
Process Biotechnology 

 

© Career Avenues A 1 
 

 

 

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 

P
R
O
C
E
S
S 
 

B
I
O
T
E
C
H 
 
 
 
 

G
A
T
E
1
4
B
T
2
5 

 
 

Just because it’s tough, you won’t do it?  

 

 

“Rising up, straight to the top 

Have the guts, got the glory 

Went the distance; now I am not gonna stop 

Just a man and his will to survive” 

 

Eye of the tiger, Rocky 
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BIOPROCESS TECHNOLOGY FOR THE 

PRODUCTION OF CELL BIOMASS AND 

PRIMARY/SECONDARY METABOLITES 

MANUFACTURE OF BAKER’S YEAST 

In human diets, microbial protein constitutes a relatively minor portion of the total protein 

consumed. This primarily comes from edible macrofungi (mushrooms, truffles, etc.) and a small 

contribution in the form of yeast in bread, estimated at 2g protein per person per week in the 

western European diet. 

A major fermentation industry has developed to manufacture the vast quantity of baker’s yeast 

required for making bread and associated bakery products. The ‘skimming method’ was one of 

the first methods employed for the commercial production of baking strains of Saccharomyces 

cerevisiae. This method used media derived from cereal grains, and was similar to brewing and 

distilling fermentation processes. Here the yeast floated to the top of the fermentation and was 

skimmed off, washed and press-dried. However, during World War I, due to shortages of cereal 

grains, the yeast industry sought alternate fermentation materials.  

In Germany a process was devised whereby molasses, ammonia and ammonium salt were used 

in place of cereal-based media. These remains, with certain refinements and automation, as the 

basis of current methods of manufacture that now generate 2×10
9
kg/annum worldwide. 

Baker’s yeast production commences with propagation of a starter culture, which originates from 

a pure freeze-dried sample or agar-medium culture. Yeast cells are initially transferred to small 

liquid culture flasks, then on to larger intermediate vessels before being finally used to inoculate 

the large production fermenters of 50m
3
 to 350m

3
capacity. Overall, this may involve up to eight 

scale-up stages to produce the necessary final inoculum volume. 

Medium for the production fermentation normally contains molasses as the carbon and energy 

source, which may be pretreated with acid to remove sulphides and heated to precipitate proteins. 

Molasses is often deficient in certain amino acids, and supplements of biotin and pantothenic 

acid are usually necessary. Further nitrogen sources (ammonium salts or urea) may be added, 

along with orthophosphate and other mineral ions, and the pH is adjusted to 4- 6. 

The main objective of the process is to generate a high yield of biomass that exhibits an optimal 

balance of properties, including a high fermenting activity and good storage properties. Aerobic 

fermentation favours a high biomass yield, as approximately 50% of the available carbon can be 

potentially converted to biomass. The maximum theoretical growths yield (Ys) is 0.54 g/g, 

whereas under anaerobic conditions this value is reduced to around 0.12 g/g. Therefore, the aim 

is to maintain the cells under aerobic conditions. This is partially achieved by strong aeration of 
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the fermentation broth, which is usually further increased as the fermentation progresses, via an 

aeration system that must achieve an oxygen transfer rate of 150 mmol/L/h. In addition, the 

fermentation is operated as a fed-batch process. The nutrients are added at a specific rate to 

prevent the operation of the Crabtree effect, a phenomenon where substrate suppresses aerobic 

respiration. This feeding regime limits anaerobic metabolism and ethanol production, which 

would otherwise result in lower biomass yields. By maintaining a specific growth rate (m) of 

0.2–0.25/h at 28–30°C, cell concentrations of up to 60 g/L can be achieved. At the end of the 

growth phase, when all the nutrients are depleted, the aeration is continued for a further 30min to 

‘ripen’ the yeast. This encourages production of the storage carbohydrate trehalose, reduces 

protein and RNA synthesis, and stabilizes the cells to give a longer storage life. 

Centrifugal separators, run at a minimum speed of 5000rpm, are used to remove the yeast from 

the fermentation broth. Harvested cells are then washed several times with water, chilled to 2–

4°C and finally dried to around 70–75%(w/w) moisture using vacuum filter dehydrators. The 

yeast is usually packed in 1kg blocks and kept under refrigeration. Alternatively, the yeast may 

be dried further to 7–10% (w/w) moisture to form dried yeast, which can then be stored for long 

periods without refrigeration. Overall, the cycle of operations, from the initial pure yeast sample 

to the yeast blocks ready for sale, takes about 2 weeks, passing through 60 generations. Desirable 

features of baker’s yeast and areas where improvements are being sought via genetic engineering 

include: 

 High glycolytic activity, a key feature being CO2 generation rates or ‘gassing power’ , 

 Rapid utilization of maltose, which is the main sugar of bread dough, 

 Osmotolerance, i.e. the ability to function in the presence of high levels of sugars and salt 

within dough, 

 Good storage characteristics, including cryotolerance(the suitability for frozen storage) and 

 High growth rates. 

 

INDUSTRIAL ETHANOL 

Most regions of the world have traditionally produced alcoholic beverages from locally available 

substrates. Similar alcoholic fermentations are now used in some countries to produce fuel grade 

or chemical feedstock ethanol. The annual world production of ethanol is over 30 billion litres, 

approximately 70% of which is produced by fermentation, the remaining being mostly 

manufactured by the catalytic hydration of ethylene. Almost 12% of the fermentation ethanol is 

beverage alcohol, 20% is for various industrial uses and the remaining 68% is fuel ethanol. 

Ethanol is an attractive fuel because it may be used alone or mixed with other liquid fuels, e.g. 

‘gasohol’, a blend of 10–22% (v/v) ethanol with gasoline. In 1970s, Brazil and few other 

countries undertook the full-scale production of ethanol from indigenous renewable biomass 

resources to offset the growing costs of oil imports. The ethanol was produced by fermentation 

of sucrose, derived from sugarcane, using Saccharomyces cerevisiae. Brazil is now responsible 
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for over 46% of annual world production, some 14.5 billion litres of ethanol. However, this is not 

sufficient to keep up with the growing demand for fuel. Failure to develop their production 

processes has resulted in the need to import ethanol from the USA and other producing countries. 

