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Lecture 2: Microbial Metabolism, Growth  

Batch and Continuous Chemostat Studies 
 

 

Concept of Metabolism 
The maintenance of cellular integrity, growth, and reproduction of living 

organisms requires the synthesis of cellular material, which depends on 

nutrients entering the interior of cells and subjected to a series of chemical 

changes. The sum of these changes is responsible for the production of energy 

(Catabolism) and synthesis of biomolecules (Anabolism); it is the metabolism 

of the cell (see Figure 1). Metabolic reactions are catalyzed by enzymes that, 

by combining with the biological molecules, decrease the activation energy of 

reactions and determine the reaction pathway to be used for the transformation 

of substances. 

 

As sources of energy, the nutrient is oxidized, and the energy produced during 

the oxidation is transferred as energy-rich compounds, mostly in the form of 

ATP. These reactions of oxidation or degradation are the cellular Catabolism: 

 

1. In general, energy sources are organic compounds (Chemoorganotrophic 

microorganisms). The oxidation of organic compounds can be partial or 

complete. 

 

 When it is partial, the organic molecules of small molecular weight are 

produced, more oxidized than organic sources given as nutrients. 

 The complete oxidation results in formation of mineral compounds (CO2, 

H2O, NH3, etc.). In this case, it is called a process of Mineralization of 

organic sources. 

 

Products of oxidation may remain inside the cell or be excreted out in the form 

of wastes. Thus, the chemoorganotrophic microorganisms are the decomposers 

of organic matter and ensure the progressive mineralization of organic matter, 

releasing mineral compounds in external environment (CO2, NH3, NO3
-, PO4

3-, 

SO4
2-, HS-). 
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Figure 1. Role of nutrients in cell metabolism. 
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2. The source of energy can be inorganic (Chemolithotrophic 

microorganisms), consisting of reduced inorganic compounds such as 

dihydrogen (H2), nitrogen (N) or sulfur compounds (e.g. iron sulfide, FeS2), 

metals (e.g. aluminium, copper, iron), etc. 

 

3. The energy source can also be Photonic (light) in the case of 

Photosynthetic or Phototrophic microorganisms, which have pigments and 

photosynthetic systems able to react under the light action, thus converting 

light energy into chemical energy. 

 

Cellular metabolism is formed by means of the redox reactions in catabolism 

for energy production (energy metabolism) and the reactions of biosynthesis 

necessary for anabolism (production of cellular components) (see Figure 2). To 

be functional and viable, a cell should maintain its internal environment in a 

reduced state in order to ensure cohesion and structure of macromolecules. 
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Figure 2. General scheme of cellular metabolism. 
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For some microorganisms, all the needs of biosynthesis are covered by a single 

carbon source; these microorganisms are described as Prototrophs. Others 

require, in addition to the main carbon source, organic compounds that cannot 

be synthesized such as amino acids, fatty acids, vitamins, etc. These 

compounds are considered essential for microorganisms and are called growth 

factors; microorganisms are then defined as Auxotrophs for a given essential 

compound. 

 

At the level of a community of microorganisms in an ecosystem: 

 The cellular catabolism corresponds to the role of decomposers or 

mineralizers 

 And anabolism corresponds to the role of producers of biomass for 

the food chain. 

 

Photosynthetic production of organic material by photosynthetic eukaryotes 

and Cyanobacteria (oxygenic photosynthesis) from CO2 and H2O is called 

primary production because these organisms use an external source of energy 

to terrestrial ecosystems (light) and inorganic compounds which are not 

necessarily derived from the metabolism of other microorganisms. Primary 

producers synthesize organic matter from which all other biological activities 

depend. 

 

Similarly, anoxygenic phototrophic bacteria that use for their photosynthesis 

reduced mineral electron donors (sulfur compounds, reduced iron, dihydrogen) 

from geochemical activities are also considered as primary producers. 

 

In contrast, phototrophic or chemolithotrophic microorganisms using 

compounds from the degradation of organic matter cannot be defined as 

primary producers and are therefore referred to as paraprimary producers. 

This is the case of phototrophic chemoorganotrophic and chemolithotrophic 

bacteria using electron donors derived from microbial metabolism and 

chemolithotrophic autotrophic microorganisms that respire dioxygen resulting 

from photosynthesis and thus are depending on the actual primary producers. 

 

In natural environments, the degradation of organic matter from primary or 

paraprimary producers requires the intervention of a succession of mineralizing 

microorganisms exchanging produced and usable substrates. Some molecules, 

especially xenobiotic products, can be degraded or transformed only in the 
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presence of easily usable substrates as sources of carbon and energy. This 

phenomenon is described as the Cometabolism. 

 

When the growth of microorganisms is limited by another factor that the 

sources of carbon and energy, for example, the source of nitrogen, sulfur, or 

phosphorus, growth slows or stops, but the energy production rate is 

unaffected. This decoupling between growth and energy production is 

described as energy decoupling. 

 

Influence of Environmental Factors on Microbial Growth 
The growth of microorganisms is greatly affected by the chemical and physical 

nature of their surroundings. An understanding of these influences aids in the 

control of microbial growth and the study of the ecological distribution of 

microorganisms. Prokaryotes are present or grow anywhere life can exist. The 

environments in which some prokaryotes grow would kill most other 

organisms. For example Bacillus infernus is able to live over 1.5 miles below 

the earth's surface without O2 and 60oC temperature.  

 

 

Solutes and Water activity: 
Changes in osmotic concentration of the surroundings can affect microbial 

growth as a selectively permeable plasma membrane separates the 

microorganisms from their surroundings. Microorganisms need to keep the 

osmotic concentration of their cytoplasm somewhat above that of the habitat by 

the use of compatible solutes, so that the plasma membrane is always pressed 

firmly against their cell wall. 

In a Hypertonic environment (see Figure 3), the prokaryotes increase their 

internal osmotic concentration through the synthesis or uptake of amino acids, 

proline, glutamic acid and others. A few prokaryotes like Halobacterium 

salinarium raise their osmotic concentration with potassium ions. The 

enzymes of these bacteria are altered for the requirement of high salt 

concentrations for normal activity.  

 

Example: Halophiles grow optimally in the presence of NaCl or other salts at a 

concentration above about 0.2M. These have extensively modified the 

structure of their proteins and membranes rather than simply increasing the 

intracellular concentrations of solutes. 
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Figure 3. In cells that lack a cell wall, changes in osmotic pressure can lead to crenation in hypertonic 

environments or cell lysis in hypotonic environments. 
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Water activity (aw): 
Water activity is the amount of water available to microorganisms and this can 

be reduced by interaction with solute molecules (osmotic effect). Water 

activity is inversely related to osmotic pressure; if a solution has high osmotic 

pressure, it's aw is low. Microorganisms differ greatly in their ability to adapt 

to habitats with low water activity. In a low aw habitat, the microorganisms 

must expend extra effort to grow as it should maintain a high solute 

concentration to retain water. Such microorganisms are Osmotolerant or can 

grow over wide range of water activity or osmotic concentration. Most of the 

microorganisms grow at aw =0.98 or higher. 

 

Concentration of hydrogen ions (pH): 
It refers to the acidity or alkalinity of a solution. It is a measure of the 

hydrogen ion activity of a solution and is defined as the negative logarithm of 

the hydrogen ion concentration. 

 

pH = -log [H+] = log (1/H+) 

 

The pH scale ranges from 1.0 to 14.0 and most microorganisms grow vary 

widely from pH 0 to 2.0 at the acid end to alkaline lakes and soil that may have 

pH values between 9.0 and 10.  

 

The pH can affect the growth of microorganisms and each species has a 

definite pH growth range and pH growth optimum. 

 

 Acidophiles have their growth optimum between pH 0 and 5.5 

 Neutrophiles between 5.5 and 8.0 

 Alkalophiles prefer pH range of 8.5 to 11.5. 

 

Most bacteria and protozoans are neutrophiles, fungi prefer acid surroundings 

about pH 4 to 6; algae also seem to favour slight acidity. 

 

Prokaryotes die if the internal pH drops much below 5.0 to 5.5. External 

pH alterations also might alter the ionization of nutrient molecules and 

thus reduce their availability to the organism. The microorganism needs to 

maintain a neutral cytoplasmic pH and for this the plasma membrane may 

be relatively impermeable to protons. 
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Extreme alkalophiles maintain their internal pH closer to neutrality by 

exchanging internal sodium ions for external protons. 

 

In case of too much acidity (below 5.5 to 6.0) Salmonella 

typhimurium and Escherichia coli synthesize an array of new proteins as part 

of what has been called as their acidic tolerance response. If the external pH 

decreases to 4.5 or lower, chaperones such as acid shock proteins and heat 

shock proteins are synthesized. 

 

Temperature: 
Temperature profoundly affects microorganisms as the most important factor 

influencing the effect is temperature sensitivity of enzyme-catalyzed reactions. 

Beyond a certain point of higher temperature, slow growth takes place and 

damages the microorganisms by denaturing enzymes, transport carriers and 

other proteins. The plasma membrane also is disrupted as lipid bilayer simply 

melts and the damage is such an extent that it cannot be repaired. At very low 

temperature, membranes solidify and enzymes don't work rapidly.  

 

Microorganisms are classified into five classes based on their temperature 

ranges for growth: 

 

1) Psychrophiles: Microorganisms grow well at 0°C and the optimum 

growth temperature of 15°C or lower and maximum at around 20°C. 

They have adapted to their environment in several ways. Their enzymes, 

transport systems and protein synthetic mechanisms function well at low 

temperatures. The cell membranes have high levels of unsaturated fatty 

acids and remain semifluid when cold. At higher than 20°C, the 

psychrophiles begin to leak cellular constituents because of cell 

membrane disruption. Microorganisms such as Pseudomonas, Vibrio, 

Bacillus, Arthrobacter belong to this group. 

2) Facultative Psychrophiles (Psychrotrophs): In this group many species 

can grow at 0 oC to 7°C, optimum between 20°C and 30°C. The spoilage 

of refrigerated foods is mainly caused by microorganisms belonging to 

this group. 

3) Mesophiles: Growth optimum around 20°C to 40°C, minimum at 15°C 

to 20°C and maximum at 45°C or lower. Most of the organisms fall under 

or within this category including human pathogens. 

4) Thermophiles: The microorganisms in this group can grow at 

temperature of 55°C or higher, minimum is usually around 45°C and 
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growth optima at around 55°C to 65°C. Mostly prokaryotes and a few 

algae and fungi belong to this group. The habitats in which they grow 

include, composts, self-heating haystacks, hot water lines and hot springs. 

Microorganisms have more heat-stable enzymes and proteins synthesis 

systems, which function at high temperature. Heat stable proteins have 

high organized, hydrophobic interiors, more hydrogen bonds and other 

non-covalent bonds strengthen the structure. Amino acids like proline 

make the polypeptide chain less flexible and chaperones also aid in 

folding of proteins to stabilize them. DNA also is stabilized by specific 

histone like proteins. The membrane lipids are also stable and tend to be 

more saturated, more branched and of higher molecular weight. 

5) Hyperthermophiles: Few microorganisms can grow at 96°C or above 

and have maximum at 100°C; and growth optima between 80°C and 

about 113°C. Pyrococcus is example of marine hyperthermophiles found 

in hot floors of the sea floor. 

 

Oxygen Concentration: 
An aerobe is an organism able to grow in the presence of atmospheric O2 and 

the ones that grow in its absence is an anaerobe. Organisms which completely 

are dependent on atmospheric O2 for growth are Obligate aerobes, and it 

serves as the terminal electron acceptor for the electron transport chain in 

aerobic respiration and employs it in the synthesis of sterols and unsaturated 

fatty acids. 

 

Facultative anaerobes: organisms which do not require O2 for growth but do 

grow better in its presence are called. 

 

Aerotelerant anaerobes: such as Enterococcus faecalis simply ignore O2 and 

grow equally well whether it is present or not. 

 

Obligate anaerobes: like Bacteroides, Clostridium pasteurianum, 

Methanococcus, do not tolerate O2 at all and die in its presence. 

 

Microaerophiles: are those organisms that are damaged by the normal 

atmospheric levels of O2 (20%) and require O2 levels between the range of 2% 

to 16% for growth. 
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Pressure: 
Most organisms on land or on the surface of water is always subjected to a 

pressure of 1 atm. The hydrostatic pressure can reach 600 to 1100 atm in the 

deep sea. Despite these extremes, bacteria survive and adapt. 

 

Radiation: 
As the wavelength of electromagnetic radiation decreases, the energy of the 

radiation increases, gamma rays and X rays are much more energetic than 

visible light or infrared waves (see Figure 4). Sunlight is the major source of 

radiation on the earth. It includes visible light, ultraviolet radiation, infrared 

rays and radio waves. Most life is dependent on the ability of photosynthetic 

organisms to trap the light energy of the sun as visible light. Many forms of 

electromagnetic radiation are very harmful to microorganisms. Ionizing 

radiation, radiation of very short wavelength or high energy can cause atoms to 

lose electrons or ionize. The two major forms of ionizing radiation, X rays 

which are artificially produced and gamma rays which are emitted during 

radioisotope decay. 

