaccharides are high molecular weight polymers that are 
composed of sugar residues and are secreted by a microorganism 
into the surrounding environment [57]. Microorganisms synthesize a 

wide range of multifunctional polysaccharides including intracellular 
polysaccharides, structural polysaccharides and extracellular 
polysaccharides or exopolysaccharides (EPS). Exopolysaccharides 
generally consist of monosaccharides and some non-carbohydrate 
substituents (such as acetate, pyruvate, succinate, and phosphate) [58].

Many dairy lactic acid bacteria which are used for the 
manufacture of fermented milk products have the ability to produce 
exopolysaccharides (EPS), which are excreted into the milk during 
fermentation. They prevent syneresis, and ensure proper texture and 
body of the end product. Further, it has been reported that EPS isolated 
from lactic acid bacterial cultures have antitumor activity [59,60]. These 
lactic acid bacteria also play an important role in the biodegradation 
of azo dyes [61]. In this article, the production of exopolysaccharides 
from Lactobacillus rhamnosus is discussed. 

Method of production: The exopolysaccharide (EPS)-producing 
cultures such as Lactobacillus rhamnosus RW-9595M present a 
challenge for the culture producers because the high viscosity of the 
fermented growth medium make it difficult to recover the cells by 
centrifugation or filtration [62]. Study has been carried out in order 
to make it feasible for separation of cells from the culture. Fed-batch 
culture is observed to be fruitful in this case. Following steps are 
involved in the production of exopolysaccharides from Lactobacillus 
rhamnosus 

Exopolysaccharide (EPS)-producing lactic acid bacteria (LAB) are 
of importance to the food industry since they can improve the texture 
of yoghurts, lower the risk of syneresis and improve yields in cheeses. In 
addition to their technological benefits, LAB EPS have been recognized 
to have antitumor, antiulcer and blood cholesterol lowering activities, 
as well as the capability to enhance the immune system. Therefore EPS-

Figure 5: Flow chart of exopolysaccharide synthesis.
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producing strains are of commercial value for both their technological 
and putative probiotic properties [62] (Figure 5).

Organic acid production

An organic acid is an organic compound with acidic properties. 
The most common organic acids are the carboxylic acids, whose acidity 
is associated with their carboxyl group –COOH. Simple organic acids 
such as formic or acetic acids are used for oil and gas well stimulation 
treatments. These organic acids are much less reactive with metals than 
strong mineral acids like hydrochloric acid (HCl). Therefore, organic 
acids are used at high temperatures or when long contact times between 
acid and pipe are needed. The conjugate bases of organic acids such as 
citrate and lactate are frequently used in biologically-compatible buffer 
solutions. Biological systems generate many more complex organic 
acids such as L-lactic, citric, and D-glucuronic acids that contain 
hydroxyl or carboxyl groups [63].

In this article, recent development in the production of L-Lactic 
acid is discussed by New Lactobacillus Rhamnosus B 103

Method of production: Interest in the production of L-lactic acid 
has increased recently due to its capability to serve as raw material 
for the manufacture of green solvents, such as ethyl lactate and poly-
L-lactic acid (PLLA). These green solvents are biodegradable and 
environmentally friendly. PLLA is also biocompatible and can be used 
in implants, such as scaffolds in humans. 

Pure lactic acid in its L-form can be obtained from submerged 
cultures of Lactobacillus rhamnosus with a simple and low-cost 
medium. The biotechnological procedures used for production of 
lactic acid are based on the bioconversion of sugar solutions by 
bacteria. Both chemical and biotechnological methods are available 
for manufacture of lactic acid, but biotechnological production 
offers several advantages over chemical synthesis, such as the low 
cost of substrates, milder temperature and less energy consumption. 

Lactic acid produced through biotechnological fermentation is also 
preferred for applications in polymer industries due to the prospects 
of environmental friendliness and the use of renewable sources rather 
than petrochemicals [64].

Steps involved in the production of lactic acid from Lactobacillus 
Rhamnosus B 103 are shown in Figure 6. Sugarcane plays a key role 
in agriculture due to its economic and social importance. Because of 
its rich composition in fermentable sugars, nitrogenous substances 
(proteins and amino acids) and vitamins as well as its low cost and high 
availability, sugarcane juice can be used as a substrate for improving 
lactic acid production and reducing costs [64].

Recombinant protein production

Recombinant protein production is the expression of proteins 
that have been produced by recombinant DNA technology. This 
process enables these substances to be made in large quantities. Such 
mass production is done both for laboratory study and for industrial 
production [65].

High-level production of recombinant proteins as a prerequisite for 
subsequent purification has become a standard technique. Important 
applications of recombinant proteins are: 

 » Immunization, 

 » Biochemical studies, 

 » Three-dimensional analysis of the protein, and 

 » Biotechnological and therapeutic use. 