Apart from sucrose, other conventional fermentation substrates for ethanol fermentations include 

simple sugars derived from plants and dairy wastes. These require relatively little processing 

(Fig.1). 

                        

                        

     Fig.1 Industrial ethanol production from various substrates. 
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However, use of root and tuber starch (cassava, potato, etc.) or grain starch (maize, wheat, rice, 

etc.) demands energy-consuming processing operations to achieve hydrolysis. Even greater 

processing is necessary prior to the utilization of ligno-cellulosic plant materials. 

 

BIOCONVERSION OF MAIZE STARCH 

In North America, wet or dry milling processes have been developed for maize processing to 

separate corn oil from the starch. This also generates byproducts that can be used for animal 

feed. Extracted starch is subjected to gelatinization and saccharification, and the resultant sugars 

can then undergo alcoholic fermentation. The technology initially used was largely based on 

previously developed for alcoholic beverage production, but now the processes are much more 

efficient. Enzymatic saccharification is used for converting starch into fermentable sugars 

employing various thermostable amylases, including gluco-amylases. Fermentation of the 

resulting sugars, mostly glucose, is carried out by selected strains of S. cerevisiae at 32–38°C 

and pH 4.5–5.0. Fermentations may be batch or continuous process, often with some form of cell 

recycle, which reduces both the fermentation time and the amount of substrate ‘wasted’ in 

conversion to unwanted biomass. Operations under vacuum, which facilitate continuous removal 

of ethanol to reduce ethanol inhibition and even cell immobilization have been tried. 

 

These alcoholic fermentations generate a ‘beer’ containing approximately 10% (v/v) ethanol 

from which the yeast is usually separated prior to distillation. Recovered ethanol may then be 

dehydrated. The cost of this ethanol recovery is often up to 50% of the total process expenditure. 

Process byproducts include methanol, glycerol and higher alcohols, such as amyl, butyl and 

propyl alcohols. Possible alternate approaches to ethanol recovery include the use of continuous 

extractive fermentation processes using non-volatile, non-toxic solvents, such as oleyl alcohol, 

which have a high affinity for ethanol. This strategy is useful in overcoming end-product 

inhibition. The solvents employed are continuously introduced into the fermenter and rise 

through the medium to form a layer that is continuously removed. Passing through a centrifuge 

results in the separation of ethanol laden solvent from media and cells, which are then returned to 

the fermenter. The ethanol may be recovered by flash vaporization and the non-volatile solvent is 

reused. 

 

Although S. cerevisiae is still extensively used for the alcoholic fermentation of simple sugar 

substrates, there are other organisms with commercial potential. These include bacterial genus 

Zymomonas, such as Z. mobilis, which are Gram-negative facultative anaerobes that normally 

ferment only glucose, fructose or sucrose. They afford greater ethanol yields than does S. 

cerevisiae, but are not ethanol tolerant. In future, alternate routes are likely to involve genetically 

engineered organisms that have the ability to utilize a wider range of carbon sources and have 

better fermentation properties. For example, Escherichia coli, which normally produce only 

relatively small amounts of ethanol, have been transformed with a plasmid that encodes the 
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alcohol dehydrogenase and pyruvate decarboxylase from Z. mobilis. Such transformants produce 

ethanol under both aerobic and anaerobic conditions. 

 

BIOCONVERSION OF LIGNOCELLULOSIC MATERIALS 

Unlike energy crops (cereals, sugar cane and beet, etc.), lignocellulosic plant wastes (sawdust, 

wood chips, straw, bagasse, waste paper, etc.) have no direct food use. They are renewable 

resources yet to be fully exploited. Billions of tonnes of these cellulosic materials currently go to 

waste each year, which could be converted into chemical energy or other useful fermentation 

products. Lignocellulose is composed of the following polymers. 

 Lignin (10–35%, w/w), a polymer of three phenolic alcohols (p-coumaryl, sinapyl and 

coniferyl alcohols) that encrusts the cellulose. This material cannot be degraded by 

microorganisms under anaerobic conditions, but may be used as sources of vanillin, catechol, 

dimethylsulphide (DMS) and dimethyl sulphoxide (DMSO) when degraded via chemical 

processes. 

 Cellulose (15–55%, w/w), a linear homopolymer of β-1,4-linked glucose units. Once 

hydrolysed, the resultant glucose is readily fermented by many microorganisms, but few can 

directly utilize the native polymer. 

 Hemicellulose (25–85%, w/w), a class of heteropolymers containing various hexoses (d-

glucose, d-galactose and d-mannose) and pentoses (l-arabinose and d-xylose). Xylose is the 

second most abundant sugar in nature after d-glucose and may constitute up to 25% of the 

dry weight of some woody trees, but only a few microorganisms ferment pentoses to ethanol. 

Importantly, ethanol production from lignocelluloses is economically viable only if both 

pentoses and hexoses are fermented. 

Few microorganisms can utilize lignocellulose directly and those that do, such as some species 

of Clostridium, produce little or no ethanol. Therefore, direct microbial fermentation of 

cellulosics to ethanol is a distant opportunity. An approach more likely to prove successful in the 

shorter term involves several steps. First, pretreatment of the lignocellulosic material is necessary 

prior to the saccharification of hemicellulose and cellulose components. Sugars resulting from 

chemical and/or enzymatic hydrolysis may then be fermented to produce ethanol, which can be 

separated from the aqueous phase by distillation. 

Pretreatment and saccharification must be conducted in a way that maximizes subsequent 

bioconversion yields and minimizes the formation of potentially inhibitory compounds, 

especially furfurals and soluble phenolics. Most lignocellulosic materials require a pretreatment 

to render the cellulose and hemicellulose more amenable to acid or enzyme hydrolysis. 

Pretreatment requirements vary with the feedstock and are often substantially less for processed 

materials such as paper and card. Methods employed include mechanical size reduction by 

milling, chemical pulping, acid hydrolysis, alkali treatment, auto-hydrolysis, solvent extraction, 
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steaming and steam explosion (explosive decompression following high-pressure steam 

treatment at 4000kPa for 5–10 min). 

