
CHAPTER 1 

FERMENTATION 

HISTORY 
 

The term “fermentation” derives from the Latin work fevere meaning “to 
ferment.” Fermentation is an ancient process dating back thousands of years. It was the 
means by which bread, wine, beer, and cheese were made. Egyptians found that 
uncooked dough left standing became lighter and softer. They and the Romans 
discovered that yeast produced lighter and leavened bread. Around 4000 BC wine was 
made from grape juice through a fermentation process. Beer making by the ancients came 
about by the soaking of barley in water, probably a serendipitous by-product of bread 
making.   

The Chinese used micro-organisms in the production of yogurt, cheese, wine, 
vinegar, and different types of sauces. Cheese was made by storing milk in animal skins 
or bladders made from animal stomachs. The bacteria and enzymes present in these 
containers would cause separation of casein (milk protein) to form curd. Fermented rice, 
vegetables, and fruits were extensively used by Ecuadorians.  

Not until the work of Louis Pasteur in the late 19th century was it understood how 
the process, which to that point was based on experience and tacit knowledge, actually 
worked. Antony van Leeuwenhoek, a Dutch biologist in 1680 was the first to see micro-
organisms in samples of fermenting beer through a microscope. Pasteur, a French 
chemist, discovered that yeasts convert sugars to alcohol and carbon dioxide during 
fermentation. 

Fermentation is the process by which alcoholic beverages or acidic diary products 
(cheeses, yogurt) are manufactured. It is a way for a cell to obtain energy without using 
oxygen. During the process, complex organic substances are broken down into simpler 
ones. The cell (microbial or animal) obtains energy through glycolysis– the splitting of a 
sugar molecule to extract its electrons. The by-product of this process is excreted from 
the cell in the form of substances such as alcohol, lactic acid, and acetone. 

With advances in the science of microbiology and technologies like biotechnology, 
micro-organisms are exploited to produce a wide variety of products using fermentation. 
These include: 

 
• Dairy products– Cheese, yogurt 
• Beverages– Beer, wine 
• Single Cell Proteins (SCP) – SCP are a cell monoculture of bacteria, fungi, and 

algae. Since the cells contain large amounts of protein, SCP is used as food or 
food supplement for humans and cattle. It is regarded as a cheap source of dietary 
protein and is produced from methanol and by-products of cheese production and 
paper making. 

• Antibiotics– Antibiotics are one of the most important compounds produced by 
fermentation. Alexander Fleming in 1929 was the first to discover “penicillin”, an 
antibiotic. Large numbers of antibiotics are being produced now by fermentation 
using various bacteria and fungi.     
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• Chemicals– Citric and acetic acid, amino acids, enzymes, vitamins 
• Fuels– Ethanol, methanol, methane 

 
INTRODUCTION TO MICROORGANISMS 
 

Microorganisms are unicellular, meaning they contain only a single cell. The 
cellular organisms are broadly classified as prokaryotes and eukaryotes, aerobic and 
anaerobic, and by type of metabolism. 
 
Prokaryotes  
 

These are micro-organisms that are characterized by the absence of a distinct 
membrane-bound nucleus and by DNA that are not organized into chromosomes. They 
can be sub-classified into archaebacteria and eubacteria with further subclassification 
under those types.  

 
Archaebacteria 
       Methanogens– Anaerobic methane producing bacteria 
       Extreme halophiles– Bacteria that require high salt concentration to survive 
       Extreme thermophiles– Bacteria that require high temperatures and sulfur 
Eubacteria 
       Gram-positive bacteria– Bacteria whose cell walls retain crystal violet dye during 
iodine treatment, e.g. lactic acid bacteria 
       Gram-negative bacteria– Bacteria that vary in cell-wall structure and do not retain 
crystal violet dye during iodine treatment   
                                                  
Eukaryotes 
 

 These are organisms that have a membrane bound nucleus in the cell containing 
chromosomes, and other membrane bound organelles, for example, fungi. These fungi 
can be further classified into myxomycota and eumycota. 
 
Myxomycota  

These are fungi that do not contain a cell wall. They are also called slime-molds. 
Eumycota 

 These are true fungi. They are the most important class of fungi and are exploited 
for commercial purposes like fermentation. Examples are yeasts, mushrooms, sponge 
fungi, rusts, and mildews. 
 

Micro-organisms can be classified according to their oxygen requirements, as 
aerobic or anaerobic. 
 
Aerobic  
 

These are micro-organisms that can grow and live in the presence of oxygen.  In 
compost heaps bacteria of this type generate heat when they convert carbon and nitrogen, 
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reducing the volume of waste. As they exhaust the oxygen in the compost pile they die 
leaving a germ free product. 
 
Anaerobic  
 

These organisms are averse to air. They are useful in biodegradation, breaking 
down organic chemicals into smaller compounds, producing methane and carbon dioxide. 
Some anaerobic organisms can break down organic chemicals by fermentation. Such 
organisms are useful at hazardous waste sites.  
 
Types of Metabolism 
 

Micro organisms can also be classified according to type of metabolism. Types 
include autotrophs, heterotrophs, chemotrophs, chemoheterotrophs, and phototrophs. 
 
Autotrophs  

These are microorganisms that use carbon dioxide as their carbon source. 
Heterotrophs  

These are microorganisms that use organic compounds as their carbon source. 
Chemotrophs  

These are microorganisms that use chemical bonds for production of adenosine 
tri-phosphate (ATP).  
Chemoheterotrophs  

These are microorganisms (such as fungi) that use organic compounds for a 
carbon source and the energy of chemical bonds to produce ATP. 
Phototrophs  

These are microorganisms that use light for production of ATP. 
 
Microbial Metabolism 
 

Microbes used in fermentation have to grow and reproduce rapidly so that they 
can produce metabolites. This process is related to “metabolism”. Metabolism includes 
two processes, namely, anabolism and catabolism. 
 
Anabolism  

This is the synthesis of various metabolic compounds like amino acids, proteins, 
nucleic acids, carbohydrates, and lipids. It is an energy-consuming process. 
Catabolism  

This is the breakdown of metabolic products to produce energy (e.g. breakdown 
of carbohydrates to carbon dioxide, water, and energy). It is an energy-producing process.                  
                     Carbohydrates  Carbon Dioxide + Water + Energy 

Adenosine Tri-Phosphate (ATP) is a source of energy produced through 
anabolism and catabolism and is broken down into Adenosine Di-Phosphate (ADP). 
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Catabolic Pathways     
 

Catabolic pathways are means by which organic molecules are degraded to 
release energy for growth or degradation.  They include photosynthesis, respiration, 
carbohydrate catabolism, pentose phosphate pathway, Entner-Doudoroff pathway, 
phosphoketolase pathway, tri carboxylic acid cycle (TCA), and fatty acid & hydrocarbon 
pathway. 
Photosynthesis  

Photosynthesis is the most important source of energy for plants. Plants have 
structures called chloroplasts that contain pigment called chlorophyll which plays a vital 
role in utilizing sunlight, carbon dioxide, and water to produce energy and organic 
compounds. 

Carbon Dioxide + Water + Sunlight  Organic Compound + Oxygen + Energy 
Some micro-organisms called phototrophic microbes contain special structures in their 
cells called thylakoids which contain chlorophyll. They utilize sunlight and carbon 
dioxide to synthesize organic compounds and energy. Bacterial photosynthesis does not 
require water and does not produce oxygen.            
Carbon Dioxide + Hydrogen Sulfide + Sunlight  Organic Compound + Sulfur + Water  
Respiration  

The process in which organic compounds are catabolized to produce carbon 
dioxide is known as respiration. Aerobic micro-organisms utilize oxygen whereas 
anaerobic micro-organisms utilize molecules like sulfur, sulfate, nitrate, and carbonate.  
Carbohydrate Catabolism  

Carbohydrates are broken down to glucose, used as the most important carbon 
source. Glucose catabolism includes the metabolic pathways glycolysis and pentose 
phosphate. Glycolysis is the oxidation of glucose to either lactate or pyruvate.   
Pentose phosphate Pathway  

Also called hexose mono phosphate (HMP) pathway, this is a biosynthetic 
pathway in which glucose is converted into pentose and carbon dioxide, the pentose sugar 
is then utilized for nucleic acid synthesis and as precursors for vitamins, aromatic amino 
acids.  
Entner-Doudoroff Pathway  

This is also a biosynthetic pathway where glucose is converted to various 
precursors for DNA, RNA, and aromatic amino acid synthesis. 
Phosphoketolase Pathway  

This is a less commonly used pathway seen only in few bacteria. Glucose is 
broken down to two compounds: acetate associated with ATP production and pyruvate 
which is in part carried out by the Glycolytic pathway.   
Tri carboxylic acid cycle (TCA)  

TCA is the most commonly used pathway for energy production and biosynthesis 
of important precursors. Products of glucose metabolism are further metabolized in a 
cyclic reaction to produce intermediates for various biosynthetic and oxidation reactions 
(oxidative reactions produce energy). The TCA cycle utilizes a wide variety of enzymes 
and co-enzymes. It is also called the citric acid cycle, or Krebs’s cycle:  

Pyruvate  acetyl-CoA (acetyl co-enzyme A) 
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Fatty acid & Hydrocarbon Pathway  
Microbes utilize fatty acids and hydrocarbons for their metabolism, so these are 

usually added to various fermentation reactions, such as the manufacture of antibiotics. 
Fats and hydrocarbon are converted to fatty acids which are then finally converted to 
acetyl-CoA after a series of reactions. This is also called β-oxidation. 

 
Oxidation 
 
Oxidation of Methane and Methanol  

Micro-organisms that use methane as a carbon source are called Methanotrophs 
and those that use methanol as carbon source are called Methylotrophs. Methane is 
oxidized initially to methanol and finally to carbon dioxide in a reaction involving a 
series of steps. The overall reaction can be summarized as 

Methane  Methanol  Formaldehyde  Formic Acid  Carbon Dioxide 
Oxidation of Amino Acids  

Amino acids are metabolized by microorganisms through oxidation, to be utilized 
as excellent source of carbon and nitrogen. 
Oxidation of Polymers  

A polymer is the compound which has large number of monomeric units linked 
together. As an example, Polysaccharides (starch, cellulose, etc.) contain a large number 
of monomeric sugar (carbohydrate) molecules linked together. Proteins contain a large 
number of amino acids linked together to form large chains. Microorganisms metabolize 
polymers by breaking the chains into individual monomeric units in a process called 
hydrolysis, and it requires enzymes called hydrolytic enzymes or hydrolases. 
 
FERMENTATION PROCESS 
 

Though there are different perceptions of the nature of the process, fermentation 
can be defined as the breakdown or catabolism of organic compounds by micro-
organisms under both aerobic and anaerobic conditions. This breakdown yields end 
products.  
 
End-products Obtained by Fermentation 
 

Types of end products of fermentation include: 
• Microbial cells  (e.g. bacteria, yeast, fungal spores) 
• Microbial enzymes (e.g. milk clotting enzymes or rennets, recombinant fungal 

and bacterial rennets for cheese manufacture) 
• Microbial metabolites (e.g. alcohols– ethanol, butanol, 2, 3-butanediol, 

isopropanol; chemicals– lactate, propionate, proteins, vitamins, antibiotics; and 
fuels– methane) 

• Recombinant products (e.g. hormones)   
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Alcohol Fermentation  
 
 Various bacteria and yeasts metabolize sugars into ethanol through different 
pathways using different enzyme systems. Alcohol fermentation is used for the industrial 
production of alcohols and alcoholic beverages. In the preparation of alcoholic beverages 
several factors have to be considered, such as flavor, taste, appearance, and safety. These 
require special procedures and standards. The commercial producers of alcoholic 
beverages each have their own protocols which give their product a distinct taste and 
flavor, and these are often kept confidential. The process is as follows:      

Sugar (Carbohydrate)  2Ethanol + 2Carbon Dioxide 
There are four different phases in bacterial growth during fermentation. A good 

understanding of these phases is very important for effective management of the whole 
fermentation process.  
Lag Phase  

At the start of the process microorganisms are added to the nutrient medium and 
allowed to grow. The number of microorganisms will not increase because they try to 
adapt to the environment. 
Log Phase  

The microorganisms are adjusted to the new environment and they multiply at a 
very rapid pace thus increasing the cell number exponentially. 
Stationary Phase  

As the microorganisms grow they produce metabolites which are toxic to 
microbial growth. Also, the nutrient medium is used up, slowing down or stopping cell 
growth. 
Death Phase  

Microorganisms produce toxic metabolites to the extent that they cause the death 
of the microorganisms. 

 
Factors That Influence Microbial Growth 
 
 Temperature, water, pH, and nutrients can influence microbial growth.  
Temperature  

Most microorganisms that are mesophiles require temperatures of 25-40 C for 
optimum growth. As temperatures increase or decrease the growth rate is adversely 
affected. Thermophiles require high temperatures over 50 C; they cannot survive at low 
temperatures. Psychrophiles require very low temperatures -15 to 20 C for survival and 
growth. 
Water  

Microorganisms require optimum amounts of water to maintain their metabolism 
and produce required products. 
pH  

Optimum pH for bacteria is 6.5-7.5, yeasts 4-5, molds 4-7. The pH of the medium 
should be maintained at optimum level for the micro-organism being employed to ensure 
better product yield. 
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Nutrients  
Micro-organisms require optimum concentrations of nutrients like nitrogen, 

vitamins, and minerals for maximum growth rate. This will be different for each of the 
different types. The optimum concentration of nitrogen is 0.1-1mg/L.  
 
Sources of Microorganisms 
 

Microorganisms are ubiquitous. Pond water and sand are the commonly used 
microbial sources since they offer greatest diversity of organisms. A sample of the 
microbial source is added to a sterile nutrient medium (such as agar) and incubated at 
suitable temperatures. This facilitates the growth of all micro-organisms that are present 
in the initially selected sample. The process is called microbial culture. 

Identification and isolation of required micro-organisms is very critical for any 
microbiological process, since some micro-organisms may be toxic to the useful 
microbes and may use up the nutrients all by themselves, producing metabolites that are 
different from the desired ones. Isolation of micro-organisms also helps to screen them to 
determine if they can be used for any industrial process.  Such microorganisms should 
satisfy some specified criteria. These include: 

cheap medium for growth, 
optimum growth temperature around 30 C so that the costs of cooling or heating the 
medium can be avoided, 
reaction of micro-organism should be suitable to the process used, 
micro-organism should be stable and should allow genetic manipulation, 
micro-organisms should convert the substrate into product rapidly, 
product formed should be easily recovered from the culture medium, and 
micro-organisms should be safe and should survive primarily in the lab only. 

 
Isolation Techniques 
 

Several techniques could be employed for isolating micro-organisms for 
microbial culture growth. These include the liquid culture method, the solid culture 
method, and the screening of microorganisms.  
Liquid Culture Method  

This is carried out in shaker flasks containing nutrient liquid culture medium. The 
initial inoculum contains different types of microorganisms and the desired one can be 
isolated from others in the sub-culturing process, since each has a different maximum 
growth rate. 
Solid Culture Method  

This technique is used mainly for microorganisms that produce industrially 
important enzymes. The solid culture medium contains a substrate which is converted by 
the enzymes that are produced. Soil is first pasteurized to eliminate spores and then 
spread on an alkaline agar medium that contains an insoluble protein. The 
microorganisms which produce the desired enzyme then leave clear zones on the medium 
as the enzyme dissolves the protein. 
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Screening of Microorganisms  
This process is very tedious and time consuming since the microorganisms have 

to be tested for desired property at different concentrations and at different environmental 
conditions. (Note: See the Discovery of Penicillin at  
http://nobelprize.org/medicine/educational/penicillin/readmore.html) 
 
Preservation of Microorganisms  
 

There are different methods for microbial preservation. Suitable methods are selected 
based on:  

type of microorganism,  
effect of the preservation method on the viability of the microorganism, 
frequency at which the cultures are withdrawn, 
size of the microbial population to be preserved, 
availability of resources, and 
cost of the preservation method. 

Desiccation  
This involves removal of water from the culture. Desiccation is used to preserve 

actinomycetes (a form of fungi-like bacteria) for very long period of time.   The 
microorganisms can be preserved by desiccating on sand, silica gel, or paper strips. 
Agar Slopes  

Microorganisms are grown on agar slopes in test tubes and stored at 5 to -20 C for 
six months. If the surface area for growth is covered with mineral oil the microorganisms 
can be stored for one year. 
Liquid Nitrogen 

This is the most commonly used technique to store micro-organisms for a long 
period. Storage takes place at temperatures of less than -196° C and even less in vapor 
phase. Micro-organisms are made stationary and suspended in a cryo-protective agent 
before storing in liquid nitrogen.  
Drying  

This method is especially used for sporulating microorganisms (organisms that 
produce spores).  They are sterilized, inoculated, and incubated to allow microbial 
growth, then dried at room temperature. The resultant dry soil is stored at 4° to 5° C. 
Lyophilization 

This process is also known as freeze-drying. The microbial culture is first dried 
under vacuum, filled in ampoules (glass vessels) then frozen. This is a most convenient 
technique, since it is cheap to store and easy to ship. The disadvantage is that it is 
difficult to open the freeze dried ampoules; also, several subcultures have to be done to 
restore the original characteristics of the microorganisms. 
 
Strain Improvement 
 

The yield of products will be much less when naturally available microorganisms 
are used for fermentation in optimum growth medium. Providing optimum growth 
conditions increases the yield only marginally. To increase the productivity of the 
microorganisms it is necessary to modify their genetic structure since it is genomes that 
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determine the productivity of organisms. The culture medium and nutritional 
requirements also change slightly when the genetic structure of the microorganism is 
changed and hence they are also modified according to the new requirements to ensure 
maximum product yield. 

Genetic change of the microorganism can be done by inducing mutations in the 
microorganisms, recombinant technology, and selecting natural variants.  
Inducing Mutations in the Microorganisms  

This is the most important microbial strain improvement technique. Large 
numbers of improved strains which are currently available are produced by induced 
mutations. This process involves subjecting the microorganisms to mutagens and then 
screening the mutated microbes for increased productivity and finally selecting these 
microbial strains. Induced mutation does not always produce useful strains so it is vital to 
select the strains which are of interest. UV-radiation is the most commonly used 
mutagen. 
RecombinantTechnology  

Recombinant DNA technology is applied to produce microbial strains that can 
produce desired products. 
Selecting Natural Variants 

Microorganisms undergo slight genetic change with every cell division. They 
undergo a very large number of cell divisions.  After several divisions culture mediums 
include microbes with a wide range of genetic structure. From this the varieties which 
produce maximum product yields can be selected for industrial purposes. 
 
Preparation of the Inoculum 
 

Microbial inoculum has to be prepared from the preservation culture so that it can be 
used for the fermentation process. The aim of inoculum preparation is to select 
microorganisms with high productivity and to minimize low productive, mutant strains. 
The process involves several steps.  

First generation culture is prepared from the preservation culture on agar slants which 
is then sub-cultured to prepare “working culture”. At this stage the microorganisms start 
growing. In small scale fermentation processes working culture is used as inoculum, but 
for large scale fermentation inoculum preparation involves additional steps. 

Second, sterile saline water or liquid nutrient medium containing glass beads is added 
to the agar slants and shaken so that microbial suspension is prepared. This suspension is 
transferred to a flat bed bottle which contains sterile agar medium. The microorganisms 
are allowed to grow by incubating the bottle. 

Third, the microbial cells from the flat bed bottles are transferred to a shaker flask 
containing sterile liquid nutrient medium and is placed on a rotary shaker bed in an 
incubator. Microorganisms grow at a rapid rate due to aeration. 

Fourth, microbial cells from the shaker flask can be used as seed culture which are 
then added to a small fermenter and allowed to grow for 1-2 days. This simulates 
conditions that exist in the larger fermenter to be used for production of metabolites. 

Finally, the microorganisms are transferred to the main fermentation vessel 
containing essential media and nutrients. 
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Culture Medium 
 

Media requirements depend on the type of microorganism being used in the 
fermentation process, but the basic requirements remain the same--source of energy, 
water, carbon source, nitrogen source, vitamins, and minerals. Designing the media for 
small scale laboratory purpose is relatively easy, but media for industrial purpose are 
difficult to prepare. 

The culture medium should: allow high yield of the desired product and at fast rate, 
allow low yield of undesired products, be sterilized easily, yield consistent products i.e., 
minimum batch variation, be cheap and readily available, be compatible with the 
fermentation process, and not pose environmental problems before, during, or after the 
fermentation process. 

The culture medium will affect the design of the fermenter. For example, 
hydrocarbons in the media require high oxygen content so an air-lift fermenter should be 
used. Natural media ingredients are cheap but they have high batch variation. On the 
other hand pure ingredients (also called defined media or formulated media) have very 
little batch variation but are expensive. The media should support the metabolic process 
of the microorganisms and allow bio-synthesis of the desired products. 

Carbon & Energy source + Nitrogen source + Nutrients  
Product(s) + Carbon Dioxide + Water + Heat + Biomass 

Media are designed based on the above equation using minimum components required to 
produce maximum product yield. 

Important components of the medium are carbon sources, nitrogen sources, 
minerals, growth factors, chelating agents, buffers, antifoaming agents, air, steam, and 
fermentations vessels. 
 
Carbon Sources  
 

Product formation is directly dependent on the rate at which the carbon source is 
metabolized; also the main product of fermentation determines the type of carbon source 
to be used. Carbon sources include carbohydrates, oils and fats, and hydrocarbons. 
Carbohydrates  

These are the most commonly used carbon sources in the fermentation process. 
Starch is easily available carbohydrate obtained from maize, cereals, and potatoes. It is 
widely used in alcohol fermentation. Grains like maize are used directly in the form of 
ground powder as carbohydrate. Malt and beer made from barley grains contain high 
concentrations of different carbohydrates like starch, sucrose, cellulose and other sugars. 
Sucrose is obtained from sugar cane and molasses. Molasses is one of the cheapest 
sources of carbohydrate. It contains high sugar concentration and other components like 
nitrogenous substances and vitamins and is used in alcohol, SCP (Single-cell Protein), 
amino acid, and organic acid fermentations. 

Extraction and purification of the products is expensive. Sulfite waste liquor is the 
by-product of the paper industry; it contains carbohydrates and is used in yeast 
cultivation. Whey is the byproduct of dairy industry. It is used in alcohol, SCP, gum, 
vitamins, and lactic acid fermentation. 
 

 10



Oils and Fats  
Vegetable oils are used as a carbon source. Oils provide more energy per weight 

compared to sugars. They also have anti-foaming properties but are generally used as 
additives rather than as the sole carbon source. Examples are olive oil, cotton seed oil, 
soya bean oil, linseed oil, and lard (animal fat). 
Hydrocarbons  

C12-C18 alkanes can be used as carbon sources. They are cheap, and have more 
carbon and energy content per weight than sugars. They can be used in organic acids, 
amino acids, antibiotics, enzymes, and proteins fermentation. 
 
Nitrogen Sources  
 

Ammonia, ammonium salts, and urea are the most commonly used nitrogen 
sources in the fermentation process. Ammonia also serves the purpose of pH control. 
Other substances used as nitrogen sources are corn-steep liquor, soya meal, peanut meal, 
cotton seed meal, amino acids, and proteins. 
 
Minerals  
 

Calcium, chlorine, magnesium, phosphorous, potassium and sulfur are the 
essential minerals for all media.  Other minerals like copper, cobalt, iron, manganese, 
molybdenum, and zinc are needed in trace amounts and are generally present as 
impurities in other components. The specific concentration on these elements depends on 
the micro-organism being used. 
 
Growth Factors  

 
Vitamins, amino acids, and fatty acids are used as growth factors in the 

fermentation process to complement the cell components of the microorganisms. 
 
Chelating Agents  
 

Chelating agents prevent formation of insoluble metal precipitates. They form 
complexes with the metal ions present in the medium and can be utilized by the 
microorganisms. Chelating agents are not required in large scale fermentation processes 
since some of the other ingredients like yeast extract will perform the function of forming 
complexes with the metal ions.  

One example of a chelating agent is EDTA (ethylenediaminetetraacetic acid). 
EDTA is a versatile, being able to form six bonds with a metal ion. It is frequently used 
in soaps and detergents because it forms a complex with calcium and magnesium ions. 
These ions are in hard water and interfere with the cleaning action of soaps and 
detergents. Other chelating agents are citric acid and pyrophosphates   
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Buffers 
 

Buffers are used to maintain the pH of the medium as microbial growth is affected 
by the pH changes. Optimum pH for most microorganisms is 7.0. Commonly used 
buffers are calcium carbonate, ammonia, and sodium hydroxide.  
 
Antifoaming Agents  
 

Microbial process produces a large amount of foam in the fermentation vessel. 
This is due to microbial proteins or other components of the media. Foaming causes 
removal of cells from the media and their autolysis, thus, releasing more microbial foam-
producing proteins, hence, aggravating the problem. Foam will reduce the working 
volume in the fermentation vessel, decrease rate of heat transfer, and deposit cells on the 
top of the fermenter. The air filter exits then become wet allowing growth of 
contaminating microorganisms. Antifoaming agents are also called surfactant, i.e. they 
reduce the surface tension in the foam and destabilize the foam producing proteins. 
Commonly used antifoaming agents are stearyl alcohol, cotton seed oil, linseed oil, olive 
oil, castor oil, soy bean oil, cod liver oil, silicones, and sulphonates. 
 
Air  
 

Air is required for aeration and is supplied to the fermenter by means of pumps or 
compressors. It is sterilized by passing through filters before being introduced. The 
amount of air required and the extent of purity depends on the fermentation process being 
carried out. 
 
Steam  
 

Steam is used to sterilize fermenters and other equipment and to control 
temperature. Continuous dry steam supply is required for the fermentation process and 
care should be taken to prevent condensation. 
 