 

Low levels of ionizing radiation will produce mutations, higher levels are 

directly lethal. Some prokaryotes like Deinococcus radiodurans and bacterial 

endospores are resistant and can cause a variety of changes in cells like; it 

breaks hydrogen bonds, oxidises double bonds, destroys ring structures and 

polymerizes some molecules. 

 

Destruction of DNA is the most important cause of death of microorganisms. 

Ultraviolet radiation kills all kinds of microorganisms due to its short 

wavelength (approximately 10 to 400 nm) and high energy.  

 

The most lethal UV radiation has a wavelength of 260 nm, the wavelength 

most effectively absorbed by DNA. Formation of thymine dimmers in DNA is 

the primary mechanism of UV damage; these dimmers inhibit DNA replication 

and function. 
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Figure 4. Electromagnetic spectrum 
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(A) Growth in Pure Culture in a Flask (Batch culture) 
Typically, to understand and define the growth of a particular microbial isolate, 

cells are placed in a liquid medium in which the nutrients and environmental 

conditions are controlled. If the medium supplies all nutrients required for 

growth and environmental parameters are optimal, the increase in numbers or 

bacterial mass can be measured as a function of time to obtain a growth curve. 

Several distinct growth phases can be observed within a growth curve (see 

Figure 5). These include the lag phase, acceleration, the exponential or log 

phase, the stationary phase, and the death phase. Each of these phases 

represents a distinct period of growth that is associated with typical 

physiological changes in the cell culture.  

 

1. The Lag Phase 
The first phase observed under batch conditions is the lag phase in which the 

growth rate is essentially zero. When an inoculum is placed into fresh medium, 

growth begins after a period of time called the lag phase. The lag phase is 

defined to transition to the exponential phase after the initial population 

has doubled. The lag phase is thought to be due to the physiological adaptation 

of the cell to the culture conditions. This may involve a time requirement for 

induction of specific messenger RNA (mRNA) and protein synthesis to meet 

new culture requirements. The lag phase may also be due to low initial 

densities of organisms that result in dilution of exoenzymes (enzymes released 

from the cell) and of nutrients that leak from growing cells. Normally, such 

materials are shared by cells in close proximity. But when cell density is low, 

these materials are diluted and not as easily taken up. As a result, initiation of 

cell growth and division and the transition to exponential phase may be slowed. 

 

The lag phase usually lasts from minutes to several hours. The length of the 

lag phase can be controlled to some extent because it is dependent on the type 

of medium as well as on the initial inoculum size: 

 

For example: 

 If an inoculum is taken from an exponential phase culture in trypticase 

soy broth (TSB) and is placed into fresh TSB medium at a concentration 

of 106 cells/ml under the same growth conditions (temperature, shaking 

speed), there will be no noticeable lag phase. 

 If the inoculum is taken from a stationary phase culture, however, there 

will be a lag phase as the stationary phase cells adjust to the new 
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conditions and shift physiologically from stationary phase cells to 

exponential phase cells. 

 Similarly, if the inoculum is placed into a medium other than TSB, for 

example, a mineral salts medium with glucose as the sole carbon source, 

a lag phase will be observed while the cells reorganize and shift 

physiologically to synthesize the appropriate enzymes for glucose 

catabolism. 

 Finally, if the inoculum size is small, for example, 104 cells/ml, and one 

is measuring activity, such as disappearance of substrate, a lag phase will 

be observed until the population reaches approximately 106 cells/ml. 

For example: 
This is illustrated in Figure 6, which compares the degradation of phenanthrene 

in cultures inoculated with 107 and with 104 CFU/ml. Although the degradation 

rate achieved is similar in both cases (compare the slope of each curve), the lag 

phase was 1.5 days when a low inoculum size was used (104 CFU/ml) in 

contrast to only 0.5 day when the higher inoculum was used (107 CFU/ml). 

 

 

Figure 6. Effect of inoculum size on the lag phase during degradation of a 

polyaromatic hydrocarbon, phenanthrene. Because phenanthrene is only 

slightly soluble in water and is therefore not readily available for cell uptake 

and degradation, a solubilizing agent called cyclodextrin was added to the 

system. The microbes in this study were not able to utilize cyclodextrin as a 

source of carbon or energy. 
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Figure 5. Growth of a microorganism in a batch culture. *Trophophase and idiophase (Secondary metabolism). 

Compare the difference in the shape of the curves in the death phase (colony-forming units versus optical density). 
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2. The Exponential Phase  
The second phase of growth observed in a batch system is the exponential 

phase. Once the cells have adapted to their new environment they enter the 

acceleration phase. Cell division occurs with increasing frequency until the 

maximum growth rate (µmax) for the specific conditions of the batch 

fermentation is reached. The exponential phase is characterized by a period of 

the exponential growth, the most rapid growth possible under the conditions 

present in the batch system. During exponential growth the rate of increase 

of cells in the culture is proportional to the number of cells present at any 

particular time. During exponential growth the number of cells increases in 

the geometric progression 20, 21, 22, 23 until, after n divisions, the number 

of cells is 2n (see Figure 7). 
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Figure 7. Exponential cell division. Each cell division results in a doubling of 

the cell number. At low cell numbers the increase is not very large; however, 

after a few generations, cell numbers increase explosively. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen from the example above, if one starts with a low number of 

cells exponential growth does not initially produce large numbers of new cells. 

However, as cells accumulate after several generations, the number of new 

cells with each division begins to increase explosively. 

 

In the example just given, X0 was used to represent cell number. However, X0 

can also be used to represent cell mass, which is often more convenient to 

measure than cell number. Whether one expresses X0 in terms of cell number 

or in terms of cell mass, one can mathematically describe cell growth during 

the exponential phase using the following equation: 

 

dX 
= µX 

dt 

 

    Example Calculation of generation time 
Problem: If one starts with 10.000 (104 ) cells in a culture that 

has a generation time of 2h, how many cells will be in the 

culture after 4, 24 and 48h? 
 

Use the equation X= 2nX0 

 

Where: X0= the initial number of cells. 

n= the number of generations. 

X= the number of cells after n generations. 

 

After 4h, n= 4h/2h per generation= 2 generations: 

X= 22 (104) = 4.0 x 104 cells 

 

After 24h, n= 24h/2h per generation= 12 generations: 

X= 212 (104) = 4.1 x 107 cells 

 

After 48h, n= 48h/2h per generation= 24 generations: 

X= 224 (104) = 1.7 x 1011 cells 
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where X is the number or mass of cells (mass/volume), t is time, and µ is the 

specific growth rate constant. 

 

The time it takes for a cell division to occur is called the generation time or 

the doubling time. The equation mentioned above can be used to calculate 

the generation time as well as the specific growth rate using data generated 

from a growth curve such as that shown in Figure 1. 

 

3. The Stationary Phase 
The third phase of growth is the stationary phase. The stationary phase in a 

batch culture can be defined as a state of no net growth, which can be 

expressed by the following equation: 

 

dX 
= 0 

dt 

 

Although there is no net growth in stationary phase, cells still grow and divide. 

Growth is simply balanced by an equal number of cells dying. 

 

There are several reasons why a batch culture 

may reach stationary phase: 
 

One common reason is that the carbon and energy source or an essential 

nutrient becomes completely used up. When a carbon source is used up it does 

not necessarily mean that all growth stops. This is because dying cells can 

lyse and provide a source of nutrients. Growth on dead cells is called 

Endogenous metabolism. Endogenous metabolism occurs throughout the 

growth cycle, but it can be best observed during stationary phase when 

growth is measured in terms of oxygen uptake or evolution of carbon dioxide. 

The small amount of growth occurs after the substrate has been utilized and 

reflects the use of dead cells as a source of carbon and energy. 

 

A second reason that stationary phase may be observed is that waste products 

build up to a point where they begin to inhibit cell growth or are toxic to cells. 

This generally occurs only in cultures with high cell density. Regardless of the 

reason why cells enter stationary phase, growth in the stationary phase is 

unbalanced because it is easier for the cells to synthesize some components 
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than others. As some components become more and more limiting, cells will 

still keep growing and dividing as long as possible. 

 

4. The Death Phase 
The final phase of the growth curve is the death phase, which is characterized 

by a net loss of culturable cells. Even in the death phase there may be 

individual cells that are metabolizing and dividing, but more viable cells are 

lost than are gained so there is a net loss of viable cells. The death phase is 

often exponential, although the rate of cell death is usually slower than the rate 

of growth during the exponential phase. The death phase can be described by 

the following equation: 

 

dX 
= -kdX 

dt 

where kd = specific death rate. 

It should be noted that the way in which cell growth is measured can 

influence the shape of the growth curve???. For example, if growth is 

measured by optical density instead of by plate counts (compare the two curves 

in Figure 8), the onset of the death phase is not readily apparent. 

 
Figure 8. A typical growth curve for a bacterial population. Compare the 

difference in the shape of the curves in the death phase (colony-forming units 

versus optical density). 
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(B) Continuous Culture 
Continuous culture is a system that is designed for long-term operation. 

Continuous culture can be operated over the long term because it is an open 

system (Figure 9) with a continuous feed of influent solution that contains 

nutrients and substrate, as well as a continuous drain of effluent solution that 

contains cells, metabolites, waste products, and any unused nutrients and 

substrate. The vessel that is used as a growth container in continuous culture is  

called a bioreactor or a chemostat. In a chemostat one can control the flow 

rate, maintain a constant substrate concentration, as well as provide 

continuous control of pH, temperature, and oxygen levels. This allows 

control of the rate of growth, which can be used to optimize the production of 

specific microbial products. Dilution rate and influent substrate concentration 

are the two parameters controlled in a chemostat to study microbial growth or 

to optimize metabolite production. 

 

The dynamics of these two parameters are shown in Figure 10. By controlling 

the dilution rate, one can control the growth rate (µ) in the chemostat, 

represented in this graph as doubling time (recall that during exponential phase 

the growth rate is proportional to the number of cells present). By controlling 

the influent substrate concentration, one can control the number of cells 

produced or the cell yield in the chemostat since the number of cells produced 

will be directly proportional to the amount of substrate provided. 

 

Because the growth rate and the cell number can be controlled independently, 

chemostat have been an important tool for the study of the physiology of 

microbial growth. Chemostat can also produce microbial products more 

efficiently than batch fermentations. This is because a Chemostat can 

essentially hold a culture in the exponential phase of growth for extended 

periods of time. Despite these advantages, chemostat are not yet widely used to 

produce commercial products because it is often difficult to maintain sterile 

conditions over a long period of time. 
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Figure 9. Schematic representation of a continuously stirred bioreactor. Indicated are some of the 

variables used in modeling bioreactor systems. X0 is the dry cell weight, S0 is the substrate 

concentration, and D is the flow rate of nutrients into the vessel. 
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Figure 10. This figure shows the same growth curve expressed three 

different ways: in terms of substrate loss, in terms of CO2 evolution, 

and in terms of increasing cell mass.  

 

Growth in the Environment 
How is growth in the natural environment related to growth in a 

flask or in continuous culture? There have been several attempts to 

classify bacteria in soil systems on the basis of their growth 

characteristics and affinity for carbon substrates. The first was by 

Sergei Winogradsky (1856–1953), the “father of soil 

microbiology,” who introduced the ecological classification system of 

Autochthonous organisms versus Zymogenous organisms. 

 

 Autochthonous: or indigenous populations are more uniform 

and constant in soil, since their nutrition is derived from native 

soil organic or mineral matter.  

 Zymogenous: bacteria require an external substrate, and their 

activity in soils is variable. They often produce resting 
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propagules (Pseudomonas and Bacillus). When specific 

substrates are added to the soil, the number of zymogenous 

bacteria increases and gradually declines when the added 

substrate is exhausted (cellulose decomposers, nitrogen-utilizing 

bacteria, Nitrobacter). 

 Allochthonous: organisms that are introduced into soil and 

usually survive for only short periods of time. 

 

Current terminology distinguishes soil microbes as either: 

 Oligotrophs, those that prefer low substrate concentrations, or 

 Copiotrophs, those that prefer high substrate concentrations. 

 

When considering oligotrophic microbes in the environment, it is 

unlikely that they exhibit the stages of growth observed in batch 

flask and continuous culture. These microbes metabolize slowly and 

as a result have long generation times, and they often use energy 

obtained from metabolism simply for cell maintenance. 

 

On the other hand, copiotrophic organisms may exhibit high rates of 

metabolism and perhaps exponential growth for short periods, or may 

be found in a dormant state.  

 

Dormant cells may become: 
 

 Viable But Non-Culturable (VBNC) with time because of 

extended starvation conditions or because cells become 

reversibly damaged. VBNC are thus difficult to culture because 

of cell stress and damage. 

 

 In addition, many environmental microbes are Viable But 

Difficult to Culture (VBDC). VBDC cells are difficult to 

culture because we know little about their physiology and 

associated nutrient and growth requirements. Also many VBDC 

microbes are very slow growing, taking several weeks to months 

to produce visible growth on an agar plate or in liquid culture. 
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1) The Lag Phase 
The lag phase observed in a natural environment can be much longer 

than the lag phase normally observed in a batch culture. In some 

cases, this longer lag phase may be caused by very small initial 

populations that are capable of utilizing the added contaminant. In this 

case neither a significant disappearance of the contaminant nor a 

significant increase in cell numbers will be observed for several 

generations. 