Various combinations of pretreatment processes may be used depending upon the source of 

lignocellulosic materials. Some achieve partial saccharification, but further treatment with acid 

or enzymes is usually necessary. Acid hydrolysis is generally carried out with dilute acid (e.g. 

0.5–5% (v/v) sulphuric acid) under pressure to achieve elevated temperatures of 100– 240°C. 

This treatment is relatively inexpensive, but also generates large quantities of degradation 

byproducts and undesirable inhibitory compounds. Strong acid hydrolysis often uses 

concentrated hydrochloric acid at ambient temperature, which gives the highest sugar yield of 

any acid hydrolysis process. However, such operations are highly corrosive and almost complete 

acid recovery is essential to make the process economically viable. Acid hydrolysis of mixtures 

of cellulose and hemicellulose is difficult to control. Hemicellulose is more readily hydrolysed 

than cellulose and generates sugars early in the process. These sugars may undergo further 

breakdown to inhibitory compounds, e.g. furfurals. Consequently, conditioning of hydrolysates 

may be necessary in order to remove these compounds prior to fermentation. 

The sugars generated by hydrolysis are primarily glucose, cellobiose (a disaccharide composed 

of β-1,4-linked glucose units) and xylose. Fermentation of xylose is problematic. S. cerevisiae, 

which is currently responsible for 95% of all ethanol produced by fermentation, does not ferment 

this monosaccharide. Those organisms that do are not ethanol tolerant and give poor ethanol 

yields. 

There are a number of possible ways by which S. cerevisiae could be employed in the alcoholic 

fermentation of xylose. 

 Isomerization of the aldo-sugar, D-xylose, to the keto form D-xylulose, which S. cerevisiae 

can ferment. This may be achieved by carrying out the yeast fermentation in the presence of 

a bacterial xylose isomerase. 

 Genetic engineering of S. cerevisiae, to express genes for either: a bacterial xylose isomerase, 

e.g. from species of Actinoplanes, Bacillus, etc.: or xylose reductase and xylitol 

dehydrogenase from a pentose fermenting yeast, e.g. species of Candida, Pichia, etc. 

However, there are likely problems with cofactor imbalances with this option. Z. mobilis has 

also been genetically engineered to ferment xylose and may play a future role in the 

production of ethanol from plant biomass. 

 

AMINO ACIDS 

Several amino acids are produced in commercial quantities via direct fermentation processes 

using overproducing microbial strains or by microbial biotransformation. They are mostly 

employed as food or animal feed supplements and flavour compounds. However, several amino 

acids also have uses in pharmaceuticals and cosmetics, and in the chemical industry for the 

manufacture of polymers. 
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L-GLUTAMIC ACID 

Of all the amino acid production processes, that of L-glutamic acid is probably the most 

important in terms of quantity. Its main use is as the flavour enhancer, monosodium l-glutamate 

(MSG), which can heighten and intensify the flavour of foods without adding significant flavour 

of its own. MSG is naturally present in certain foods and was discovered to be the ‘active’ 

component of a traditional flavour-enhancing seaweed stock used in Far Eastern foods. This 

compound was first isolated from the seaweed, Laminaria japonica, in 1908. Commercial 

production in Japan followed almost immediately, using extracts of soya protein and wheat 

gluten. In 1959 the US Food and Drug Administration (FDA) classified MSG as ‘generally 

regarded as safe’ (GRAS) due to its history of safe use, and the Joint Food and Agriculture 

Organization (FAO) ,World Health Organization (WHO) Expert Committee on Food Additives 

(1970) gave the acceptable daily intake as 0–120 mg/kg body weight. Since the early 1960s, the 

classical production methods using plant sources have largely been replaced by fermentation 

processes, which are now responsible for an annual production in excess of 400 000 tonnes. The 

price of MSG in international trade is an average of US$1.20/kg and apart from extensive use in 

oriental foods; it is added to a wide range of food products, particularly soups, gravies, sauces 

and snacks. Glutamic acid-producing microorganisms include species of the closely related 

genera Arthrobacter, Brevibacterium, Corynebacterium, Microbacterium and Micrococcus. 

These are Gram-positive, biotin requiring, non-motile bacteria that have intense glutamate 

dehydrogenase activity. 

 

Species of  

 

Brevibacterium and Corynebacteriu are used for most industrial fermentations. The wild-type 

Corynebacterium glutamicum, for example, exhibits feedback inhibition when cellular glutamic 

acid concentrations rise to 5% on a dry weight basis. However, the production strains developed 

using mutagenesis and selection programmes are both regulatory and auxotrophic mutants. These 

strains have been developed with a high steady-state cytoplasmic amino acid concentration. They 

accumulate about 30% l-glutamic acid and yield 1 mol of glutamate per 1.4 mol of glucose and 

importantly are phage resistant. More recently, recombinant DNA technology has been used to 

increase the activity of specific biosynthetic enzymes by transformation with multicopy plasmids 

bearing the structural genes for these enzymes. The overall strategy for achieving overproduction 

of the amino acid involves: 

 Increasing the activity of anabolic enzymes; 

 Manipulation in regulation to remove feedback control mechanisms; 

 Blocking pathways that lead to unwanted byproducts; 

 Blocking pathways that result in degradation of the target product; and 
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 Limiting the ability to process the immediate precursor of l-glutamic acid, namely 

oxoglutaric acid, to the next intermediate of the tricarboxylic acid (TCA) cycle, succinyl 

coenzyme A (CoA), i.e. use of mutants lacking oxoglutaric acid dehydrogenase. During the 

growth phase, these mutants produce essential intermediates from isocitrate via the 

glyoxylate cycle. 

In addition, as these bacteria do not normally secrete glutamate, ranges of treatments are 

employed to render the cells more permeable and aid release of the amino acid into the medium. 

These treatments include: biotin limitation, restriction of phospholipid biosynthesis by adding 

C16–C18 saturated fatty acids during the growth phase, and inclusion of surfactants (e.g. Tween 

40) and penicillin in the production media. 