Fermentation Vessels 
 

Laboratory scale fermentations are carried out in shaker flasks, and flat bed 
bottles. Large scale fermentations are carried out in glass or stainless steel tank 
fermenters. A fermentation vessel should: be cheap, not allow contamination of the 
contents, be non-toxic to the microorganism used for the process, be easy to sterilize, be 
easy to operate, be robust and reliable, allow visual monitoring of the fermentation 
process, allow sampling, and be leak proof.  
Shaker Flasks  

These are conical vessels made of glass and are available in different sizes. The 
typical volume of these flasks is 250 ml. There are different types of shaker flasks, such 
as baffled, unbaffled or Erlenmeyer flask, and flying saucer. Shaker flasks are used for 
the screening of microorganisms and cultivation of them for inoculation. Shaker beds or 
shaker tables are used to allow oxygen transfer by their continuous rotary motion. Baffled 
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flasks are used to increase the oxygen transfer. Shaker flasks need to be plugged to 
prevent contamination with other microorganisms. Cotton-wool, polyurethane foam, 
glass, and synthetic plugs are commonly used. Fernwald shaker flasks and flat bed 
Thompson bottles are expensive and are not commonly used. 

 

 
Figure 1.1: Shaker flasks and bottles 

 
Stirred Tank Fermenters  

These are the most commonly used fermenters. They are cylindrical vessels with 
a motor driven agitator to stir the contents in the tank. The Top-entry stirrer (agitator) 
model is most commonly used because it has many advantages like ease of operation, 
reliability, and robustness.  The Bottom-entry stirrer (agitator) model is rarely used. 
Figure 1.3 – 1.5 shows different types of stirred tank fermenters. 

 

 
Source: PinkMonkey, Inc. 

Figure 1.2: Stirred tank fermenter 
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 (1)                                          (1) 
Source: ESEL TechTra, Inc.    Source: Novaferm AB, Inc. 
Figure 1.3: Stirred tank fermenter   Figure 1.4: Stirred tank fermenter 
 

Laboratory scale stirred tank fermenters are made of borosilicate glass with a 
stainless steel lid and top-entry stirrer. Typical volume of these fermenters is 1 to 100 
liters. Stirrers consist of a motor attached to the shaft. The shaft contains impellers. 
Stainless steel fermenters are also used in laboratories and have special requirements. 
They should be made of high grade stainless steel,  have an internal surface that should 
be polished to reduce adhesion of contents to the walls of the fermenter, and have joints 
that should be smooth and free from pin-holes. 
 
Fermentation Vessel Additional Equipment 
 
Agitator  

This consists of shaft, impellers with 4 to 6 blades and motor to drive. Shafts 
should have double seals to prevent leakage of the contents. The main function of the 
agitator is mixing of the contents, aeration, and removal of carbon dioxide produced 
during fermentation process by mixing action. 
Different types of impellers are: 

1. Rushton blade or disc turbine: This is the most commonly used impeller because 
of its simple design, robustness and ease of operation. It has 4 to 6 blades. 

2. Open turbine impellers 
3. Marine impellers 

 
 

 
 

Figure 1.5: Rushton blade/disc turbine 
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Source: Master Tech Marine, Inc    Source: Henleys Propeller & Marine, Inc 
Figure 1.6: Marine impeller    Figure 1.7:  Marine impeller 
 
Baffles  

Four baffles are fixed on the walls of the fermenter which are used to prevent 
formation of a vortex. Impellers and baffles produce axial or radial flow patterns of the 
contents in the fermenter. Figure 1.10 shows types of baffles. 
 
 
 

   
Source: Biochemical Engineering: Chap 10 Turbulent and laminar flow. School of Life Sciences and 

Chemical Technology, Ngee Ann Polytechnic. 
Figure 1.8: Baffles 

 
Compressor  

Compressors are used to pump air under pressure into the fermenter from the 
bottom, to promote aeration and mixing. They are used mainly in the large fermenters.  
For laboratory scale, small fermenters air pumps are used. Compressors should be oil-free 
in order to provide food-grade clean air to the fermenter.  
Filter  

This is used to filter the air supplied by the compressor before it enters the 
fermenter to ensure clean air. Types of filters are: 
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1. Membrane filters– They are made of cellulose acetate and nitrate with constant 
pore size of 0.2 mm to ensure filtering of particulate matter. They are not cheap but 
easy to maintain. 
2. Packed bed filters– They contain glass wool or cotton wool packed in a container 
through which air is passed. Pore size is not uniform and these filters are susceptible 
to compaction and wetting thus causing channeling. 
3. Cartridge filters– Filter element is present in a stainless steel or polycarbonate 
cartridge. They are more reliable and durable but are expensive. 

Sparger  
Filtered air is introduced to the fermenter from the bottom through a sparger in the 

form of small air bubbles to ensure proper aeration and mixing.  
Sensors  

These are used to monitor and control various fermentation parameters like pH, 
temperature and oxygen content.  
 
Other Equipment for Fermenting 
 
Autoclave 

Autoclaves are used to sterilize equipment, media, and other components of 
fermentation. They are similar to pressure cookers. Different sizes of autoclaves are 
available on the market.  
Ovens  

Hot air ovens are used to sterilize or dry the equipment used in the fermentation 
process. The equipment to be dried or sterilized should withstand high temperatures, 
borosilicate or pyrex glass equipment being good examples. The inner chamber is made 
of heat resistant stainless steel and has a fan to circulate the hot air evenly throughout the 
chamber to ensure proper heat transfer. Microwave ovens are used to perform drying and 
melting agar.  The main advantage of micro wave ovens is they take a very short time to 
do the job. 
 
 

  
Source: Smulders Bakery and Cooking Equipment, Inc. 

Figure 1.9: Microwave Oven 
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Incubators  
Incubators are used to cultivate microorganisms from stock cultures to produce 

inoculum. Incubators provide optimum temperature for growth of microorganisms. 
 

 
 

Figure 1.10: Incubator 
Pumps 

 Liquid/media is introduced to the fermenter by a pump. There are various types of 
pumps available, including: 

1. Peristaltic– They provide constant flow rate and mild pumping. Liquids do not 
back-flow, so check valves are not required 
2. Mini or Delta– They are used for adding pH control agents like acid, alkali, and 
adding anti foam agents. Mini pumps are fixed-speed pumps and can pump against 
the pressure. 
3. Larger pump– They are used to add nutrients to the medium. Speed can be varied 
by altering the bore size of the tubes. 

 
Air-lift Fermenters  
 

These fermenters do not have mechanical agitation systems (motor, shaft, 
impeller blades) but contents are agitated by injecting air from the bottom. Sterile 
atmospheric air is used if microorganisms are aerobic and “inert gas” is used if 
microorganisms are anaerobic. This is a gentle method of mixing the contents and is most 
suitable for fermentation of animal and plant cell cultures since the mechanical agitation 
produces high shearing stress that may damage the cells. Air-lift fermenters are most 
widely used for large-scale production of monoclonal antibodies. 
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Source: Kang, X. Department of Chemical and Biochemical Engineering, University of Maryland, 

Baltimore County. 
Figure 1.11: Air-lift fermenter 

 
Draft tubes are used in some cases to provide better mixing, mass transfer, and to reduce 
bubble coalescence by inducing circulatory motion. 
  
Fixed Bed Fermenters 
 

These are also called immobilized cell fermenters. The cells are absorbed onto or 
entrapped in the solid surfaces like plastic beads, glass or plastic wool and solidified gels 
to render them immobile. 
 

       
Source: Biochemical Engineering: Chap 4 Immobilized Cell Reactors. School of Life Sciences and 

Chemical Technology, Ngee Ann Polytechnic. 
Figure 1.12: Fix bed fermenters 

 
Fixed bed fermenters are most commonly used for waste water treatment and as 
biological filters in small aquarium water recycling systems and production of amino 
acids and enzymes. 
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Tower Fermenters 
 

Tower fermenters are simple in design and easy to construct. They consist of a 
long cylindrical vessel with an inlet at the bottom, an exhaust at the top, and a jacket to 
control temperature. They do not require agitation hence there are no shafts, impellers or 
blades.Tower fermenters are used for continuous fermentation of beer, yeast and SCP. 
 

  
Source: PinkMonkey, Inc. 

Figure 1.13:  Tower fermenter 
 
Batch Culture Fermentation 
 

This type of fermentation is also called a closed culture system because nutrients and 
other components are added in specific amounts at the start of the process and are not 
replenished once the fermentation has started.  At the end of the process the product is 
recovered; then, the fermenter is cleaned, sterilized, and used for another batch process. 
In the initial stages microorganisms grow at a rapid rate in the presence of excess 
nutrients but as they multiply in large numbers they use up the nutrients. They also 
produce toxic metabolites which retard further growth of microorganisms during the later 
stages of the fermentation process. 
 
Fed-batch Culture  
 

In this process the nutrients and substrates are added at the start of the process and at 
regular intervals after the start. This is called controlled feeding. Inoculum is added to the 
fermentation vessel when microorganisms are in exponential growth phase. Fed-batch 
culture is controlled by feed-back control and control without feed-back. 

1. Feed-back control– The fermentation process is controlled by monitoring process 
parameters like dissolved oxygen content, carbon dioxide to oxygen ratio, pH, 
concentration of substrate, and concentration of the product. 
2.  Control without feed-back– The substrates and nutrients are added at regular 
intervals. 
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Fed-batch culture requires special equipment such as a reservoir which holds the 
nutrients, pH modifiers so that they can be added to the fermenter at regular intervals, and 
pumps to deliver culture medium aseptically to the fermenter. 
 
Continuous Culture Fermentation  
 

This method prolongs the exponential growth phase of microbial growth as 
nutrients are continually supplied and metabolites and other wastes are continually 
removed thus promoting continual growth of the microorganisms. Continuous culture 
fermentation is advantageous because of its high productivity. 

Two control methods are used in continuous culture fermentation, namely, chemostat 
and turbidostat. 
Chemostat   

This medium contains excess of all but one of the nutrients which determine the 
rate of growth of the microorganism. At steady state of the chemostat the rate of input of 
medium into the fermenter is equal to the rate of output out of the fermenter.  
Turbidostat  

This medium contains excess of all nutrients so the microbial growth is at its 
maximum specific growth rate. The system consist of a photoelectric cell which is a 
turbidity sensor that detects changes in turbidity of the contents in the fermenter and then 
controls the amount of medium fed to the fermenter. 
 
Sterilization 
 

It is essential for all fermentation processes to ensure yield of desired product as this 
allows growth of the desired microorganisms. All the components of fermentation need 
to be sterilized, including the nutrient medium and other ingredients. The fermentation 
vessel and other accessory equipment must also be sterilized to ensure pristine conditions 
and virtually no contamination. Different techniques of sterilization are available based 
on the properties of the component being sterilized. Most commonly used techniques 
include: heat sterilization– moist heat sterilization, dry heat sterilization, incineration, and 
boiling; sterilization by chemicals; sterilization by filtration; and sterilization by 
radiation. 
Moist Heat Sterilization  

This is the most commonly used technique for sterilization of a wide variety of 
fermentation components. Steam is used at high pressure and temperature 121° C for 15 
minutes causing denaturation of enzymes and degradation of the nucleic acids resulting in 
death of the microorganisms. This process is carried out by using an autoclave in which 
the components to be sterilized are placed in water and heated. Steam is produced and 
high pressure is developed inside the autoclave. Most of the fermentation components 
like culture medium, small fermenters and glassware are sterilized by this technique. 
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Source: Narang Medical, LTD. 
Figure 1.14: Autoclave 

 
Dry Heat Sterilization  

Hot air is used to sterilize by oxidizing the cellular components of the 
microorganisms. Dry heat is less effective than moist heat so high temperatures of 160°-
180° C are used for about 1 hour to attain complete sterilization. Hot air ovens are used to 
sterilize equipment in the fermentation process. The equipment to be sterilized should 
withstand high temperatures, like borosilicate or Pyrex glass equipment. The inner 
chamber of the oven is made of heat resistant stainless steel and has a fan to circulate the 
hot air evenly throughout the chamber to ensure proper heat transfer. 
Incineration  

The objects to be sterilized are directly exposed to flames to kill all 
microorganisms. This is the most effective method of sterilization but suitable only for 
heat stable components like metal and some glass objects such as inoculation loops, 
needles and heat stable glassware. 
Boiling  

Liquids are sterilized by boiling at 100° C for 30 minutes which kills most of the 
microorganisms except the spores. Spores can be killed for boiling for a longer period of 
time. 
Sterilization by Chemicals  

Gases like ethylene oxide, and formaldehyde gas, and liquids such as chlorine, 
ethyl alcohols, hydrogen peroxide and formaldehyde are some of the chemicals used to 
sterilize fermentation components which cannot withstand the high temperatures of heat 
sterilization. 
Sterilization by Filtration  

Filters are used to sterilize liquids which are heat sensitive and gases used in 
fermentation process.  
Sterilization by Radiation  

Ionizing radiations and UV light are used to perform sterilization. Filters, gases, 
and other heat sensitive components are sterilized by radiation. 
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Product Recovery 
 

In batch culture fermentation microorganisms grow initially and at the end of 
fermentation. The resultant broth contains product and dead microorganisms, thus it is 
essential to separate out the desired product. Microorganisms can be removed from the 
broth by filtration or centrifugation to separate microbial cell from the cell free solution 
containing the product. The product is isolated from cell free solution by precipitation, 
adsorption, or solvent extraction techniques. 
Precipitation  

This is the simplest method of isolation. Fermentation products like carbohydrates 
are precipitated by adding alcohol, while organic acids are salted out of the solution. 
Solvent Extraction  

This technique provides isolation and purification of product in a single step. 
Organic solvent is added to the fermentation broth which dissolves the product to form a 
solvent layer which is separated from the aqueous layer and is evaporated to obtain the 
pure product. 
Ion Exchange  

Ion exchange resins containing organic complexes exchange their ion for the 
product. The process involves two steps, adsorption and elution. 

1. Adsorption– The fermentation broth when passed through a column containing the 
resin gets absorbed to the resin. 
2. Elution– Product is separated from the resin by passing suitable reagent through the 
column. The advantage of this technique is reusability of the ion-exchange resin after 
the product is isolated. 

 
EXPERIMENTS 
 

1. Gram staining of Bacteria http://www.engr.umd.edu/~nsw/ench485/lab9b.htm  
2. Yogurt fermentation http://www.engr.umd.edu/~nsw/ench485/lab8.htm 
3. Cheese making http://biology.clc.uc.edu/fankhauser/Cheese/Cheese98.htm   
4. Wine fermentation http://www.engr.umd.edu/~nsw/ench485/lab12.htm  
5. Beer fermentation http://www.engr.umd.edu/~nsw/ench485/beer.htm 

http://www.homebrew.net/ferment/  
6. Baker’s yeast fermentation http://www.engr.umd.edu/~nsw/ench485/lab9.htm   
7. Immobilized enzyme fermenter 

http://www.engr.umd.edu/~nsw/ench485/lab13.htm  
8. Sauerkraut fermentation http://www.splammo.net/foodapplmicro/applkraut.html  
9. Purification of fermentation products by Precipitation 

http://www.engr.umd.edu/~nsw/ench485/lab6a.htm 
http://www.engr.umd.edu/~nsw/ench485/lab6b.htm 
http://www.engr.umd.edu/~nsw/ench485/lab6c.htm  
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1. Stirred tank fermenter  
http://www.pinkmonkey.com/studyguides/subjects/biology-
edited/chap10/b10_2.jpg  
Commercial fermenter 
http://www.labkorea.com/products/fermenter/fermenter.html, 
http://www.novaferm.se/laboratory.html

2.  Rushton impellers http://www.philadelphiamixers.com/radialimp.htm, marine 
impeller http://www.maxrules.com/prop.jpg , 
http://www.henleyspropellers.com/images/5btig.jpg   

3.  Baffles http://www.np.edu.sg/~dept-
bio/biochemical_engineering/lectures/bioreact1/bioreact2_6c.htm  

4.  Oven http://www.smulders.net/2000/franke.JPG  
4. Air lift fermenter http://userpages.umbc.edu/~xkang/ENCH772/air-lift.html  
5. Fixed bed fermenter http://www.np.edu.sg/~dept-

bio/biochemical_engineering/lectures/ferm4/bioferm4_4.htm  
6. Tower fermenter http://www.pinkmonkey.com/studyguides/subjects/biology-

edited/chap10/b1010201.asp  
7. Autoclave http://narang.com/Economy_Series  
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CHAPTER 2 
 

 RECOMBINANT DNA TECHNOLOGY 
 
INTRODUCTION 
 

Recombinant technology is the process of cutting a part of the DNA of one 
organism or specie and inserting it into a plasmid (circular piece of DNA with 5,000-
25,000 base pairs). This plasmid then multiplies to produce a larger number of copies of 
the inserted DNA. The process is also referred to as genetic engineering or gene cloning. 
 
Cells 
 

All living organisms contain cells which are the fundamental unit of life. Some 
organisms contain only one cell called (single-celled) while some contain more than one 
cell (multi-cellular). The cellular organisms are further classified into two categories, 
namely: Eukaryotes and Prokaryotes. 
Eukaryotes   

The cells of these organisms contain mitochondria, nucleus, plasma membrane, 
cytoplasm and other membranes.  Bound structures and chromosomes are present in the 
nucleus, for example multi cellular organism and fungi. Fig. 1 shows an example of a 
Eukaryotic cell structure. 

 

 
Source: Davidson, M. W. Anatomy of the Animal Cell. Florida State University 

Figure 2.1: Eukaryotic cell structure 
Prokaryotes   

These include simple bacteria and Archaea. They are molecules surrounded by 
membrane and a cell wall.  The cells of these organisms do not contain membrane 
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structures like mitochondria and nucleus.  Chromosomes are present as circular DNA 
distributed in the cytoplasm, for example, bacteria and viruses. Fig. 2 is an example of 
Prokaryotic cell structures. 

 
 

 
Source: Department of Biological Sciences, Brunel University, UK. 

Figure 2.2: Prokaryotic cell structures 
 
Genetic Materials 
 
Genes   

These are the basic units of heredity present in the DNA.  Genes contain 
information for protein synthesis which determines the growth and other physiological 
and psychological characteristics of the individual. This information is present in the 
form of a genetic code which is a sequence of three nucleotide bases called a codon. Each 
codon codes for one unique amino acid in the protein polypeptide chain. 
Chromosomes  

These are delicate thread like structures present in the nucleus. The number of 
chromosomes varies depending on the species.  For example, in humans there are 23 
pairs, dogs- 39 pairs, cattle- 30 pairs and potato 24- pairs. A paired number of 
chromosomes is called diploid (2n) number; they are halved during production of 
gametes (called haploid (n) number in egg and sperm).  Humans have a pair of sex 
chromosomes XX in females and XY in males (in males 22 pairs + XY, in females 22 
pairs + XX). 
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Source: Dr. Levin, D. A. Ecology and Evolutionary Biology. 

Department of Botany, University of Texas-Austin. 
Figure 2.3: DNA replicating process 

 
Chromosomes duplicate before cell division to produce long sister chromatids 

connected by a central region called centromere.  
DNA 

Deoxyribonucleic acid plus protein constitute chromatin. These are the thread like 
structures present inside the chromosome containing genes and the genetic code. DNA is 
a very long molecule in the shape of a twisted ladder called a double helix. Two strands 
of DNA are antiparallel (run in opposite directions).  One strand is labeled 5’- 3’ and the 
other is labeled 3’- 5’.  The 5’ end of the DNA will always have a phosphate group 
attached to the 5’ carbon end of its terminal deoxyribonucleotide.  The 3’ end will always 
have a hydroxyl (OH) on the 3’ carbon (see Figure 2.4).   
 
 

 
Source: Dr. Levin, D. A. Ecology and Evolutionary Biology. 

Department of Botany, University of Texas-Austin. 
Figure 2.4: The origin of replication 

 
DNA is composed of repeating subunits called nucleotides.  Nucleotides are 

composed of a phosphate group, a sugar, and a nitrogenous base.  The sugar/phosphate 
backbone is on the outside while the organic base projects into the inside of the double 
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helix.  Four different bases are commonly found in DNA: adenine (A), guanine (G), 
cytosine (C), and thymine (T).  The bases are interconnected; Base A pairs with T to form 
AT and TA and G pairs with C to form GC and CG.  These pairings form the ladder like 
structure of the double helix. 

The three-dimensional DNA structure was discovered in 1953 by James Watson 
and Francis Crick using the crystallographic data (X-ray diffraction) of Maurice Wilkins 
and Rosalind Franklin.   
 

 
  

Source:  The National Human Genome Research Institute
Figure 2.5: Three- dimensional DNA structure 
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Source: Dr. Decelles, P. Johnson County Community Colleges, KS. 

Figure 2.6 Basic nucleotide structure 
 

A combination of a sugar molecule, phosphate group, and a base is called a 
nucleotide. These nucleotides are the building blocks of the DNA molecule.  Different 
nucleotides are formed by incorporating different bases A, T, G, and C. 
RNA  

Ribonucleic acid is similar to DNA except for the sugar molecule which is ribose 
sugar. RNA is single stranded and the bases are A, U, G and C. 
There are three types of RNA, namely: 

1. mRNA (Messenger RNA)– This is the transcription product which is a copy of the 
information carried by a gene on the DNA. The role of mRNA is to move the 
information contained in DNA to the translation machinery. 
2. tRNA (Transfer RNA)–  This is the translation product which is the direct interface 
between the amino-acid sequence of a protein and the information in DNA.  It 
decodes the information in DNA. There are more than 20 different tRNA molecules.  
3. rRNA (Ribosomal RNA)– This is a component of the ribosomes and the protein 
synthetic factories in the cell. Eukaryotic ribosomes contain four different rRNA 
molecules.  rRNA molecules are extremely abundant: they make up at least 80% of 
the RNA molecules found in a typical eukaryotic cell 

DNA Replication  
Replication means the duplication of DNA prior to cell division.  It is the process 

that a cell uses to copy chromosomes.  The replication process is regulated by many 
enzymes including DNA polymerase, ligase, helicase and many others. This process 
starts with a portion of the double helix unwound by a helicase. Many enzymes are 
required to unwind the double helix and to synthesize a new strand.  

The two strands of DNA are complementary, meaning, certain nucleotide bases 
bind to each other.  For example, Adenine (A) binds to thymine (T) and guanine (G) 
binds to cytosine (C).  The DNA polymerase adds nucleotides to each template strand 
following these base pairing. 

The DNA is synthesized only in the 5’ to 3’ direction (nucleotides are added only 
in one direction, that is, from 5’ to 3’).  Both strands run in opposite direction 
(antiparallel).  The leading strand which goes from 5’ to 3’ moves directly down its entire 
length.  Synthesis is continuous along this strand.  However, when the DNA is unzipped, 
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one strand is oriented in the opposite direction from 3’ to 5’.  This unzipping takes place 
in both directions (from the replication origin) creating a replication bubble.  This strand 
is called the lagging strand because the DNA polymerase cannot move continuously in 
the 3’ to 5’ direction.  Short DNA fragments known as Okazaki fragments are built from 
the 5’ to 3’ direction and are linked by the enzyme DNA ligase (to produce a continuous 
strand).  DNA replication is semi-conservative; ensuring reliable copying and transfer of 
genetic information.  Every copied helix of DNA contains one strand from the original 
DNA helix and one new strand. That is, each old strand forms a new template for a new 
one. 

 

 
Source: Kimball, J. W. DNA Replication              

Figure 2.7: DNA replication 
 
DNA Transcription  

Transcription also called gene expression is the process through which a 
messenger RNA (mRNA) strand is copied from a DNA strand using the DNA as a 
template.  (A gene’s unique nucleotide sequence is transcribed from DNA to a 
complementary nucleotide sequence in the mRNA).  This mRNA leaves the nucleus to 
the cytoplasm where transcription takes place.  The transcription process is similar to the 
replication of DNA and also patterns the base pairing rule. The genetic information from 
double stranded template DNA for protein synthesis, which is in the form of base pair 
sequences, is passed into the cytoplasm in the form of single stranded RNA.  RNA 
polymerase is the enzyme essential for transcription. First, the short region of the double 
helical DNA unwinds near the gene that is to be transcribed. Only one of the DNA 
strands can be transcribed at a given time; this is called a template strand/antisense 
strand.   The complimentary DNA strand is called sense strand/coding strand. 
Transcription proceeds in the 5’to 3’ direction.  Transcription starts at the 5’ end of the 
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DNA molecule using the 3’ complementary strand to transcribe new complementary 
mRNA in the 5’ to 3’ direction.   

 
 
3’- A T T A A G G C T A G C -5’  DNA template strand 
      |   |   |   |   |    |   |   |   |   |    |   |    
5’- U A A U U C C G A U C G -3’  RNA chain 

 
5’- T A A T T C C G A T C G -3’  DNA coding strand  

 
 

 
 

 
 

 
Figure 2.8: The Transcription of mRNA 

 
Transcription in prokaryotes requires only one enzyme, RNA polymerase, and is 

relatively simpler than in eukaryotes which require enzymes like RNA polymerase I, 
RNA polymerase II and RNA polymerase III. 

Transcription in prokaryotes consists of three continuous steps:  
1. Initiation– The first stage occurs when the RNA polymerase binds to the promoter 

gene in the DNA. The promoter tells the RNA polymerase when to start so this 
stage allows for the finding of the start sequence.  Specific sequences on the non 
coding strand of DNA are signals given to start the unwinding process.   Once the 
process has been initiated, then the RNA polymerase elongation enzyme takes 
over. 

2. Elongation– The elongation begins when the RNA polymerase "reads" the 
template DNA. Only one strand of the DNA is read for the base sequence. The 
RNA which is synthesized is the complementary strand of the DNA. 

3. Termination– The base sequence present at the end of the gene is called 
terminator which signals termination of the growing RNA chain.  The RNA chain 
and the enzyme RNA polymerase are then released from the DNA.. 
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Translation 
 Translation takes place in the cytoplasm at special cell structures called ribosomes 
and it is important to protein synthesis.  Gene sequences on mRNA are used to make 
protein during translation.   As soon as mRNA is ready for translation it binds to a 
specific ribosomal binding site.  Ribosomes consist of two parts; a large subunit and a 
small subunit.  During this process a small ribosomal subunit attaches to an mRNA 
molecule.  The amino acids are joined together by the peptide bonds resulting in the 
formation of protein. Translation also involves three steps as in the transcription process 
which starts at the 5’ end of the mRNA. The process described is for translation in 
prokaryotes. 