Production of recombinant proteins involves cloning of an 
appropriate gene into an expression vector under the control of an 
inducible promoter. But efficient expression of the recombinant gene 
depends on a variety of factors such as,

Figure 6: Flowchart for the production of L- lactic acid using Lactobacillus Rhamnosus.
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 » Optimal expression signals (both at the level of transcription 
and translation), 

 » Correct protein folding and 

 » Cell growth characteristics [66].

One of such recombinant protein on which research was carried 
out was Human Interferon α. 

Human Interferon α: Interferons (IFNs) are natural cell-signalling 
proteins produced by the cells of the immune system of most vertebrates 
in response to challenges such as viruses, parasites and tumor cells. 
Interferon therapy is used (in combination with chemotherapy and 
radiation) for the treatment for many cancers, AIDS related Kaposi’s 
sarcoma, and chronic hepatitis B and C. 

The expression of IFN-α cDNA was achieved directly in E.coli 
soon after it was first cloned. Since, E. coli could be grown to high cell 
densities, and strains used for recombinant protein production are 
generally regarded as safe, it is a preferred expression host for large-
scale fermentations [67].

Method of production: Currently, Escherichia coli is one of the 
main scientific subjects not only for basic research but also for applied 
biotechnology [68]. Process of production of recombinant proteins 
first involves the construction of gene which codes for the protein, 
amplification of that gene, transformation into suitable host (E.Coli), 
growing the colonies on the medium, and then purification of protein. 
It involves the following steps [67].

	IFNa2b gene was amplified in PCR using the forward primer 
5’CCG CCG GGA TCC GAT GAT GAT GAT AAA TGT GAC 
CTA CCA CAA ACC CAC 3’ that introduces a BamH1 site 
at the 5’ end of the gene and a reverse primer 5’ CCG CCG 
GAA TTC AAG CTT TCA TTA CTC TTT AGA TCT TAA 
3’containing the EcoR1 site at the 3’ end of the gene

	The ligation mix was then introduced into DH5a competent 
cells

	Recombinant clones were screened by colony using IFN gene 
specific primers.

	The PCR positive clones were later selected by restriction 
digestion and the selected clone was designated as pET21a-IFN

	SAK gene was PCR amplified from the synthetic gene using 5’ 
CCG CCG GAA TTC CAT ATG TCA TTC GAC AAA GGA 
3’ and 5’ CCG CCG GAA TTC TTA TTT ATC ATC ATC ATC 
GGA TCC TTT CTT TTC TAT AAC AAC 3’ as the forward 
and reverse primer respectively.

(SAK will have enterokinase (DDDDK) recognition site.)

	The ligation mix was used for transformation of DH5a cells

	Colonies were screened with colony PCR for SAK gene using 
gene specific primers.

	The clones were further confirmed by restriction analysis NdeI/
EcoRI digestion.

	The construct was designated as pET21a-SAK-IFN

	BL21A1 cells and BL21(DE3) codon plus cells were 
independently transformed using pET21a- IFN and pET21a-
SAKIFN plasmids.

	The cultures were then inoculated into Luria Bertani (LB) with 
ampicillin at 100 μg/ml and incubated at 37ºC till A600nm was 
nearly 0.5 to 0.6.

	The cells were induced with 13 mM arabinose and 1% lactose 
in case of BL21A1 cells while 1 mM IPTG was used in case of 
BL21(DE3) codon plus cells.

	Cells were pelleted, lysed with glass beads and the soluble and 
insoluble cell fractions were separated

	Suitable aliquots of both the soluble and insoluble fraction 
were checked for expression on 12% SDS-PAGE gel followed 
by silver stain.

	Purification of the protein [67].

IFN fusion proteins have been created to render them soluble in 
E. coli. Some of the well studied interferon fusions include GST-IFN 
[69], HSA-IFN [70] and the latest report on the fusion of IFN with the 
antimicrobial peptide as IFN-CM4 fusion [71]. 

Nowadays there is a rising interest in the development of more 
efficient and less time-consuming methods to assess the presence 
of microbes, as well as their viability for bioprocess control and 
improvement. Rapid detection of microorganisms in samples is one of 
the important questions to obtain real-time data for the development 
of more precise quality control programs, but also for monitoring 
microbial population during fermentation stages, in order to achieve 
a better control over processes [73]. Identifications of microbial 
organisms are now usually done by comparing their SSU rRNA gene 
sequences to those of known organisms. The standard application 
is to study the composition of the microbial community within a 
given environmental or clinical sample [74]. Metabolic profiling is 
one method which can be used for cataloguing all (or most of) the 
biochemicals associated with an organism’s metabolism [75].

Conclusion
Fermentation and production of industrially important products 

involves crucial steps to be followed aseptically. Fermentation is more 
than 3000 years old and since then, many developments have been 
made and many implications have been drawn in development of novel 
techniques for more enhanced improved production of industrially 
important products. Some of those techniques have been discussed 
in this review with regard to the production of lactic acid, cellulase, 
exopolysaccharide, and human hormones. These techniques involved 
improved strategies like using genetically engineered microbes, and 
new methodologies which resulted in high yield and cost effective 
production of these products. 
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