 

INDUSTRIAL PRODUCTION OF L-GLUTAMIC ACID 

Industrial-scale fermenters are normally stainless steel stirred tank reactors of up to 450m
3
. 

These are batch processes, operated aerobically at 30–37°C, the specific temperature depending 

on the microorganisms used. 

Apart from carbon and nitrogen sources, the fermentation medium normally contains inorganic 

salts, providing magnesium, manganese, phosphate and potassium, and limiting levels of biotin. 

Corynebacteria are nutritionally fastidious and may also require other vitamins, amino acids, 

purines and pyrimidines. The preferred carbon sources are carbohydrates, preferably glucose or 

sucrose. Cane or beet molasses can be used, but the medium requires further modification as 

their biotin levels tend to be too high. This can be overcome by the addition of saturated fatty 

acids, penicillin or surfactants which promote excretion. The nitrogen source (ammonium salts, 

urea or ammonia) is fed slowly to prevent inhibition of l-glutamate production. Medium pH is 

maintained around 7–8 by the addition of alkali, otherwise the pH progressively falls as the l-

glutamate is excreted into the medium. Accumulation of l-glutamic acid does not become 

apparent until midway through the fermentation, which normally lasts for 35–40 h and achieves 

l-glutamic acid levels in the broth of 80 g/L. 

Product recovery involves separation of the cells from the culture medium. The l-glutamic acid is 

then crystallized from the spent medium by lowering the pH to its isoelectric point of pH 3.2 

using hydrochloric acid. Crystals of l-glutamic acid are then filtered off and washed. MSG is 

prepared by adding a solution of sodium hydroxide to the crystalline l-glutamic acid followed by 

recrystallization. 

 

L-LYSINE 

L-Lysine is not synthesized by humans and other mammals. This ‘essential’ amino acid must be 

taken as part of their diet. However, many cereals and vegetables are relatively low in lysine. 

Consequently, food products and animal feeds derived from these sources are often 
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supplemented with this amino acid. The annual world production of L-lysine necessary to fulfill 

these requirements is now in excess of 380 000 tonnes. Over 90000 tonnes of this lysine are 

currently produced by direct microbial fermentation and biotransformation methods. The 

remaining portion is produced by chemical synthesis. However, this route has the major 

disadvantage that a mixture of the d- and l-isomers is synthesized, but it is only l-lysine that the 

body utilizes. Thus, optical resolution is required following chemical synthesis, whereas 

microbial production has the advantage that only the L isomer is formed. 

 

INDUSTRIAL PRODUCTION OF L-LYSINE 

Metabolic control of l-lysine production in wild-type C glutamicum is shown in Fig. 2. 

       

Fig.2 

The first key step of this metabolic pathway, aspartate to aspartyl phosphate, catalysed by 

aspartokinase, is controlled via feedback inhibition by two end-products of this branched 

pathway, lysine and threonine. Homoserine dehydrogenase activity is also subject to feedback 

inhibition by threonine and repression by methionine. However, dihydropicolinate synthetase is 

not inhibited by lysine accumulation, which is unusual for the first enzymes following the branch 

point of a pathway. The over-producing strains of C. glutamicum selected for lysine production 

have defects in these feedback control mechanisms. They lack homoserine dehydrogenase 

activity and are thus homoserine auxotrophs. These auxotrophs convert all aspartate 

semialdehyde to lysine, and because of the lack of threonine synthesis, there is no longer 

feedback control. However, carefully measured amounts of threonine, methionine and isoleucine 

must be added to the culture medium to enable this auxotrophic bacterium to grow. 

Most commercial l-lysine fermentations are operated as batch processes in aerated stirred tank 

reactors. Cane molasses is the preferred carbon source, although other carbohydrates, acetic acid 

or ethanol can be used, often supplemented with soya bean hydrolysates. The temperature is held 

at 28°C and the pH is maintained at, or near, neutrality by feeding ammonia or urea, which also 
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act as a nitrogen source. Control of the biotin level is very important, as concentrations below 

30mg/L result in the accumulation of l-glutamate instead of l-lysine (see l-glutamic acid 

production above). However, cane molasses usually contains sufficient biotin to fulfill this 

requirement. 

The lag phase is shortened by using a high concentration of inoculum, normally about 10% (v/v) 

of the fermentation volume. Production of lysine starts in the early exponential phase and 

continues through to the stationary phase. These fermentations last about 60h and yield 40–45 

g/L l-lysine from a molasses concentration of 200 g/L, containing 100 g/L sucrose. Lysine 

recovery is relatively simple. Once the cells have been removed, the fermentation medium is 

acidified to pH 2.0 with hydrochloric acid and the l-lysine is adsorbed onto a cation-exchange 

column in the ammonium form. A dilute solution of ammonia is then used to elute l-lysine from 

the column. This eluate is reacidified and the product is finally crystallized as l-lysine 

hydrochloride. 

 

ALTERNATE BIOTRANSFORMATION METHODS FOR THE PRODUCTION OF AMINO 

ACIDS 

Production of l-amino acids may also be performed by the enantio selective hydrolysis of 

racemic precursors. L-Glutamic acid, for example, can be produced from chemically synthesized 

d-l-hydantoin 5-propionic acid. This process uses Bacillus brevis, which produces the necessary 

hydantoinase and gives 90% yield. (Fig. 3a). 
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l-Lysine can also be produced via a batch biotransformation process from d-l-α-

aminocaprolactam, an inexpensive starting material chemically derived from cyclohexane. d-l-α-

Aminocaprolactam is added to a reaction vessel at a concentration of 100 g/L, along with the 

yeast Cryptococcus laurentii and the bacterium Achromobacter obae. The result is an almost 

complete conversion of the substrate to l-lysine. This method exploits the stereo specificity of a 

hydrolase found in C. laurenti to convert the l-isomers of the substrate to l-lysine. The remaining 

d-isomer of α-aminocaprolactam is brought back into the production pathway by a racemase in 

A. obae (Fig. 3b). Similar methods are also available for the synthesis of d-amino acids, some of 

which are important side-chain precursors for semisynthetic penicillins and cephalosporins, e.g. 

d-phydroxyphenylglycine. 

Fig.3a-3b: Production of l-amino acids by biotransformation. 