1. Initiation– The code AUG for amino acid “methionine” called the initiator codon is 
the starting point of the translation process. Small ribosomal subunit attaches to the 
mRNA and the large ribosomal subunit to form the initiator complex. This along with 
another codon initiates reading the information on the mRNA and start protein 
synthesis.   
2. Elongation– In this step the tRNA binds mRNA within the context of the ribosome 
and gets attached to it. The ribosomes align the amino acids correctly according to the 
information in the mRNA, and peptide bond formation takes place. Then the 
ribosome moves one codon towards the 3’ end of the mRNA which is called 
translocation. 
3. Termination– The elongation process continues till the ribosomes reach the 
terminator codon on the mRNA chain.  This triggers the release of polypeptide from 
the tRNA, release of tRNA from the ribosome, and breaking up of the ribosomal 
subunits from mRNA.  

 
Principles of Recombinant DNA Technology 
 
Restriction Endonucleases  
 These are a class of enzymes used to recognize a particular nucleotide sequence 
and to cut the DNA at that site. Viruses require incorporation into a foreign DNA to 
multiply so they invade bacteria and insert their DNA into the bacterial genome 
ultimately killing them once the viral DNA multiplies. Bacteria contain restriction 
endonucleases as their defense mechanism which identify and destroy the invading viral 
DNA. Restriction endonucleases cut DNA in two ways; blunt end cutting, that is, cutting 
at the same position such that all the nucleotides are paired,  or sticky end cutting i.e. 
cutting at different positions such that each strand has some unpaired nucleotides to leave 
staggering ends. Sticky ends are so called because of their ability to form base pairs with 
any DNA molecule that has the complementary sticky end.  
 There are three types of restriction endonucleases type I, type II and type III. Each 
of them recognizes a specific sequence and cuts the DNA by breaking the covalent bonds 
between phosphate and its adjacent sugar. Type II restriction endonucleases are the most 
commonly used. These enzymes are named based on the species of bacteria from which 
they are isolated, for example, EcoRI is isolated from the bacteria Escherichia Coli 
RY13.  
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DNA Ligase  
 The enzymes used to join DNA fragments are called DNA ligases. They join the 
blunt end or sticky end DNA fragments by allowing the formation of covalent bonds 
between the phosphate and the sugar molecule of the adjacent nucleotide. 
Vectors  
 A vehicle to carry DNA to the host cell is called a vector. There are two 
commonly used vectors; plasmids and bacterial phages. 

Plasmids– The circular DNA of bacteria called plasmids is used as vectors. They 
produce genetic products of a foreign DNA segment. A unique restriction site is cut 
and a segment of a foreign DNA is attached.  The recombinant DNA is inserted into a 
cell and is allowed to multiply to produce large numbers of plasmids with the foreign 
DNA segment. Plasmids have very important characteristics -they can be easily 
transferred from one cell to another and have antibiotic resistance. These 
characteristics make plasmids the best choice for using as vectors in recombinant 
DNA technology. 

 

 
Source: Mama Ji’s Molecular Kitchen-Plasmids. 
School of Life Sciences, Arizona State University. 

Figure 2.9: Vector 
 

Bacterial phages– Bacterial phages are viruses consisting of a DNA molecule and a 
protein coat called capsid. They infect bacteria by attaching to the cell wall and insert 
their DNA into the bacterial cell.  Bacterio-phage λ are the most commonly used 
phages. Phage λ consist of a head and tail.  DNA is present in the head and the tail is 
used to get attached to the bacterial cell wall. 

Natural Recombination in Bacteria  
 Recombination occurs naturally when DNA is transferred from one bacterial cell 
to the other by one of three methods. 

1. Transformation– In this process the DNA is taken from the donor to the recipient 
bacteria (cell) in which it may be incorporated into a plasmid. 
2. Transduction–  Transduction is the transfer of fragments of DNA from one 
bacterium to another by a bacteriophage. 
3. Conjugation– This is a sexual process in bacteria for transfer of genetic 
information from one bacterial cell to the other. 
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Source: Biloogy 181 Grimes & Hallick Biology 

Learning Center, University of Arizona. 
Figure 2.10: Conjugation process 

 
DNA Extraction 
 There are three basic steps in a DNA extraction, the details of which may vary 
depending on the type of sample and any substances that may interfere with the 
extraction and subsequent analysis.  

1. Break open cells and remove membrane lipids by adding a detergent.  
2. Remove cellular and histone proteins bound to the DNA, by adding a protease, by 
precipitation with sodium or ammonium acetate, or by using a phenol/chloroform 
extraction step.  
3. Precipitate DNA in cold ethanol or isopropanol, DNA is insoluble in alcohol and 
clings together, this step also removes salts. 

Extraction and purification of DNA  
 DNA is extracted from samples like bacteria, or plant and animal cells by 
dissolving the sample in a buffer which is then added to an absorbent material.  The 
buffer is removed from the absorbent material and the DNA can be obtained by elution. 
Several commercial kits are available for the extraction and isolation of DNA from a 
wide range of samples. The circular DNA or plasmids used as vectors are also extracted 
from the bacterial cells.  Alkaline lysis buffer is added to the cells so that they are 
ruptured thus denaturing the genomic DNA and the circular DNA/plasmid. The alkaline 
buffer is neutralized by adding another buffer which also removes the denatured genomic 
DNA by precipitation. The plasmids are extracted and purified further. The small size of 
the plasmid allows renaturation. 
Restriction Enzyme Digestion  
 Restriction enzymes which can cut the DNA at different sequences to generate 
DNA fragments or cDNA (complimentary DNA) with sticky ends, are commercially 
available. These DNA fragments can be joined to vectors at complimentary sites.  cDNA 
are single stranded DNA that are complementary to the messenger RNA. The DNA 
fragments are analyzed for correct size by using gel electrophoresis. Similarly the vectors 
(plasmids) are first treated with restrictive enzymes to cut plasmids so that the foreign 
DNA fragments can be attached to them then analyzed using gel electrophoresis.  
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Source: Agarose Gel Electrophoresis of DNA,  

Colorado State University 
Figure 2.11: DNA fragment analysis by gel electrophoresis 

 
Inserting DNA Fragment into the Vector  
 The DNA fragment is linked to the vector by using the class of enzymes called 
DNA ligases. These enzymes join DNA by catalyzing formation of covalent bonds 
between the 5’-phosphate group and 3’-sugar group. Sticky ends are more easily linked 
than blunt ends. To join blunts, large amounts of ligases are required. 
Linkers & Adapters  
 These are small oligonucleotides which are used for ligation of blunt end DNA. 
They add small DNA fragments to the blunt ends so that they acquire a sticky end which 
is then easily ligated. 
Cloning/PCR: A single recombinant plasmid is cloned to produce a large number of 
recombinant molecules in a short time. A novel technology called PCR or Polymerase 
Chain Reaction is being used currently for quick and efficient cloning. PCR construct and 
clone recombinant DNAs, which is then used to produce large numbers of a specific 
DNA sequence in a process called amplification. PCR requires nucleotide primers, and a 
DNA sample containing the sequence to be amplified. Steps in PCR 

1. Denaturation– DNA sample is heated in a thermalcycler with Taq polymerase. 
These DNA strands act as templates for the synthesis of DNA molecules from the 
primer. 
2. Annealing– DNA sample is cooled to 55C  
3. Synthesis– Temperature is again increased to 72C where the DNA polymerase 
(Taq) catalyses DNA synthesis from the primer. 

Inserting Recombinant Vectors into Living Cells  
 Recombinant vectors are mixed with living cells like bacterial cells (most 
commonly E.Coli) so that the vectors can penetrate and become incorporated into the 
bacterial cell genome. In other words the bacterial cell takes up the recombinant DNA in 
the process called Transformation. Normally the rate of uptake of the recombinant 
plasmids by the bacterial cells is less and varies widely among the different species. 
Treating the bacterial cells with calcium enhances the rate of uptake of the recombinant 
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plasmids. They can also be detected by growing the cells in an agar medium containing 
an antibiotic like ampicillin.   
 Since the plasmids usually have an antibiotic resistant gene the cells that contain 
only the recombinant plasmids will grow in the medium and the rest will be killed by the 
antibiotic. After determining the presence of recombinant DNA the bacterial cells are 
allowed to replicate by cloning for a number of times so that a very large number of 
recombinant vectors can be produced. 
Transfection  
 This is similar to transformation but the vector used is phage DNA instead of a 
plasmid.  Vectors are also interchangeable. 
In-vitro Packaging  
 Mature phage λ molecules can be packaged into a λ head and tail structure to 
attain better uptake of the recombinant molecules by the bacterial cells. In-vitro 
packaging mix is prepared which packages the recombinant λ molecules into mature 
phage particles. 
 
Analysis of Recombinant DNA 
  
 Recombinant plasmids are analyzed to make sure that they contain the desired 
foreign DNA fragment. There are several techniques for this purpose. 
Gel Electrophoresis  
 This is a technique of separating DNA based on physical properties like size and 
electric charge. The DNA sample is added to the gel and electrical charge is applied 
through external electrodes. The electric charge causes DNA to migrate to opposite 
electrodes. The gel acts as a sieve through which the DNA has to travel, altering the rate 
of migration. The DNA is first stained with fluorescent dye (usually EtBr), then 
visualized with UV light and the size of the DNA is analyzed. 
 Detailed protocol can be found in the links provided at the end of the chapter. 
Southern Blotting  
 DNA is cut with the restriction endonucleases and fragments are separated by gel 
electrophoresis. The gel is placed on a nylon membrane and the buffer solution is allowed 
to pass in the direction of gel to nylon membrane so that the DNA fragments are 
separated from the gel and attached to the nylon membrane.  
DNA Sequencing  
 This technique is used to analyze a given DNA or a DNA fragment for the 
presence of specific nucleotide sequence that code for gene of interest. DNA sequencing 
is done for the recombinant DNA molecule to determine the presence of foreign DNA 
fragment in the plasmid. Automatic DNA sequencing kits are available commercially to 
determine the nucleotide sequence by using florescent markers, one each for the four 
bases of DNA which can be detected and analyzed by the computer in a quick and 
efficient way. After DNA sequencing is done the information is stored in databases called 
sequence databases so that the information can be retrieved later.   
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Source: The Huck Institutes of the Life Sciences, 

Pennsylvania State University. 
Figure 2.12: DNA sequencing by fluorescent markers 

 
EXPERIMENT 
 

1. http://www-hhmi.princeton.edu/hhmi/Manual/cr_restriction_enzymes.doc  
2. http://www.accessexcellence.org/MTC/96PT/Share/windham.html, 

http://www.accessexcellence.org/AE/AEPC/WWC/1991/dna.html 
3. http://arbl.cvmbs.colostate.edu/hbooks/genetics/biotech/gels/agardna.html    
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CHAPTER 3 
 

PLANT CELL CULTURE 
 

INTRODUCTION 
 
Plant tissue culture is the technique used to grow an entire plant, organ, tissue or a single 
cell in-vitro in the prepared nutrient medium. It can be used to study morphological, 
physiological, or biological properties of plants and to manipulate the plant species to 
produce transgenic plants that yield desired bio-chemicals, high-yielding plants and 
insect/pest-resistant plants. Figure 3.1 is a eukaryotic cell. 
 

 
Source: Arscott, T. The Golgi Apparatus. 

Figure 3.1 Plant cell 
Cell Wall  
 
 The cell wall is made up of cellulose and other polymers to form a rigid coa. It 
gives shape to the cell and protects it from the environment. 
 
Vacuoles  
  
 Vacuoles are the single membrane structures found in the cell that store food and 
wastes and help to prevent bursting of the cell when placed in hypertonic solutions. 
 
Mitochondria  
 
 These are membrane structures present all over the cell. Mitochondria are the 
power houses of the cell; they provide energy.  Mitochondria are usually rod-shaped and 
are distinct organelles with a double membrane.  The outer membrane is fairly smooth 
and is made up of complex proteins which permit the movement of fluids and ions in and 
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out of the mitochondria.  The inner membrane has many inward folds called cristae.  The 
matrix which is the space inside the mitochondria is filled with fluid containing enzymes. 
 
Ribosomes  
 
 Ribosomes are large complex proteins present all over the cell. They are present 
either freely or bound to the endoplasmic reticulum. Ribosomes are the sites for mRNA 
translation hence they are vital for protein synthesis. 
 
Endoplasmic Reticulum (ER) 
 
  ER is a network-like structure with tubes, vesicles, and sacs interconnected with 
each other to perform various functions such as protein synthesis and storage of 
glycogen. There are two types of ER: the rough, which has ribosomes on its surface 
during protein synthesis and the smooth. 
 
Golgi Complex/Apparatus  
 
 After synthesis in ER, proteins are transported to golgi complex through vesicles 
where glycosylation of proteins take place (i.e. sugar group is attached to the protein). 
The type of sugar attached determines the destination of the protein. 
 
Chloroplasts  
 
 These are specialized organelles present only in the green leaf cells of the plant. 
Chloroplasts contain chlorophyll which plays a very important role in photosynthesis. 
 
Nucleus  
 
 The nucleus is present in the center of the cell covered by a thin nuclear 
membrane. It contains organelles such as nucleolus, DNA, RNA and coordinates many 
functions of the cell including growth and protein synthesis.  
 

                                               
 Source: Kathleen’s World.    Source: National Toxins Research Center at  

     Texas A&M University-Kingsville. 
Figure 3.2: Mitochondria   Figure 3.3: Eukaryotic ribosome 
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PLANT CELL CULTURE TERMINOLOGY 
 
Explants  
  
 Explants are samples of parts or tissues such as roots, leaves, stem, and pollen of 
the whole plant that are used to initiate the plant cell/tissue cultures. 
 
Protoplasts  
 
 The naked cells whose cell walls are removed by digestion with enzymes such as 
cellulose and pectinase are called protoplasts. They can be prepared from explants and 
cells in suspensions. Protoplasts can be used to produce callus cultures. Callus is an 
unorganized, proliferated mass of differentiated plant cells normally formed by a 
wounding response. 
 
Haploids  
 
 Haploids contain single gametophyte chromosomes (i.e. n chromosomes).  They 
can be grown in-vitro and are used in cell culture to produce whole plants. 
 
Plasticity  
 
 The property of plants to regenerate lost or damaged parts and cell division from 
any existing part is called plasticity. This is very important to the survival of plants since 
they live over long periods of time and some parts may be damaged or lost because of 
various factors such as environmental conditions, predators and diseases. 
 
Totipotency  
 
 The ability of each plant cell to express complete genetic information of the plant 
when provided with suitable conditions is called totipotency. 
 
 
TYPES OF CULTURES 
 
Callus Cultures  
 
 When explants are provided with favorable conditions and suitable media a mass 
of unorganized cells called callus cultures can be produced. During the callus culture cell 
differentiation is reversed. This is called dedifferentiation/redifferentiation. 
 Callus cultures require nutrient media containing plant growth hormones like 
auxins and cytokinins apart from the organic carbon source, vitamins and minerals.  Sub-
culturing (i.e. providing fresh medium to the culture or transferring the culture into a 
fresh medium) is important because the callus cultures are slow growing and sub-
culturing will provide a fresh supply of needed nutrients and hormones for effective 
growth. 
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Suspension Cultures  
 
 Callus cultures that are too soft and fragile are transferred to a liquid nutrient 
medium where the cells multiply to produce a suspension in the medium; such cultures 
are called suspension cultures. A small sample of the callus culture is added to the liquid 
medium and incubated at specified temperature. The cells grow at a much faster rate than 
in the callus cultures hence it is important to subculture at frequent intervals. Suspension 
cultures are grown in conical flasks which provide a large surface area to volume ratio. 

                
Meristem-ShootTip Culture  
 
 Shoot tips can be cultured in nutrient media to produce shoots which in turn can 
be rooted. This technique is used in micro-propagation. Meristem culture (i.e. culturing of 
extreme tip of shoot) is used for the production of virus free plants. 
 
Microspore Cultures  
 
 Anthers containing pollens are collected and added to the nutrient medium where 
the microspores (i.e. pollens present inside the anthers) germinate to produce haploids. 
Alternatively, pollen is collected by cutting open the anthers, by homogenizing, or by 
centrifugation. This pollen is added to the nutrient medium and allowed to germinate to 
produce haploids. 
 
Embryo Cultures  
 
 Seeds and ovules are sterilized to remove micro-organisms on their surfaces and 
the embryos are collected and then cultured to produce whole plants. 
 
STERILIZATION TECHNIQUES* 
 
Sterile Transfer 
 
 Bio-safety cabinets are used to provide a clean environment for cell culture 
activities (like transfer of contents and sub-culturing) that require aseptic conditions. 
These cabinets are needed since microbial contamination can affect culture growth. They 
use HEPAA filters which can eliminate particles of sizes up to 0.3μ. 
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Source: MRC Dunn Human Nutrition Unit. 

Figure 3.5:  Bio-safety cabinet 
 

*Note: See the fermentation unit for approaches to sterilization. 
 
Cell/Tissue Culture Technique 
 
 Steps involved in cell/tissue culture are: 

 
1. The plant with desired cloning characteristics --called the source plant-- is selected. 
2. Explants are prepared from the source plant. The source can be any tissue such as 
leaf, stem and root. 
3. Explants are surface sterilized to remove micro-organisms. This can be done by 
using disinfecting agents like absolute alcohol (70-80% v/v), phenol, sodium 
hypochlorite, or hydrogen peroxide. Initially the explants are washed with mild soap 
water to remove dirt then again several times with the disinfecting agent. Finally the 
explants are rinsed several times with sterile water.  This is done in the laminar flow 
cabinet or the bio-safety cabinets to ensure they are not contaminated again by the 
microorganisms. 
4. The explants are transferred to vessels containing the nutrient medium and 
incubated to allow growth of tissue. 
5. Each new tissue gives rise to a new plant with identical genetic makeup as the 
source plant. 

 
CULTURE MEDIUM 
 
 The culture medium should provide required nutritional supplements for the 
culture so that it can multiply and grow at faster rate. It should contain all elements that 
are required for a plant. The culture medium includes a wide range of components like a 
carbon source, nitrogen, iron, minerals, amino acids and vitamins. Some characteristics of 
the nutrients used in the culture medium are that they should be: 

cheap and easily available, 
able to withstand high temperatures since they have to be sterilized, 
able to provide the supplements to the culture, and 
be non-toxic. 

 The nutrients used in the culture medium can be broadly classified into the 
following classes.  
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Carbon Source  
 
 Carbohydrates are the most common source of carbon. Simple carbohydrates like 
sucrose, lactose and galactose are used as carbon source. 
 
Vitamins  
 
 B-complex vitamins such as inositol, thiamine, nicotinic acid, pyridoxine, 
pantothenic acid, folic acid, and riboflavin provide essential components like co-enzymes 
in various metabolic activities such as respiration, energy reactions, and other metabolic 
pathways. B-complex vitamins also promote growth of plant tissues and organs. 
 
Macro Nutrients 
 
 The components of the medium that should be provided in large amounts are 
called macro nutrients. 
Nitrogen  
 Nitrogen is available in different salt forms; hence, the convenient salt can be 
selected for the medium. Adding nitrogen-containing salts in some cases can affect the 
pH value. In that situation it is important to buffer the medium. 
Phosphorous  
 This should be provided as phosphate. Salts like potassium phosphate and sodium 
phosphate are commonly used as phosphate sources in plant cell culture medium. 
Phosphates play an important role in energy transfer and enzyme regulation, and are 
present in vital molecules such as DNA. 
Calcium  
 Calcium plays roles as second messenger, enzyme co-factor, enzyme regulation, 
carbohydrate and amino acid mobilization, growth promoter, and component of cell walls 
and cell membranes. Salts like calcium chloride and calcium nitrate are used as calcium 
source in the culture medium. 
Magnesium  
 Magnesium acts as an enzyme co-factor, present in ribosomes and chlorophyll. 
Magnesium sulfate is added to culture medium as source of magnesium. 
Potassium  
 Potassium plays a vital role is cell homeostasis, enzyme regulation, cell division, 
chlorophyll synthesis, and other physiological activities. Salts like potassium chloride, 
potassium nitrate, and potassium orthophosphate can be used in culture media as 
potassium source. 
Iron  
 Iron is essential for chlorophyll synthesis, energy production in photosynthesis, 
and respiration. It can be provided to the culture medium by adding salts like ferrous 
sulfate. 
Sulfur  
 Sulfur functions as enzyme co-factor and is a component of amino acids and 
proteins. Magnesium sulfate is used as a common sulfur source in culture media. 
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Micro Nutrients  
 
 The culture medium requires some nutrients in very small amounts to help the 
growth and development of the cultures. These are called micro nutrients. Some of the 
micro nutrients added are boron, copper, cobalt, manganese, molybdenum, iodine, and 
zinc. 
 
Growth Regulators  
 
 Growth regulators are vital for the cell division and growth of plants. Examples 
are phytohormones like auxins and cytokinins.  
 Since the cultures cannot produce these regulators on their own they are be added 
in the culture medium by dissolving first in a small amount of alcohol, acid, or alkali, 
then, diluted with water. These hormones, both natural and synthetic, are available 
commercially. 
 
FACTORS AFFECTING CELL CULTURE 
 
 Growth and maintenance of plant cell/tissue cultures are affected by various 
external factors such as thos listed below.  
 
Viscosity  
 
 Viscosity increases as the culture grows due to increased cell mass and 
accumulation of excretion products of the cells. This results in formation of foam which, 
in turn, affects culture growth adversely. Foaming can be prevented by adding anti-
foaming agents like polyethylene glycols, polypropylene glycols, and animal or plant 
derived fats to the medium. 
 
Temperature  
 
 Cell culture requires temperatures between 23-29° C for optimum growth. Low 
temperatures cause fats to accumulate in the tissues. This is not desired. Temperatures 
lower or higher than the optimum range decrease the growth rate of the cells in cultures 
significantly.  
 
Oxygen Supply  
 
 Oxygen is vital for culture growth, hence, a continuous supply must be provided. 
Stirring, aeration, and use of air-lift fermenters are some of the methods used to provide 
optimum oxygen to the cells in culture. 
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pH  
 
 Optimum pH is required for the growth of the culture. This is different for each 
plant specie. Most plants require pH 5-6 for optimum growth. pH in the medium may 
change due to production of organic acids during cell growth. 
 
MICROPROPAGATION 
 
 This is a technique of in-vitro propagation of plants which uses principles of 
conventional propagation and plant tissue culture. Micropropagation is used to produce a 
large number of genetically identical plants from a single parent plant under controlled 
conditions of temperature, nutrition, and growth regulators. Further, the daughter plants 
can be manipulated as desired under these controlled conditions. This technique is 
developed from the plant tissue culture. Scientists believe that growing tissues in-vitro 
under artificially controlled conditions can provide invaluable information about growth, 
development, and other physiological functions of plants. In recent times 
micropropagation is the most commonly used technique for production of ornamental, 
flowering, and other garden plants. 
 
Stages of Micropropagation  
 
 There are five stages involved in the micropropagation technique. 
 
            Stage I: Selecting and preparing the parent/donor plant 
 Stage II: Preparing a sterile culture 
 Stage III: Production of large number of daughter plantlets 
 Stage IV: Preparing daughter plantlets to plant in soil (also called rooting stage) 
 Stage V: Transferring daughter plantlets to soil 
 
The stages are very much similar to the cell culture techniques discussed in the previous 
sections. The parent plant selected should be perfectly healthy so that the daughter plants 
can be healthy and can be produced with desired qualities. In the rooting stage the shoots 
with small roots are transferred to a large dish containing compost. This will help the 
plantlet to develop the root system and also to get used to the soil environment. 
The whole process of micropropagation should be carried out in a sterile environment 
devoid of any microorganisms to ensure the success of the procedure. Conditions like 
temperature, humidity, lighting, and nutrition should be controlled as specified and are 
vital for the success of the process. One of the disadvantages of growing the plants in-
vitro using techniques like micropropagation is that they will be sensitive to the 
environment and susceptible to pest and microbial attack. For example, the leaves will be 
sensitive to sunlight and chemicals since they lack protective wax coating. 
 Since micropropagation is the most popular technique to produce plantlets on a 
large scale, for commercial purposes automation of the process was implemented to 
reduce cost of production. Cultures can be grown in bioreactors which provide more 
control of the conditions like temperature, nutrition, and pH, thus, enhancing culture 
growth. Bioreactors can be modified according to the requirements to provide special 
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features like providing nutrient medium at regular intervals, supplying nutrient medium 
as fine mist over the culture, removing the accumulated wastes from the bioreactor, and 
adjusting pH.  All these actions can be automated. 
 
STORAGE OF CELL CULTURES 
 
 Cell cultures can be stored for short periods by sub-culturing; this is also called 
maintenance, but to store the cultures for long periods of time other techniques are used. 
 
Storage in Mineral Oil 
 
 The cultures on agar medium can be stored in 5-40 mm deep mineral oil so that 
the growth of the cultures can be reduced. Mineral oil decreases the oxygen supply to the 
medium and to the culture cells, thus, decreasing the growth rate of the cells/tissues. 
 
Storage at Low Temperatures 
 
 Cultures can be stored in refrigerators at temperatures 0-4° C which decreases the 
growth of the cells in culture. To restore the culture growth it has to be brought to a 
favorable temperature or added to the fresh culture medium at a favorable temperature 
where it can start to grow and multiply. 
 
Cryogenic Storage 
 
 Lower temperatures decrease the growth rate of cells in culture since biochemical 
reaction rates are lowered. Extremely low temperatures like -196° C can virtually stop all 
the biochemical reactions in the cells, thus, making it a very effective technique of storing  
cell cultures for a very long period of time. Such low temperatures can be achieved with 
liquid nitrogen. Liquid nitrogen is inert, i.e. it doesn’t affect or cause deterioration of the 
cultures, as does liquid oxygen. Before subjecting cell cultures to extreme low 
temperatures some cryoprotective agents are added. 
 For cell cultures to resume growth they should be viable once they are bought to 
the normal temperature. The process of bringing the cell cultures back to normal 
temperatures from cryogenic storage in liquid nitrogen is called thawing. In this 
technique the cell cultures are subjected to warm temperatures gradually by keeping the 
vials at room temperatures, direct warming of the vials, or immersing in hot water. The 
cryoprotective agents must be removed from the cultures after thawing by washing the 
culture several times in fresh nutrient media since the cryoprotective agents are growth 
retarding. 
 
SECONDARY METABOLITES FROM PLANT CELL CULTURE 
 
 Secondary metabolites are the special compounds produced by some plants. They 
are produced as a result of synthesis, metabolism, and catabolism by a special class of 
proteins. Different types of secondary metabolites are produced by different plants; each 
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of them having a unique function. Some of the functions are secondary messengers, 
coloring agents, flavoring agents, and protective agents. 
 Plant secondary metabolites are basically classified into three types, namely, 
nitrogen containing compounds, phenolic compounds, and terpenes/Isoprenoids. 
 