 

Alternatively, degrading populations may be dormant or injured and 

require time to recover physiologically and resume metabolic 

activities. Further, complicating growth in the environment is the fact 

that generation times are usually much longer than those measured 

under ideal laboratory conditions. This is due to a combination of 

limited nutrient availability and suboptimal environmental 

conditions such as temperature or moisture that cause stress. 

Thus, it is not unusual to observe lag periods of months or even years 

after an initial application of a new pesticide. However, once an 

environment has been exposed to a particular pesticide and developed 

a community for its degradation, the disappearance of succeeding 

pesticide applications will occur with shorter and shorter lag periods. 

This phenomenon is called acclimation or adaptation, and has been 

observed with successive applications of many pesticides including 

the broadleaf herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). 

 

A second explanation for long lag periods in environmental samples 

is that the capacity for degradation of an added carbon source may not 

initially be present within existing populations. This situation may 

require a mutation or a gene transfer event to introduce appropriate 

degradative genes into a suitable population. 

 

For example: 

One of the first documented cases of gene transfer in soil was the 

transfer of the plasmid pJP4 from an introduced organism to the 

indigenous soil population. The plasmid transfer resulted in rapid and 

complete degradation of the herbicide 2,4-D within the microcosm. In 

this study, gene transfer to indigenous soil recipients was followed by 
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growth and survival of the transconjugants at levels significant enough 

to affect degradation. 
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2) The Exponential Phase 
In the environment the second phase of growth, exponential growth, 

occurs for only very brief periods following addition of a substrate. 

Such substrate might be crop residues, vegetative litter, root 

residues, or contaminants added to or spilled into the 

environment. As stated earlier, it is the copiotrophic cells, many of 

which are initially dormant, that respond most quickly to added 

nutrients. Upon substrate addition, these dormant cells become 

physiologically active and briefly enter the exponential phase until the 

substrate is utilized or until some limiting factor causes a decline in 

substrate degradation. 

 

As shown in Table 1, culturable cell counts increase one to two orders 

of magnitude in response to the addition of 1% glucose. In this 

experiment, four different soils were left untreated or were amended 

with 1% glucose and incubated at room temperature for 1 week. 

 

Because nutrient levels and other factors (e.g. temperature or 

moisture) are seldom ideal, it is rare for cells in the environment to 

achieve a growth rate equal to µmax. Thus, rates of degradation in the 

environment are slower than degradation rates measured under 

laboratory conditions. This is illustrated in Table 2, which compares 

the degradation rates for wheat and rye straw in a laboratory 

environment with degradation rates in natural environments. 

 

 

This understanding is crucial when attempting to predict 

degradation rates for contaminants in an environment. 
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Table 1. Culturable counts in unamended and glucose-amended soils. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Effect of Environment on Decomposition Rate of Plant 

Residues Added to Soil. 
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aThe half-life is the amount of time required for degradation of half of 

the straw initially added. 
b is the specific growth rate constant. 
cThe relative rate of degradation of wheat straw under laboratory 

conditions is assumed to be 1. The degradation rates for straw in each 

of the soils were then compared with this value. 
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3) The Stationary and Death Phases 
In the environment, the stationary phase is most likely of short 

duration if it exists at all. Recall that most cells never achieve an 

exponential phase because of nutrient limitations and environmental 

stress. Rather they are in dormancy or in a maintenance state. Cells 

that do undergo growth in response to a nutrient amendment will 

quickly utilize the added food source. 

 

However, even with an added food source, cultural counts rarely 

exceed 108 to 109 CFU/g soil except perhaps on some root surfaces. 

At this point, cells will either die or, in order to prolong survival, enter 

a dormant phase again until new nutrients become available. Thus, the 

stationary phase is likely to be very short if indeed it does occur. 

 

In contrast, the death phase can certainly be observed, at least in 

terms of culturable counts. In fact, the death phase is often a mirror 

reflection of the growth phase. Once added nutrients are consumed, 

both living and dead cells become prey for protozoa that act as 

microbial predators. 
 

 

Glossary 

A copiotroph is an organism found in environments rich in nutrients, 

particularly carbon. 

Acidophil An organism that grows only under acidic conditions. 

Activation energy is the minimum amount of energy required to 

initiate a reaction. 

Allochthonous An organism or substance foreign to a given 

environment. 

An oligotroph is an organism that can live in an environment that 

offers very low levels of nutrients.  

Anabolism A biosynthetic process by which simple substances are 

converted into more complex compounds. 
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Autotrophic Cells Cells that use inorganic material as a source of 

nutrient and CO2 as the sole source of carbon. 

Auxotroph Mutant microorganism that requires a growth factor not 

required by the original strain from which it was derived. 

Barotolerant Organisms that can grow under the condition of high 

hydrostatic pressure. 

Catabolism Metabolic breakdown or degradation of a complex 

molecule into simple products. 

Chaperone Proteins that help other proteins to avoid misfolding 

pathways that may lead to the production of an inactive protein or 

protein aggretate. 

Chemoautotroph An organism that uses carbon dioxide as a carbon 

source and obtains energy for growth by oxidizing inorganic 

substances (e.g., sulfur, hydrogen, and nitrite). 

Chemoheterotroph An organism that obtains energy from oxidation 

of organic compounds and carbon from preformed organic 

compounds. 

Chemostat An apparatus used to maintain bacterial cultures in the log 

phase of growth by the continuous supply of fresh medium. 

Endogenous Originating from within. 

Generation Time The length of the cell cycle or time period needed 

for a cell population to double its numbers.  

Heterotroph An organism that cannot use inorganic CO2 for 

synthesis of organic compounds; it requires preformed organic 

molecules as a source of carbon and energy. 

Housekeeping Genes Genes that provide general functions for the 

cell, e.g., genes encoding the enzymes for glycolysis and the citric 

acid cycle. 

Hyperosmotic Solution A solution with a greater osmotic pressure 

than the physiological level. 
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Hypoosmotic A solution with a lesser osmotic pressure than the 

physiological level. 

Isotonic Solution A solution that has the same osmotic pressure to the 

one under comparison. 

Mesophiles Organisms whose optimum growth temperature ranges 

from 20 to 45°C. 

Metabolism The overall enzymatic reactions that take place in an 

organism that include anabolic reactions (e.g., building of complex 

molecules) and catabolic reactions (e.g., breakdown of molecules to 

provide energy). 

Metabolites The products or intemediates from any metabolic 

pathway. 

Osmotic Pressure Pressure that must be exerted on the high solute 

concentration side of the semipermeable membrane to prevent flow of 

water across the membrane due to osmosis. 

Osmotic Shock Lysis of cells in a hypotonic medium caused by the 

movement of water into the cells leading to the rupture or lysis of the 

cells. 

Osmotolerant Organisms that can withstand high osmotic pressures 

or grow in solutions of high solute concentrations. 

Oxidation Removal of hydrogens or electrons from a compound or an 

element. 

Phenanthrene is a polycyclic aromatic hydrocarbon composed of 

three fused benzene rings. 

Photoheterotroph An organism that is capable of utilizing energy 

from light but must obtain its carbon source from organic compounds. 

Photolithotrophs Phototrophic organisms that use inorganic 

substances as electron donors in photosynthesis. 

Prototroph A nutritional wild-type; an organism that uses simple 

carbon sources (e.g., glucose) and requires no specific growth 
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substance for metabolism and reproduction. An organism that requires 

growth nutrients not required by the prototroph is said to be a 

nutritional mutant or auxotroph. 

Psychro- A prefix meaning cold. 

Psychroduric Microorganisms capable of surviving but not growing 

at low temperatures. 

Psychrophile An organism that has an optimum growth temperature 

below 20°C that is associated with spoilage of refrigerated food. 

Thermoacidophiles Microorganisms capable of growing in hot, 

acidic environment. 

Ralstonia eutropha is a facultatively chemolithoautotrophic bacterium 

able to grow with organic substrates or H2 and CO2 under aerobic 

conditions. Ralstonia eutropha JMP134 (pJP4) is a useful model for 

the study of bacterial degradation of substituted aromatic pollutants. 

Dormancy When spore-forming bacteria, such 

as Bacillus or Clostridium, enter a state of starvation, they transform 

into a state of dormancy in order to survive.  
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Lecture 2: Microbial Metabolism 

Microbial Growth 

Batch and Continuous Cultures 
 

Concept of Metabolism 

The maintenance of cellular integrity, growth, and reproduction of living 

organisms requires the synthesis of cellular material, which depends on 

nutrients entering the interior of cells and subjected to a series of chemical 

changes. The sum of these changes is responsible for the production of energy 

(Catabolism) and synthesis of biomolecules (Anabolism); it is the metabolism 

of the cell (see Figure 1). Metabolic reactions are catalyzed by enzymes that, 

by combining with the biological molecules, decrease the activation energy of 

reactions and determine the reaction pathway to be used for the transformation 

of substances. 

 

As sources of energy, the nutrient is oxidized, and the energy produced during 

the oxidation is transferred as energy-rich compounds, mostly in the form of 

ATP. These reactions of oxidation or degradation are the cellular Catabolism: 

 

1. In general, energy sources are organic compounds (Chemoorganotrophic 

microorganisms). The oxidation of organic compounds can be partial or 

complete. 

 

 When it is partial, the organic molecules of small molecular weight are 

produced, more oxidized than organic sources given as nutrients. 

 The complete oxidation results in formation of mineral compounds (CO2, 

H2O, NH3, etc.). In this case, it is called a process of Mineralization of 

organic sources. 

 

Products of oxidation may remain inside the cell or be excreted out in the form 

of wastes. Thus, the chemoorganotrophic microorganisms are the decomposers 

of organic matter and ensure the progressive mineralization of organic matter, 

releasing mineral compounds in external environment (CO2, NH3, NO3
-, PO4

3-, 

SO4
2-, HS-). 

 

2. The source of energy can be inorganic (Chemolithotrophic 

microorganisms), consisting of reduced inorganic compounds such as 

dihydrogen (H2), nitrogen (N) or sulfur compounds (e.g. iron sulfide, FeS2), 

metals (e.g. aluminium, copper, iron), etc. 
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3. The energy source can also be Photonic (light) in the case of 

Photosynthetic or Phototrophic microorganisms, which have pigments and 

photosynthetic systems able to react under the light action, thus converting 

light energy into chemical energy. 

 

Cellular metabolism is formed by means of the redox reactions in catabolism 

for energy production (energy metabolism) and the reactions of biosynthesis 

necessary for anabolism (production of cellular components) (see Figure 2). To 

be functional and viable, a cell should maintain its internal environment in a 

reduced state in order to ensure cohesion and structure of macromolecules. 

 

For some microorganisms, all the needs of biosynthesis are covered by a single 

carbon source; these microorganisms are described as Prototrophs. Others 

require, in addition to the main carbon source, organic compounds that cannot 

be synthesized such as amino acids, fatty acids, vitamins, etc. These 

compounds are considered essential for microorganisms and are called growth 

factors; microorganisms are then defined as Auxotrophs for a given essential 

compound. 

 

At the level of a community of microorganisms in an ecosystem: 

 The cellular catabolism corresponds to the role of decomposers or 

mineralizers 

 And anabolism corresponds to the role of producers of biomass for the 

food chain. 
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Figure 1. Role of nutrients in cell metabolism.  

 

 
Figure 2. General scheme of cellular metabolism. 
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Photosynthetic production of organic material by photosynthetic eukaryotes 

and Cyanobacteria (oxygenic photosynthesis) from CO2 and H2O is called 

primary production because these organisms use an external source of energy 

to terrestrial ecosystems (light) and inorganic compounds which are not 

necessarily derived from the metabolism of other microorganisms. Primary 

producers synthesize organic matter from which all other biological activities 

depend. 

 

Similarly, anoxygenic phototrophic bacteria that use for their photosynthesis 

reduced mineral electron donors (sulfur compounds, reduced iron, dihydrogen) 

from geochemical activities are also considered as primary producers. 

 

In contrast, phototrophic or chemolithotrophic microorganisms using 

compounds from the degradation of organic matter cannot be defined as 

primary producers and are therefore referred to as paraprimary producers. 

This is the case of phototrophic chemoorganotrophic and chemolithotrophic 

bacteria using electron donors derived from microbial metabolism and 

chemolithotrophic autotrophic microorganisms that respire dioxygen resulting 

from photosynthesis and thus are depending on the actual primary producers. 

 

In natural environments, the degradation of organic matter from primary or 

paraprimary producers requires the intervention of a succession of mineralizing 

microorganisms exchanging produced and usable substrates. Some molecules, 

especially xenobiotic products, can be degraded or transformed only in the 

presence of easily usable substrates as sources of carbon and energy. This 

phenomenon is described as the Cometabolism. 

 

When the growth of microorganisms is limited by another factor that the 

sources of carbon and energy, for example, the source of nitrogen, sulfur, or 

phosphorus, growth slows or stops, but the energy production rate is 

unaffected. This decoupling between growth and energy production is 

described as energy decoupling. The excess energy can be diverted to the 

production of glycogen and polyhydroxyalkanoates among microorganisms 

capable to accumulate these substances in their cells as carbon reserve. 