 

CITRIC ACID 

Citric acid is widely used in the food industry as an acidulant and flavouring agent in beverages, 

confectionery and other foods. As a food constituent, its use is unrestricted because it has GRAS 

status. This organic acid also has many non-food applications. They include roles in maintaining 

metals in solution for electroplating, as a cleaning and ‘pickling’ agent for metals, and as a 

replacement for polyphosphates in the detergent industry, along with several pharmaceutical 

uses. 

Until the 1920s citric acid was mainly prepared from lemon juice, but in 1923 Pfizer began 

operating a fermentation-based process in USA. The production organism was the filamentous 

fungus Aspergillus niger, an obligate aerobe, which was grown in surface culture on a medium 

of sucrose and mineral salts. Virtually all the worldwide output is now produced by fermentation, 

which is primarily located in Western Europe and China. Citric acid has become one of the 

world’s major fermentation products, with an annual production of over 550 000 tonnes and a 

value approaching US$800 million. The demand for citric acid is still increasing, particularly for 

beverage applications. Surface methods are still operated, but since the late 1940s, submerged 

fermentations have become the principal mode of production. Many microorganisms, including 

filamentous fungi, yeasts and bacteria, can be used to produce this primary metabolite. However, 

A. niger still remains as the predominant industrial producer. Specific strains have been 

developed for various types of fermentation processes, which are capable of generating high 

yields of citric acid, often in excess of 70% of the theoretical yield from the carbon source. 

 

CITRIC ACID BIOSYNTHESIS 

The metabolic pathways involved in citric acid biosynthesis are the Embden–Meyerhof–Parnas 

(EMP) pathway and the TCA cycle. A. niger also operates the pentose phosphate pathway, which 

can compete with glycolysis for carbon units. 
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The first stages of citric acid formation involve the breakdown of hexoses to pyruvate in 

glycolysis, followed by its decarboxylation to produce acetyl CoA . Very importantly, the CO2 

released during this reaction is not lost, but is recycled by pyruvate carboxylase (produced 

constitutively in Aspergillus) in the anaplerotic formation of oxaloacetate (other anaplerotic 

routes to oxaloxacetate are also operated). Normally, oxaloacetate would largely supplied 

through the completion of the TCA cycle, allowing recommencement of the cycle by condensing 

with acetyl CoA to form citrate, catalysed by citrate synthase. 

However, in order to accumulate citrate, its onward metabolism (continuation of the cycle) must 

be blocked. This is achieved by inhibiting aconitase, the enzyme catalysing the next step in the 

TCA cycle. Inhibition is accomplished by removal of iron, an activator of aconitase. 

Consequently, during citrate accumulation, the TCA cycle is largely inoperative beyond citrate 

formation, hence the importance of the anaplerotic routes of oxaloacetate formation. 

Conventional strain improvement methods and the genetic engineering of elements of primary 

metabolism in A. niger are being employed in an effort to improve citric acid production. The 

aim is to increase metabolic flux leading directly to citric acid formation by decreasing fluxes 

through branches of this pathway, thus producing fewer byproducts, particularly gluconic acid 

and oxalic acid. Utilization of mutants lacking glucose oxidase, and consequently unable to 

produce gluconic acid from glucose, are examples of such an approach. Alternatively, a direct 

increase of the flux through the main pathway may be achieved by overproduction of the 

constituent enzymes. 

 

FERMENTATION PROCESSES USED IN CITRIC ACID PRODUCTION 

SURFACE AND SOLID-SUBSTRATE FERMENTATIONS 

This method use simple technology and have low energy cost, but are more labor intensive. 

Liquid surface methods involve placing the sterilized medium, usually containing molasses plus 

various salts, into shallow (5–20 cm deep) aluminium or stainless steel trays stacked in an aseptic 

room. The medium is formulated with relatively low levels of iron, otherwise the citric acid yield 

is reduced .The trays are inoculated by spraying with A. niger spores, either a spore suspension 

or dry spores. The fungus then develops on the surface of the medium. Sterile air is blown over 

these cultures, which is important for maintaining aerobic conditions, temperature control and in 

lowering the CO2 level. Medium pH gradually falls to below 2, at which point citric acid 

production begins. At 30°C, the fermentation takes about 8–12 days to complete and achieves a 

productivity of around 1.0kg/m3 per day. Solid-state fermentation process for citric acid 

production is small-scale operation. Each plant generates only a few hundred tonnes per annum, 

and uses a solid medium of steam-sterilized wheat bran or sweet potato waste that has 70–80% 

moisture content. This mash is inoculated with spores of A. niger and then spread on trays or a 

clean floor to a depth of 3–5 cm. Air circulation helps to maintain the temperature at about 28°C. 

This process runs for 5–8 days, after which the mash is collected and the citrate is extracted 

using hot water. Various solid food processing residues are being evaluated to determine whether 
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they too could serve as low cost substrates for citric acid production. In addition, technological 

developments are being sought, such as the use of packed bed reactors. Preliminary trials have 

produced high levels of citric acid with low levels of fungal biomass, as these reactors retard 

fungal growth and promote greater substrate conversion to citric acid. 

SUBMERGED PROCESSES 

More than 80% of the worldwide supply of citric acid is produced using submerged batch 

fermentation in stirred tanks of 40–200m
3

 capacity or larger airlift fermenters of 200–900m
3

 

capacity. The fermenters are corrosion-resistant, made of stainless steel, or steel lined with 

special glass or plastic. 

These fermentations mostly use beet or cane molasses as the carbon source. Unlike surface 

methods, vegetative inoculum, rather than spores, is normally used. Consequently, the culture 

organism is taken through several propagation stages in order to generate a sufficient quantity of 

inoculum. Initially, spores of the production strain of A. niger are produced on solid medium and 

then used to inoculate a small-scale submerged fermentation where fungal pellet formation takes 

place. Quantities of stable fungal pellets are then developed for the inoculation of the production 

fermenter. The structure of these pellets has a major influence on productivity. Small pellets of 

less than 1mm diameter, with fluffy centers and smooth surfaces are preferred. 