Nitrogen Containing Compounds 
 
Alkaloids  
 They are bitter tasting nitrogen containing compounds produced by the plants 
from amino acids. Alkaloids are the most commonly used secondary metabolites. Many 
of them are used for therapeutic purposes as life saving medicines for diseases like 
malaria, cancer, and heart disease. Since they are highly potent drugs they are used in 
very small doses as higher doses are extremely toxic. Examples are nicotine, cocaine, 
morphine, atropine, caffeine, theophylline, theobromine, ephedrine, quinine, 
scopolamine, cardiac glycosides, vincristine, vinblastine reserpine and ergonovine. 
Glycosides  
 These are compounds containing a carbohydrate and a non-carbohydrate residue 
in the same molecule.  The carbohydrate residue is attached by an acetal linkage at 
carbon atom 1 to a non-carbohydrate residue or Aglycone. The non-sugar component is 
known as the Aglycone and the sugar component is called the Glycone. 
 
Phenolic Compounds 
 
Tannins  
 These are viscous oily exudates produced by plants to protect themselves from 
attack by the predators like insects or pathogens. They have a characteristic bitter 
astringent taste and can be neurotoxic. They also help to heal the wounds of the plants 
caused by predators. Tannins are stored mainly in vacuoles or surface wax which can be 
found in parts like bark, fruits, leaves, buds, stems, and roots. A large number of tannins 
are now available commercially. They are usually isolated from different plants for use as 
insect repellents. Tannins are also used in wines to give an astringent taste to it. Examples 
are eucalyptus, pine, willow, and oak. 
Flavonoids 
 They are polyphenolic (2 or more phenol groups) compounds produced by plants 
that give color. They are commonly found in flowers and fruits. Flavonoids like α-
tocopherol (vitamin E), quercetin, xanthohumol, genestein also have anti-oxidant action 
so they are of great therapeutic effect and, hence, are commercially extracted and 
isolated. Examples are flavanones, flavones, flavonols, anthocyanins, aurones and 
chalcones. 
Lignin  
 Lignin got the name from the Latin word lignum meaning wood. Lignin gives 
strength and is mainly present in the stems of the woody plants. Lignin is important for 
maintaining the structural integrity of the plant. 
 Other important phenolic compounds are: quinones, coumarins, phenyl 
propanoids, stilbenes, and phenanthrenes. 
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Terpenes/Isoprenoids 
 
 Some plants produce oily secretions called essential oils or aromatic oils (since 
these oils have nice aroma). Terpenes are mainly hydrocarbons (general formula C5H8) 
but they can also be alcohols, aldehydes, or ketones. Terpenes can be extracted and 
isolated to be used as medicines and fragrances. Examples are camphor, menthol, citral, 
carotene (vitamin A precursor), taxol, progesterone, cortisone, and digitoxin. 
 
STEPS IN EXTRACTION AND ISOLATION OF SECONDARY METABOLITES 
  
 The procedure of extraction and isolation can be summarized in the following 
steps. 
 
Selecting the Source  
 
 The parts of the plants that contain the required secondary metabolites should be 
collected. Explants of plants that produce colored secondary metabolites can be selected 
by visual inspection, selecting only those which have bright, prominent colors. In case of 
aromatic secondary metabolites only the explants with strong aroma are selected. For 
extraction of alkaloids the explants are selected based on a simple test where a sample of 
cells are placed in culture medium and examined under ultra-violet light. Alkaloids have 
the property of florescence under ultra-violet light. 

 
Preparation  
 
 Plant materials are washed to remove dirt and impurities on the surface. 
Secondary metabolites are usually stored in the cells, which have to be ruptured. This can 
be done mechanically by grinding or crushing; chemically by acid hydrolysis, or with 
enzymes called enzymatic hydrolysis. Microorganisms can also be used as a fermentation 
technique. 

 
Purification of the Extract  
 
 The extract from the above step is made free from remaining cell fragments by 
centrifugation, filtration, and precipitation, or by adsorption. 
 
Cell Immobilization 
 
 The basic procedure of fermentation used to extract the secondary metabolites is 
very much similar to the process used in plant cell/tissue culture. Immobilization of cells 
is the technique used in fermentation process to maintain the cells in a state of minimum 
or no growth. This is essential for increased production of some secondary metabolites. 
Also, cells could be kept in suspension without causing them to aggregate in the 
fermentation tank. Cells in culture are immobilized by enclosure in an inert material like 
a gel or a polymer and nylon sheet so that they are maintained in a state of minimum 
growth while they till remain in contact with other cells around them. Secondary 
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metabolites are removed continuously via the nutrient medium circulating around the 
cells.  
 Immobilization of cells also provides a favorable and secure environment which 
results in higher yields of the product. There are different methods employed to 
immobilize cells including: 
Adhesion/Adsorption  
 The cells are intercellularly bound to an inert material. 
Cross-linking  
 Cells are connected using inert polyfunctional reagents 
Embedding  
 Cells are embedded in inert macromolecules like agar, sodium alginate, and/or 
calcium alginate. They are added to the gel solution while stirring. When the solution is 
cooled insoluble beads are formed with the cells embedded in them. 
Micro-encapsulation/Entrapment  
 The cells are enclosed in an inert mesh or by inserting foam blocks in the 
medium. This allows growth in the empty spaces in the foam blocks, which are placed 
back in the fermenter. 
 
Differentiation 
 
 This is a technique of inducing cells in a plant tissue to multiply and produce a 
new tissue like a shoot and root. This helps to get higher yields of the secondary 
metabolites. Steps involved in this technique are: 

Step I: Explants are surface sterilized and placed in the nutrient medium, 
Step II: Callus tissue is produced by the explants, 
Step III: Callus tissue converts to vascular tissue like shoots and roots, and 
Step IV: Vascular tissue is collected and grown on fresh nutrient medium. 

The vascular tissue obtained in step III grows more rapidly than conventional tissue when 
placed in nutrient medium. This approach increases the production of the secondary 
metabolites. 
 
EXPERIMENTS 
 

1. http://aggie-horticulture.tamu.edu/tisscult/pltissue/pltissue.htm  
2. http://www.jmu.edu/biology/biofac/facfro/cloning/cloning.html Tissue culture in 

pictures 
3. Tissue culture http://www.jmu.edu/biology/pctc/tcstart.htm  
4. Plant tissue culture http://www.accessexcellence.org/LC/ST/st2bgplant.html 
5. Micropropagation laboratory http://aggie-

horticulture.tamu.edu/tisscult/microprop/facilities/microlab.html 
6. Cell differentiation 

http://www.accessexcellence.org/AE/AEPC/WWC/1994/plant_biotechnology.ht
ml   
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CHAPTER 4 

ANIMAL CELL CULTURE 

INTRODUCTION 
 

Animal cell culture is a technique used for growing animal cells in-vitro to 
produce biologically important compounds in large amounts and in a short period of time. 
It is a component of modern biotechnology that evolved from cell culture studies which 
were being conducted by biologists to understand basic functions of cells like growth, 
metabolism, and reproduction. Animal cell culture technology improved rapidly over the 
years and found numerous applications. Most important of them is the production of 
biologically important compounds that have a wide range of applications in areas like 
pharmaceuticals, medicine, veterinary science, and bio-medical science. Very large 
quantities of cell cultures in the range of hundreds to thousands of liters are employed to 
produce these compounds on a commercial scale. 

Ross Harrison in 1907 was the first person to invent a technique to maintain 
animal cells in culture with the famous hanging drop technique; animal tissue is mounted 
on a glass slide sealed with cover slip where the tissue can be observed all the time. This 
also helped in the discovery that animal tissue can be grown from a single cell. 
Later developments involved using different types of culture media and media 
supplements that helped to improve cell growth and cell multiplication, thus, increasing 
the production of cellular products. 
 
ANIMAL CELLS 
 

An animal cell is a highly specialized structure with different organelles present in 
the cytoplasm enclosed in the cell membrane. The distinguishing feature of the animal 
cell that differentiates it from the plant cell is the absence of a rigid cell wall.  
 

 
 

Source: Pidwirny, M. Fundamentals of Physical Geography. 
On-line textbook, Department of Geography, Okanagan University College. 

Figure 4.1: The animal cell 
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Animal cells contain the following structures: 
 
Nucleus 
 

This is present in the centre of the eukaryotic cell. The nucleus is a round/oval 
organelle surrounded by nuclear membrane which separates it from the cytoplasm. Three 
basic structures are present in the nucleus: the nuclear membrane; nucleoli containing 
DNA, RNA and proteins; and chromatin containing DNA and some proteins. The basic 
functions of the nucleus are to store genetic information, promote cell division, and 
promote protein synthesis by producing secondary messengers. 

 
Mitochondria  
 

These are rod shaped double membrane structures, with the outer membrane 
being smooth while the inner membrane forms internal folds called cristae. Mitochondria 
are the powerhouses of the cell since energy is produced by the respiration process and 
the ATP cycle. Tissues that require large amounts of energy (such as muscle tissue) 
contain high concentrations of mitochondria. 

 
Lysosomes 
 

These are round structures with either thin or thick walls. Lysosomes act as waste 
management organelles of the cell by degrading lysosomal enzymes and disposing wastes 
like cell metabolites, pathogenic bacteria, and dead cell organelles. 

 
Golgi Complex/Apparatus  
 

This is a structure made up of several layers of flattened membranes closely 
packed together. Golgi complex/apparatus manufacture, store, and transport cellular 
products (such as proteins) that are essential for the survival of the cell. It is referred to as 
the “manufacturing and shipping centre of the eukaryotic cell”.  

 
Ribosomes 
 

These are large complex proteins present all over the cell. They are present either 
freely or bound to the endoplasmic reticulum. Ribosomes are the sites for mRNA 
translation; hence, they are vital for protein synthesis in the cell. 

 
Endoplasmic Reticulum  
 

This is a network-like structure with tubes, vesicles, and sacs interconnected with 
each other to perform various functions such as protein synthesis and storage of 
glycogen. There are two types of ER: rough ER which has ribosomes on its surface 
during protein synthesis and smooth ER which do not have ribosomes on its surface. 
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Protein synthesis is carried out by ribosomes on the rough ER and transported through the 
network structure of the smooth ER. 

 
Centrioles 
 

These are tube-like structures made of microtubules usually present near the 
nucleus. During cell division centrioles form mitotic spindle/spindle fibers which help in 
distribution of chromosomes from the mother cell to the daughter cell. 
 
CELL DIVISION 
 

This is an asexual reproductive process of cells employed for producing identical 
daughter cells. Cell division takes place by mitosis or meiosis, the former being the most 
common process. Mitosis involves five phases. 
 
Interphase  
 

This is the longest phase in the cell cycle.  The cells prepare for cell division by 
performing actions like DNA replication, protein synthesis, and division of centrioles. 
(Detailed description of events occurring in this phase is described in the cell cycle). 

 
Prophase 
 

In this phase the centrioles migrate towards opposite poles of the cell forming 
mitotic spindle/spindle fiber. Chromatin condenses to form chromosomes and the nuclear 
membrane breaks up. 

 
Interphase                     Prophase                                   Metaphase 

  
                    Telophase           Anaphase 

Source: Southwest Biotechnology and Informatics Center (SWBIC). 
Figure 4.2: The cell division 
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Metaphase 
 

Chromosomes get aligned in a plane equidistant to the centrioles at the centre of 
the cell. 
 
Anaphase 
 

In this phase the mitotic spindle becomes shorter and the chromosome pairs, now 
called daughter chromosomes, move to the opposite ends of the cell poles. 
 
Telophase 
 

The spindle fibers disappear and a nuclear membrane develops in each of the new 
daughter cells.  Chromatin is then formed by the uncoiling of chromosomes, thus, 
resulting in the formation of two cells from one. The new cells undergo cell development 
to transform into adult cells. 
 
CELL CYCLE 
 

A series of events take place in the cells.  In the interphase stage these events can 
be categorized into five phases: gap 0/G0, gap 1/G1, synthesis, gap G2 and mitosis 
phases. The cell cycle is controlled by specialized proteins called regulatory proteins 
which act as quality control agents. This helps to coordinate phases of the cell cycle and 
to prevent abnormal cell growth (cancer cells).  

G0 (Gap 0) 
 

Figure 4.3: Interactive model of cell cycle 
 
Gap 0/G0 Phase  
 

The cells are in resting state after undergoing cell division and are temporarily out 
of the cell cycle. However, many G0 cell types that are arrested can re-enter the cell 
cycle. 

 
Gap 1/G1 Phase  
 

The number of cells increases significantly due to rapid cell division through 
mitosis. In this phase protein synthesis takes place. 
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Synthesis Phase  
 

This is also called the S phase. In this stage DNA replication and copying of 
chromosomes takes place. This is an important precondition for the cell division to occur 
in later phases of the cell cycle. 
 
Gap 2/G2 Phase 
 

This phase is the period between S-phase and the M-phase. Here, protein 
synthesis takes place to prepare for the cell division and, if allowed by the regulatory 
proteins, the cells proceed to the M-phase.  

 
Mitosis Phase 
 

In this stage protein synthesis and cell growth are stopped, allowing the cells to 
divide by undergoing mitosis. 
 
TYPES OF CELLS 
 

There are hundreds of types of cells in an animal body but they can be broadly 
included in five types of tissues based on the morphological, physiological, and metabolic 
characteristics. 
 
Epithelial Tissue  

 
This tissue is found on protective coverings over the body parts and on the linings of 

the body cavities. The cells in epithelial tissue are closely packed and arranged in layers 
and can perform other functions like secretion and absorption, apart from the basic 
function of protection. Skin is an example of epithelial tissue. Based on the size, shape, 
and function of the cells, epithelial tissue can be further classified into five categories. 
Squamous Epithelium  

They are thin flattened cells arranged as bricks in the pavement, hence, also called 
pavement epithelium. Squamous epithelium is found in the lining of body cavities. 
Cubical Epithelium  

They are cuboidal, square shaped cells which are commonly found in the lining of 
ducts of glands. 
Columnar Epithelium  

These are elongated cells usually present in layers that are present in the base of 
the cells in stomach and intestines.  Columnar epitheliums are present in nose, mouth and 
ear, and have sensory functions. 
Ciliatory Epithelium  

These are specialized columnar epithelium with fine hair like structures on their 
surface called cilia. They are most commonly present in gastro intestinal tract, where they 
help in absorption of food; and in the respiratory tract, where they help to expel harmful 
particles by their unidirectional propulsive movements. 
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Secretory Epithelium  
They are present in secretory glands like the salivary glands, pancreas and 

duodenum. 
 
Connective Tissue 
 

This is the most abundant tissue present in the animal body. Connective tissue 
performs structural, supporting, and protecting functions.  
Areolar Connective Tissue  

This tissue connects one type of tissue to the other. 
Dense Connective Tissue  

This is present in tendons and ligaments and provides strong support. This tissue 
includes bone and the cartilage. 
Blood  

This is a fluid connective tissue which does not contain fiber. Blood consists of 
plasma, erythrocytes (red blood cells), leucocytes (white blood cells), and platelets. 
Blood performs vital functions like the transport of nutrients and oxygen to all body 
parts, removal of waste products, clot formation, and immunity against pathogenic 
organisms. 
Elastic Connective Tissue  

This tissue is present in the respiratory tract and the blood vessels and is 
responsible for the regular contractions and elongations of the trachea, bronchi, and blood 
vessels. 
Reticular Connective Tissue  

This tissue is present near organs such as the liver to provide support protection. 
Adipose Tissue  

This is fat tissue present in almost every part of the body. Fat tissue provides 
support to organs and also acts as an energy store house. Adipose tissue is found in two 
different forms: white and brown. The amount, distribution, and presence of each vary 
depending on the species. The white adipose tissue functions as heat insulation, a 
mechanical cushion, and a source of energy; whereas, the brown adipose tissue releases 
energy as heat and is used in heat production and for the utilization of excess caloric 
intake.  
Muscle Tissue  

This tissue is responsible for the movement of body parts and heart beat. It performs 
mechanical work because of its contraction and relaxation properties. There are three 
types of muscle tissue. 
Cardiac muscle. This is an involuntary muscle tissue present only in the walls of the 
heart. Cardiac muscle is responsible for contractions and relaxations of the heart, which is 
very important for the blood circulation. 
Skeletal muscle. This is a voluntary muscle tissue most abundantly found in the body. 
Skeletal muscle is responsible for the movements of bone, thus, helping in coordinating 
movements of the body parts and breathing.  
Smooth muscle. This is an involuntary muscle tissue present in the walls of tubes such as 
the esophagus, duodenum, intestines, and blood vessels. Smooth muscles are responsible 
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for the peristaltic movements in the gastro intestinal tract and the control of blood 
pressure by its contractions and relaxations. 
Nervous Tissue 

This tissue is present all over the body and is responsible for conduction of 
impulses at extremely high speeds from different body parts to the brain and also from 
the brain to different body parts helping the body to react to external stimuli. Nervous 
tissue contains nerves which are made up of a large number of neurons bound together. 
Neurons are the basic unit of the nervous tissue. 
 
CELL CULTURE LABORATORY AND EQUIPMENT 
 
Design of the Laboratory 
 

Design of the tissue culture laboratory is very important for the success of tissue 
culture since almost all the procedures dealing with cells require an aseptic environment. 
Cell culture laboratories should be separated from contaminating environments like 
microbiological laboratories or animal houses and should have restricted access so that 
only authorized personnel can enter and carry out procedures. These laboratories should 
provide clean, dust free environments by using air filters since making the whole lab 
sterile is practically impossible. Aseptic environments at the work place, i.e., while 
carrying out cell culture procedures, can be provided by using laminar flow cabinets. The 
laboratory should have all the required equipment (refrigerator, freezer, oven etc.), 
working bench to carry out the procedures, storage area, chemicals, air purifiers, air-
conditioning, sinks with constant water supply, power supply and trash cans. The 
laboratory should be easy to clean and should have good drainage. Procedures such as 
sterile handling, incubation, preparation, washing, and storage should be done in separate 
areas of the laboratory to avoid contamination. 
 
Equipment 
 

The equipment required by the cell culture laboratory depends on various factors 
such as size of the laboratory, scale of manufacturing, economic constraints, and 
availability of equipment. However, there are some basic pieces of equipment that every 
laboratory should have regardless of the above mentioned constraints. These are essential 
equipment without which cell culture procedures cannot be done. 
 Laminar-flow Hood Cabinet  

An aseptic environment is required to carry out cell culture activities such as 
preparing reagents, preparing media, and culture transferring. This can be provided 
effectively and cheaply by laminar-flow hood cabinets. 
Autoclave 

This is required to sterilize heat sensitive equipment and the culture media. 
 Oven  

Used for dry heat sterilization of equipment and for mild to moderate heating of 
media and reagents. 
 
 

 58



Incubator  
Culture cells require optimum temperature for growth which can be provided by 

the incubator where the temperature can be controlled as per the requirements.  
Incubators with constant humidity create an environment for the support and growth of 
bacteria, mold, and spores.  
Centrifuge  

Cell culture suspensions are centrifuged to increase the concentration of cells. 
Cell Counting Counter  

Cell counting is vital to determine viability and to assess growth rate of the cells 
in culture. This, in turn, determines the success of the procedure on the whole. Therefore, 
the cells are counted at regular intervals using tools like hemocytometer slide and Coulter 
counters for automated counting.  Cell counts are enumerated using a flow cytometer, 
which is a machine in which the cells of interest in a sample of blood are tagged with 
florescent monoclonal antibodies and passed in a single-cell column in front of laser 
light. The light then illuminates the cells so that they may be read by a photosensor to 
indicate the size of the cells. In a similar way, when the laser light hits an antibody, it 
shines brightly and the cell is counted by the sensor attached to a microscope. 
 

  
       

Figure 4.4: Cell counting using hemocytometer 
 
Refrigerator and Freezer  

Cell culture components such as cells, chemicals, reagents, and enzymes should 
be stored in low temperatures, thus, refrigerator (-4° C) and freezer (-20° C) are 
compulsory for any cell culture laboratory. Domestic refrigerators and freezer are cheap 
and effective and are therefore most commonly used. 
Microscope  

Cells in culture can be monitored for growth and developments regularly, using a 
microscope with good magnification, since cells are too small to be visible to the naked 
eye. Recently, microscopes have been made available with built in cameras so that 
pictures can be taken while observing the cells. This is useful for documentation and 
publication purposes. 
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Source: GreatScopes, Inc. 

Figure 4.5: The 3030 Inverted biological microscope 
 

The inverted microscope is used for the examination of biological and 
metallurgical specimens, tissue cultures, microbes, and other living specimens in their 
natural form, in Petri dishes, or in the examination of culture bottles.   
Glassware  

The cell culture laboratory should include glass vessels because of properties such as 
ease of sterilization, non toxicity, and transparency.  Different types of glassware are 
needed to handle different components of the cell culture. 
Pipettes. They are used for addition of measured amounts of reagents and chemicals to 
the culture and for transferring fluids from one container to another. Glass pipettes can be 
sterilized before each use but pre-sterilized and ready to use disposable pipettes are also 
available commercially and are intended for single use. 
Test tubes. Small volumes of cell culture suspensions, culture media, chemicals, and 
reagents are stored in test tubes. 
Bottles. These are available in different sizes and shapes and used to store cell cultures, 
chemicals, and reagents.  
Conical flasks. These are commonly used to prepare the culture media and to incubate 
the cell cultures. 
 
CULTURES 
 
Types of Cultures 
 
 There are three types of cultures: tissue, cell, and organ cultures.  
Tissue Culture 

The technique of in-vitro cultivation of animal cells, tissues or organs in general is 
called tissue culture. Tissue culture can be further divided into cell culture and organ 
culture. 
Cell Culture  

These are cultures of cells obtained from some parent tissue. The cells do not 
have the biochemical properties of the parent tissue but they can be grown and multiplied 
when provided with optimum nutrition and optimum conditions. 
 
 

 60



Organ Culture  
In-vitro culture and growth of the whole or part of organs is called organ culture. 

This technique is used to maintain the organ in-vitro allowing normal differentiation of 
the cells or reconstituting of the whole or part of organs while retaining all components of 
the tissue ( anatomical, physiological, and histological properties) thus resembling the 
organ in-vivo. Organ culture is an extremely difficult procedure due to large experimental 
variation involved in the process. 
 
Sterilization 
 

Cell culture techniques demand strict aseptic environment for the success of its 
procedures. All the equipment, media, and other components used in a cell culture 
laboratory should be sterilized to render them free of any type of microorganisms and 
resistant spores that can contaminate the cell culture.  

Basic sterilization techniques were previously discussed in detail (refer to the 
sterilization section in the chapter on fermentation). In this section sterilization of some 
individual components are discussed. 
Vessels 

Vessels like glassware (bottles, pipettes, and culture flasks), plastic vessels, and 
caps of the vessels are sterilized in steps. First, the apparatus are washed several times 
with tap water while brushing to remove dirt and grease from the surfaces and water is 
drained completely to make them absolutely dry.  

Pipettes are soaked in soap water overnight before cleaning with tap water to 
remove tough stains or traces of chemicals. Previously used glassware should be cleaned 
with a disinfectant immediately after use. In the next step, these apparatus are subjected 
to hot air sterilization at 160° C for 50-60 minutes using a hot air oven or moist heat 
sterilization at 121° C 15-20 minutes using an autoclave. The apparatus are then allowed 
to cool down to room temperature and should be used within 2-4 days. 
Media 

Autoclaving is the most commonly used technique for sterilization of culture 
media. Other liquid components such as chemicals and reagents can also be sterilized by 
autoclaving. The liquids are first poured in glass containers and sealed to prevent 
evaporation of liquids and contamination due to contact with the steam. Then, the sealed 
containers are placed in the autoclave for sterilization. Heat labile chemicals and culture 
media are sterilized by the membrane filtration technique.  
Water 

Water used in a cell culture laboratory has to be pure so it should be sterilized by 
advanced techniques such as reverse osmosis, distillation, deionization, and carbon 
filtration. Ultra pure water can be obtained by using a combination of the above 
mentioned techniques. In the first stage, water is subjected to reverse osmosis or 
distillation, secondly, the organic and inorganic compounds are removed from the water 
by carbon filtration. Ionized inorganic materials are then removed from the water in the 
third stage by deionization and in the final stage, microorganisms are eliminated by 
micro-pore filtration. 
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Requirements for Cell Growth 
 
Culture Media 

The cells in culture media require a suitable environment and optimum nutrition 
that are similar to in-vivo for their survival, growth, and multiplication. Culture media not 
only provide nutrients that are not synthesized by the cells but also optimum physical 
conditions like pH that are essential for the survival of cells. Factors such as temperature, 
oxygen, and light should be controlled externally. 

Based on functions the culture media can be broadly classified into four groups. 
Media for immediate/short time survival of cells. This media contains an instant 
energy source and maintains optimum osmotic pressure needed for survival of cells. The 
commonly used ingredients in this type of media are inorganic salts and glucose, for 
example, balanced salt solution. 
Media for prolonged survival of cells. This media should contain nutrients and 
supplements that cannot be produced by the cells in culture– nutrients which are essential 
for their long term survival such as amino acids, vitamins, growth factor, and hormones. 
For short time survival Eagle’s media is commonly used. 
Media for long term growth of cells. This is a complex media that can provide 
supplements required for long term growth and multiplication of the cells. Included are 
enzymes, co-enzymes, and serum proteins. 
Media for specialized functions. This is also a complex media that serves special 
nutrients to the cells in a culture, depending on the cell types used (e.g. estrogen for the 
cells of female sex organs and vitamin A for ciliated epithelial cells).  Since the 
ingredients vary for each type of cell the media is prepared accordingly. 

Based on method of preparation culture media can be classified into two types. 
Natural media. This was the most commonly used culture media in the past. Natural 
ingredients like blood and tissues are used for the preparation of the media. There are two 
types of natural ingredients generally used in the preparation of natural media, namely, 
plasma and biological fluids. 