 

Influence of Environmental Factors on Microbial Growth 
The growth of microorganisms is greatly affected by the chemical and physical 

nature of their surroundings. An understanding of these influences aids in the 

control of microbial growth and the study of the ecological distribution of 
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microorganisms. Prokaryotes are present or grow anywhere life can exist. The 

environments in which some prokaryotes grow would kill most other 

organisms. For example Bacillus infernus is able to live over 1.5 miles below 

the earth's surface without O2 and 60oC temperature. 

  

1) Solutes and Water activity 
Changes in osmotic concentration of the surroundings can affect microbial 

growth as a selectively permeable plasma membrane separates the 

microorganisms from their surroundings. Microorganisms need to keep the 

osmotic concentration of their cytoplasm somewhat above that of the habitat by 

the use of compatible solutes, so that the plasma membrane is always pressed 

firmly against their cell wall. In a Hypertonic environment (see Figure 3), the 

prokaryotes increase their internal osmotic concentration through the synthesis 

or uptake of choline, proline, glutamic acid and other amino acids. A few 

prokaryotes like Halobacterium salinarium raise their osmotic concentration 

with potassium ions. The enzymes of these bacteria are altered for the 

requirement of high salt concentrations for normal activity.  

 

Example 

Halophiles grow optimally in the presence of NaCl or other salts at a 

concentration above about 0.2M. These have extensively modified the 

structure of their proteins and membranes rather than simply increasing 

the intracellular concentrations of solutes. They require higher potassium 

levels for stability and activity. The plasma membrane of halophiles is 

also stabilized by high concentration of sodium ions. 

 

 



 

6 

 

 
Figure 3. In cells that lack a cell wall, changes in osmotic pressure can lead to 

crenation in hypertonic environments or cell lysis in hypotonic environments. 

 

2) Water activity (aw) 
Water activity is the amount of water available to microorganisms and this can 

be reduced by interaction with solute molecules (osmotic effect). Water 

activity is inversely related to osmotic pressure; if a solution has high osmotic 

pressure, it's aw is low. Microorganisms differ greatly in their ability to adapt 

to habitats with low water activity. In a low aw habitat, the microorganisms 

must expend extra effort to grow as it should maintain a high solute 

concentration to retain water. Such microorganisms are osmotolerant or can 

grow over wide range of water activity or osmotic concentration. Most of the 

microorganisms grow at aw =0.98 or higher. 

 

3) Concentration of hydrogen ions (pH) 
It refers to the acidity or alkalinity of a solution. It is a measure of the 

hydrogen ion activity of a solution and is defined as the negative logarithm of 

the hydrogen ion concentration. 

 

pH = -log [H+] = log (1/H+) 

 

The pH scale ranges from 1.0 to 14.0 and most microorganisms grow vary 

widely from 

pH 0 to 2.0 at the acid end to alkaline lakes and soil that may have pH values 

between 9.0 and 10. The pH can affect the growth of microorganisms and each 

species has a definite pH growth range and pH growth optimum. 
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 Acidophiles have their growth optimum between pH 0 and 5.5 

 Neutrophiles between 5.5 and 8.0 

 Alkalophiles prefer pH range of 8.5 to 11.5. 

 

Most bacteria and protozoans are neutrophiles, fungi prefer acid surroundings 

about pH 4 to 6; algae also seem to favour slight acidity. 

 

Prokaryotes die if the internal pH drops much below 5.0 to 5.5. External pH 

alterations also might alter the ionization of nutrient molecules and thus reduce 

their availability to the organism. The microorganism needs to maintain a 

neutral cytoplasmic pH and for this the plasma membrane may be relatively 

impermeable to protons. 

 

Extreme alkalophiles maintain their internal pH closer to neutrality by 

exchanging internal sodium ions for external protons. 

 

In case of too much acidity (below 5.5 to 6.0) Salmonella 

typhimurium and Escherichia coli synthesize an array of new proteins as part 

of what has been called as their acidic tolerance response. If the external pH 

decreases to 4.5 or lower, chaperones such as acid shock proteins and heat 

shock proteins are synthesized. 

 

4) Temperature 
Temperature profoundly affects microorganisms as the most important factor 

influencing the effect is temperature sensitivity of enzyme-catalyzed reactions. 

Beyond a certain point of higher temperature, slow growth takes place and 

damages the microorganisms by denaturing enzymes, transport carriers and 

other proteins. The plasma membrane also is disrupted as lipid bilayer simply 

melts and the damage is such an extent that it cannot be repaired. At very low 

temperature, membranes solidify and enzymes don't work rapidly.  

 

Microorganisms are classified into five classes based on their temperature 

ranges for growth: 

 

6) Psychrophiles: Microorganisms grow well at 0°C and the optimum 

growth temperature of 15°C or lower and maximum at around 20°C. 

They have adapted to their environment in several ways. Their enzymes, 

transport systems and protein synthetic mechanisms function well at low 
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temperatures. The cell membranes have high levels of unsaturated fatty 

acids and remain semifluid when cold. At higher than 20°C, the 

psychrophiles begin to leak cellular constituents because of cell 

membrane disruption. Microorganisms such as Pseudomonas, Vibrio, 

Bacillus, Arthrobacter belong to this group. 

7) Facultative Psychrophiles (Psychrotrophs): In this group many species 

can grow at 0 oC to 7°C, optimum between 20°C and 30°C. The spoilage 

of refrigerated foods is mainly caused by microorganisms belonging to 

this group. 

8) Mesophiles: Growth optimum around 20°C to 40°C, minimum at 15°C 

to 20°C and maximum at 45°C or lower. Most of the organisms fall under 

or within this category including human pathogens. 

9) Thermophiles: The microorganisms in this group can grow at 

temperature of 55°C or higher, minimum is usually around 45°C and 

growth optima at around 55°C to 65°C. Mostly prokaryotes and a few 

algae and fungi belong to this group. The habitats in which they grow 

include, composts, self-heating haystacks, hot water lines and hot springs. 

Microorganisms have more heat-stable enzymes and proteins synthesis 

systems, which function at high temperature. Heat stable proteins have 

high organized, hydrophobic interiors, more hydrogen bonds and other 

non-covalent bonds strengthen the structure. Amino acids like proline 

make the polypeptide chain less flexible and chaperones also aid in 

folding of proteins to stabilize them. DNA also is stabilized by specific 

histone like proteins. The membrane lipids are also stable and tend to be 

more saturated, more branched and of higher molecular weight. 

10) Hyperthermophiles: Few microorganisms can grow at 96°C or 

above and have maximum at 100°C; and growth optima between 80°C 

and about 113°C. Pyrococcus is example of marine hyperthermophiles 

found in hot floors of the sea floor. 

 

5) Oxygen Concentration 
An aerobe is an organism able to grow in the presence of atmospheric O2 and 

the ones that grow in its absence is an anaerobe. Organisms which completely 

are dependent on atmospheric O2 for growth are Obligate aerobes, and it 

serves as the terminal electron acceptor for the electron transport chain in 

aerobic respiration and employs it in the synthesis of sterols and unsaturated 

fatty acids: 

 



 

9 

 

Facultative anaerobes: organisms which do not require O2 for growth but do 

grow better in its presence are called. 

 

Aerotelerant anaerobes: such as Enterococcus faecalis simply ignore O2 and 

grow equally well whether it is present or not. 

 

Obligate anaerobes: like Bacteroides, Clostridium pasteurianum, 

Methanococcus, do not tolerate O2 at all and die in its presence. 

 

Microaerophiles: are those organisms that are damaged by the normal 

atmospheric levels of O2 (20%) and require O2 levels between the range of 2% 

to 16% for growth. 

 

6) Pressure 
Most organisms on land or on the surface of water is always subjected to a 

pressure of 1 atm. The hydrostatic pressure can reach 600 to 1100 atm in the 

deep sea. Despite these extremes, bacteria survive and adapt. 

 

7) Radiation 
As the wavelength of electromagnetic radiation decreases, the energy of the 

radiation increases, gamma rays and X rays are much more energetic than 

visible light or infrared waves (see Figure 4). Sunlight is the major source of 

radiation on the earth. It includes visible light, ultraviolet radiation, infrared 

rays and radio waves. Most life is dependent on the ability of photosynthetic 

organisms to trap the light energy of the sun as visible light. Many forms of 

electromagnetic radiation are very harmful to microorganisms. Ionizing 

radiation, radiation of very short wavelength or high energy can cause atoms to 

lose electrons or ionize. The two major forms of ionizing radiation, X rays 

which are artificially produced and gamma rays which are emitted during 

radioisotope decay. 

 

Low levels of ionizing radiation will produce mutations, higher levels are 

directly lethal. Some prokaryotes like Deinococcus radiodurans and bacterial 

endospores are resistant and can cause a variety of changes in cells like; it 

breaks hydrogen bonds, oxidises double bonds, destroys ring structures and 

polymerizes some molecules. 
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Destruction of DNA is the most important cause of death of microorganisms. 

Ultraviolet radiation kills all kinds of microorganisms due to its short 

wavelength (approximately 10 to 400 nm) and high energy.  

 

The most lethal UV radiation has a wavelength of 260 nm, the wavelength 

most effectively absorbed by DNA. Formation of thymine dimmers in DNA is 

the primary mechanism of UV damage; these dimmers inhibit DNA replication 

and function. 

 

 

 

 

Figure 4. 

Electromagnetic spectrum. 
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(A) Batch Culture (growth in pure culture in a flask) 
Typically, to understand and define the growth of a particular microbial isolate, 

cells are placed in a liquid medium in which the nutrients and environmental 

conditions are controlled. If the medium supplies all nutrients required for 

growth and environmental parameters are optimal, the increase in numbers or 

bacterial mass can be measured as a function of time to obtain a growth curve. 

Several distinct growth phases can be observed within a growth curve (see 

Figure 5). These include the lag phase, acceleration, the exponential or log 

phase, the stationary phase, and the death phase. Each of these phases 

represents a distinct period of growth that is associated with typical 

physiological changes in the cell culture.  

 

1. The Lag Phase 
The first phase observed under batch conditions is the lag phase in which the 

growth rate is essentially zero. When an inoculum is placed into fresh medium, 

growth begins after a period of time called the lag phase. The lag phase is 

defined to transition to the exponential phase after the initial population 

has doubled. The lag phase is thought to be due to the physiological adaptation 

of the cell to the culture conditions. This may involve a time requirement for 

induction of specific messenger RNA (mRNA) and protein synthesis to meet 

new culture requirements. The lag phase may also be due to low initial 

densities of organisms that result in dilution of exoenzymes (enzymes released 

from the cell) and of nutrients that leak from growing cells. Normally, such 

materials are shared by cells in close proximity. But when cell density is low, 

these materials are diluted and not as easily taken up. As a result, initiation of 

cell growth and division and the transition to exponential phase may be slowed. 

 

The lag phase usually lasts from minutes to several hours. The length of the 

lag phase can be controlled to some extent because it is dependent on the type 

of medium as well as on the initial inoculum size: 

 

For example: 

 If an inoculum is taken from an exponential phase culture in trypticase 

soy broth (TSB) and is placed into fresh TSB medium at a concentration 

of 106 cells/ml under the same growth conditions (temperature, shaking 

speed), there will be no noticeable lag phase. 

 If the inoculum is taken from a stationary phase culture, however, there 

will be a lag phase as the stationary phase cells adjust to the new 
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conditions and shift physiologically from stationary phase cells to 

exponential phase cells. 

 Similarly, if the inoculum is placed into a medium other than TSB, for 

example, a mineral salts medium with glucose as the sole carbon source, 

a lag phase will be observed while the cells reorganize and shift 

physiologically to synthesize the appropriate enzymes for glucose 

catabolism. 

 Finally, if the inoculum size is small, for example, 104 cells/ml, and one 

is measuring activity, such as disappearance of substrate, a lag phase will 

be observed until the population reaches approximately 106 cells/ml. 

 

Example 
This is illustrated in Figure 6, which compares the degradation of 

phenanthrene in cultures inoculated with 107 and with 104 CFU/ml. 

Although the degradation rate achieved is similar in both cases (compare 

the slope of each curve), the lag phase was 1.5 days when a low inoculum 

size was used (104 CFU/ml) in contrast to only 0.5 day when the higher 

inoculum was used (107 CFU/ml). 