These structural properties and their physiology are strongly dependent on medium composition 

and operating conditions. Pellets that produce high levels of citric acid are characterized by short 

forked, bulbous hyphae. The presence of even low levels of some heavy metals, particularly 

manganese, can be detrimental to pellet formation, resulting in hyphae that are long and 

unbranched. Thus, it is necessary to pretreat all raw materials to reduce manganese 

concentrations to below 0.02 mmol/L. Low manganese levels also limit the operation of the 

pentose phosphate pathway, which would otherwise divert flux away from glycolysis and reduce 

citrate production. Alternatively, copper ions may be added to counteract the manganese, by 

preventing its uptake. Citric acid yields are also improved by formulating the medium with 

minimum levels of iron. This reduces onward metabolism of citrate because, as mentioned 

previously, aconitase has a requirement for iron. Also, the addition of copper further diminishes 

aconitase activity, as it acts as an antagonist to iron, as well as manganese. 

In order to maintain good citric acid yields, media sugar concentrations must be at least 140 g/L, 

which promotes the activity of both glycolytic enzymes and pyruvate carboxylase. It is also 

important to restrict growth through nitrogen limitation. This is normally accomplished by 

providing ammonium salts at levels of 0.1–0.4 g/L. The ammonium ions also stimulate citric 

acid production by counteracting the inhibitory effect of citrate on phosphofructokinase, a key 

enzyme of glycolysis. These fermentations are highly aerated and maintained at 30°C. For the 

initial growth phase, the pH starts at 5–7, but must then be kept below 2, otherwise oxalic and 

gluconic acids accumulate at the expense of citric acid, and low pH inhibits glucose oxidase. 

Overall yields of 0.7–0.9 g citrate per gram glucose can be attained in these submerged 

fermentations with productivities of up to 18.0kg/m
3

 per day. 
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Smaller volumes of citric acid are also produced using yeasts such as Candida guilliermondii and 

Yarrowia (formerly Candida) lipolytica. These yeasts are free from problems with metal ions, 

and provide shorter and more productive fermentations than those currently available with A. 

niger. 

CITRIC ACID RECOVERY 

Recovery of citric acid commences with the removal of fungal mycelium from the culture 

medium. Further polishing filtration may be necessary to remove residual mycelia and 

precipitated oxalate. The resulting clarified solution is heated and lime (CaO) is added to form a 

precipitate of calcium citrate. This is separated by filtration and treated with sulphuric acid to 

generate citric acid and a precipitate of calcium sulphate (gypsum). Following filtration, the 

dilute citric acid solution is decolorized with activated carbon and evaporated to produce crystals 

of citric acid. These crystals are recovered by centrifugation, then dried and packaged. Alternate 

recovery methods being evaluated in order to avoid the use of lime and sulphuric acid include 

solvent extraction, ion-pair extraction and electrodialysis. 

 

ANTIBIOTICS 

Most antibiotics are secondary metabolites produced by filamentous fungi and bacteria, 

particularly the actinomycetes. Well over 4000 antibiotics have been isolated from various 

organisms, but only about 50 are used regularly in antimicrobial chemotherapy. The best known 

and probably the most medically important antibiotics are the β-lactums, penicillins and 

cephalosporins; along with aminoglycosides, such as streptomycin, and the broad-spectrum 

tetracyclines .The remaining fails to fulfill certain important criteria, particularly their lack of 

selectivity, exhibiting toxicity to humans or animals, or their high production costs. Some 

antibiotics have applications other than antimicrobial chemotherapy. For example, actinomycin 

and mitomycin, produced by Streptomyces peucetius and S. caepitosus, respectively, have roles 

as anti-tumour agents; and other antibiotics are used for controlling microbial diseases of crop 

plants, or as tools in biochemistry and molecular biology research. Several antibiotics are also 

added to animal feed as growth promoters. However, worries about the development of 

resistance has meant that some antibiotics, used or intended for human use, may be withdrawn 

from use in animal feed. For example, the EU Commission voted to ban the application of 

bacitracin, spiromycin, tylomycin and virginiamycin as growth promoters after January 1999. 
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Β-LACTAMS 

Over 100 β-lactams, mostly penicillins and cephalosporins, have been approved for human use, 

and they account for over half of the antibiotics produced worldwide. This group is especially 

useful because of their wide margin of safety. They specifically target the synthesis of 

peptidoglycan, a vital bacterial cell wall component, which is not present in eukaryotic 

organisms, thus providing a high level of selectivity. They primarily inhibit the cross-linking 

transpeptidation reaction, resulting in the formation of incomplete peptidoglycan, severely 

weakening the bacterial cell wall structure. 

 

PENICILLIN 

Penicillin was discovered by Fleming in 1928 following his famous observation of an inhibitory 

zone surrounding a fungal contaminant, Penicillium notatum, on a plate of Staphylococcus 

aureus. In the late 1930s Florey, Chain and Heatley characterized the inhibitory compound 

responsible, penicillin, and developed a protocol that allowed to be produce in a pure form. The 

discovery of penicillin and its later characterization and purification ultimately led to major 

advancements in both medicine and fermentation technology. The speed of these developments 

is greatly influence by the urgent need to supply penicillin during World War II. Penicillin 

exhibits the properties of a typical secondary metabolite, being formed at or near the end of 

exponential growth. Its formation depends on medium composition and dramatic overproduction 

is possible. 

However, P. notatum, the organism originally found to produce the antibiotic, generated little 

more than 1 mg/L from the surface cultures initially used for penicillin production. A 20–25 fold 

increase in yield was achieved when corn steep liquor was incorporated into the fermentation 

medium. This byproduct of maize processing contains various nitrogen sources, along with 

growth factors and side-chain precursors, and remains as a major ingredient of most penicillin 

production media. Even greater penicillin yields were obtained from a closely related species, 

Penicillium chrysogenum, which was originally isolated from a mouldy cantaloup melon. Further 

increases in yield were achieved when production went over to submerged fermentation. The 

wartime requirements for penicillin stimulated the rapid development of a large-scale submerged 

culture system using stirred tank reactors (STRs). Each vessel was continuously stirred via 

vertical shaft-driven turbine impellers and incorporated air sparging. These technological 

developments had a major impact on the advancement of the whole field of fermentation 

technology. Since the 1940s, penicillin yield and fermentation productivity has been vastly 

improved by extensive mutation and selection of producer strains. The traditional approach to 

improving penicillin yields involved random mutation and selection of higher producing strains. 