Plasma. Plasma clots were commonly used in the past for the culture of small tissues. 
Plasma is one of the constituents of animal blood and is prepared from the blood 
collected from different types of animals.  
Biological fluids. Serum is the clear liquid that is left out when the blood clots. It is 
prepared by allowing whole blood to clot and collecting the clear fluid that is 
separated from the clot. Serum is the most commonly used biological fluid used in the 
preparation of natural culture media because it contains proteins, growth factors, 
hormones, trace elements, and fatty acids, which can enhance growth rate of the cells 
in culture. Culture media can also be prepared using other biological fluids like 
embryo extracts and amniotic fluid. 

Synthetic media. This type of media is prepared using different chemicals that can 
provide optimum nutrition and physical environment for the cells in culture, thus, 
promoting the cell growth. Defined media is prepared using definite amounts of 
chemicals in the media similar to those present in the natural ingredients. Synthetic media 
should also include vitamins, enzymes, amino acids, trace elements, buffers, antibiotics, 
indicators, and antioxidants. Natural media contain all of these ingredients, so, in some 
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cases, serum is included in the synthetic media instead of adding all the above mentioned 
ingredients. 
 
STAGES IN CELL CULTURE 
 
Cell Sources 
 

Cells for culture can be obtained directly from organs or tissues but common 
sources are cell banks which are either owned by private businesses or government. The 
advantages of obtaining cells from cell banks are that they would have been subjected to 
viability and quality control tests. A protocol has to be followed when new cells are 
obtained by the laboratory from cell banks or any other external sources. The new cells 
should be quarantined and quality control tests performed before they can be added to the 
main cell stock of the laboratory. 
 
Primary Culture  
 

Primary culture is the process of establishing the culture by collecting cells directly 
from the animal source. Different types of cells can be collected from the animal source 
to establish the primary culture such as normal cells, cells from a tumor, from adults, or 
from embryos. Cells from different species can be used depending on the type of cell 
culture product. Primary cells can be obtained by one of the following processes. 
Mechanical Disaggregation  

Mechanical disaggregation of cells from the source, involving: 
collecting the tissue from the animal and washing to remove blood and other 
unwanted tissues,  
mincing the tissue, 
rinsing the tissue with sterile BSS solution, 
centrifuging to collect cells, 
seeding the cells in large flasks with nutrient media, and 
incubating at approximately  37° C to allow growth of primary cells. 

Enzymatic Disaggregation 
Enzymatic treatment of the animal source with enzymes that can disaggregate the 

tissue into individual cells. EDTA is used since it chelates.  Mg++ and collagenase is 
often used as well. Enzymes like trypsin and pronase are used for this purpose. This 
process involves: 

collecting the tissue from the animal and washing to remove blood and other 
unwanted tissues,  
mincing the tissue, 
treating the tissue with 0.25%w/v trypsin for 30-40 minutes at 37C, 
adding serum to neutralize trypsin, 
collecting the cells,  
seeding the cells in flasks containing nutrient media, and  
incubating at 37C to allow growth of primary cells. 

Growing Cells 
Allowing the cells to grow out of the animal tissue. 
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Types of Cells 
 

There are two types of cells used in culture based on their growth characteristics. 
They are: adherent cells and suspension cells.  
Adherent Cells  

The cells are adhesive and depend on a substrate, matrix, micro-carriers, or other 
supporting material for their growth and development. These cells require treatment with 
the enzyme trypsin before they can be sub-cultured since the cells bond with the 
substrate. 
Suspension Cells  

These cells are non-adhesive or less adhesive and do not depend on the substrate 
or other supporting material for their growth and development. They can be maintained 
while held in suspension. The suspension cells can be sub-cultured easily by dilution and 
do not require trypsinization. 
 
Stages of Growth 
 
The growth of cells in culture follows a similar pattern as that of microbial growth in a 
fermentation tank. Cell growth can be classified into three phases or stages. 
Lag Phase  

In this phase cells do not appear to grow but instead they prepare for the growth.  
Log Phase  

In this phase the cells grow at very rapid pace using the nutrients provided by the 
culture media and the cell number increases exponentially.  
Stationary Phase  

In this phase cell growth is retarded and it reaches a plateau due to accumulation 
of toxic wastes released by the rapidly growing cells or due to exhaustion of nutrients in 
the culture media. Cell senescence is also a factor because of its limited replicative 
capacity.  
 
Assessing Cell Growth 
 

Cell growth should be assessed at regular intervals during the cell culture process so 
that if growth rate is low appropriate steps can be taken. Counting the number of cells in 
specified amount of sample is the effective way of assessing the growth rate of cells. This 
can be done using two types of methods. 
Direct Method  

The cell numbers are directly counted using a hemocytometer.  
Indirect Method  

The cell numbers are counted indirectly by measuring the DNA and protein in the 
sample to determine the number of cells present. 
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SECONDARY CULTURE/SUBCULTURE 
 

This is a technique employed to maintain the cells in logarithmic phase in the 
culture so that they continue to grow and increase in number in a way not possible after a 
stage, since growth is retarded due to accumulation of wastes or to exhaustion of 
nutrients in the culture medium. The cells can be sub-cultured during the later stages of 
the lag phase. Sub-culturing is also used to obtain a culture with a homogenous 
population of cells from the existing primary culture.  Such cultures are very useful to 
scale up the cell culture procedures to an industrial level and to carry out experiments on 
one type of cell more easily. Sub-culturing can be done either by adding fresh nutrient 
media to the cells in primary culture or by adding the cells from a primary culture to the 
fresh nutrient media.  
 
Cell Line Preservation 
 

Homogeneous cell lines are obtained from primary cultures and subsequent 
secondary cultures and the entire process is not only laborious and time consuming, but 
also, expensive. Cell lines are also susceptible to microbial contamination, hence, it is 
absolutely necessary to take appropriate steps to preserve them for later use and to 
prevent loss due to microbial contamination. 
 
Cryopreservation 
 

This is a technique of preserving the cell line at very low temperatures. At such 
temperatures cell metabolism is reduced significantly, but cells retain their viability when 
they are thawed.  
 
Cell Banks 
 

This is the collection and preservation of cell lines in liquid nitrogen such that 
their viability and other characteristics are not altered. Cell banks provide a continuous 
supply of cells for various procedures in the laboratory.  
 
CLONING OF A CELL LINE 
 

Cell lines are susceptible to genetic variation over the course of time. There is the 
possibility of growth of unwanted cells which can affect the growth and viability of the 
original cell lines. Cloning of cell lines is the effective way of dealing with the above 
mentioned situation as large number of identical cells can be produced in a short period 
of time. Cell lines can be cloned using three techniques 
 
Soft Agar Technique  
 

This technique is used for cloning suspension cultures.  
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Cloning Rings Technique 
 

This is the technique used for cloning adherent cells where the cells are allowed to 
grow in conventional vessels. Small, hollow, sterile stainless steel rings called cloning 
rings are used to isolate each of the discrete colonies.  
 
Limiting Dilution Technique  
 

This is the most common technique which can be used for both suspension cells 
and adherent cell lines. Three dilutions of cell suspensions are prepared. Cell suspension 
is added to a 96 well tray followed by medium and the process is repeated for each of the 
three dilutions. The 96 well trays are then incubated at a suitable temperature to allow the 
growth of cells. The wells which show growth of colonies of single type cells are selected 
and further sub-cultured to produce large numbers of similar cells which can then be 
maintained by cryopreservation. 
 
CLONING OF ANIMALS 
 

Cloning creates a genetically identical copy of an animal or plant. Plants are 
cloned through cutting. In humans identical twins are clones.  

Dolly the sheep has been the world’s most famous clone because she was the first 
mammal to be cloned from an adult cell, rather than an embryo.  Thinking of cloning in 
the broad senses as splitting an egg or embryo, then, it is easy to understand that a 
number of animals such as frogs, mice, sheep, and cows had been cloned prior to Dolly.  
 
The Production of Dolly 
 

To clone Dolly scientists used the nucleus of an udder cell from a six year old 
Finn Dorset white sheep.  The nucleus contained almost all the cell’s genes so the 
scientists had to find a way to reprogram the udder cells in order to keep them alive and 
stop them from growing. This was achieved by altering the growth medium.  The cell 
was then injected into an unfertilized egg cell whose nucleolus had been removed. The 
cells were then fused with the use of electrical pulses. The unfertilized egg cell came 
from a Scottish Blackface ewe. 

After the scientists had fused the nucleus from the cell of the adult white sheep 
with the cell from the black-faced sheep, they cultured it for six to seven days to make 
sure that the cells divided and developed normally. This was then implanted into a 
surrogate mother, which was another Scottish Blackface ewe.  A total of 277 cells were 
fused, with 29 early embryos being developed and implanted into surrogate mothers. 
However, only one pregnancy went to full term and produced a 6.6kg Finn Dorset lamb 
called Dolly which was born with a white face after 148 days from the work of scientists 
at the Roslin Institute in Scotland. 
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ORGAN CULTURE 
 

The process of maintaining the whole organs in-vitro without affecting its 
properties is called organ culture (section 4.3). Organ culture can be carried out by using 
the following methods. 

 
Watch Glass 
 

A clot is prepared on a watch glass using a mixture of chicken plasma and chick 
embryo extract. The animal tissue is placed on the clot and the watch glass is then placed 
in a petri dish containing moist cotton wool. The petri dish is covered and incubated at 
37° C. 
 
Single Slide  
 

This technique is also called Maximow single slide technique where the organs 
are dissected and treated with HBSS. Chicken plasma and chicken embryo extract are 
added on a cover slip mixed and allowed to clot. The organ is added to the clot formed on 
the cover slip. The cover slip with the clot and the organ is mounted on a Maximow slide. 
The sides of the cover slip are sealed with wax and the slide is placed in the incubator at 
37° C. 
 
Agar Gel  
 

The organs, after treating with HBSS, are placed in a watch glass containing agar 
gel along with chick embryo extract, chicken serum, Gey solution and Tyrode solution. 
The watch glass is then sealed with glass lid using wax and incubated at 37° C. 
 
CELL CULTURE ON A LARGE SCALE 
 

Cell culture experiments in the laboratory are useful to examine morphological, 
physiological, and functional properties of the cells. But for bulk production of cell 
culture products such as vaccines, antibodies, and hormones automated techniques are 
required. Suspension cultures are easy to scale up. Large scale cell cultures require slight 
modifications of the procedures used in laboratory scale. 

 
Media  
 

The medium should be very rich in nutrients since the cell density in large scale 
cell culture is very high and the nutrients are used up quickly.  

 
Oxygen  
 

The cells require oxygen continuously. 
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pH  
 

Optimum pH for most of the cultures is 7-7.4 and this can be maintained by 
carbon dioxide-bicarbonate present in the medium as well as phosphates (also present in 
the medium).  If these natural buffers fall short, pH buffers can be used. 

 
Temperature 
 

In large scale cell culture procedure temperatures higher than optimum range are 
produced that can adversely effect the growth of cells in culture, so it is very important to 
control the temperature.  This can be done through internal heat exchangers which 
circulate cold water through cylinders or coiled tubes immersed in the medium. 
 
Culture Vessels  
 

Large volumes of cell suspensions can be handled by using large fermentation 
tanks and large roller bottles, depending on the type of cells being used. 

 
Sterilization 
 

On laboratory scales most of the equipment and vessels can be sterilized easily by 
autoclaving but it is difficult to autoclave large culture vessels and other equipment. In-
situ sterilization is employed for this purpose, done by pumping steam at high pressure 
over the surface of the vessel. 
 
Large Scale Culture of Adherent Cells 
 

Adherent cells are difficult to scale up since they have to be trypsinized first. 
They require special vessels for culture and have special nutritional and physical 
requirements. The culture vessels used for large scale cell culture of adherent cells are 
considered below. 
 
Roller Bottles 

These are cylindrical plastic bottles of volumes in the 
range of 1000-1500 ml. Roller bottles provide large surface 
areas for the cells, as well as, good gas exchange compared to 
conventional culture vessels.  Large numbers of bottles are 
stacked and placed horizontally on rollers, rotated at a specific 
rpm, and incubated. Roller bottles are also called Roux bottles. 

The surface area of the roller bottles can be increased 
by filling with sterile spiral plastic film or with sterile small glass tubes.  
 
Multi-plate Unit 

This consists of flat chambers placed together and 
interconnected to allow transfer of culture medium between the 
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units; the apertures in the chambers allow gas transfer. The multi-plate unit is also called 
cell factory. 

Fermentation tanks which can support adherent dependant cells by allowing a 
substratum to be in suspension are generally used for adherent cell culture. Glass bead 
bioreactors contain small glass beads packed in the column through which the medium 
passes freely. The glass beads act as substratum over which the cells can grow by 
adhering to them.  
 
Large Scale Culture of Suspension Cells 
 

Suspension cultures are much easier to scale up since what’s involved is 
increasing the culture volume in appropriate culture vessels. Bioreactors/fermentation 
tanks are the most commonly used culture vessels for large scale cell culture procedures.  
Stirred Tank Bioreactors 

These are large steel fermentation tanks which can handle culture volumes of up 
to 8000 liters. They are provided with either a mechanical or magnetic stirrer to ensure 
homogenous mixing and aeration of the contents. 
Air-lift Bioreactors 

These are bioreactors which do not have stirrers. The stirring action is provided 
by the continuous pumping of air through a sparger located at the bottom. 
Membrane Bioreactors 

These are generally used for treatment of waste water due to their ability to 
increase the rate of separation of solid wastes from the water. This property can be 
utilized in cell culture to improve the concentration of cells. Membrane bioreactors are 
also well suited to handle very large volumes of cell suspensions. 

Note: For detailed explanation of bioreactors refer to fermentation vessels section 
in the chapter on fermentation.  
 
SAFETY IN CELL CULTURE LABORATORY 
 

Cell culture laboratories handle harmful materials like chemicals, reagents, blood 
products, other animal cell products, and viruses. Some of them are carcinogenic and 
even classified as Biologically Hazardous Materials by the regulating authorities. Hence, 
it is very important that the cell culture laboratory personnel follow strict rules and 
protocols to ensure their personnel safety, safety of their co-workers, and thus, ensuring 
safety of the laboratory on the whole. Occupational Health and Safety Administration 
(OHSA) a division of Department of Labor developed regulations that should be 
followed in all cell culture laboratories. Information about safety, guidelines, and 
regulations should be made available to the personnel. Good Laboratory Practice (GLP) 
guidelines should be followed in the cell culture laboratory.   

Some of the safety measures taken in the cell culture laboratory are: 
 
Personnel Safety Measures 
 

The personnel working in the cell culture laboratory should: 
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attend safety and precautions training sessions before starting the employment, 
wear protective clothing like lab coat and disposable gloves to protect hands when 
entering the lab and should remove them before leaving the lab, 
clean hands with soap or specified disinfectant before entering and leaving the lab, 
wash the body parts immediately with water if contacted with harmful materials and 
bio-hazardous materials, and 
avoid eating and storing food in the laboratory. 
 

Safe Handling of Equipment 
 

Equipment such as glassware, autoclave, oven, centrifuge, and sharp equipment 
like syringe and scalpels, should be handled with caution to ensure safety.  
 
Handling Bio-hazardous Materials 
 

Cell culture laboratories contain various bio-hazardous materials. Some steps taken to 
handle such materials safely are: 

use of gloves while handling such materials to avoid direct contact since they are 
harmful, 
avoidance of spilling and production of aerosols, 
availability of disinfectants, decontaminants for cellular, chemical, and microbial 
contaminants at all times in the laboratory to be used in case of spillages, 
proper cleaning of work benches before and after handling of cell products, and 
transferring of cellular and microbial products for sub-culturing only in bio-safety 
hood. 

 
WASTE DISPOSAL 
 

Cell culture laboratory wastes should be disposed of appropriately since they contain 
harmful equipment like needles, broken glass, bio-hazardous materials and harmful 
chemicals. Other recommended practices include: 

chemical wastes should be disposed in labeled containers before disposal, 
glassware should be treated with bleach solution immediately after their use, 
broken glassware, syringes, needles, other sharp objects should be treated with bleach 
before disposing in containers marked Sharps, 
bio-hazard wastes should be disposed in special containers marked bio-hazard 
wastes, 
disposable equipment and gloves, among others, should be sterilized prior to disposal, 
mixing of incompatible chemicals should be avoided even after disposal as this may 
result in dangerous reactions, and 
metal cans should not be used for waste disposal; explosive resistant plastic 
containers should be used. 
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EXPERIMENTS 
 

1. Establishing primary culture 
http://homepages.gac.edu/~cellab/chpts/chpt12/ex12-10.html  

2. Cell counting using coulter counter 
http://herzenberg.stanford.edu/protocols/CoulterCounter.htm 
http://pingu.salk.edu/~sefton/Hyper_protocols/coulter.html 
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1. Cell Mitosis 
http://training.seer.cancer.gov/module_anatomy/images/illu_cell_division.jpg , 
http://www.swbic.org/products/clipart/images/mitosis.jpg 
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CHAPTER 5 

 
AQUA/MARINE BIOTECHNOLOGY 

 
INTRODUCTION 
 

Aquaculture, also called aqua-farming, is defined as culture of aquatic animals 
like fish, shrimp, crabs, frogs, and alligators, and aquatic plants such as algae and sea 
weed, that are used as food or for commercial purposes. It is similar to conventional 
farming except it is done in water. It includes production, processing, storage, marketing 
of aquatic plants and animals. Fish are the most common aquatic animals grown in 
natural or man-made ponds on commercial scale. 

Aquaculture was invented by the Chinese around 2000 B.C. They added manure 
to ponds to improve the production of common carp. Early humans relied on hunting 
animals in the wild to cater to their hunger.  In the process they found fish in water and 
realized it can be a continuous supply of food, thus, leading to fishing. In the past, oceans 
(and rivers) were considered to possess unlimited sources of  food but indiscriminate 
fishing to satisfy increasing food demands of ever growing populations led to the 
depletion of fishery resources. Aquaculture is rapidly becoming popular because it has 
the potential to provide continuous quality food to the ever increasing human and animal 
population. About 25% of fish production in the United States in the year 2000 was done 
using aquaculture techniques, and this percentage is expected to increase even more. 

The United States imports a large portion of its fish supply from other countries, 
however, aquaculture promises to produce fish indigenously on a large scale, thus, 
reducing the need to import. Biotechnology is an important component of modern 
aquaculture since it involves producing genetically superior varieties; transgenic varieties 
in commercial scale to be used for food, medicine, research, and recreation purposes; and 
requires thorough knowledge of biological and genetic engineering principles. 
Advantages of aquaculture are that it: 

provides continuous supply of quality protein, rich food for human and animal 
consumption; 
provides aquatic animals for ornamental and recreational purposes; 
helps the economy by creating jobs in various fields like production, storage, 
marketing, and sales of aquatic products; 
serves as a profitable alternative to traditional agriculture; and 
provides non-food products like skins, hides, shells, and pearls used for 
commercial purposes and animals like bull frogs used in laboratories or 
educational institutions for research purposes. 

Disadvantages of aquaculture are that: 
it is a relatively new field, hence, it requires extensive research; 
investment is required which introduces a risk factor to the farmer; and 
safety of genetically engineered and transgenic animals produced by aquaculture 
for human consumption is to be established. 
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AQUACULTURE PRODUCTS 
 

Aquaculture can be used for production of different types of animal and plant 
crops. 
 
Aqua-animals 
 

The following are the different types of aqua animals that are produced by 
aquaculture techniques. 

 
Fish  

The most commonly produced aqua animals are fish. Fish are cold blooded 
vertebrates that can be found in fresh and salt waters. They are an excellent source of 
protein and omega fatty acids with very little fat content, making them a popular diet 
across the world, common species being salmon, catfish, trout, and carp. Some varieties 
have brilliant colors and other unique features making them suitable for decorative 
purposes (Included here are gold fish and angel fish).  Other kinds of fish are used for 
sporting and recreational purposes, for example the catfish and bream. Smaller fish like 
the fathead minnow, golden shiner, gold fish, and lady fish are used as bait in fishing. 
Decapods  

Decapods are crustaceans with five pairs of legs. They can be found in both fresh 
and salt waters.   Examples of decapods are shrimp, prawn, crabs, and lobsters.  Shrimp 
are the most popular of the decapods in the United States for human consumption. There 
are more than 1000 species of shrimp distributed across the world each having subtle 
differences to be distinguished from the other species. Shrimp, like fish is an excellent 
source of protein with very little fat content and is a popular delicacy, not only in the 
United States, but also across the world.  
Oysters 

These are bivalve mollusks with a hard shell covering the soft inner body. Oysters 
are present in sea beds attached to a firm surface. They feed on small organisms and 
algae trapped inside its shell. Oysters are popular not only as a delicacy, but because 
pearls are produced inside their shells.  
Alligators  

Alligators are cold blooded reptiles found in fresh water swamps, rivers, and 
lakes. Alligator skins and hides have commercial value and are used in the manufacture 
of leather goods like purses, belts, wallets, and watch bands. 
Turtles  

Turtles are amphibian reptiles found in rivers and oceans across the world. Turtles 
have hard leather shells on their backs to protect the soft inner body from predators and 
the environment. Turtles are used in some parts of the world as food. Tortoise shells are 
used as decorative pieces and jewelry. In recent times turtles have become popular as 
pets. 
Bull Frogs  

These are present in rivers in different parts of the world and are mainly used in 
educational institutions for research purposes.  In some places frog legs are consumed as 
a delicacy. 

 73



 
Algae Aqua-plants 
 

These are single celled organisms containing chlorophyll present where there is 
sunlight such as in water, on soil, and on surfaces such as walls and skins of large 
animals.  Algae produce organic matter which is essential for other living beings and has 
been used as food in many parts of the world because of its rich source in protein. The 
industrial applications of algae include production of agar, alginates, filters, and pest 
control agents. 
 
AQUACULTURE TYPES 
 
Water Used 
  
 One way of classifying aquaculture types is to do so by the type of water used in 
the process.  
 
Fresh Water Aquaculture  

Aquaculture using fresh water sources like river water, or water from ponds and 
lakes. 
Salt Water Aquaculture  

Aquaculture in salt water sources like salt water lakes. 
Brackish Water Aquaculture  

Aquaculture in brackish water sources such as seas and oceans. 
 
System Employed 
 
 Another way to classify aquaculture types is to do so by the type of system that is 
being used.  
 
Open Systems  

In this method aquaculture is carried out in natural open water bodies like rivers, 
oceans, and lakes. Modified open systems that use floating meshed cages and baskets 
have been used more recently.  
Closed Systems  

In this method aquaculture is carried out in closed vessels and containers. 
Semi-closed Systems  

In this method aquaculture is carried out in systems where water enters from one 
end and leaves at the other end like raceways. 
 
WATER 
 

Water is the pre-requisite for life on earth and three quarters of the earth’s surface 
is covered with water of which about 97% is salt water present in oceans, seas, and salt 
water lakes. The remaining 3% is fresh water present in rivers, fresh water lakes, glaciers, 
snow, and ice. Relatively scarce fresh water is being used for human and animal 
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consumption, agricultural, and industrial purposes. Fresh water aqua culture is therefore 
very difficult to obtain compared to salt water aquaculture because of the scarcity of 
freshwater.  

Water is the most important component of aquaculture because the aqua 
animals/plants require water for survival and growth. The rate of growth depends on the 
quality of the water, so it is very important to have an abundant supply of quality water.  
 
Water Quality 
 

Water should be suitable to the type of aqua animals/plants. For instance, some 
animals and plants require fresh water while others require salt water. Controlling water 
quality is vital for the success of aquaculture. The following are some of the parameters 
that are to be controlled throughout the aquaculture procedure. 
Temperature  

Water temperature is very important for the aquaculture procedures even though 
some aqua animals such as fish adjust their body temperature to the surrounding suit 
water. Very low, very high, or sudden changes in temperatures will adversely affect the 
rate of growth, reproduction, and may even result in death, thus, incurring huge losses to 
the investor. It is therefore important to determine the temperature suitable for the type of 
aqua animal/plant that is cultured and to maintain temperature in the appropriate range. 
pH  

Most of the aqua animals/plants require water pH in the range 5-9 for their 
survival and growth. pH lower than 5 results in acidity and pH greater than 9 results in 
alkalinity of the water.  Both situations are harmful to the aqua animals/plants. Hence, it 
is important to monitor the pH of water periodically and adjust it to optimum range using 
chemicals called buffers. 
Oxygen-CO2 Content  

Oxygen is vital for all life forms on earth and in water. Water contains oxygen in 
a dissolved form and supplies oxygen to aqua animals like fish and shrimp. For 
aquaculture the dissolved oxygen content should be more than 5 ppm (parts per million). 
Lower oxygen levels in water results in decreased growth, diseases, and, even, death, 
thus, reducing the yield, ultimately causing losses to the farmer.  Aerators and pumps are 
used to increase the oxygen content in water mechanically or by directly passing pure 
oxygen through the water by means of pipes. High concentration of carbon dioxide in 
water is harmful for the aqua animals/plants. Carbon dioxide content can be reduced by 
using aerators and pumps. 
Hardness 

Hardness refers to high concentration of calcium and magnesium in water. Aqua 
animals/plants are adversely affected by the hardness so it is important to decrease 
hardness of water using water softeners. 
Nutrients  

The water for aquaculture should contain nutrients like proteins, carbohydrates, 
vitamins, and minerals which should be provided along with the feed to the aquaculture 
animals/plants. Water low in nutrients will affect the growth and reproduction rates of the 
aqua animals/plants. 
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Pollutants  
Water used in aquaculture can be contaminated by a variety of compounds 

decreasing the yield of aqua crops. Minerals like copper, chlorides, and phosphates in 
high concentrations are harmful to the aqua animals/plants. Other sources such as 
industries, agriculture, humans, and animals can contribute to the pollution of water. It is 
important to determine the possible sources of pollution and take counter measures to 
ensure the success of aquaculture. 
 