Figure 5. Growth of a microorganism in a batch culture. Compare the difference in the 

shape of the curves in the death phase (colony-forming units versus optical density). 
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2. The Exponential Phase  
The second phase of growth observed in a batch system is the exponential 

phase. Once the cells have adapted to their new environment they enter the 

acceleration phase. Cell division occurs with increasing frequency until the 

maximum growth rate (µmax) for the specific conditions of the batch 

fermentation is reached. The exponential phase is characterized by a period of 

the exponential growth, the most rapid growth possible under the conditions 

present in the batch system. During exponential growth the rate of increase 

of cells in the culture is proportional to the number of cells present at any 

particular time. During exponential growth the number of cells increases in 

the geometric progression 20, 21, 22, 23 until, after n divisions, the number 

of cells is 2n (see Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Effect of inoculum size on the lag phase during degradation of a 

polyaromatic hydrocarbon, phenanthrene. Because phenanthrene is only 

slightly soluble in water and is therefore not readily available for cell uptake 

and degradation, a solubilizing agent called cyclodextrin was added to the 

system. The microbes in this study were not able to utilize cyclodextrin as a 

source of carbon or energy. 
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Figure 7. Exponential cell division. Each cell division results in a doubling of 

the cell number. At low cell numbers the increase is not very large; however, 

after a few generations, cell numbers increase explosively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Example: Calculation of generation time 

Problem: If one starts with 10.000 (104 ) cells in a culture that has a generation time of 

2h, how many cells will be in the culture after 4, 24 and 48h? 

 

Use the equation X= 2nX0 

 

Where: X0= the initial number of cells. 

n= the number of generations. 

X= the number of cells after n generations. 

 

After 4h, n= 4h/2h per generation= 2 generations: 

X= 22 (104) = 4.0 x 104 cells 

 

After 24h, n= 24h/2h per generation= 12 generations: 

X= 212 (104) = 4.1 x 107 cells 

 

After 48h, n= 48h/2h per generation= 24 generations: 

X= 224 (104) = 1.7 x 1011 cells 
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As can be seen from the example above, if one starts with a low number of 

cells exponential growth does not initially produce large numbers of new cells. 

However, as cells accumulate after several generations, the number of new 

cells with each division begins to increase explosively. 

 

In the example just given, X0 was used to represent cell number. However, X0 

can also be used to represent cell mass, which is often more convenient to 

measure than cell number. Whether one expresses X0 in terms of cell number 

or in terms of cell mass, one can mathematically describe cell growth during 

the exponential phase using the following equation: 

 

dX 
= µX 

dt 

where X is the number or mass of cells (mass/volume), t is time, and µ is the 

specific growth rate constant (1/time). 

The time it takes for a cell division to occur is called the generation time or 

the doubling time. The equation mentioned above can be used to calculate 

the generation time as well as the specific growth rate using data generated 

from a growth curve such as that shown in Figure 1. 

 

3. The Stationary Phase 
The third phase of growth is the stationary phase. The stationary phase in a 

batch culture can be defined as a state of no net growth, which can be 

expressed by the following equation: 

 

dX 
= 0 

dt 

Although there is no net growth in stationary phase, cells still grow and divide. 

Growth is simply balanced by an equal number of cells dying. 

There are several reasons why a batch culture may reach stationary 

phase: 

 

One common reason is that the carbon and energy source or an essential 

nutrient becomes completely used up. When a carbon source is used up it does 

not necessarily mean that all growth stops. This is because dying cells can 

lyse and provide a source of nutrients. Growth on dead cells is called 

Endogenous metabolism. Endogenous metabolism occurs throughout the 

growth cycle, but it can be best observed during stationary phase when 

growth is measured in terms of oxygen uptake or evolution of carbon dioxide. 
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The small amount of growth occurs after the substrate has been utilized and 

reflects the use of dead cells as a source of carbon and energy. 

 

A second reason that stationary phase may be observed is that waste products 

build up to a point where they begin to inhibit cell growth or are toxic to cells. 

This generally occurs only in cultures with high cell density. Regardless of the 

reason why cells enter stationary phase, growth in the stationary phase is 

unbalanced because it is easier for the cells to synthesize some components 

than others. As some components become more and more limiting, cells will 

still keep growing and dividing as long as possible. 

 

4. The Death Phase 
The final phase of the growth curve is the death phase, which is characterized 

by a net loss of culturable cells. Even in the death phase there may be 

individual cells that are metabolizing and dividing, but more viable cells are 

lost than are gained so there is a net loss of viable cells. The death phase is 

often exponential, although the rate of cell death is usually slower than the rate 

of growth during the exponential phase. The death phase can be described by 

the following equation: 

dX 
= -kdX 

dt 

where kd = specific death rate. 

It should be noted that the way in which cell growth is measured can influence 

the shape of the growth curve. For example, if growth is measured by optical 

density instead of by plate counts (compare the two curves in Figure 8), the 

onset of the death phase is not readily apparent. 

 
Figure 8. A typical growth curve for a bacterial population. Compare the 

difference in the shape of the curves in the death phase (colony-forming units 

versus optical density). 
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(B) Continuous Culture 
In batch cultures, nutrients are not renewed and so growth remains exponential 

for only a few generations. Continuous culture is a system that is designed for 

long-term operation. This is known as steady state or balanced growth. 

Continuous culture can be operated over the long term because it is an open 

system with a continuous feed of influent solution that contains nutrients and 

substrate, as well as a continuous drain of effluent solution that contains cells, 

metabolites, waste products, and any unused nutrients and substrate (see Figure 

9). 

Balanced growth is maintained by supplying medium continuously. Medium is 

designed in such a way that growth is restricted by substrate and not by toxin 

accumulation. Thus exponential growth will continue by addition of new 

fresh medium.  

 

If the medium is added constantly at particular rate to the fermenter, formation 

of new cells in the medium is balanced by the removal of cells from the 

fermenter. Thus rate at which new medium is added to the fermenter in context 

to the quantity of media is termed as dilution rate (D): 

 

D, defined as:  

D= 
medium flow rate 

=  
F 

culture volume V 

 

Where: F is the flow rate (mL/h)  

 V is the volume (mL)  

Thus D will be expressed in (h)  

 

The net change in the cell concentration over a time period many be expressed 

as:  

dX 
= growth – output 

dt 

 

Under steady state conditions the cell concentration remains constant, thus: 

dX 
= 0 

dt 

and μx = Dx ; Therefore μ = D   

 

Thus growth rate (μ) is controlled by the dilution rate of the medium (D). 

dX 
= μx–Dx 

dt 
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Continuous culture environments are common in nature. For example, the 

human gastrointestinal tract supports a population of well-fed normal microbial 

flora by continuous addition of food by the individual. These organisms are in 

a constant state of reproduction, since fresh nutrients are supplied and 

gastrointestinal contents are flushed out of the body with the feces. 

 

 

Continuous culture is obtained by using two different 

types of devices: 
 

A) Chemostat 
Chemostat consists of a fresh water and nutrient reservoir connected to a 

growth chamber (or reactor), with microorganism. The mixture of fresh water 

and nutrient is pumped continuously from the reservoir to the reactor chamber, 

providing feed to the microorganism, and the mixture of culture and fluid in the 

growth chamber is continuously pumped out and collected (Figure 9). 

 

The culture will reach a constant volume and density when equilibrium 

between inflow of fresh medium and outflow of medium is reached. All the 

constituents of the medium, except one, are in excess in chemostat. The 

deficient nutrient will support the growth of only limited number of cells. Thus 

the density of culture in chemostat is controlled by nutrient limitation (e.g. 

carbon source, nitrogen source, magnesium source). By controlling the rate at 

which nutrients are added to the chemostat, the rate of growth of cells is also 

controlled. The rate of addition of nutrient addition is referred to as 

dilution rate (D).  
 

Some applications of chemostat include: 

1. Chemostat can also produce microbial products more efficiently than 

batch fermentations. This is because a Chemostat can essentially hold a 

culture in the exponential phase of growth for extended periods of time. 

2. Pharmaceutical, for example in analyzing how bacteria respond to 

different antibiotics, or in production of insulin by the bacteria for 

diabetics. 

3. Food industry, for production of fermented food such as cheese. 
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Figure 9. Diagram of a chemostat. The chemostat comprises a media reservoir, 

pump, a chemostat vessel, an effluent tube and a collecting receptacle. 

 

B) Turbidostat 
Continuous culture can also be maintained by another device known as 

turbidostat. The cell density is maintained stable by calculating the medium 

flow such that the culture turbidity is maintained within certain, specific limits. 

The cell density in turbidostat is measured by photo electric device, which 

sends signal to the turbidostat to increase or decrease the flow rate of the 

medium to the fermenter vessel. The pump attached to the fermenter for 

controlling the flow rate will turn on or off depending on the increase or 

decrease in the level of biomass beyond set point (see Figure 10). 
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Figure 10. Diagram of a turbidostat. Photocells measure the light transmitted 

through the turbid culture; when turbidity reaches a certain level, a medium 

pump is switched on to return the turbidity to the required level. 

 

Microbial Growth in the Environment 
How is growth in the natural environment related to growth in a flask or in 

continuous culture? There have been several attempts to classify bacteria in 

soil systems on the basis of their growth characteristics and affinity for 

carbon substrates. The first was by Sergei Winogradsky (1856-1953), the 

“father of soil microbiology,” who introduced the ecological classification 

system of Autochthonous organisms versus Zymogenous organisms. 

 

 Autochthonous: or indigenous populations are more uniform and 

constant in soil, since their nutrition is derived from native soil organic or 

mineral matter.  

 Zymogenous: bacteria require an external substrate, and their activity in 

soils is variable. They often produce resting propagules (Pseudomonas 

and Bacillus). When specific substrates are added to the soil, the number 

of zymogenous bacteria increases and gradually declines when the added 

substrate is exhausted (cellulose decomposers, nitrogen-utilizing bacteria, 

Nitrobacter). 

 Allochthonous: organisms that are introduced into soil and usually 

survive for only short periods of time. 
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Current terminology distinguishes soil microbes as either: 

 Oligotrophs, those that prefer low substrate concentrations, or 

 Copiotrophs, those that prefer high substrate concentrations. 

 

When considering oligotrophic microbes in the environment, it is unlikely that 

they exhibit the stages of growth observed in batch flask and continuous 

culture. These microbes metabolize slowly and as a result have long 

generation times, and they often use energy obtained from metabolism simply 

for cell maintenance. 

 

On the other hand, copiotrophic organisms may exhibit high rates of 

metabolism and perhaps exponential growth for short periods, or may be found 

in a dormant state. 

 

1) The Lag Phase 
The lag phase observed in a natural environment can be much longer than the 

lag phase normally observed in a batch culture. In some cases, this longer 

lag phase may be caused by very small initial populations that are capable of 

utilizing the added contaminant. In this case neither a significant disappearance 

of the contaminant nor a significant increase in cell numbers will be observed 

for several generations. 

 

Alternatively, degrading populations may be dormant or injured and require 

time to recover physiologically and resume metabolic activities. Further, 

complicating growth in the environment is the fact that generation times are 

usually much longer than those measured under ideal laboratory conditions. 

This is due to a combination of limited nutrient availability and 

suboptimal environmental conditions such as temperature or moisture 

that cause stress. Thus, it is usual to observe lag periods of months or even 

years after an initial application of a new pesticide. The lag phase is frequently 

observed between the time a chemical enters an environment and the time 

microbial degradation has been termed acclimation or adaptation time. It 

reflects the time necessary to accumulate a sufficiently high number of 

degrader microorganisms capable of utilizing a specific chemical (e.g. a 

pesticide) as a nutrient or energy source 

 

A second explanation for long lag periods in environmental samples is that the 

capacity for degradation of an added carbon source may not initially be present 

within existing populations. This situation may require a mutation or a gene 



 

22 

 

transfer event to introduce appropriate degradative genes into a suitable 

population. 

 

Example 
One of the first documented cases of gene transfer in soil was the transfer 

of the plasmid pJP4 from an introduced organism to the indigenous soil 

population. The plasmid transfer resulted in rapid and complete 

degradation of the herbicide 2,4-D within the microcosm. 

 

2) The Exponential Phase 
In the environment the second phase of growth, exponential growth, occurs for 

only very brief periods following addition of a substrate. Such substrate 

might be crop residues, vegetative litter, root residues, or contaminants 

added to or spilled into the environment. Many of the copiotrophic cells are 

initially dormant, that respond most quickly to added nutrients. Upon substrate 

addition, these dormant cells become physiologically active and briefly enter 

the exponential phase until the substrate is utilized or until some limiting factor 

causes a decline in substrate degradation. 

 

As shown in Table 1, culturable cell counts increase one to two orders of 

magnitude in response to the addition of 1% glucose. In this experiment, for 

example, four different soils were left untreated or were amended with 1% 

glucose and incubated at room temperature for one week. Because nutrient 

levels and other factors (e.g. temperature or moisture) are seldom ideal, it is 

rare for cells in the environment to achieve a growth rate equal to µmax. Thus, 

rates of degradation in the environment are slower than degradation rates 

measured under laboratory conditions. This is illustrated in Table 2, which 

compares the degradation rates for wheat and rye straw in a laboratory 

environment with degradation rates in natural environments. 

 

This understanding is crucial when attempting to predict 

degradation rates for contaminants in an environment. 
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Table 1. Culturable counts in unamended and glucose-amended soils. 

 

 

 

 

 

 

 

 

 

 

 

 

3) The Stationary and Death Phases 
In the environment, the stationary phase is most likely of short duration if it 

exists at all. Recall that most cells never achieve an exponential phase 

because of nutrient limitations and environmental stress. Rather they are in 

dormancy or in a maintenance state. Cells that do undergo growth in response 

to a nutrient amendment will quickly utilize the added food source. However, 

even with an added food source, cultural counts rarely exceed 108 to 109 CFU/g 

soil except perhaps on some root surfaces. At this point, cells will either die or, 

in order to prolong survival, enter a dormant phase again until new nutrients 

become available. Thus, the stationary phase is likely to be very short if indeed 

it does occur. 