Resulting mutants were grown in liquid medium and culture filtrates were assayed for penicillin. 

This was slow and painstaking as large numbers of strains had to be tested. Nevertheless, such 

methods were the key to the dramatically increased yields achieved since the discovery of 

penicillin. Penicillin fermentations now produce yields in excess of 50 g/L, a 50 000-fold 

increase from the levels first produced by Fleming’s original isolate. 
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The contribution of classical methods of strain improvement has so far outweighed all other 

approaches, including more recently available genetic manipulation techniques. The latter have 

contributed more to our understanding of the complex mechanisms of penicillin biosynthesis, 

particularly the genetic arrangement of improved strains, the identification of bottlenecks in 

penicillin synthesis and the regulation of secondary metabolism in overproducing strains. 

The basic structure of the penicillins is 6-aminopenicillanic acid (6-APA), composed of a 

thiazolidine ring fused with a β-lactam ring whose 6-amino position carries a variety of acyl 

substituents. This β-lactam– thiazolidine structure, synthesized from L-aminoadipate, L-cystine 

and L-valine, is common to penicillins, cephalosporins and cephamycins. In the absence of 

added side-chain precursors to the fermentation medium of P. notatum or P. chrysogenum, a 

mixture of natural penicillins is obtained from culture filtrates, notably penicillin G (benzyl 

penicillin) and the more acid-resistant penicillin V (phenoxymethyl penicillin). 

These penicillins are most active against Gram-positive bacteria. However, an expanded role for 

the penicillins came from the discovery that different biosynthetic penicillins can be formed by 

the addition of side-chain precursors to the fermentation medium and that natural penicillins can 

be modified chemically to produce compounds with improved characteristics. Most penicillins 

are now semi synthetic , produced by the chemical modification of natural penicillins, obtained 

by fermentation using strains of P. chrysogenum. Modification is achieved by removing their 

natural acyl group, leaving 6-APA, to which other acyl groups can be added to confer new 

properties. These semisynthetic penicillins, such as methicillin, carbenicillin and ampicillin, 

exhibit various improvements, including resistance to stomach acids to allow oral administration, 

a degree of resistance to penicillinase and an extended range of activity against some Gram-

negative bacteria. 

 

COMMERCIAL PRODUCTION OF PENICILLIN 

Penicillin production is usually via a fed-batch process carried out aseptically in stirred tank 

fermenters of 40000–200000L capacity, although airlift systems are sometimes used. The 

fermentation involves an initial vegetative growth phase followed by the antibiotic production 

phase. Throughout the process, the oxygen level is very important and must be maintained at 25–

60mmol/L/h. However, this is not straightforward, because the oxygen transfer rate is affected by 

the viscosity, which increases as the fermentation progresses. These processes are maintained at 

25–27°C and pH 6.5–7.7, the specific conditions depending upon the P. chrysogenum strain 

used. 

Various carbon sources have been adopted for penicillin production, including glucose, lactose, 

sucrose, ethanol and vegetable oils. About 65% of the carbon source is metabolized for cellular 

maintenance, 25% for growth and 10% for penicillin production. In the past, a mixture of 

glucose and lactose was used, the former producing good growth, but poor penicillin yields, 

whereas the latter had the opposite effect. The mode of ‘feeding’ of a particular carbon source is 

vitally important, as it can influence the production of this secondary metabolite. Corn steep 
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liquor is still being use as a source of nitrogen, additional nutrients and side-chain precursors. Its 

acidic nature creates a requirement for calcium carbonate (1%, w/v) and a phosphate buffer to 

neutralize the medium, thereby optimizing its pH for penicillin production. Ammonia, mineral 

salts and specific side-chain precursors, e.g. phenyl acetic acid or phenoxyacetic acid, may also 

be added. However, as some precursors are toxic, they must be fed continuously at non-

inhibitory concentrations. 

Inoculum development is usually initiated by adding lyophilized spores to a small fermenter at a 

concentration of 5×10
3
spores/ml. Fungal mycelium may then be grown up through one or two 

further stages until there is sufficient to inoculate the production fermenter. Initially, there is a 

vegetative growth phase devoted to the development of biomass, which doubles every 6 h. This 

high growth rate is maintained for the first 2 days. To ensure an optimum yield of penicillin in 

the following production phase, the mycelium must develop as loose pellets, rather than compact 

forms. During the following production phase, the carbon source is fed at a low rate and 

penicillin production increases. This continues for a further 6–8 days, provided appropriate 

substrate feeds are maintained. 

Penicillin is excreted into the medium and is recovered at the end of fermentation. Whole broth 

extraction may be performed, but can lead to downstream processing problems, as additional 

materials leach from the mycelium. Usually, penicillin recovery follows removal of mycelium 

using rotary vacuum filters, the efficiency of which may be affected by the culture media 

composition, particularly its proteinaceous components. Recovered mycelium is then washed to 

remove residual penicillin, prior to its use as animal feed or fertilizer. Antibiotic recovery is 

often by solvent extraction of the cell-free medium, which gives yields of up to 90%. 

This involves reducing the pH of the filtered medium to 2.0–2.5 by addition of sulphuric or 

phosphoric acid, followed by a rapid two-stage continuous countercurrent extraction at 0–3°C 

using amyl acetate, butyl acetate or methyl isobutyl ketene. The low temperature is necessary to 

reduce damage to penicillin due to the low pH. Alternately, ion-pair extraction may be used at 

pH 5–7, in which range penicillin is stable. Any pigments and trace impurities are removed by 

treating with activated charcoal. The penicillin is then retrieved from the solvent by addition of 

sodium or potassium acetate. This reduces the solubility of the penicillin and it precipitates as 

sodium or potassium salt. Resultant penicillin crystals are separated by rotary vacuum filtration. 