Water Sources 
 

Quality water for aquaculture can be obtained from different sources. The choice of 
water used is dependent on the type of aqua animals/plants grown. 
Oceans  

Water from oceans, seas, and salt water lakes are pumped into the aqua farms to 
be used to grow salt water aqua animals like shrimp and some types of fish. 
Rivers  

Water from rivers and fresh water lakes can be used to grow fresh water animals 
such as fish and shrimp. 
Wells  

These are sources of pure, pollution free, quality water for aquaculture. Previously 
wells were dug manually, but in recent times wells are drilled using mechanical drillers. 
Water obtained from wells is first pumped into aquaculture ponds and allowed to stand 
for a few hours so that the water is warmed by the sunlight, the water is oxygenated using 
aerators and pumps, and then, used for aquaculture. 
Springs   

Springs are natural openings present on the surface of the earth which produce 
water. Springs can produce hot water or cold water depending on the geographic location. 
The water from springs is pure and free from pollutants and can be used for aquaculture. 
Ponds  

Ponds are constructed at the site of aquaculture near water sources like oceans, 
rivers, and lakes. Water from the source is pumped into the ponds, oxygenated, supplied 
with essential nutrients, then, the aquaculture animals are grown. 
Tanks 

Water is stored in large tanks made of steel and plastic to carry out aquaculture. 
Water from the source is pumped into the tanks. Water in tanks is prepared for 
aquaculture first by oxygenating, that is, passing air from the bottom of the tank and then, 
provided with nutrients. 
Vats  

These large vessels for storing water are available commercially in different sizes 
and used for aquaculture. Vats consist of an agitator to oxygenate the water, a level 
sensor to detect the level of water in the vessel, and inlet and outlet valves for water to 
flow in and out. 
Raceways   

Raceways are the aquaculture systems in which water flows only one way, i.e. 
water enters the system from one end and exits at the other end without being re-
circulated. Raceway systems also called flow-through systems have several advantages 
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over ponds like good water quality, easy water management, and continuous flowing 
water which is good for fish growth. These systems are used for the culture of salmon 
and catfish among others. Raceways are constructed, generally, with concrete at a slope 
such that water flows out easily due to gravity. Large commercial raceway systems 
consist of multiple raceways connected in series or in parallel. 
 
NUTRITION 
 

Nutrition is very important for proper growth and development of aqua 
animals/plants, and is a key to the success of aquaculture. Nutrition for aqua animals is 
provided in the form of feed which is digested inside the body by the action of enzymes 
to provide energy essential for performing activities such as maintaining body 
temperature and performing metabolic activities.  

Aqua feed should contain the following components: carbohydrates, proteins, fats, 
vitamins, and minerals.  
 
Carbohydrates   
 

Carbohydrates provide energy to aqua animals. Carbohydrates are of two types: 
simple, like glucose and fructose and complex, such as fibers and starches.  After 
digestion the carbohydrates are converted to glucose and enter the blood stream to 
provide energy. The feed should contain a mix of simple and complex carbohydrates in 
specified proportions depending on the type of aqua animals being cultured. 
 
Proteins 
 
 Protein provides amino acids and nitrogen to the aqua animals and is essential 
for growth and development. Protein requirement is much higher for younger animals. 
Aqua feed contain, protein supplements in the form of animal protein, dairy protein, or 
both. 
 
Fats 
 

Fats are also called lipids and are an excellent source of energy. Fats are digested 
into glycerols and essential fatty acids that perform functions like growth and 
development of the young aqua animals, blood clotting, insulation for the body against 
temperature changes, absorption of fat soluble vitamins, and reproduction. 
 
Vitamins  
 

These are organic compounds essential for performing metabolic activities. Some 
vitamins can be synthesized in the body while others are supplemented through diet, 
either by natural feed or synthetic vitamin supplements. Vitamins are classified into two 
types based on their solubility– fat soluble, such as vitamins A, D, E, and K; and water 
soluble, such as vitamins B complex and C. 
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Minerals 
 

Minerals are inorganic compounds like calcium, copper, iron, magnesium, 
manganese, phosphorous, and zinc.  Minerals are essential for performing vital functions 
such as development of tissues, digestion, respiration, and other metabolic activities. 
Minerals in excess amounts are toxic hence their amounts must be regulated. Water 
usually contains sufficient amounts of these minerals, but should be analyzed for mineral 
content so that the requisite amount can be arrived at through supplements. 
 

There are different types of aqua animal feed, including natural components like 
cereals and nuts, live plant feed made of algae, other plants rich in protein, live animal 
feed consisting of small fish, and worms which are rich in protein. Commercial feeds are 
also available with different compositions for different species being cultured depending 
on their nutritional requirements. 
 
EQUIPMENT 
 

Different types of equipment are used in the practice of aquaculture to perform 
functions such as transferring water from sources to ponds and aeration of water. 
 
Aerators 
 

Aerators are devices used to increase the oxygen content by mechanical means.  
These devices are the most important of the equipment used in aquaculture practice 
because oxygen is vital for the life of aqua animals/plants.  There are different types of 
aerators available commercially. 
Turbines  

This device consists of motors that can be rotated at different speeds, a vertical 
shaft with propeller blades attached to it, a float to ensure that all equipment stays afloat 
with propeller blades in contact with the surface of the water.  
Jets   

Jets consist of a pump and pipes with one or more openings fixed with narrow 
nozzles. Water from the pond is pumped in the pipes and is forced back into the pond 
through the fine nozzles.  
Cascades  

The cascade system consists of pumps to take water from the pond and tank. 
Pipes are constructed at a specified height above the level of the pond.  
Water is pumped from the pond and taken to the pipes above the level of the pond and 
allowed to fall back into the pond, thereby, increasing the contact of water with 
atmospheric oxygen by means of a process called diffusion in order to increase the 
oxygen content.  

 
Pumps 
 

Water from natural sources like oceans, rivers, lakes, and wells can be transferred 
to aquaculture farms using pumps.  Pumps are operated by electricity and can be used to 
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transfer water from its source to aquaculture farms irrespective of the geographic location 
and distance, thus, ensuring continuous water supply to the aquaculture facilities. 
 
Water Level Sensors 
 

Water should be maintained at specified levels if aquaculture is carried out in 
tanks, vats, and other closed systems to ensure proper growth and development of the 
aquaculture animals/plants. Water level sensors are devices that alert the farmer when the 
water level falls below specified limit.  
 
Filters 
 

Filters can be used to eliminate the solids or unwanted soluble substances from 
the aquaculture waste water. There are two major types of filters, granular media and 
biological filter. In general, the granular media or “sand” filter is used to remove solids 
prior to biological filtration.  
 
GENETIC IMPROVEMENT 
 

Benefits such as the increase of productivity and profitability, the control of 
disease, and the reduction of environmental impacts can be achieved through genetic 
improvement of aqua-cultured species. This can be done through directed mating and 
chromosomal manipulation.  
 
Directed Mating 
 

The biology of the species in question often determines what types of mating are 
possible. When gametes can be easily collected, stored, and combined, and zygotes can 
be formed relatively simultaneously, the design of directed mating can be applied. 
However, if the aquatic species lack genetic markers, such as coloration or albinism in 
both sexes, successful directed mating cannot be easily ascertained. 
 
Chromosomal Manipulation 
 

Chromosomal manipulation, such as inducing polyploidy, gynogenesis and 
androgenesis, has been developed in aquaculture for the attempt of controlling sex as well 
as for rapid inbreeding. 
 
Polyploidy 
 

The induction of polyploidy is the production of organisms with greater than the 
normal chromosomal complements. Most organisms typically possess two sets of 
chromosomes in each cell (2N or diploid) and produce haploid gametes that contain only 
one set of chromosomes (1N). As a result, when gametes combine to form new 
individuals, the new ones possess the same number and types of chromosomes as their 
parents.  
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However, in the process of evenly dividing chromosome sets for the formation of 
eggs and sperm that leads to the destination of diploid, it could be potentially disrupted or 
entirely disabled if the animal possessed an odd number of chromosome sets, for 
example, 3N; or multiple sets of chromosome, such as 4N. 

Techniques of producing triploid (3N) production have been developed in 
aquaculture for the potential benefits of faster growth rate, better feed conversion, higher 
survival, and higher turnover within production systems. However, profound impacts on 
the performance of resultant progeny can happen during the process of producing 
triploids and could result in the difficulty of large-scale triploid production. Choosing the 
appropriate technique depends on the relative efficiency of induction methods for the 
aquatic species and the numbers and general size of the eggs to be manipulated. 
 
Gender Control 
 

The practice of gender control, from manual sorting of fingerlings to the 
hormonal treatment of fry, has been developed in aquaculture based on the assumption 
that many aquatic species can be functionally directed to develop into one phenotypic sex 
or another during early life stages through some interventions. In many cultured aqua 
species, production traits such as growth rate, time or age at maturation, and coloration 
differ significantly between genders. Therefore, to culture the more productive or 
attractive gender is often more profitable in the market. To culture monosex stocks in 
order to avoid unwanted or uncontrolled reproduction is the additional benefit of gender 
control in aquaculture. 

Two considerations regarding gender control are important in aquaculture, 
namely, the variety of determination systems and the presence of multiple influences 
within some systems. Whether the aquatic species are homogametic monosex or 
heterogametic monosex determines the degree of difficulty of gender control. In addition 
to gender-influencing genetic factors, environmental effects such as incubation and post-
hatching temperatures have been implicated as sex-influencing factors in many aquatic 
species. 
 
Induction of Maturation and Spawning 
 

Many procedures related to genetic improvement of aquatic species require 
precise control over the entire spawning process, from arranging specific combinations of 
broodstock to exact timing of fertilization. Artificial manipulation through photothermal 
control and hormone treatment over the cultured species is required if propagation and 
genetic manipulation are to be successfully applied. However, the degree to which these 
techniques can be considered practical often depends on the biology and life history of 
the species and the available resources and expertise. 
Photothermal Stimulus 

Photothermal stimulus, including temperature control and photoperiod 
manipulation, over aqua cultured specie can lead to the specie’s full maturation and 
spawning. Techniques for photothermal manipulation to stimulate annual seasonal cycles 
have been well established for a number of species. Systems regarding photothermal 
manipulation require re-circulating pumps and mechanical and biological filtration to 
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allow continuous re-use of temperature-adjusted water. Depending on the temperature 
range encountered during the specie’s normal life history, equipment such as chillers, 
heaters, or heat-pumps may be required to manipulate water temperatures adequately for 
maturation and spawning cycles. In contrast to temperature control, photoperiod 
manipulation usually requires little more than conventional timers for artificial lighting 
and a disciplined workforce to avoid inadvertent interruptions of a photoperiod cycle 
once it has been established. 
Hormone Treatment 

Hormone treatment is necessary when the environmental control such as 
photothermal stimulus undertaken is inadequate or entirely unavailable. For a successful 
treatment, it is essential to understand what links of the chain are in jeopardy and what 
kinds of hormones can be applied to reinforce or replace the natural compounds involved. 
The most common and widely practiced intervention in the maturation pathway of fish is 
the administration of substitutes for the gonadotropic hormones (GtHs) normally 
produced by the pituitary. In some circumstances, photothermal stimulus or hormone 
treatment can foster the reproductive process up to an advanced stage, but the very last 
links in the maturation chain must be reinforced to induce ovulation and spawning. The 
use of serotonin to induce spawning in bivalves has been described for a number of 
species. 
 
DISEASE CONTROL IN AQUACULTURE 
 

Disease control is important in aquaculture because failure in such control produces 
unhealthy aquacultured species and results in the spread of localized disease and the loss 
of investment. Disease in aquaculture can be caused by the disease organisms such as 
viruses, fungi, bacteria, and parasites, and stressors such as crowding, handling, 
transportation, and poor water quality. Prevention of diseases includes sanitation, 
vaccination, genetic resistance, chemical control, isolation, and farm disinfection. 
 
Sanitation  
 

The maintenance of sanitary conditions in an aquaculture facility is of the most 
importance in preventing the outbreak of disease. The main goal of a sanitation program 
is to prevent the spread of pathogens of cultured species. Monitoring of the water supply 
is an effective and essential way of controlling diseases. Practice of disinfection methods 
including ozonation, ultra-violet irradiation, and chlorination are also recommended. 
 
Vaccination  
 

Licensed vaccines are available against an increasing number of diseases. Though 
vaccination does not give absolute protection from infection, it helps to combat 
infections, especially when the specific diseases cause repeated problems. Vaccination 
can be applied using a variety of methods. It can be applied orally, or it can be either 
absorbed after immersion of the animals in water containing the vaccine or by spraying it 
on the body surface. In general, injection is the most effective method of administration. 
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Genetic Resistance  
 

Based on experience in genetic breeding for disease resistance in agriculture, 
there is considerable optimism concerning the possibilities of developing strains of fish 
and other aquaculture animals that can resist certain infections. For example, fish are 
known to adapt to diseases in nature and these traits of resistance can be measured 
experimentally; however, the loss of genetic diversity in a selection process makes it 
difficult to develop strains of fish that are resistant to several diseases at the same time. It 
is believed that by maintaining a high level of genetic diversity in a stock and by 
developing hybrid vigor, the ability to withstand the stress of infectious diseases can be 
enhanced.  
 
Chemical Control  
 

In some countries, there is no control on the use of drugs to treat aquatic animal 
diseases. However, in the United States, the use of drugs, herbicides, pesticides, fish 
toxicants, and a variety of other chemicals on fish and other aquatic animals is regulated 
by the U.S. government through the U.S. Food and Drug Administration (FDA) and the 
U.S. Environmental Protection Agency (EPA). Evaluation of drugs by the FDA is an 
ongoing process. Therefore, it is necessary to check out relevant information before use. 
 
Isolation  
 

When a disease has been detected or is anticipated, isolation of the affected 
animals is the first step to be taken. Once the affected animals have been quarantined, the 
physical environment should be adjusted for the treatment method that has been selected. 

 
Farm Disinfection  
 

When a disease occurs, the aquaculture farm should be disinfected or destroyed if 
it is severe before starting operations with new un-infected stocks. The control of certain 
diseases can be achieved through disinfection and eradication of contaminated stocks. 
However, there are two situations where disinfection becomes impractical, when the 
probability of re-infection from nearby open waters or farms is unavoidably high and 
when the economic loss due to the disease is less than the cost of disinfection. The use of 
chlorine is one common choice for hatchery and raceway disinfection. 
 
ENVIRONMENTAL ISSUES 
 

Water quality is the major environmental issue related to aquaculture. 
Aquaculture can often utilize water that is unsuited for drinking and irrigation due to the 
competing use of surface-water and discharge of waste production in aquaculture. Many 
aquaculture farms depend on surface-water from streams, rivers, estuaries, and coastal 
areas, but some depend entirely on springs and underground sources. When sub-soil 
water has to be pumped out in large quantities, the water-table of the area can become 
low and in the long run affecting adversely the underground water resources. 
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Additionally, hypernutrification and eutrophication are the two major processes 
that result from waste discharges from aqua cultural farms. Hypernutrification is any 
substantial and measurable increase in the concentration of dissolved nutrients. 
Eutrophication is the consequent significant increase in phytoplankton growth and 
productivity. The effects of effluents containing the two processes induce an organic 
enrichment and directly lead to an increase oxygen consumption rate that results in the 
anoxic sediment. This, in turn, brings important changes in the biological and chemical 
processes in the sediment and the ecology of benthic organisms. 
 
EXPERIMENT 
 

1. Growing salt water shrimp in classroom 
http://www.ncsu.edu/sciencejunction/terminal/lessons/brine.html (06/10/2004). 
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CHAPTER 6 
 

BIOMINING 
 
INTRODUCTION 
 

Biomining is defined as extracting mineral ores or enhancing the mineral recovery 
from mines using microorganisms instead of traditional mining methods. Copper was the 
first metal extracted using microorganisms in the ancient past in the Mediterranean 
region. Biomining is becoming popular because it is cheap, reliable, efficient, safe, and 
environmentally friendly, unlike traditional mining methods. The efficiency of biomining 
can be increased either by finding suitable strains of microorganisms or by genetically 
modifying existing microorganisms, made possible due to rapid advances in the field of 
biotechnology and microbiology. Biomining is an application of biotechnology and is 
also known as microbial leaching or alternately, bio-oxidation. 
 
MICROORGANISMS IN BIOMINING 
 

There are different types of bacteria present in nature that oxidize metal sulfides 
and solubilize minerals, thus, helping in their extraction from the ores. It is very 
important to select suitable microorganisms to ensure the success of biomining, a process 
which requires knowledge of properties of microorganisms, both physiological and 
biochemical. Bacteria are found to be the most suitable microorganisms that can be used 
in biomining. 
Characteristics of the bacteria used in biomining. 

1. Mineral extraction involves the production of high temperatures so the bacteria 
should be able to survive the heat, hence, they should be thermophilic. 

2. Biomining involves using strong acids and alkalis, hence, bacteria should be 
chemophilic. 

3. Bacteria should produce energy from inorganic compounds, hence, should also be 
autotrophic. 

4. The bacteria should be able to adhere to the solid surfaces or have the ability to 
form biofilms. 

 
Identification of Bacteria Useful for Biomining Operations 
 

There are wide varieties of bacteria with varying capabilities existing on earth, 
therefore, it is essential to identify precisely the types that can perform 
biooxidation/bioleaching effectively.  

Thiobacillus ferrooxidans is a chemophilic, moderately thermophilic bacteria 
which can produce energy from oxidation of inorganic compounds like sulfur and iron. It 
is the most commonly used bacteria in biomining. Several other bacteria such as 
T.thioxidans, Thermothrix thiopara, Sulfolobus acidocaldarius and S. brierleyi are also 
widely used to extract various minerals. Thermothrix thiopara is an extremely 
thermophilic bacteria that can survive very high temperatures between 60-75C and is 
used in extraction of sulfur. 
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Techniques like genetic engineering and conjugation are used to produce bacteria 
with desired characteristics to increase the rate of biooxidation thus increasing the 
mineral yield through biomining.  

It is also important to identify biomining bacteria present in colonies of other 
bacteria. Techniques developed for this purpose include: immunoflourescence, dot 
immunoassay, and dot-blot hybridization. 
Immunofluorescence  

This technique is generally used to identify specific antibodies or antigens present 
in biological fluids. Fluorescent antibodies are used to identify biomining bacteria. 
Dot Immunoassay 

This technique is used to identify ore-adhering bacteria like T.ferrooxidans and 
T.thiooxidans. The bacteria are applied in the form of dots on a nitrocellulose film. 
Antigen-antibody reaction is carried out on the film and then treated with a secondary 
antibody to make the reaction visible by producing a color. The sample can be 
approximated by comparison of the test sample with that of a known sample. 
Dot-blot Hybridization  

This is a DNA based technique to identify biomining bacteria such as 
T.ferrooxidans. The bacteria are isolated from samples of ores and soil treated with 
sodium dodecyl sulfate (SDS). The cells are disrupted to extract DNA and the extracted 
DNA is then purified. The DNA obtained from ore sample is fixed on nitrocellulose 
membrane using southern blotting technique. Genetic probes are used to identify and 
distinguish various biomining bacteria used in this procedure. The DNA fragments on the 
membrane are treated with standard probes. 
 
BIOMINING RECOVERY 
 

Minerals are recovered from ores by the microorganisms mainly by two 
mechanisms: oxidation and reduction.  
 
Oxidation  
 

The microorganisms like T.ferroxidans andT.thioxidans are used to release iron 
and sulfur respectively. T.ferroxidans oxidize ferrous ion to ferric ion. 
 

4Fe++ + O2 + 4H+  Fe+++ + 2H2O 
 
The bacteria attach to the surface of the ore and oxidize by a direct and indirect method. 
Direct Method 

In this method the ore is oxidized by the microorganisms due to the direct contact 
with the compound.  

2FeS2 + 7O2 + 2H2O 2FeSO4 + 2H2SO4
Indirect Method  

In this method the mineral is indirectly oxidized by an agent that is produced by 
direct oxidation. For example, the ferric ion produced by the above reaction is a powerful 
oxidizing agent and can release sulfur from the metal sulphides. Thus production of ferric 
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ion indirectly causes oxidation of metal sulfide resulting in the breaking of the crystal 
lattice of the heavy metal sulfide and separating the heavy metal and sulfur. 

CuS + Fe+++  Cu+ + S + Fe++

 
Reduction 
 

Bacteria like Desulfovibro desulfuricans play an active role in reduction of 
sulfates which results in the formation of hydrogen sulphides. 

4H2 + H2SO4  H2S + 4H2O 
 
TYPES OF BIOMINING 
 
Stirred Tank Biomining 
 

This method is used for leaching from substrates with high mineral concentration. 
Since the method is expensive and time consuming, substrates with lower concentration 
are not used for leaching. Copper and refractory gold ores are well suited for this type of 
method.  Special types of stirred tank bioreactors lined with rubber or corrosion resistant 
steel and insulated with cooling pipes or cooling jackets are used for this purpose.  

Thiobacillus is the commonly used bacteria. Since it is aerobic the bioreactor is 
provided with an abundant supply of oxygen throughout the process provided by aerators, 
pumps and blowers. This is a multi-step process consisting of large numbers of 
bioreactors connected to each other.  The substrate moves from one reactor to another 
and in the final stage it is washed with water and treated with a variety of chemicals to 
recover the mineral. 
 
Bioheaps 
 

Bioheaps are large amounts of low grade ore and effluents from extraction 
processes that contain trace amounts of minerals. Such effluents are usually stacked in 
large open space heaps and treated with microorganisms to extract the minerals. Bioheaps 
are also called biopiles, biomounds and biocells. They are also used for biodegradation of 
petroleum and chemical wastes. The low grade ores like refractory sulfide gold ore and 
chalocite ore (copper) are crushed first to reduce the size then treated with acid to 
promote growth and multiplication of chemophilic bacteria. The crushed and acid-treated 
ore is then agglomerated so that the finer particles get attached to the coarser ones,  and 
then treated with water or other effluent liquid.  This is done to optimize moisture content 
in the ore bacteria that is inoculated along with the liquid. The ore is then stacked in large 
heaps of 2-10 feet high with aerating tubes to provide air supply to the bacteria thus 
promoting biooxidation. Advantages of using bioheaps are that they are: 

cost effective, 
of simple design and easy to implement, and  
very effective in extracting from low concentration ores. 

Disadvantages of using bioheaps are that they: 
are time consuming (takes about 6-24 months), 
have a very low yield of mineral, 
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require a large open area for treatment,  
have no process control, 
are at high risk of contamination, and  
have inconsistent yields because bacteria may not grow uniformly in the heap.  

 

 
 

Figure 6.1: Irrigation style bioleaching 
 
In-situ Bioleaching 
 

In this method the mineral is extracted directly from the mine instead of collecting 
the ore and transferring to an extracting facility away from the site of the mine. In-situ 
biomining is usually done to extract trace amounts of minerals present in the ores after a 
conventional extraction process is completed. The mine is blasted to reduce the ore size 
and to increase permeability and is then treated with water and acid solution with 
bacterial inoculum. Air supply is provided using pipes or shafts. Biooxidation takes place 
in-situ due to growing bacteria and results in the extraction of mineral from the ore. 
 
Factors Effecting Biomining 
 

Biomining success depends on various factors some of which are discussed 
below. 
Choice of Bacteria  

This is the most important factor that determines the success of bioleaching. 
Suitable bacteria that can survive at high temperatures, acid concentrations, high 
concentrations of heavy metals, remaining active under such circumstances, are to be 
selected to ensure successful bioleaching. 
Crystal Lattice Energy  

This determines the mechanical stability and degree of solubility of the sulfides. 
The sulfide ores with lower crystal lattice energy have higher solubility, hence, are easily 
extracted into solution by the action of bacteria. 
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Surface Area 
Rate of oxidation by the bacteria depends on the particle size of the ore. The rate 

increases with reduction in size of the ore and vice-versa. 
Ore Composition  

Composition of ore such as concentration of sulfides, amount of mineral present, 
and the extent of contamination, has direct effect on the rate of bio-oxidation. 
Acidity 

Biooxidation requires a Ph of 2.5-3 for maximum results. The rate of biooxidation 
decreases significantly if the Ph is not in this range since the activity of acidophilic 
bacteria is reduced. 
Temperature  

The bacteria used in biomining are either mesophilic or thermophilic. Optimum 
temperature is required for biooxidation to proceed at a fast rate. Optimum temperature 
range for a given bacteria is between 25-35° C depending on the type of ore being 
selected. The rate of biooxidation is reduced significantly if the temperature is above or 
below the optimum temperature. 
Aeration  

The bacteria used in biomining are aerobic thus require an abundant supply of 
oxygen for survival and growth. Oxygen can be provided by aerators and pipes. 
Mechanical agitation is also an effective method to provide continuous air supply 
uniformly and also to mix the contents.  
Solid-liquid Ratio  

The ratio of ore/sulfide to the leach solution (water + acid solution + bacteria 
inoculum) should be maintained at optimum level to ensure that biooxidation proceeds at 
maximum speed. The leach solution containing leached minerals should be removed 
periodically and replaced with new solution. 
Surfactants 

Adding small amounts of surfactants like Tween 20 to the leaching process 
increases the rate of biooxidation of minerals from sulfide ores. The surfactants decrease 
the surface tension of the leach solution, thus, wetting the ore and resulting in increased 
bacterial contact which ultimately increases the rate of biooxidation. 
 
BIOMINING OF COPPER 
 

Copper was the first metal extracted by bioleaching. It is the metal most 
commonly extracted from oxide ores by this method. In the United States, alone, about 
11% of copper is produced from low grade ores by bioleaching technique every year. 
Copper is available in mines across the world in more than 350 types of ores, but it is 
mainly present along with sulfur. Copper from low-grade ores like copper sulfide 
minerals is most commonly extracted by biooxidation since it is not economically viable 
to use conventional metallurgical techniques. 
 
Procedure 
 

Low grade copper ore is brought to the dump leaching site. The dump surface is 
wetted uniformly with water and sulfuric acid using sprayers to maintain acidity which 
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helps the growth of acidophilic bacteria and bacterial inoculum. Air is supplied to the 
dump through channels constructed for this purpose while building the dump. 
Biooxidation takes place over the course of time and copper is leached into the solution 
which is collected at the bottom of the heap. The leach solution rich in copper is treated 
chemically using electrowinning and solvent extraction techniques to extract pure copper. 
 
Electrowinning 
 

In this technique the leach solution containing copper leached from the dump is 
circulated through an electrowining cell and electricity is passed. Pure copper is obtained 
from the cell in the form of electro-won cathode. An Electrowining cell is basically a 
simple electro-voltaic cell with a lead or graphite anode and aluminum cathode with the 
leach solution being the electrolyte. When the electricity is passed through the cell, the 
copper ions present in the electrolyte are reduced to metallic copper and become 
deposited over the cathode. 
 