 

In contrast, the death phase can certainly be observed, at least in terms of 

culturable counts. Once added nutrients are consumed, both living and dead 

cells become prey for protozoa that act as microbial predators. 
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Glossary 

A copiotroph is an organism found in environments rich in nutrients, 

particularly carbon. 

Acidophil An organism that grows only under acidic conditions. 

Activation energy is the minimum amount of energy required to initiate 

a reaction. 

Allochthonous An organism or substance foreign to a given environment. 

An oligotroph is an organism that can live in an environment that offers very 

low levels of nutrients.  

Anabolism A biosynthetic process by which simple substances are converted 

into more complex compounds. 

Autotrophic Cells Cells that use inorganic material as a source of nutrient and 

CO2 as the sole source of carbon. 

Auxotroph Mutant microorganism that requires a growth factor not required 

by the original strain from which it was derived. 

Barotolerant Organisms that can grow under the condition of high hydrostatic 

pressure. 

Catabolism Metabolic breakdown or degradation of a complex molecule into 

simple products. 

Chaperone Proteins that help other proteins to avoid misfolding pathways that 

may lead to the production of an inactive protein or protein aggretate. 

Chemoautotroph An organism that uses carbon dioxide as a carbon source 

and obtains energy for growth by oxidizing inorganic substances (e.g., sulfur, 

hydrogen, and nitrite). 

Chemoheterotroph An organism that obtains energy from oxidation of 

organic compounds and carbon from preformed organic compounds. 

Chemostat An apparatus used to maintain bacterial cultures in the log phase of 

growth by the continuous supply of fresh medium. 
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Dormancy When spore-forming bacteria, such as Bacillus or Clostridium, 

enter a state of starvation, they transform into a state of dormancy in order to 

survive. 

Endogenous Originating from within. 

Generation Time The length of the cell cycle or time period needed for a cell 

population to double its numbers.  

Heterotroph An organism that cannot use inorganic CO2 for synthesis of 

organic compounds; it requires preformed organic molecules as a source of 

carbon and energy. 

Housekeeping Genes Genes that provide general functions for the cell, e.g., 

genes encoding the enzymes for glycolysis and the citric acid cycle. 

Hyperosmotic Solution A solution with a greater osmotic pressure than the 

physiological level. 

Hypoosmotic A solution with a lesser osmotic pressure than the physiological 

level. 

Isotonic Solution A solution that has the same osmotic pressure to the one 

under comparison. 

Mesophiles Organisms whose optimum growth temperature ranges from 20 to 

45°C. 

Metabolism The overall enzymatic reactions that take place in an organism 

that include anabolic reactions (e.g., building of complex molecules) and 

catabolic reactions (e.g., breakdown of molecules to provide energy). 

Metabolites The products or intemediates from any metabolic pathway. 

Microcosms Microcosms are artificial, simplified ecosystems that are used to 

simulate and predict the behaviour of natural ecosystems under controlled 

conditions.  

Osmotic Pressure Pressure that must be exerted on the high solute 

concentration side of the semipermeable membrane to prevent flow of water 

across the membrane due to osmosis. 

Osmotic Shock Lysis of cells in a hypotonic medium caused by the movement 

of water into the cells leading to the rupture or lysis of the cells. 
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Osmotolerant Organisms that can withstand high osmotic pressures or grow 

in solutions of high solute concentrations. 

Oxidation Removal of hydrogens or electrons from a compound or an element. 

Phenanthrene is a polycyclic aromatic hydrocarbon composed of three fused 

benzene rings. 

Photoheterotroph An organism that is capable of utilizing energy from light 

but must obtain its carbon source from organic compounds. 

Photolithotrophs Phototrophic organisms that use inorganic substances as 

electron donors in photosynthesis. 

Plasmid pJP4 This plasmid encodes resistance to mercuric ions and phenyl 

mercury acetate and partial catabolism of 2,4-dichlorophenoxyacetic acid (2,4-

D), 2-methyl-4-chlorophenoxyacetic acid, and 3-chlorobenzoate. Genes carried 

on plasmid pJP4 are responsible for transformation of 2,4-D to 2-

chloromaleylacetate.    

Prototroph A nutritional wild-type; an organism that uses simple carbon 

sources (e.g., glucose) and requires no specific growth substance for 

metabolism and reproduction. An organism that requires growth nutrients not 

required by the prototroph is said to be a nutritional mutant or auxotroph. 

Psychro- A prefix meaning cold. 

Psychroduric Microorganisms capable of surviving but not growing at low 

temperatures. 

Psychrophile An organism that has an optimum growth temperature below 

20°C that is associated with spoilage of refrigerated food. 

Ralstonia eutropha is a facultatively chemolithoautotrophic bacterium able to 

grow with organic substrates or H2 and CO2 under aerobic conditions. 

Ralstonia eutropha JMP134 (pJP4) is a useful model for the study of bacterial 

degradation of substituted aromatic pollutants. 

Thermoacidophiles Microorganisms capable of growing in hot, acidic 

environment. 
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Lecture 3 
  

Recombinant DNA Technology (rDNA) 

Engineering Metabolic (ME) Pathways 

Role of rDNA techniques in control of environmental pollution 

Concept of Gene Probes 
 

Genetics and biotechnology 
In essence, all properties of organisms depend on the sum of their genes. There 

are two broad categories of genes: Structural genes and Regulatory genes. 

 

Structural genes: encode for amino acid sequences of proteins, which, as 

enzymes, determine the biochemical capabilities of the organism by 

catalysing particular synthetic or catabolic reactions or, alternatively, play 

more static roles as components of cellular structures. 

 

Regulatory genes: control the expression of the structural genes by 

determining the rate of production of their protein products in response to intra- 

or extracellular signals. 

 

Gene technology is an important part of modern biotechnology and is used, 

among other things, to give bacteria, plants and animals new properties. This is 

possible by inserting a gene from, for example, a bacterium, into a plant or 

animal (transgenes). 

 

Classical genetics was, until recently, the only way in which heredity could be 

studied and manipulated. However, in recent years, new techniques have 

permitted unprecedented alterations in the genetic make-up of organisms even 

allowing exchange in the laboratory of DNA between unlike organisms. The 

manipulation of the genetic material in organisms can now be achieved in three 

clearly definable ways: organismal, cellular and molecular. 

 

1) Organismal manipulation 

Genetic manipulation of whole organisms has been happening naturally by 

sexual reproduction since the beginning of time. The evolutionary progress of 

almost all living creatures has involved active interaction between their 

genomes and the environment. Active control of sexual reproduction has been 

practised in agriculture for decades – even centuries. In more recent times it 
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has been used with several industrial microorganisms, e.g. brewing yeasts. It 

involves selection, mutation, sexual crosses, hybridisation, etc. In the 

biotechnological industries there have been greatly improved productivities, 

e.g. antibiotics and enzymes. 
 

2) Cellular manipulation 
Cellular manipulations of DNA have been used for over two decades, and 

involve either cell fusion or the culture of cells and the regeneration of whole 

plants from these cells. This is a semi-random or directed process in contrast to 

organismal manipulations, and the changes can be more readily identified. 

Successful biotechnological examples of these methods include the cloning of 

many important plant species. 

 

3) Molecular manipulation 

Molecular manipulations of DNA and RNA first occurred over two decades 

ago and heralded a new era of genetic manipulations enabling, for the first time 

in biological history, a directed control of the changes. This is the much 

publicised area of genetic engineering or recombinant DNA technology 

(rDNA), which is now bringing dramatic changes to biotechnology. In these 

techniques the experimenter is able to know much more about the genetic 

changes being made. It is now possible to add or delete parts of the DNA 

molecule with a high degree of precision, and the products can be easily 

identified. 
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Genetic Exchange in the Environment 
In nature, changes in the DNA of an organism can occur in two ways: 

 

1) By mutation, which is a chemical deletion or addition of one or more of 

the chemical parts of the DNA molecule. 

2) By the interchange of genetic information or DNA between like 

organisms normally by sexual reproduction, and by horizontal transfer in 

bacteria. 

 

Genetic information can be transferred in the environment between closely 

associated populations by the processes of: 

 

Phage-mediated Transduction 

The survival of infectious phage particles usually decreases in the presence of a 

natural microbial population. Cells which contain one or more prophages can 

be a rich source of trandsducing phage to the surrounding population if the 

infected hosts are made to lyze by environmental or community conditions. 

 

Transformation of Naked DNA 

The ability to transform DNA although not universal, is widely distributed 

amongst bacteria. The process involves first recognition and then binding of 

DNA to the cell surface of the recipient cell; the active transport of DNA 

through the cell membrane and the integration of DNA into the host replicon. 

Extracellular DNA obviously has to be present in the environment for this 

process to be of any significance. Naked DNA can persist in the environment if 

protected by soils, sediments or humic material. Particulate DNA, while more 

resistant than soluble DNA transforms less efficiently. 

 

Plasmid Assisted Conjugation 

Plasmids are circular strands of DNA that replicate as separate entities 

independent of the host chromosome. Plasmids can range in size from those 

that carry only a couple of genes, to ones carrying much greater numbers. 

Small plasmids may be present as multiple copies (as many as 40 per 

organism). Exchange of genetic information via plasmids is achieved by the 

process of conjugation. So-called "promiscuous " or "epidemic" plasmids have 

a broad host range and can transfer DNA between a wide number of 

individuals and hosts. Genes which code for the metabolism of 

environmental pollutants such as polychlorinated biphenyls (PCBs) and 
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other xenobiotic compounds are frequently, although not always, located on 

plasmids. 

A high density of plasmid-carrying bacteria together with a low density of 

competing natural microflora encourages genetic transfer in situ when cell to 

cell contact occurs. The transfer of such genetic material depends, like the 

growth of the organisms involved, on environmental factors. Genetic transfer is 

encouraged by the location of the organisms involved on a surface such as the 

sediment water interface, or the rhizoplane. The efficiency of transfer decreases 

as the distance from the rhizoplane increases. 

 

Gene manipulation is a core technology used for a wide variety of academic 

and industrial applications. In addition to representing an extremely powerful 

analytical tool, it can be used to: 

1) Increase the yield and quality of existing products (e.g. proteins, 

metabolites or even whole cells). 

2) Improve the characteristics of existing products (e.g. via protein 

engineering). 

3) Produce existing products by new routes (e.g. pathway engineering) 

4) Develop novel products not previously found in nature (e.g. directed or 

hybrid biosynthesis).  

 

Genetic Engineering/Recombinant DNA technology-rDNA 
 

Genetic engineering is a broad term referring to manipulation of an 

organisms’ nucleic acid. Organisms whose genes have been artificially altered 

for a desired affect is often called genetically modified organism (GMO). 

 

Recombinant DNA technology (rDNA) is technology that is used to cut a 

known DNA sequence from one organism and introduce it into another 

organism thereby altering the genotype (hence the phenotype) of the recipient 

(see Figure 1). The process of introducing the foreign gene into another 

organism (or vector) is also called cloning. Sometimes these two terms are 

used synonymously. The  major  steps  involved  in  rDNA  production  are  

shown  in  Figure  1. 
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Figure 1. Construction and cloning of recombinant DNA molecules. 

 

Basically, these techniques are used to achieve the following: 

 

 Study the arrangement, expression and regulation of genes. 

 Modification of genes to obtain a changed protein product. 

 Modification of gene expression either to enhance or suppress a particular 

product. 

 Making multiple copies of a nucleic acid segment artificially. 

 Introduction of genes from organism to another, thus creating a 

transgenic organism. 

 Creation of organism with desirable or altered characteristics.  

 

The ability to manipulate and analyse DNA using genetic engineering 

techniques (recombinant DNA technology-rDNA) was foreseen in the 

mid1960s and came to fruition in the early 1970s. The technology, which is 

still developing rapidly, evolved from a series of basic studies in the 

interrelated disciplines of biochemistry and microbial genetics. 

 

Key among these was the elucidation of the molecular basis of bacterial 

restriction and modification systems by Werner Arber that subsequently 
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provided enzymes for cutting DNA at precise locations (target sites). These 

restriction endonucleases (restriction enzymes) were quickly exploited for the 

analysis and manipulation of DNA molecules from a variety of sources. From 

these relatively modest beginnings, techniques for manipulating and analysing 

both types of nucleic acid (DNA and RNA) have become remarkably powerful 

and sensitive, aided by the development of key technologies such as DNA 

sequencing, oligonucleotide synthesis and the polymerase chain reaction 

(PCR). 

 

The advent of recombinant DNA technologies led to the realization that DNA 

could be analysed to a resolution that was unimaginable only a few years 

before and consequently the genomes of almost any organism, prokaryote, 

archaea or eukaryote, could be manipulated to direct the synthesis of biological 

products that were normally only produced by their native hosts. The 

technology has been applied to a wide range of industries particularly the 

pharmaceutical industry, where the main aims have been to produce natural 

compounds with proven or suspected therapeutic value and totally new 

products not found in Nature. 