Solvent is recovered from the separated liquor and any other materials used, such as the charcoal, 

which is very important in terms of the overall economy of the process. Penicillin crystals are 

mixed with a volatile solvent, usually anhydrous ethanol, butanol or isopropanol, to remove 

further impurities. The crystals are collected by filtration and air dried. At this stage the 

penicillin is 99.5% pure. This product may be further processed to form a pharmaceutical grade 

product or is used in the production of semisynthetic penicillins. 
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PRODUCTION OF SEMISYNTHETIC PENICILLINS AND CEPHALOSPORINS 

As mentioned previously, the objective in semisynthetic penicillin production is to generate 

compounds with improved properties, e.g. acid stability, resistance to enzymatic degradation, 

broader spectrum of activity, etc. It involves removal of the side chain of the base penicillin to 

form 6-APA. This is achieved by passage through a column of immobilized penicillin acylase, 

usually obtained from Escherichia coli, at neutral pH. Penicillin G, for example, is converted to 

6-APA and phenylacetic acid. The 6-APA is then chemically acylated with an appropriate side 

chain to produce semisynthetic penicillin. 

Yields of cephalosporins from direct fermentations are much lower than those of penicillins. 

Consequently, as 6-APA can also serve as a precursor of cephalosporins, it is often used as the 

starting material for their semisynthetic production. A base natural penicillin is converted to 6-

APA, as described above, followed by its conversion to the preferred precursor, 7-amino 

deacetoxycephalosporicacid (7-ADCA), by ring expansion. A suitable side chain can then be 

readily attached. 

 

EXOPOLY SACCHARIDES 

Microbial exopolysaccharides are bio thickeners that can be added to a wide variety of food 

products, where they serve as viscosifying, stabilizing, emulsifying or gelling agents. Numerous 

exopolysaccharides with different composition, size and structure are synthesized by lactic acid 

bacteria. The heteropolysaccharides from both mesophilic and thermophilic lactic acid bacteria 

have received renewed interest recently. Structural analysis combined with rheological studies 

revealed that there is considerable variation among the different exopolysaccharides; some of 

them exhibit remarkable thickening and shear-thinning properties and display high intrinsic 

viscosities. Hence, several slime-producing lactic acid bacterium strains and their biopolymers 

have interesting functional and technological properties, which may be exploited towards 

different products, in particular, natural fermented milks. 

 

EXOPOLYSACCHARIDES FROM FOOD GRADE MICROORGANISMS 

Many food grade microorganisms produce EPS, in particular lactic acid bacteria (LAB), 

propionic bacteria and bifidobacteria. Most of the EPS-producing LAB strains studied in more 

detail were isolated from dairy products, e.g. Scandinavian ropy fermented milk products, 

various yogurts and fermented milks and sugary kefir grains. Also cheese and fermented meat 

and vegetables served as a source of EPS-producing LAB strains. 
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SOME OTHER EXOPOLYSACCHARIDE PRODUCERS 

Tremella fuciformis, belonging to the order of the Tremellales and the family of the 

Tremellaceae, has been appreciated as an edible mushroom. It’s also been used for medicinal 

purposes due to its diverse physiological activities such as improving immunodeficiency and 

preventing senile degradation of micro vessels. All the fractions and sub-fractions of the 

polysaccharide from fruiting body of T. fuciformis displayed the ability to induce human 

monocytes to produce interleukines (IL-1 and IL-6) and tumor necrosis factor in vitro. Together 

with this immunomodulatory effect, the acidic heteropolysaccharide lowers the cholesterol level 

in blood serum. 

 

PIGMENTS 

The most commonly used food grade pigments are chemical compounds containing nitrite and 

nitrate salts. These synthetic compounds have been reported to have carcinogenic and teratogenic 

effects. This has been one of the major reasons for the increased interest in producing pigments 

from biological origin like plants and microorganisms .The best known of the microbial 

colorants are produced by Monascus group, specifically M. ruber, M. anka and M. purpureus, 

because of their chemical stability. During growth, Monascus sp. breaks down starch substrate 

into several metabolites, of which pigments are produced as secondary metabolites. The structure 

of pigments depends on type of substrate and other specific factors during culture such as pH, 

temperature and moisture content. 

Monascus fungi produce at least six major related pigments which can be categorized into 3 

groups based on color as follows: yellow pigments: monascin (C21 H 26O5 ) and ankaflavin (C23 

H 30O5 ); orange pigments: monascorubrin (C23H 26O5 ) and rubropunctatin (C21H22O5); and red 

pigments: monascorubramine (C 23H 27NO4 ). 

In addition, rubropuntamine (C 21H 23NO 4). The color of the pigment is influenced by the culture 

conditions, pH value and the carbon and nitrogen sources in the substrate Monascus pigments 

can be obtained from both solid state and submerged culture. In Solid state fermentation process, 

the substrates not only supply the nutrients to the microbial culture growing on it, but also serve 

as an anchorage for the cells resulting in high pigment productivity. Moreover, it is a low-cost 

process using agro-industrial residues as substrates. Cheap agricultural products and residues 

were used as substrates for pigment production such as rice broken, wheat bran, jackfruit seeds, 

palm kernel cake, cassava starch etc.  Since the jackfruit seeds are rich in carbohydrate, protein 

and trace elements, it can be used as a potential substrate for the production of food grade 

pigments.  

Tips: Most probable questions from this chapter would be on source micro organism used for 

production of respective products. 

 



Process Biotechnology 

 

© Career Avenues A 23 
 

GATE 2011 

Q.1 Match the products in Group 1 with their respective organisms in Group 2      

Group 1                                        Group 2 

P. Glycerol                                    1. Cornyebacterium glutamicum 

Q. Glutamic acid                           2. Alcaligenes faecalis   

R. Curldan                                     3. Dunaliella salina 

S. Amphotericin B                        4.Streptomyces nodosus 

 

(A) P-2, Q-1, R-3, S-4             (B) P-4, Q-2, R-1, S-3       

(C) P-3, Q-1, R-2, S-4  (D) P-2, Q-1, R-2, S-4       

 

Answers: 

 Q.1 – C. 

 

 
 
 
 
 
 
 
 
 
 