Solvent Extraction 
 

Copper solvent extraction systems consist of three loops. In the first loop the 
leach solution containing copper obtained from dump leaching is passed through the 
extraction chamber. Here the leach solution comes in contact with organic extractant 
which extracts copper from it. Leach solution and organic extractant are passed through 
the leaching chamber for further leaching. The copper-rich organic extractant then enters 
the second loop and passes through stripping chamber. The stripping chamber consists of 
highly acidic electrolyte which strips copper from the organic extractant. The organic 
extractant is directed back to the extraction chamber in the first loop. The copper-rich 
acidic electrolyte enters the third loop and is subjected to electrowinning to extract pure 
copper. The spent electrolyte is directed back to the stripping chamber in the second loop. 
 
 

 
 

Figure 6.2: Solvent extraction process 
 
BIOMINING OF GOLD 
 

Biooxidation of refractory gold ores to extract gold is carried out by a commercial 
procedure called BIOX developed by GENCOR S.A Ltd Johannesburg South Africa in 
an effort to replace existing procedures which posed severe pollution problems. The 
BIOX process had several advantages over existing procedures including lower cost. 
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Steps in BIOX 
 

The BIOX process plant consists of two biooxidation stages, primary stage and 
secondary stage.  Each stage contains three tanks. The slurry will be present for about 2 
days in the primary stage to allow the growth of bacteria and thus biooxidation while in 
the second stage the slurry will be present for a day or less. 

1. The refractory gold ore in the form of concentrated slurry is fed to the BIOX 
process plant. 

2. Solids and liquids present in the slurry are separated in the decantation tank in a 
three stage counter current decantation tank. The solid content is determined by 
the amount of sulfide present in the ore. 

3. The solid portion of the slurry is washed to remove iron present in the slurry and 
passed through cyanidation tank 

4. The slurry is then neutralized to Ph 7-8 by passing through the neutralization 
chamber and finally through tailings dam. 

The whole process takes in about 3-4 days depending on the rate of biooxidation.  
The following steps are to be taken to ensure proper growth and multiplication of bacteria 
which in turn increase the yield of gold.  

1. Temperature of the plant is controlled to provide optimum temperature for the 
bacteria. Oxidation of sulfides generates high temperatures but the optimum 
temperature for bacteria is around 30°-45° C so it is important to provide a 
cooling system to maintain the process temperature in the optimum range. 

2. Essential nutrients like nitrogen, phosphorus, and potassium are to be provided. 
3. Oxygen should be provided throughout the process by means of agitators, pumps, 

and stirrers. 
4. Ph should be maintained between 1-2 throughout the process to ensure that 

biooxidation proceeds at maximum speed since the bacteria used are acidophilic. 
Lime stone is added if the Ph drops below 1 and acid is added if Ph increases 
beyond 2. 

5. Carbon dioxide should be supplied in specified amounts to the slurry, serving as 
source of carbon to the bacteria. 

Gold biomining is also carried out by heap/dump leaching of refractory gold ores 
using acidophilic and thermophilic oxidizing bacteria. The process is similar to that used 
for bioleaching of copper from low grade sulfide ores. 

Biomining is also used to extract other minerals like nickel, zinc, molybdenum, 
uranium and cobalt. 
 
MICROBIALLY ENHANCED OIL RECOVERY (MEOR) 
 

Recent technological developments have helped to make possible the recovery of 
oil. Using microorganisms is one such technique to improve the recovery process hence 
called microbially enhanced oil recovery (MEOR). 

It was discovered in 1926 that microorganisms can be used in the petroleum industry 
to enhance oil recovery, but the concept became popular only after the 1950s. Microbes 
can enhance the recovery of petroleum products directly or indirectly. 
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Direct Method  
 

Oil recovery is enhanced directly by producing gases like nitrogen and carbon 
dioxide, due to the metabolism of bacteria at the reservoir. These gases cause the oil to 
swell due to the increase in pressure and free flow thus enhancing the recovery. 
 
Indirect Method  
 

In this method the bacteria produces chemicals like surfactants, solvents, and 
polymers that help to increase the recovery of oil and various other petroleum products. 
 
Steps in MEOR 
 
 Here are three steps in the MEOR. 

1. Bacterial inoculum (if the reservoir does not contain suitable bacteria) and 
nutrients like carbon source are injected to the site (oil reservoir) below the 
surface of the earth. 

2. Bacteria grows and multiplies utilizing nutrients and releases gases like hydrogen, 
carbon dioxide, and in some cases chemicals such as surfactants, solvents, and 
polymers. 

3. These gases and chemicals mobilize oil in the reservoir increasing the oil flow, 
thus, enhancing its recovery. 

MEOR has many advantages over conventional oil recovery procedures including 
economical viability. This makes it a popular choice for the recovery of oil from vast 
unrecoverable resources in various parts of the world including the United States.  On the 
other hand, the procedure is complicated since there are numerous types of 
microorganisms available and there are several factors that affect oil recovery.  It is, 
therefore, very important to have in-depth knowledge of geology, engineering of oil 
recovery, microbial composition of the site, and properties of microorganisms below the 
surface of the earth (in or near the reservoir) to make the process successful. Also, there 
are some disadvantages like biodegradation of oils. Further, chemicals and 
microorganisms used during the process can lead to corrosion of the equipment used in 
the recovery process. Advanced technologies are being developed to help minimize 
damage, thus, making the process more economically viable.  
 
NOTES 
 

1. Ehrlich, H. L. & Brierley, C. L. (1990). Microbial mineral recovery. (Chapters 5 
& 6). NewYork: McGraw Hill. 

2. Kuznetsov, S. I. & Golonizik, A. I. (1977). The bacterial leaching of metals from 
ores. Stonehouse, Glos.:Technicopy, in association with the Institute for Industrial 
Research and Standards, Dublin, Ireland.  

3. Rawlings, D. E. (1997). Biomining: Theory microbes and industrial process. 
Berlin: New York Springer-Verlag. 
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4. Trivedi, N. C (1974). Microbial leaching of copper and nickel sulfides (PhD 
thesis). 

5. Look for Autotrophic, heterotrophic definitions, real world examples of 
biomining like at Quebrada Blanca in Chile, Characteristics of metals, 
applications etc. 

6. Good information about microbes 
http://www.cuhk.edu.hk/sci/teacher/Module1/microbes.doc, 
http://www.wikipedia.org/wiki/Bacteria , 
http://www.wikipedia.org/wiki/Bioleaching (general info microbes, biomining 
etc.,), Intro-general info http://www.spaceship-earth.org/REM/BRIERLEY.htm  

7. Advantages of bioleaching, recent developments 
http://www.imm.org.uk/gilbertsonpaper.htm  

8. Bioheaps http://www.azom.com/details.asp?ArticleID=1601  
 
REFERENCES 
 

1. Introduction 05/12/2004 http://www.spaceship-earth.org/REM/BRIERLEY.htm , 
http://www.accessexcellence.org/AB/BA/Biomining.html  

            http://en.wikipedia.org/wiki/Bioleaching (05/17/2004),  
            http://www.bioteach.ubc.ca/Bioengineering/microbialmining/
            http://www.imm.org.uk/gilbertsonpaper.htm (05/18/2004) 

2. Introduction, mechanisms (05/13/2004) http://www.wiley-
vch.de/books/biotech/pdf/v10_bran.pdf 

3. Types bioreactor http://www.ejbiotechnology.info/content/vol3/issue3/full/4/ , 
Bioheaps http://64.233.167.104/search?q=cache:M6GjH99Sm5Gj:www.iranian-
mineral-processor.1accesshost.com/files/7.pdf+bioheaps&hl=en (05/17/2004). 

4. Biomining of copper 
http://www.personal.psu.edu/faculty/j/e/jel5/biofilms/leaching.html , solvent 
extraction http://www.meab-mx.se/en/sx_principles.htm (05/24/2004). 

5. MEOR http://www.msstate.edu/dept/wrri/meor/ (06/02/2004). 
6. Ehrlich, H. L. & Brierley, C. L. (1990). Microbial mineral recovery. NewYork: 

McGraw Hill. 
7. Rawlings, D. E. (1997). Biomining: Theory microbes and industrial process. 

Berlin: New York Springer-Verlag. 
 
PICTURES 
 

1. Bioheaps http://www.bioteach.ubc.ca/Bioengineering/microbialmining/  
2. Solvent extraction http://www.meab-mx.se/en/sx_principles.htm  

 
 

 
 

 92

http://www.cuhk.edu.hk/sci/teacher/Module1/microbes.doc
http://www.wikipedia.org/wiki/Bacteria
http://www.wikipedia.org/wiki/Bioleaching
http://www.spaceship-earth.org/REM/BRIERLEY.htm
http://www.imm.org.uk/gilbertsonpaper.htm
http://www.azom.com/details.asp?ArticleID=1601
http://www.spaceship-earth.org/REM/BRIERLEY.htm
http://www.accessexcellence.org/AB/BA/Biomining.html
http://en.wikipedia.org/wiki/Bioleaching
http://www.bioteach.ubc.ca/Bioengineering/microbialmining/
http://www.imm.org.uk/gilbertsonpaper.htm
http://www.wiley-vch.de/books/biotech/pdf/v10_bran.pdf
http://www.wiley-vch.de/books/biotech/pdf/v10_bran.pdf
http://www.ejbiotechnology.info/content/vol3/issue3/full/4/
http://64.233.167.104/search?q=cache:M6GjH99Sm5gJ:www.iranian-mineral-processor.1accesshost.com/files/7.pdf+bioheaps&hl=en
http://64.233.167.104/search?q=cache:M6GjH99Sm5gJ:www.iranian-mineral-processor.1accesshost.com/files/7.pdf+bioheaps&hl=en
http://www.personal.psu.edu/faculty/j/e/jel5/biofilms/leaching.html
http://www.meab-mx.se/en/sx_principles.htm
http://www.msstate.edu/dept/wrri/meor/
http://www.bioteach.ubc.ca/Bioengineering/microbialmining/
http://www.meab-mx.se/en/sx_principles.htm


CHAPTER 7 
 

BIODEGRADATION 
         

INTRODUCTION 
 
 Environmental pollution is caused by toxic industrial byproducts, gases, exhaust 
fumes from vehicles, chemicals, oil spillage, animal and human wastes.  It is a major 
concern because of harmful effects like depletion of the ozone layer, green house effect, 
acid rain, global warming, contamination of water sources, health problems to humans, 
adverse effects on agriculture, and many more. Industrialization is the main cause of 
environmental pollution; however it is difficult to curtail it since it plays an important 
role in the economic development of countries. It is important, then, to take measures to 
minimize environmental pollution. 
  Several countries have set up agencies to help protect humans and reduce the 
extent of pollution.  The United States Environmental Protection Agency (EPA) was 
created in the year 1970 with an aim to establish and enforce environmental protection 
standards in order to protect human health and the environment. The EPA sets standards 
through intensive research to help the government make policy changes that ensure 
public safety from the hazards of environmental pollution.  Similar organizations are 
being established by various governments across the world. 
 
ECOSYSTEM-NATURAL DEGRADATION 
 
 The ecosystem (the physical, climatic features of living and nonliving beings 
present in a given area) is responsible for natural biodegradation. An ecosystem consists 
of a chain of events which involves energy transfer from one organism to another, 
commonly known as the “food chain”.  It consists of the sun, green plants and algae 
called producers which utilize energy from the sun, carbon dioxide to produce organic 
compounds, herbivorous animals called primary consumers which feed on the green 
plants and algae, carnivorous animals called secondary consumers which feed on 
herbivorous animals, bacteria, and fungi, and other microorganisms called decomposers 
which survive on dead bodies of plants and animals. Decomposers play the important role 
of regenerating essential minerals so that they can be utilized by the producers, thus, 
maintaining the food chain. 
 
 
 
 
 
 
 
 

 93



 
SUN

 
 

 
 
 

 
 
 

 
 
 

 
 

Figure 7.1: Food chain 
 
 The rate and extent of biodegradation depends on various factors like the presence 
of microorganisms, climate, humidity, temperature, nutrition, and other environmental 
factors. Due to industrialization the amount of wastes produced exceeds the capacity of 
naturally occurring decomposers. Recent technological advances have enabled scientists 
to use microorganisms effectively to reduce environmental pollution through 
biodegradation. 
 
SOURCES OF POLLUTION 
 
 Pollutions sources include industrial, radioactive, domestic, and animal waste.  
  
Industrial Waste 
 
 In industry types of waste include petrochemical, pharmaceutical and cosmetic, 
plastic, pesticides, paint, textile, paper, and metal.  
Petrochemical 
 Petrochemical industries produce large amounts of chemicals such as gasoline 
aromatic hydrocarbons like benzene and toluene, bulk chemicals like alcohols, organic 
acids, and aldehydes. These chemicals are widely used for various purposes in the 
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petrochemical industry. When released as waste they pose great danger to the 
environment. 
Pharmaceutical and Cosmetic 
 Due to rapid strides in research and development in the pharmaceutical and 
cosmetic industry, many drugs and cosmetics are being discovered leading to production 
of these compounds on a very large scale. Waste from these compounds cause damage to 
the environment when released. 
Plastic  
 In this industry, chemicals like aniline, toluene, benzene, anti-oxidants, 
plasticizers, and polymerizing agents are used.  Such chemicals are harmful to the 
environment when released.  Finished products like plastic bags and containers are not 
biodegradable, hence, pose threat to environment. 
Pesticides  
 A wide range of chemicals are used in large amounts in the pesticide industry, 
hence, the amount of wastes released into the environment is very high. Pesticides can be 
hazardous to organisms other than the target organisms including humans since they are 
highly toxic. Hence there is need for biodegradation of the pesticides that are released 
into the environment. 
Paint 
 Solvent preservatives are the commonly used chemicals within the paint industry. 
They can be harmful to the environment when released as waste. Recently non toxic 
alternatives to these chemicals have been created. 
Textile 
 Chemicals are used in the textile industry for “finishing” the textiles in fabric 
cleansers and in the making of synthetic textiles. These chemicals have the potential to 
damage the environment when released. 
Paper  
 The paper industry uses a large number of chlorine compounds to bleach the pulp. 
These can damage the environment if left untreated. 
Metal  
 Different chemicals are used in metal industries for finishing and cleaning. Traces 
of metals such as mercury, lead, and arsenic can be hazardous to the environment. 
 
Radioactive Waste  
 
 Nuclear fission is used for many purposes such as preparing nuclear weapons, 
power generation, and nuclear medicine. Nuclear waste includes protective clothing used 
in the plants, water used in the nuclear industry, used equipment, nuclear fuel, heavy 
radio active isotopes, and mail tailings from the uranium extraction process.  These 
wastes emit radiation like alpha-rays, beta-rays, and gamma-rays which are high energy 
radiations and are extremely dangerous to animals, plant life, and humans. Radioactive 
wastes emit radiations till naturally decayed; therefore, it cannot be treated as other 
industrial wastes. The need exists for a process to be designed to effectively and safely 
dispose of such harmful wastes. 
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Domestic Waste 
 
 Domestic waste forms one of the major components that cause environmental 
pollution. Such waste or trash includes the full range of the by-products of daily living.  
 
Animal Waste  
 
 Animal waste includes wastes from slaughter and farm houses and from aquatic 
animals. Animal waste poses severe problems in urban areas since the disposal is difficult 
resulting in pollution in the form of a noxious, pungent odor. Such waste when processed 
properly can be used as organic manure.  
 
TYPES OF BIODEGRADATION 
 
Aerobic Degradation  
 
 This process is used to treat waste water. It is carried out in two tanks, one 
aeration, the other decantation. The aeration tank is a large fermentation vessel in which 
the waste water is aerated to provide oxygen needed for microorganism survival to 
perform the function of converting organic matter to biomass, carbon dioxide, water, and 
other substances. The decantation tank allows settling of biomass that is formed as a 
result of microbial action on waste water. The activated sludge (mixture of bacteria, 
yeast, fungi, protozoa, and other microorganisms which perform biodegradation) utilizes 
organic matter and converts the wastes into biomass, water, and carbon dioxide by 
aerobic metabolism.  
The Process 
 Waste water enters the aeration tank where it is oxidized,  then along with 
microorganisms enters the decantation tank where the microorganisms grow to form flocs 
and settle at the bottom. The supernatant is removed and the microbial flocs along with 
the biomass produced are collected from the bottom of the tank.  
Products of Aerobic Degradation  
 Water is one of the products obtained from aerobic degradation which can be 
reused for different purposes. Single cell proteins (SCP) are obtained from the sugar 
industry. Slaughter house waste water treatment can be used as fish meal. Activated 
sludge obtained from treatment of waste water from breweries can be used as animal 
feed. Sludge can also be used as organic manure. 
 
Biofiltration  
 
 This technology is used for the treatment of wastewater from chemical industries, 
solid waste processing plants, and composting operations. It breaks down these organic 
compounds into carbon dioxide and water.  Biofilters break down organic compounds 
using microorganisms like bacteria, fungi, protozoa, and algae. Biofilters can be used to 
remove both dissolved and suspended organic matter.  As the waste water comes in 
contact with the biofilter, soluble organic compounds diffuse into it and are absorbed on 
the surface of the microorganisms.  
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Nitrification/Denitrification  
 
 Nitrogen exists in many forms. It is present in waste water in the form of 
ammonia, which has to be removed during purification. This can be done first by 
oxidizing ammonia to nitrate, then denitrification of nitrate to nitrogen which separates 
from waste water in the form of gas. 
 
TYPES OF BIOFILTERS 
 
 Biofilters remove un-dissolved organic matter during nitrification/denitrification. 
Five types of filters are discussed next. 
 
Trickling Filters  
 
 Trickling filters are natural systems using sand and rocks as filtering media and 
microorganisms as agents to purify the water. Trickling filters are the most commonly 
used biofilters. They consist of a bed of highly permeable material like coarse rocks 
(commonly used in the past), or synthetic or plastic material in a large cylindrical vessel. 
Waste water is evenly distributed by a rotating distributor which consists of radial arms 
with a large number of orifices to release waste water evenly over the bed. The waste 
water then trickles through the filtering media and is collected at the bottom. A 
continuous air supply is provided to ensure proper growth of the aerobic microorganisms. 
Advantages of using trickling filters are that they: 

are simply designed, hence easy to use, 
are cheap, 
consume very little power to operate, 
are robust, therefore can tolerate shock loads, 
can be used to treat waste water with high concentrations of pollutants, and 
have good reliability and durability.  

Disadvantages of using trickling filters are that: 
the degree of purification is less than other filters, 
they require a large area for installation, 
the end product requires further treatment and proper disposal, 
the process produces foul odor, and  
they are highly susceptible to clogging. 

 
Activated Biofilters  
 
 This is a two-step process including a biocell and activated sludge processing. 
The biocell is a tower of redwood slat medium which is made up of horizontal racks of 
wooden lath attached to supporting rails. Primary effluent along with the activated sludge 
from the final clarifier is pumped to the top of the redwood slat medium tower where it is 
sprayed evenly through fixed orifices. As the waste water trickles down the tower the 
microorganisms present in the tower and in the sludge perform biodegradation. Oxygen is 
provided by aerators or by simply splashing the waste water in the redwood slat tower. 
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The effluent is collected in an aeration vessel and then sent to the final clarifier where 
remaining organic matter is removed by the activated sludge process. 
 
Submerged Filters 
 
 These filters, also called contact aerators and biological aerated filters, remain 
submerged in the wastewater. Submerged filters were widely used in the early twentieth 
century but lost their popularity during the latter part of the century.  Recently, these 
filters are regaining their popularity due to the discovery of synthetic media. Contact 
media in submerged filters consists of coarse rocks, ceramic material, or plastic media.  
Aeration is provided by pumps from the bottom to provide oxygen to microorganisms by 
mixing the contents. The most important advantage of this process is the high efficiency 
of nitrification of the wastewater. 
 
Biological Fluidized Beds  
 
 These consist of tall towers partially filled with silica sand, plastic beads, white 
quartz, or other fine material as the media. As the fluid flows upward, the bed expands 
and is fluidized. The media allows the fluid to pass through it freely while the 
microorganisms present and distributed in the media perform biodegradation of the 
organic compounds and nitrification. Advantages of biological fluidized beds are that: 

reactor size is very small, 
there is high efficiency of filtration, 
the process time is short, 
there is a large surface area available for microbial growth, and 
the beds do not clog. 

 

 
Source: Emperor Aquatics, Inc. 

 
Figure 7.2: Biological fluidized beds 
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Rotating Biological Contractors  
 
 Rotating biological contractor treatment plants consist of a series of rotating 
biological contractor units also called shaft trains. As the waste water passes through each 
of the sets, the degree of biodegradation increases. Microorganisms grow on the wet 
surface of the disks to form a layer of 1 to 2 mm thickness and perform biodegradation. 
As the disks come out of the waste water and are exposed to air the microorganisms 
absorb atmospheric oxygen to sustain growth and remain aerobic. Advantages of rotating  
 
 

 
 

Figure 7.3: Rotating biological contractors 
 

biological contractors are that they: 
are simply designed and are easy to operate, 
require less land area, 
can withstand shock loads, and 
provide high degree of purification and nitrification. 

 
BIODEGRADATION OF PETROCHEMICALS CONTAMINATION 
 
 Petroleum products are also known as hydrocarbons since they are mainly made 
up of hydrogen and carbon atoms.  Some petroleum products contain other atoms like 
halogens but they are also called hydrocarbons. Microorganisms can degrade 
hydrocarbons to carbon dioxide, water, and biomass .This process also involves partial 
oxidation of harmful materials present in the petroleum products. Soil contains a wide 
variety of microorganisms like bacteria, algae, fungi, protozoa, and yeasts which play an 
important role in biodegradation of the hydrocarbons. Geological, physical, chemical, 
nutritional status, and microbiological properties of soil and type, size, and structure of 
the hydrocarbons affect the rate and extent of the biodegradation.  
 Soil reduces the toxic effects of petroleum products by binding onto of these 
substances. Microorganisms of soil utilize the carbon present in the petroleum products 
as food and grow rapidly thus breaking (degrading) up the hydrocarbons and making 
them non toxic.  In addition, the microorganisms also require other nutrients like trace 

 99

http://www.fao.org/DOCREP/003/V9922E/V9922E05.htm


metals, nitrogen, and phosphorous for proper growth and effective biodegradation.  
Surfactants are used to solubilize the hydrocarbons so that they come in contact with soil 
since they are hydrophobic and since the microorganisms are present in the aqueous 
phase.   
 Biodegradation can take place both in aerobic and anaerobic conditions but most 
commonly in the former. This treatment is used for hydrocarbon contaminated soils (like 
soil from petroleum storage places or soil contaminated with leakage of petroleum 
products). Similarly, microorganisms are used for the biodegradation of petroleum 
contaminated water like the ground water, lakes, rivers, seas, and oceans. The most 
common causes of petroleum contamination of water are accidents involving the tankers 
and pipes carrying oil on rivers and oceans. Such accidents result in the formation of oil 
slicks that pose a threat to the aquatic life, thus, adversely affecting the environment. It is 
therefore important to remove oil slicks as soon as possible to minimize the 
environmental threat. Bioremediation is cheap and is the most effective way of treating 
petroleum contaminated waters. 
 
BIODEGRADATION OF INDUSTRIAL WASTES 
 
 Industrial wastes include effluents mainly from chemical, petroleum, and 
pharmaceutical industries. Waste treatment of effluents from the chemical industry is 
presented here. 
 Waste waters (effluents) from the chemical industry contain high concentrations 
of suspended solids and toxic chemicals. Treatment of such waste waters involves initial 
pre-treatment and final biological treatment. Pre-treatment can be performed by using 
different techniques such as ion-exchange, extraction, and centrifugation to remove 
suspended solid particles and the use of adsorbing resins and flocculation. Pre-treatment 
also includes neutralization of the effluents with acids or bases depending on the nature 
of the effluent, and passing the waste water through screens and grit chambers to separate 
suspended solids and through mixing basins with aeration to remove settling solids. The 
next step is biological treatment which is carried out in an activated sludge tank. Aeration 
is provided by pumps or turbines to maintain aerobic conditions. 
 
TREATMENT OF WASTE GASES  
 
 There are two types of waste gases: toxic and malodorous gases. Toxic gases are 
produced by chemical, pharmaceutical, paint, paper, and the petroleum industries, among 
others; whereas malodorous gases are produced by food, beverage, sugar, animal feed, 
biotechnology, and animal slaughter industries. These waste gases emitted by various 
industries not only cause inconvenience but are also harmful to human beings and 
animals. Waste gases contain volatile organic compounds which can be utilized as an 
energy source by the microorganisms, thus, degrading the toxic compounds present in the 
waste gases, rendering them non-toxic. Microorganisms can perform this function in 
aqueous phase so the waste gases are converted to liquid phase before treatment. 
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Bioscrubbers  
 
 This technique is carried out in a plant with spray and activated sludge 
compartments. Gases are converted to liquid phase in the spray compartment. Waste 
gases are introduced from the bottom of the spray compartment and water is sprayed 
from the top through fine nozzles. The water soluble compounds present in the gases are 
converted to liquid and are collected at the bottom of the compartment. The residual 
gases escape through the vent on the top of the compartment. The liquid phase is then 
transferred to the activated sludge tank where the microorganisms are present. Oxidation 
of organic compounds takes place in the tank removing the toxic compounds. Oxygen 
can be supplied to the activated sludge tank and favorable conditions should be provided 
including optimum temperature, pH, and nutrients. The contents of the tank are mixed 
continuously by mechanical stirrers to ensure uniform action of microbes on the sludge. 
 
Trickling Tilters 
 
 These consist of a column filled with packing material that has a large diameter so 
that gas can pass freely through the column. Microorganisms grow in the column using 
packing material as support. Nutrients are dissolved in water and introduced into the 
column from the top so that it wets the packing material, thus, coming in contact with the 
microorganisms. Waste gas is introduced from the bottom through a column which rises 
to the top, thus, coming in contact with packing material and microbes. Water soluble 
compounds present in the gases are dissolved and the organic compounds present in the 
gas are biodegraded by the microorganisms. 
 
Biofilters  
 
 Microorganisms are suspended as floccs in fluid to form a biofilter by using a 
filter bed as support. Nutrients are supplied to the microorganisms through a layer which 
is in contact with the biofilter. Waste gases that come in contact with the biofilter are 
oxidized and biodegraded by the microorganism present in the biofilter.  
 