 

Essentials of Molecular Cloning 
In molecular cloning a fragment of DNA is isolated and replicated. The basic 

strategy of molecular cloning is to isolate the desired gene (or other segment of 

DNA) from its original location and move it to a small, simple, and 

manipulable genetic element, such as a plasmid or virus, which is called a 

vector (Figure 2). Molecular cloning results in recombinant DNA, a DNA 

molecule that contains DNA from two or more sources. When the recombinant 

vector replicates, the cloned DNA that it contains is also replicated. Once 

cloned, the gene of interest can be manipulated in various ways and may 

eventually be inserted back into a living cell. This approach provides the 

foundation for much of genetic engineering and has greatly helped the detailed 

analysis of genomes. 
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Figure 2. Major steps in gene cloning. The vector can be a plasmid or a viral 

genome. By cutting the foreign DNA and the vector DNA with the same 

restriction enzyme, complementary sticky ends are generated that allow foreign 

DNA to be inserted into the vector. 
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Steps in Gene Cloning: A Summary 
 

The following list outlines the sequence of events in gene cloning: 

 

1. Isolation and fragmentation of the source DNA 
The source DNA can be total genomic DNA from an organism of interest, 

DNA synthesized from an RNA template by reverse transcriptase, a gene or 

genes amplified by the polymerase chain reaction (PCR), or even completely 

synthetic DNA made in vitro. If genomic DNA is the source, it is first cut with 

restriction enzymes to give a mixture of fragments of manageable size (Figure 

3). 

 

2. Inserting the DNA fragment into a cloning vector 
Cloning vectors are small, independently replicating genetic elements used to 

carry and replicate cloned DNA segments. Most vectors are plasmids or 

viruses. Cloning vectors are typically designed to allow insertion of foreign 

DNA at a restriction site that cuts the vector without affecting its replication 

(Figure 3). If the source DNA and the vector are both cut with the same 

restriction enzyme that yields sticky ends, joining the two molecules is greatly 

assisted by annealing of the complementary ends. Blunt ends generated by 

some restriction enzymes can be joined by direct ligation or by using synthetic 

DNA linkers or adapters. In either case, the strands are joined by DNA ligase, 

an enzyme that covalently links both strands of the vector and the inserted 

DNA (Figure 4). 
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Figure 3. Restriction endonuclease cleavage of molecules of DNA at specific 

target sites to generate 3׳-OH or 5׳-P overhangs (overlaps), or blunt ends. 
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Figure 4. Ligation of DNA fragments by DNA ligase in an energy required 

reaction. 

(A) The success of the sealing of blunt or sticky ended DNA termini by T4 

DNA ligase. 

(B) The success of the sealing of DNA termini by bacterial DNA ligase and the 

failure of sealing of blunt ended DNA termini by the same enzyme. 

 

 

3. Introduction of the cloned DNA into a host organism 
Recombinant DNA molecules made in vitro are introduced into suitable host 

organisms where they can replicate. Transformation is often used to get 

recombinant DNA into cells. In practice this often yields a mixture of 

recombinant constructs. Some cells contain the desired cloned gene, whereas 

other cells may contain other cloned genes from the same source DNA. Such 

a mixture is known as a genomic library because many different clones can be 

purified from the mixture, each containing different cloned DNA segments 

from the source organism. 
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Transformation: 
In prokaryotes, such as bacteria, after isolating the desired DNA fragment, its 

ligation into the vector by suitable restriction enzyme and its forming the 

recombinant transfer molecule, this molecule is introduced into a suitable host 

usually by transformation. The actively growing cells for the bacteria of 

interest, such as E. coli, in diluted solution of calcium chloride (CaCl2) in an 

ice surrounded medium, which relatively increases the ability of bacterial cells 

to uptake foreign DNA (Figure 5). The exposure to CaCl2 is usually for 30 

min. the incubation of this medium for a short period allow cells to uptake the 

foreign DNA and to form the transformants. 

 

 
Figure 5. The chemical transformation of bacterial cells. The treatment of cells 

with calcium ions can make these cells competent to uptake DNA. The DNA 

may be adhere on the surface of the bacterial cell, and by a heat shock, the 

entry of foreign DNA is taken place. 

 

 

Finding the Right Clone 
Genetic engineering often begins by cloning a gene of interest. But first it is 

necessary to identify the host colony containing the correct clone. One can 

isolate host cells containing a plasmid vector by selecting for a marker such as 

antibiotic resistance, so that only these cells form colonies. When using a 

viral vector, one simply looks for viral plaques. These colonies or plaques can 

be screened for recombinant vectors by looking for the inactivation of a 

vector gene due to insertion of foreign DNA. 

 

A genomic library may contain thousands or tens of thousands of clones, and 

often only one or a few may contain the genes of interest. Hence, identifying 

cells carrying cloned DNA is only the first step. The biggest challenge remains 

finding the clone carrying the gene of interest. One must examine colonies 
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of bacteria or plaques from viral-infected cells growing on agar plates and 

detect those few that contain the gene of interest. This can be done by DNA 

sequencing or by restriction digests performed on plasmids extracted from a 

large number of colonies.  

 

 

Detecting Proteins Expressed in the Cloning Host 
If the foreign gene is expressed in the cloning host, the encoded protein can be 

screened for. For this to work, the host itself must not produce the protein 

being studied. Selection of cells containing cloned genes is relatively simple 

provided that the encoded protein can be assayed conveniently. 

Antibodies can be used to detect a protein of interest (see Figure 6). Antibodies 

are proteins of the immune system that bind in a highly specific way to a target 

molecule, the antigen. In this case the protein encoded by the cloned gene is 

the antigen. Because the antibody combines specifically with the antigen, 

observing the binding of the antibody can identify colonies that contain the 

antigen. Because very little of the antigen is present in each colony, only a 

small amount of antibody is bound, and so a highly sensitive procedure for 

detecting bound antibody must be used, e.g. radioisotopes or enzymes are used 

(Figure 6). 
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Figure 6. Finding the right clone. 

 

(a) Method for detecting recombinant clones by colony hybridization with a 

radioactive nucleic acid probe. Formation of a DNA duplex binds the DNA 

probe to a particular spot on the membrane. 

 

(b) Method for detecting production of protein by using a specific antibody 

containing a radioactive or fluorescent label. 
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The Polymerase Chain Reaction (PCR) 
The polymerase chain reaction (PCR) is essentially DNA replication in vitro. 

The PCR can copy segments of DNA by up to a billion fold in the test tube, a 

process called amplification. This yields large amounts of specific genes or 

other DNA segments that may be used for a range of applications in molecular 

biology. 

 

PCR uses the enzyme DNA polymerase, which naturally copies DNA 

molecules. Artificially synthesized oligonucleotide primers are used to initiate 

DNA synthesis, but are made of DNA (rather than RNA like the primers used 

by cells). PCR does not actually copy whole DNA molecules but amplifies 

stretches of up to a few thousand base pairs (the target) from within a larger 

DNA molecule (the template). 

 

Components of Polymerase Chain Reactions (PCR) 
 DNA template (the sample DNA that contains the target sequence to 

amplify). 

 Deoxyribonucleoside triphosphates (dNTPs). 

 PCR buffer. 

 Primers (forward and reverse). 

 Taq polymerase. 

 

The steps in PCR amplification of DNA are as follows (see Figure 7): 

 

1) Denaturation (96°C): Heat the reaction strongly to separate, or denature, 

the DNA strands. This provides single-stranded template for the next 

step. 

2) Annealing (55- 65°C): Cool the reaction so the primers can bind to their 

complementary sequences on the single-stranded template DNA. 

3) Extension (72°C): Raise the reaction temperatures so Taq polymerase 

extends the primers, synthesizing new strands of DNA. 

 

PCR is a powerful tool and has revolutionized all of biology. It is easy to 

perform, extremely sensitive, specific, and highly efficient. During each round 

of amplification the amount of product doubles, leading to an exponential 

increase in the DNA. In practice, 20–30 cycles are usually run, yielding a 106-

fold to 109-fold increase in the target sequence. In just a few hours, a large 

amount of amplified DNA can be produced using a few molecules of initial 
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target DNA in an automated PCR machine called a thermocycler. Using 

specific primers of 15 or so nucleotides and high annealing temperatures, PCR 

is so specific that there is almost no “false priming” and therefore the amplified 

DNA is virtually homogeneous. 

 

Some applications of PCR 
 

 PCR is used routinely in comparative or phylogenetic studies to amplify 

genes from various sources. In these cases the primers are made 

commercially to regions of the gene that are conserved in sequence across 

a wide variety of organisms. 

 Because 16S rRNA, a molecule used for phylogenetic analyses, has both 

highly conserved and highly variable regions, primers specific for the 16S 

rRNA gene from various taxonomic groups can be synthesized and used 

to survey different habitats for specific groups of organisms. 

 Because it is so sensitive, PCR can be used to amplify very small 

quantities of DNA. For example, PCR has been used to amplify and clone 

DNA from sources as varied as mummified human remains and fossilized 

plants and animals. 

 The ability of PCR to amplify and analyze DNA from cell mixtures has 

also made it a common tool of diagnostic microbiology. 

 PCR has also been used in forensics to identify humans from very small 

samples of their DNA. 
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Figure 7. Steps of PCR, showing the cyclical nature of the annealing, synthesis 

and denaturation reactions which are carried out automatically in a dedicated 

thermocycler (PCR machine). 
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Lecture 4 

Engineering Metabolic (ME) Pathways 
 

Although proteins are large molecules, expressing large amounts of a single 

protein that is encoded by a single gene is relatively simple. By contrast, small 

metabolites are typically made in biochemical pathways employing several 

enzymes. In these cases, not only are multiple genes needed, but their 

expression must be regulated in a coordinated manner as well. 

 

Most efforts so far have modified and improved existing pathways rather than 

creating entirely new ones. Because genetic engineering of bacteria is simpler 

than that of higher organisms, most pathway engineering has been done with 

bacteria. Engineered microorganisms are used to make products, including 

alcohols, solvents, food additives, dyes, and antibiotics. They may also be 

used to degrade agricultural waste, pollutants, herbicides, and other toxic 

or undesirable materials. 

 

The Engineering Metabolic is now understood as a practice of optimizing 

genetic and regulatory processes within cells to: 

 

a) Improve the yield and productivity of native products synthesized by 

organisms. 

b) Extend the range of substrates or improve the uptake of substrate. 

c) Establish production of products that are new to the host cell. 

 

These goals can be achieved either by engineering of natural metabolic 

pathways present in the host cell or synthetic routes assembled from enzymes 

(genes) originating from different organisms.  

 

Engineering of Biodegradation Pathways  
 

Removal of environmental pollution caused by extensive activities of 

consumer society represents another serious topic that deserves attention of 

biological engineering. Recent pollution of soils, ground and surface waters 

constitutes a major threat to the public health, not just in developing, but also in 

industrial countries including EU states, China, and USA. In the Assessment of 

the European Environment Agency, published in 2007, the EU estimated that 

there are approximately 250,000 known contaminated sites in Europe that need 
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to be cleaned up. Potentially polluting activities occur in nearly 3,000,000 sites 

and the number of sites requiring remediation will increase by 50% by 2025. 

Beside the medical and environmental consequences, this situation signs 

considerable potential for growth of eco-industry focused on pollutant removal 

and clean-up technologies. 

  

Majority of the contaminants affecting the soil and water in Europe are organic 

compounds such as mineral oil hydrocarbons, polyaromatic hydrocarbons, 

benzene derivatives, and halogenated hydrocarbons (see Figure 8). Many of 

organic polluting compounds used in agriculture (e.g., pesticides 

dichlordifenyltrichlorethan, atrazine, pentachlorophenol), industry (e.g., 

solvents as dichloroethane or dielectric fluids as polychlorinated biphenyls) or 

military (e.g., explosives as trinitrotoluene) are of anthropogenic origin and are 

called xenobiotics.  

 

Although plants and, to a lesser extent, animals may cause a number of 

changes in structure of polluting chemicals, the major organisms causing the 

biological transformations in soils, waters, and other environments are the 

microorganisms carrying catabolic pathways. The biotransformations of 

organic pollutants catalyzed by microbial metabolism are usually much faster 

than an abiotic degradation and depending on microorganism can occur either 

in aerobic or anaerobic conditions. These factors are made microbes and 

especially bacteria favourable mean for bioremediation technologies, i.e., 

technologies focused on removal of pollutants from contaminated sites in the 

environment either by natural attenuation (little or no human action), 

biostimulation (addition of nutrients or electron donors/acceptors to promote 

the growth of certain microbe) or bioaugmentation (addition of natural or 

engineered microorganisms with the desired catalytic capabilities). 

 

The uprise of recombinant DNA technology and Engineering Metabolic in 

1990s allowed transformation of bioremediation from an empirical practice 

into an engineering science. The utlimate goal of the new field was to engineer 

whole microbes, their biodegradation pathways and corresponding enzymes 

toward directed in situ mineralization of desired pollutants. 