TREATMENT OF DOMESTIC AND ANIMAL WASTES 
 
Composting  
 
  Composting is the process of microbial decomposition of dead plants and/or 
animals. During composting the temperature rises, increasing the metabolism of the 
microorganism which results in decomposition of the plant or animal debris. This 
technique is used effectively for the decomposition of domestic waste, agricultural and 
food wastes, and sewage.The essential components of composting are substrate, aeration, 
and moisture.  
Substrate  
 This is the organic matter that is being composted and used by the microbes as a 
food source. Substrate should provide nutrients for proper growth of the microorganisms. 
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Aeration 
 Microorganisms involved in composting are aerobic so proper aeration is required 
for effective composting process. Aeration should be provided to the center of the pile 
since this area will be oxygen deficient. This can be done by mixing the composting pile 
at regular intervals so it is exposed to the atmospheric air. 
Moisture  
 Microbial activity requires 40-50% moisture content because they can utilize 
organic compounds and nutrients when they are in aqueous form. 
 
Anaerobic Digestion/Biomethanation  
 
 Solid wastes are decomposed by microorganisms under anaerobic conditions to 
produce biogas (a mixture of methane and carbon dioxide).  Solid residue is settled at the 
bottom of the reactor that may be further used as fertilizer for composting. Bacteria used 
in the process are called methanogenic. Solid wastes and other plant wastes are shredded 
and placed in an airtight reactor along with microorganisms and allowed to ferment for a 
specified period of time at temperature around 35° C. The organic compounds are first 
broken down into sugars which are converted to organic acids and finally to methane and 
carbon dioxide. Biogas has applications as an alternative energy source. It is used as 
cooking gas, lighting, and fuel.  Anaerobic digestion is a cheap method of degrading 
toxic industrial wastes. 
 
FUELS FROM BIOMASS 
 
 Population explosion results in increased energy demands and, as a result, fossil 
(natural/conventional) fuels are being used. If natural fuels are used at the same rate they 
will be exhausted within a very short period of time, hence, there is a need to look 
towards alternate sources of energy. Biomass can be used to produce alcohol fuels that 
can be used effectively. Biomass contains domestic, agricultural, animal, and industrial 
wastes, along with sewage. Thus, it is an excellent source of organic matter which can 
undergo microbial decay to produce alcohol fuels. Methanol and ethanol are the most 
important alcohol fuels produced from biomass. 
 
Methanol (Methyl Alcohol)  
 
 Methanol is also called wood alcohol as it was produced by wood distillation in 
the past. Methanol is a clear, colorless, volatile liquid most commonly used as a solvent. 
It is also used in the chemical industry in the production of various compounds. Methanol 
is considered as the potential fuel for automobiles in the future. Natural gas is the main 
source for the production of methanol. It can also be produced from any gas that can be 
decomposed into hydrogen and carbon dioxide/carbon monoxide. 
                 

C + H2O  CO + H2 
C + 2H2O  CO2 + 2H2 
CH4 + H2O  CO + 3H2 

CH4 +2H2O  CO2 + 4H2 
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Natural gas is passed over a catalyst at high temperature and high pressure then treated 
with steam. 
                 

CO2 + 3H2  CH3OH + H2O 
CO + 2H2  CH3OH 

 
Methanol can be produced from direct oxidation of the hydrocarbons. 
 

2CH4 + O2  2CH3OH 
 
Organic compounds like biomass produced from wastes are also used for production of 
methanol. In specially designed plants biomass is partially oxidized or burned to produce 
a gas containing hydrogen, carbon dioxide, and carbon monoxide which then passes 
through different stages to form methanol.  
 
Ethanol (Ethyl Alcohol)   
 
 From ancient times ethanol was used primarily as a beverage. It is produced 
through fermentation of carbohydrates (grains, sugars, and starches). Large scale ethanol 
is produced from ethylene (petroleum derivative). Ethanol has a wide range of uses in the 
chemical, paint, and pharmaceutical industries.  In addition to this, alcohol can be used as 
fuel when combined with gasoline --called gasohol. 
 Biomass from plant and vegetable wastes contain cellulose, an excellent source of 
carbon which is pretreated with an alkali at high temperature. Specific strains of bacteria, 
yeasts, and fungi that promote fermentation are added to this along with concentrated 
sugar solutions with enzymes. Fermentation is carried out to produce alcohol and is 
recovered by distillation method.  
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CHAPTER 8 
 

PROPAGATION OF FOREST TREES 
 
INTRODUCTION 
 
 Biotechnological principles are applied in the field of forestry to produce large 
numbers of trees in a short period. Deforestation is one of the most important 
environmental challenges humankind is facing in modern times since population growth 
increases the demand for food and living space. This results in depletion of forests. Thus, 
it is very important to compensate for this loss by planting trees. Trees take a very long 
time to regenerate, hence, techniques such as tissue culture, vegetative propagation, 
micropropagation, somatic embryo genesis, silviculture, and controlled pollination are 
used for their production in large numbers in a short time. 
 Forests contain different types of plants and woody vegetation. They are 
sometimes reserved for production of forest products like timber and herbs. 
Common types of forest plants are: herbs, short plants with green and tender stems; 
Shrubs, perennial plants of moderate height with hard and branched stems; and  
Trees, large, tall perennial plants with well defined and hard stem. 
 
Parts of Tree 
 
A tree can be divided into three parts, namely, the crown, stem, and root.  
Crown  
 The crown is the upper branchy part of the tree covered densely with leaves. It 
can be of different sizes and shapes, such as conical, flat topped, cylindrical, or normal. 
The shape of the crown depends on the plant specie and environmental conditions of the 
habitat. Leaves are an important component of the crown. They are of different size, 
shape, and texture depending on the plant species and environmental conditions. 
Stem  
 The stem is the axis of the tree which supports branches and leaves. It is also 
called bole or trunk. They are of different shapes such as cylindrical, forking, buttress, 
and fluting depending on the species and environmental conditions. 
Root   
 Roots are formed below the ground and grow even deeper into the soil. They 
provide foundation for the plant, along with absorbing water and nutrients from the 
ground. Some trees have aerial roots that are above the ground. Such roots absorb oxygen 
from the air. There are two different types of roots: tap which has a main primary 
structure and adventitious or fibrous roots that do not contain primary structure. Most 
roots have root nodules containing mycorrhiza bacteria that help in fixing nitrogen, an 
essential nutrient from the atmosphere. 
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Types of forests 
 There are different types of forests depending on the type of trees, geographical 
location and environmental conditions. 
Evergreen Forests  
 Evergreen forests are present in tropical and sub-tropical areas where there is 
rainfall throughout the year (150-400 inches) and the temperature is hot to warm 
providing perfect conditions for tree growth. Evergreen forests contain trees with long, 
strong stems that branch out at the top. The trees bear broad and green leaves throughout 
the year. Evergreen forests are found in places like South America, Africa, India, and 
Australia. They are further divided into wet evergreen, semi-evergreen, and dry 
evergreen. 
Deciduous Forests  
 Deciduous forests are present in areas having distinct seasons like summer, 
autumn, winter, and spring. The trees are similar to those found in evergreen forests, but 
they are adapted to the changing seasons. The leaves change color, fall off, and grow 
again depending on seasons. The broad, green leaves produce food by photosynthesis in 
the summer.  In autumn the leaves become reddish-yellow due to a loss of chlorophyll 
and finally fall off.   In winter the trees become dormant and survive on stored food 
resources produced in the summer. Deciduous forests are found in areas where there is 
sufficient rainfall, warm summers, and cool winters, like parts of North America, Europe, 
Russia, China, Japan, and India. 
Alpine Forests  
 These types of forests are found in cold, snowy, mountainous areas like the 
Himalayas, Alps, North Canada, North China, and parts of Russia. Alpine forests contain 
coniferous trees (shaped like cone/pyramid) with tall stems and long pointed needle-
shaped leaves that can shed the falling snow and deflect strong cold winds, thus, allowing 
them to survive long harsh winters. 
Swamp Forests 
 Swamp forests are fresh water wet lands generally present along the plains and 
deltas of great rivers where trees grow both on the surface of water and on water 
saturated soil. Examples are the Mangrove forests of the Sundurbans in India, Southern 
Myanmar, and the Florida Everglades. The roots are present above the surface of the 
water to enable the absorption of oxygen from the environment.  
 

 
 

Figure 8.1: Swamp forest 
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TYPES OF REPRODUCTION IN TREES 
 
Sexual Reproduction 
 
 Sexual reproduction is a natural process that produces a variety of genetic 
combinations and natural mutations which in turn helps trees to adapt to their 
surroundings, allowing them to survive for long periods of time. Sexual reproduction in 
trees involves two stages meiosis and fertilization. 
Meiosis 
 Sex cells or gametes are produced in the vegetative parts of the tree-like flower 
which is called oogenesis. In this process the diploid parent gamete undergoes cell 
division to produce haploid daughter gametes. 
Fertilization  
 The union of male and female gametes, called fertilization, takes place by natural 
means like winds, insects, and water and results in the formation of a single celled zygote 
which undergoes further cell division to a produce a multi-cellular embryo. Zygotes 
contain a normal set of chromosomes equally contributed by each of the gametes. Thu, 
the daughter plant gets an inheritance from each of the parent gametes. Seeds are 
produced by the trees containing the embryo, giving rise to a new plant. 
 
 Asexual Reproduction 
 
 Asexual reproduction does not involve union of gametes and zygote formation, 
thus, genetic diversity is not a possibility.  This form of reproduction is effective when 
the parent plant has excellent genetic makeup to suit the environment and when further 
genetic combination can be detrimental to it or conditions are not suitable for sexual 
reproduction. Asexual reproduction can be a natural process or an artificial process. In 
this type of reproduction parts like leaves, branches, stem, and roots are used to produce a 
large number of plantlets with the same genetic makeup as that of the parent plant. 
Asexual reproduction can be carried out by various techniques like vegetative 
propagation, micropropagation, somatic embryogenesis, controlled pollination, and 
silviculture. 
 
VEGETATIVE PROPAGATION 
 
 The process of producing new plants by asexual methods using stem cuttings and 
vegetative parts like stems and leaves is called vegetative propagation. In this technique 
new roots and shoots develop from small plant cuttings that may be roots, leaves, and 
stems. There are different methods of vegetative propagation like grafting, cutting, 
budding, and layering. 
 
Grafting 
 
 This is a technique for producing plants by joining a part of one plant with the 
root of another. Grafting involves making a cut in both plants so that they can be joined 
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easily. Grafting the root or stem of a plant/tree into which a bud is inserted is called a 
stock. Grafting the stem of a plant that is inserted into a stock of another plant/tree is 
called a scion. Grafting is also defined as joining of stock and scion. They unite over a 
period of time producing new tissues which have characteristics of both individual plant 
parts. This technique is used to improve the genetic characteristics of trees, increase the 
reproduction rate of some rare trees, and to produce large numbers of trees in a short 
time.   
 There are different types of grafting based on the parts used, including root, stem, 
cleft, and bark/crown grafting.  
Root Grafting  
 In this method a whole root or part of a root is used as a scion. The root is spliced 
with a sharp knife and is joined to a similarly cut root or stem of another plant.  
Stem Grafting 
 In this method the stem of a young plant is used as a scion which is spliced with a 
knife and joined to a similarly cut stem of another plant. 
Cleft Grafting  
 In this method the stem of a young plant/tree is inserted into the stock which is 
usually the trunk of a bigger plant/tree. The top of the stock is cut, and then an incision is 
made through the centre and wedged apart.  The bottom part of the scion is cut in the 
form of a wedge and is inserted into the stock and cuts are covered with grafting wax and 
grating threads. 
Bark/Crown Grafting  
 In this method more than one scion are inserted into the outer bark of a bigger 
tree. 
 
Cutting 
 
 This method is used to produce a large number of new plants from the cuttings of 
parent plant tissues. The new plants thus produced are identical clones of the parent. The 
cuttings can be treated with rooting hormones like Rhizopon AA and Hortus IBA to 
enhance the development of new roots. After the cuttings are made and treated with 
rooting hormones they are placed in artificial rooting media or compost or soil, in small 
vessels, and placed in a humid place with abundant supply of air and light. Regular 
watering, nutrients, and temperature control are important for the development of new 
roots. Different types of cutting are leaf, stem, and root cuttings. 
Leaf Cuttings   
 Healthy leaves and leaf buds are selected and cut into pieces 2-4 inches long. The 
leaf cuttings are then placed in a suitable media like soil and compost, with vermiculite.  
This results in the development of roots and shoots, and ultimately new plants. The 
section of the leaf is cut off after the new plant is completely formed. 
Stem Cuttings   
 In this method, stem cuttings of healthy, growing plants are used to produce 
identical clones of the parent plant.  Stems are cut in pieces of 3-8 inches length; each 
having a couple of leaves or leaf buds. The stem cuttings are placed 1-3 inches deep in 
containers with moist soil or compost. These containers with stem cuttings are to be 
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watered regularly and exposed to light to allow growth of new shoots and roots in 2-3 
weeks.  
Root Cuttings  
 This method is suitable for the propagation of plants with thick roots since they 
can be easily cut. The roots of healthy plants are cut in sizes of 2-3 inches treated with 
rooting hormone then placed in vessels containing suitable media like soil or compost 
and stored in favorable conditions to allow the development of new roots. The plants are 
then separated and planted in individual vessels. 
 
Budding 
 
 This special type of grafting used to produce new plants involves inserting the 
bud of one plant into the stock of another. Stems of more than half inch diameter are used 
as stocks. T-shaped cuts deep enough to touch the inner bark are made on the surface at 
about two feet from ground level. The stems and leaves used as buds are cut into small 
pieces and inserted into the cut of the stock for a snug fit and wrapped firmly using 
budding tape. This ensures the union of cells from bud and stock resulting in the 
production of new shoots. 
 Budding is usually done between spring and fall when the cells are actively 
dividing. 
 
Layering 
 
 In this method the stem is brought in contact with soil without separating it from 
the parent plant so that new roots develop at the point of contact, thus, resulting in 
formation of new plants. Some plants propagate naturally by layering producing new 
roots whenever they touch the ground. 
 There are different types of layering, simple, compound, and air layering.  
Simple Layering 
 In this method the low lying stem or branch of a stem is bent to touch the ground 
and held in place using a weight while the remaining part of the stem is above the ground 
level. The point where the stem is bent to touch the ground is covered with soil and 
watered regularly. After formation of new roots the stem is detached from the parent 
plant. 
 

 
 

Figure 8.2: Simple layering 
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Compound Layering  
 This method is similar to simple layering except that a single stem is bent over 
and layered several times thus producing more than one new plant at a time. 
 

 
 

Figure 8.3: Compound layering 
 

Air Layering 
 This method is used to propagate large plants and woody trees. An area near a 
node of about one to two inches diameter is selected as a site for air layering. A cut of 
one inch is made in the selected site and is wrapped firmly with pre moistened soil 
enriched with rooting hormones in polyethylene sheet, and sealed. New roots will 
develop within a few weeks, thus, resulting in a new plant. 
 

 
 

Figure 8.4: Air layering 
 
MICROPROPAGATION 
 
 Micropropagation is a technique used for the propagation of a large number of 
new plants in-vitro under aseptic conditions and a controlled environment using small 
tissues called explants taken from the parent plant. Micropropagation is a variation of the 
tissue culture technique. 
 
Stages of Micropropagation 
 
 The technique of micropropagation is very much similar to tissue culture and can 
be broadly classified into five stages. 
Stage I: Selection of Plant Source 
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 The parent plant of the desired species free from diseases or infections should be 
selected as the source plant to produce new plants by micropropagation. After selecting 
the source plant it should be surface treated first with anti bacterial agents like 80% 
alcohol or 5.25% sodium hypochlorite (bleach) to eliminate microorganisms. Then it 
should be treated with agents to promote cell growth and rooting hormones. The parent 
plant should be screened for diseases to ensure production of healthy plants. 
Stage II: Preparing Sterile Culture Medium 
 The culture medium should be sterile and also provide nutrients to the explants to 
enable growth of shoots. 
Stage III: Production of Plantlets 
 Cell division occurs after explants are incubated in a sterile nutrient culture 
medium. This results in the growth of new shoots and roots. 
Stage IV: Preparing Plantlets for Transfer 
 The new plantlets that are produced in stage III cannot be transferred to the 
natural environment as vital functions like photosynthesis which is essential for energy 
production can not be performed.  Hence, preparation is important since plantlets are 
capable of self-support and can survive in the natural environment. 
Stage V: Transferring Plantlets to Natural Environment 
 After preparation the plantlets can be safely transferred to a natural environment 
like garden or compost soil. The plantlets are taken out of the culture medium, washed 
with water to remove medium from the roots, then planted individually in sterile rooting 
medium, and maintained at high humidity so they could gradually acclimate to the natural 
environment. The plantlets are finally transferred into garden soil. 
 
Factors Effecting Micropropagation 
 
 Success of micropropagation depends on various factors such as explant, surface 
microorganisms, internal microorganisms, media, and hormones. 
Explant 
 Source plant genetics should be selected such that it has the desired genetic 
properties. Actively growing tissue should be selected as explants to successfully 
propagate new plants in-vitro. 
Surface Microorganisms  
 The explants taken from the parent plant contain several microorganisms such as 
bacteria and fungi that can contaminate the nutrient medium. Hence, it is important to 
treat explants with disinfecting agents to reduce the risk of contamination due to these 
microorganisms. The disinfecting agents should act on the microorganisms but should not 
be toxic to the explants. 
Internal Microorganism  
 Some plants may contain harmful microorganisms like bacteria and viruses inside 
the tissues, either in an active or dormant state. This can affect the quality of the new 
plants. It is therefore important to detect such internal contamination before selecting the 
parent plants for micropropagation. 
Media   
 The choice of media depends on the type of plants being propagated and the use 
of specified standard media like Murashige and Skoog. Medium id the key for the 
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success of micropropagation. The amounts of nutrients and inorganic elements can be 
standardized to determine the best possible composition. 
Hormones  
 The media should contain rooting hormones that promote root growth and growth 
hormones that promote cell division. 
 
Pros and Cons of Micropropagation 
 There are several advantages and disadvantages to micropropagation of trees.  
Advantages 
 Those who choose to use micropropagation techniques for the reproduction of 
trees can produce: 

large numbers of identical plants for commercial and domestic use from small 
tissues of a parent plant, 
plants that reproduce very slowly, thus, helping in conservation of endangered 
plant species, 
large numbers of disease free plants, and  
new cultivars (new variety/breeds). 

Disadvantages 
 Those who choose to use micropropagation techniques for the reproduction of 
trees also face the following problems. Micrpropagation 

is an expensive procedure especially if carried out on large scale since it requires 
costly equipment, 
requires highly trained professionals to carry out procedures successfully, 
has a high risk of contamination since it is very difficult to make the explants free 
of microorganisms,   
requires the maintenance of a sterile environment in the laboratory which is both 
difficult and expensive,  
produces large numbers of plants continuously, making distribution difficult, and 
lacks genetic diversity. 

 
CONTROLLED POLLINATION 
 
 Pollination is important for propagation of plants in that it helps in the production 
of seeds and fruits from flowers. In this process pollens present on male parts of one plant 
are transferred to female parts of other plants; this results in fertilization, thus, producing 
seeds and fruits. Pollination takes place naturally by different agents like wind, insects, 
and birds.  Flowers attract different kinds of insects with bright and attractive colors to 
help pollination. Pollination can be carried out artificially to propagate plants/trees. 
Controlled pollination or artificial pollination involves three steps, pollen collection, 
storage, and application. 
 
Pollen Collection 
 
 The flowers are collected from plants early in the morning because they shed 
pollen later in the day. Anthers (parts of flowers containing male gametes that produce 
pollens) are separated from flowers and dried. These dried anthers are then placed in a 
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cup and closed with a lid containing fine mesh. The cup is shaken so that pollens separate 
from anthers and pass through the mesh to be collected in the cap of the cup.  
 
Pollen Storage 
 
 The extracted pollens are transferred into special containers suitable for artificial 
pollination. To store for a long time, pollens are dried to reduce moisture content then 
transferred into an airtight container, sealed, and stored in a freezer. 
 
Pollen Application  
 
 Pollens are applied to stigma present in flowers by different methods. Pollens are 
brought near the flowers so that pollination occur, resulting in fertilization. In another 
method the stigma is brought into direct contact to pollens present in a container. Also, 
pollens can be applied to stigma using special pollen applicators. 
 Flowers and stigma selected for controlled pollination are covered with paper, 
cloth, or polythene bags. This is done even after artificial pollination with desired pollens 
to prevent pollination from other plants. This technique is called bagging. Thus, 
production of undesired plants can be avoided. 
 
SILVICULTURE 
 
 Silviculture is the technique of producing trees by artificial means for the purpose 
of afforestation which is creating a new forest in an area where one did not exist 
previously and reforestation which is restoring a forest in an area where forest existed 
previously but was cut down or cleared by man or destroyed due to a natural calamity.  
 Creating forest by silviculture is a commercial process, typically. Forests provide 
timber and firewood, or they maintain the ecological balance of the planet. The process 
involves application of the principles of silvics (defined as the science of growth and 
development of trees). Silviculture is a branch of forestry requiring study inclusive of 
ecology, entomology, soil science, and plant physiology. 
 
Steps in Silviculture 
 
 Silviculture involves four basic steps, selection of plants, site, method, and 
spacing,  which are discussed below in brief. 
Selection of Plants  
 The first step in silviculture is the selection of plant species to be grown in the 
forest. The decision depends on various factors like climate in the area, nature of the soil, 
existing natural vegetation, purpose of raising the tree, adaptability and suitability of the 
species to conditions, and cost. More than one species is generally used in an area 
because of advantages over using single species. 
Selection of Site  
 It is very important to select a suitable site to ensure proper growth and 
maintenance of trees.  Selection of a proper site for silviculture depends mainly on two 
factors: climatic conditions and the type of soil present in the area. 
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Selection of Method 
 There are two methods used in silviculture: sowing and planting.  
 Sowing. This method involves scattering the seeds in an area either randomly or 
in a specific order such as lines or stripes, then providing suitable conditions like 
sufficient water supply and nutrients in the form of manure to help rapid germination of 
seeds.  There are different types of sowing, including line sowing, strip sowing, patch 
sowing and broadcast sowing.  Sowing is easy to carry out, economical, and is a fast 
process, but it requires a large amount of seed and the success rate is quite low. 
 The seeds used for sowing are collected from parent trees either naturally, by 
falling off the tree, or by shaking its branches. Once collected, the seeds are pre-treated 
using different methods like water, weathering, and chemical treatment, to enhance the 
germination process. 
 Planting.  In this method instead of seeds plantlets obtained from a nursery are 
placed directly in the soil. This is a laborious process since each plantlet is individually 
planted into the soil, adding to the labor cost, thus, making it expensive compared to 
sowing.  Planting, however, has a higher success rate and seed requirement is also very 
low compared to sowing, since plantlets are grown in nurseries. 
 The plantlets used in this method are raised in nurseries under controlled 
conditions using seeds. A typical nursery consists of nursery/seedling beds where the 
germinated seedlings are kept together, and transplant beds where the seedlings are kept 
in individual containers with nutrient material. This approach allows spacing and 
sufficient nutrient supply,  thus, enhancing the growth of new plantlets. The seedling 
beds, also called inspection paths, are constructed in blocks with sufficient space between 
to allow people to walk around.  
Spacing 
 This is defined as the distance between the plants/trees in a forest in the given 
area. If the spacing is less, it is called closed spacing and if more, it is called wide 
spacing. Different factors affect the choice of spacing in a forest. Wide spacing can be 
used for fast growing tall trees while closed spacing can be used for highly branching 
trees, if the forest is located in a dry area, to get a dense forest. 
 
NOTES 
 

1. George E. F. (1993). Plant propagation by tissue culture (2nd Ed.). (Chapter 2). 
Edington, Wilts., England: Exegetics. 

2. Hartmann, H. T., Kester, D. E. & Davis Jr., F. T (1997). Plant propagation: 
principles and practices (6th Ed.). Upper Saddle River, N. J.: Prentice Hall.  

3. Kains, M. G. (1942). Propagation of plants; a complete guide for professional and 
amateur growers of plants by seeds, layers, grafting and budding. New York, 
Orange Judd publishing company, Inc.  

4. Negi, S. S. (1988). Elements of general silviculture. (Chapter 2). Dehra Dun, 
India: International Book Distributors. 

5. Wright, J. (1976). Introduction to forest genetics. (Chapters 6 & 7). New York: 
Academic Press. 

6. Vegetative propagation links: 
http://www.discoveredmonton.com/devonian/getgro103.htm , 
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http://www.accessexcellence.org/AE/AEC/AEF/1995/iversen_vegetative.html , 
http://faculty.fortlewis.edu/shuler_p/classeswebsites/vegetative_propagation.htm , 
http://courses.forestry.ubc.ca/frst200/lectures/VegetativeReproduction.htm , 
Propagation general info http://www.pbench.com/plant_propagation.htm  

7. Tissue culture-Micro-propagation, http://aggie-
horticulture.tamu.edu/tisscult/microprop/woodypl.html , Micro-propagation 
experiment 
http://www.biotech.iastate.edu/publications/lab_protocols/AV_Micropropagation.
html , http://homepages.ihug.co.nz/~invitro/Micropropagation.html  

8. Somatic Embryogenesis http://www.atl.cfs.nrcan.gc.ca/index-e/what-e/science-
e/biotechnology-e/researchconifer-e.html , experiment 
http://www.uwrf.edu/~dc01/somatlab.html   

 
EXPERIMENTS 

 
1. Vegetative propagation 

http://faculty.fortlewis.edu/shuler_p/classeswebsites/vegetative_propagation.htm , 
http://www.accessexcellence.org/AE/AEC/AEF/1995/iversen_vegetative.html , 
http://www.treehelp.com/trees/citrus/propagation-by-grafting.asp , http://aggie-
horticulture.tamu.edu/propagation/propagation.html , 
http://www.dibleys.com/cuttings.htm  

2. Micropropagation 
http://www.biotech.iastate.edu/publications/lab_protocols/AV_Micropropagation.
html , http://homepages.ihug.co.nz/~invitro/Micropropagation.html  

 Somatic embryogenesis http://www.uwrf.edu/~dc01/somatlab.html
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1. Mangrove forest 
http://www.bio.ilstu.edu/armstrong/bigtree/mangroves/Rhizophr.htm 

2. Layering http://www.ces.ncsu.edu/hil/hil-8701.html , 
http://www.prunus.org/propagation/05200004s.JPG  
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