 

Such "superbugs" were expected to provide economically feasible and 

environmentally friendly alternative to costly conventional technologies for 

pollutants removal. Furthermore, engineered bacteria could help solving the 

problem of persistent organic pollutants (POPs) as dichlordifenyltrichlorethan 
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(DDT), polychlorinated biphenyls (PCBs) or dioxins that are resistant to 

natural biodegradation. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Environmental contaminants affecting soil and groundwater in 

Europe (in %). 
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rDNA techniques applied to control of 

environmental pollution 
 

Recombinant DNA micro-organisms have much to offer in efforts to minimise 

or overcome major problems of environmental pollution. Here organisms must 

be found or modified to meet demanding requirements of extreme 

environments, and they must survive and proliferate in competition with the 

existing flora, predators, and sometimes extreme or widely fluctuating 

chemical and physical conditions. 

Waste streams from agriculture, forestry, industry, and municipal activities 

generate tremendous burdens on our environment. Microorganisms, especially 

those indigenous to soils and landfills and agricultural and forestry waste sites, 

have remarkable degradative capabilities, though the level of these 

enzymatic activities is usually rather low. 

 

Biological systems have been employed successfully for many years in both 

industrial and domestic pollution control. These are essentially chemostatic 

systems containing mixed populations capable of a wide range of biochemical 

functions. They must accept and efficiently mineralise relatively dilute and 

time-variant waste streams. The most promising prospects in rDNA organisms 

relate directly to manufacturing process modifications with simpler, consistent, 

and concentrated waste streams at the point of generation. Biochemical 

capacities most useful are dehalogenation, deamination, denitration, and 

ring-cleavage. Even partial detoxification of hazardous compounds would be a 

useful step in overall disposal strategies. 

 

One of the most challenging environmental applications of rDNA organisms is 

in degradation of highly toxic wastes. A considerable degree of research using 

rDNA organisms in this area is now under way. 
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Lecture 5: Gene Probe 

 
A probe is a nucleic acid molecule (single-stranded DNA or RNA) with a 

strong affinity with a specific target (DNA or RNA sequence) (Figure 9). 

Probe and target base sequences must be complementary to each other, but 

depending on conditions, they do not necessarily have to be exactly 

complementary. The hybrid (probe–target combination) can be revealed 

when appropriate labeling and detection systems are used. Gene probes are 

used in various blotting and in situ techniques for the detection of nucleic acid 

sequences. In medicine, they can help in the identification of microorganisms 

and the diagnosis of infectious, inherited, and other diseases. 

 

Probe Design 
The probe design depends on whether a gene probe or an oligonucleotide probe 

is desired. 

 

1. Gene Probes 

Gene probes are generally longer than 500 bases and comprise all or most of a 

target gene. They can be generated in two ways: 

 

Cloned probes are normally used when a specific clone is available or when the 

DNA sequence is unknown and must be cloned first in order to be mapped and 

sequenced. It is usual to cut the gene with restriction enzymes and excise it 

from an agarose gel. 

 

Polymerase chain reaction (PCR) is a powerful procedure for making gene 

probes because it is possible to amplify and label, at the same time, long 

stretches of DNA using chromosomal or plasmid DNA as template and labeled 

nucleotides included in the extension step. Having the whole sequence of a 

gene, which can easily be obtained from databases (GenBank, EMBL, DDBJ), 

primers can be designed to amplify the whole gene or gene fragments. A 

considerable amount of time can be saved when the gene of interest is PCR 

amplified, for there is no need for restriction enzyme digestion, electrophoresis, 

and elution of DNA fragments from vectors. 
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Figure 9. A) Gene probe structure using DNA sequence, B)Gene probes can be 

used to detect a target DNA sequence in a mixture. 

 

 

2. Oligonucleotide Probes 

Oligonucleotide probes are generally targeted to specific sequences within 

genes. The most common oligonucleotide probes contain 18–30 bases.  

 

Gene probes generally provide greater specificity than oligonucleotides 

because of their longer sequence and because more detectable groups per probe 

molecule can be incorporated into them than into oligonucleotide probes.  

 

Applications 
Gene probes are one of the best ways to identify a particular DNA sequence in 

a complex mixture. But why would researchers want to know what genes 

are present? 

 

 Genes are the instructions for all living things; they're what makes us a 

human versus any other type of living thing. Some living things are so 

small that it is impossible to identify them with the naked eye, and DNA 

is one of the best ways to figure out what organisms are present. 

 Microorganisms are microscopic living things, some of which can cause 

disease in humans called pathogens. Gene probes can be designed to 

detect the presence of specific pathogens in a particular sample. 

Typically, to identify the presence of a pathogen in a sample, the sample 

needs to be cultured, or grown in a lab. For some slow-growing 

pathogens this can take weeks, which is not an ideal situation if the 

sample comes from a sick patient that needs treatment. 
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Target environmental DNA (eDNA) tests 
Invasive Alien Species (AIS) 

Invasive alien species are animals and plants that are introduced accidently or 

deliberately into a natural environment where they are not normally found, 

with serious negative consequences for their new environment. They represent 

a major threat to native plants and animals in Europe, causing damage worth 

billions of euros to the European economy every year. 

 

In target eDNA tests (see Figure 10), the specific probes are designed for 

targeted species and applied to eDNA samples, using a multiplex detection 

platform. The environmental DNA (eDNA) monitoring consists in analysing 

DNA isolated from water or sediment samples in order to detect whether 

particular species are present in the surveyed ecosystem. The eDNA approach 

is based on assumption that each species leave DNA traces in the environment 

and that this extracellular DNA remains preserved in water and sediment for a 

certain period of time. The eDNA surveys allow identifying species using their 

unique DNA sequences, called also DNA barcodes. 
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Figure 10. Summaries target environmental DNA tests. 
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Lecture 6: Bioremediation technology: 

A greener and sustainable approach for restoration of 

environmental pollution 
 

The organic and inorganic compounds are released during the production, 

storage, transport, and use of organic and inorganic chemicals into the 

environment every year as a result of various developmental activities. In some 

cases these releases are deliberate and well regulated (e.g., industrial 

emissions) while in other cases they are accidental (e.g., chemical or oil 

spills). Detoxification of the contaminated sites is expensive and time 

consuming by conventional chemical or physical methods. 

 

The technique of bioremediation uses living microorganisms usually bacteria 

and fungi to remove pollutants from soil and water. This approach is 

potentially more cost-effective than traditional techniques like incineration of 

waste and carbon filtration of water. 

 

Bioremediation options 

Numerous technologies to remediate sites exist and many can be used in 

process control in industries. Some technologies have more applications than 

others while some are more specialised or contaminant-specific. No one 

technology is suitable for all sites, since every site and contaminant situation is 

different.  

 

Bioreactors 

The bioreactor sector of the bioremediation industry is one in which engineers 

and scientists can, through manipulation of the elements of nature, create a 

near-perfect environment for biodegradation. This environment of 'total 

control' is achievable because the matrix (e.g. soil or sediment) does not, as in 

other technologies, govern the success of the process and, thus, the treatment 

tends to produce quick results under both aerobic and anaerobic conditions. 
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Figure 1. Typical aerobic bioreactor design. 

 

 

Simplistically, a bioreactor is a reaction vessel which has a system for 

delivering oxygen and nutrients and devices for thorough mixing and the 

adjustment/maintenance of pH. Also, the reactor is normally fitted with 

influent and effluent pumps and can be run in a batch or continuous mode 

(Figure 1). 

 

All bioremediation bioreactors use water to provide an aqueous matrix, 

whatever their treatment purposes, and they have the flexibility of providing 

primary, secondary or tertiary treatment. An added benefit of their use is that 

they are mobile and can, therefore, be used on site. 

 

The types of bioreactors used in commercial soil and groundwater 

bioremediation are numerous and include: 

 

 Submerged fixed-film 

 Plug flow, fluidised bed 

 Sequencing batch reactors. 

 Slurry bioreactors. 

 Vapour phase bioreactors (biofilters). 

 

These all bear a resemblance to other bioremediation options where 

microorganisms, contaminants, nutrients and (usually) oxygen are all brought 
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into contact in a favourable environment for biodegradation to occur. The 

preferred above-ground bioreactor designs used suspended microbial growth 

on a fixed solid support. The principal advantages are reduced sludge 

production and a more rapid degradation rate, probably due to the greater 

surface area of the biofilm. However, caution must be exercised when using 

these techniques as non-biodegraded compounds may be sorbed onto the 

biofilm and the support matrix (especially charcoal), making the generated 

sludge a potentially hazardous material.  

 

A) Aerobic bioreactor technology 

1. Slurry bioreactors (SB) 

Silts and clays, or sludges, are most suitable for this type of treatment as the 

soil must be smaller than 60 mesh. In SB, soil is excavated and conditioned and 

loaded into bioreactors. A main feature of SB is that soil inside reactor is kept 

in aqueous suspension by some type of mixing in a way that biological 

treatment is carried out under saturated conditions and nearly homogeneous 

suspension (See Figure 2).  

 
Figure 2. Flow diagram of a typical slurry bioreactor installation. Clarifier is 

optional. 
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2. Thermophilic bioreactor treatment 

Aerobic thermophilic biological treatment suggests an operating temperature 

between 50 and 80°C. These temperatures are not usually considered in the 

application of aerobic biological treatment.  

 

3. Vapour phase bioreactors (biofilters) 

Biofiltration used for treating volatile organic compounds (e.g. air emissions 

during in situ bioremediation, composting and bioreactor offgas) and odour-

containing industrial exhaust. 

Advantages: 

1. This technology is very economical for high volume emissions with low 

concentrations of pollutants.  

2. Its low energy consumption and low maintenance requirements. 

3. They have none of the landfilling or regenerative problems associated 

with competing processes (incineration and carbon adsorption). 

Biofiltration harnesses the processes of decomposition with immobilized 

microorganisms. The bioreactors are packed with solid material and the 

microorganisms are attached to the surfaces as a biofilm. Gaseous wastes are 

passed through, by an induced or forced draught, and the microorganisms 

catabolize the organic component of the vapour (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic representations of biofilter bioreactor for waste gas 

treatment.  

 

4. Submerged fixed-film, plug-flow reactors 

This reactor type (Figure 4) has the reputation of being highly effective and 

adaptable. As a result, it may be successfully used to treat low concentrations 

prehumidification 

water 

waste gas 

clean gas 

packed bed of 

organic material 

incidental sprinkling 
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of organics found in groundwater and in treatment of wastewater where the 

organic loading can exceed 1000 mg. Its secret lies in its design flexibility. It 

can withstand extreme fluctuations in organic loading while maintaining an 

active biomass for long periods of time. The critical factor is the C:N:P ratio 

which must be 100:5:1 to effect biodegradation. 

 

  
Figure 4. Diagrammatic representation of a submerged fixed-film reactor.  

 

B) Anaerobic bioreactor treatment 

This type of bioreactor operates under the same principles as the aerobic 

bioreactors. This has many advantages: 

 

1. Anaerobic systems are not retain their biomass longer than aerobic 

treatment systems. 

2. The biomass produced is extremely efficient in its capacity to degrade 

high concentrations of waste without high consumption of nutrients. 

3. The sludge produced, typically, has a high commercial value as fertilizer. 

4. It is extremely useful for the treatment of water or soils contaminated 

with halogenated pesticide residues and chlorinated solvents. 
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Lecture 7: Bioremediation for Soil Environment 

Petroleum hydrocarbons 
 

Petroleum and its derivatives are the main source of energy for industry and 

domestic consumption. Petroleum hydrocarbons are based on multiple carbon 

bonds that develop intense and raised complex structures when they bound 

with other characteristic molecules, hence the latest hydrocarbons have variety 

of forms and consist of short, medium and long aliphatics (i.e. alkanes, 

alkenes), aromatics and polycyclic aromatic hydrocarbons (PAHs) of different 

proportions. 

  

There many physical and chemical technologies that are commonly used to 

treat petroleum-contaminated soil. For example: Burying, combusting, 

extracting soil vapor, soil washing, and dispersion. 

However, these methods has disadvantages including: 

1. They are not economically practical  

2. May not be capable of completely decomposing contaminants. 

3. They may even lead to the development of compounds that are more 

environmentally toxic than they were before treatment. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Summary of bioremediation techniques for hydrocarbon 

contaminated soils. 

 

Chemical Composition of Petroleum Hydrocarbons (see Figure 2) 

Petroleum Hydrocarbons can be classified into three groups according to their 

chemical composition (see Figure 2): 

1. Aliphatic hydrocarbons (saturates) 

2. Aromatic hydrocarbons 

3. Asphaltenes and resins 

 

Bioremediation 

strategies 

Biological 

Chemical Physical 
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Microbial degradation of petrogenic hydrocarbons 

Microorganisms have the ability to metabolize many organic contaminants, 

using them as an energy source or converting them to non-toxic products 

(carbon dioxide, water and biomass). Different microbial electron acceptors 

such as oxygen, nitrate, manganese, iron and sulphate can be involved in the 

biotransformation of aliphatic and aromatic hydrocarbons. During hydrocarbon 

degradation, activation is achieved through different enzymes, for example: 

 

 Introduction of molecular oxygen to the substrate (catalysed by 

oxygenases), 

 Addition of two hydroxyl groups (catalysed by dioxygenases) 

 Addition of one atom of oxygen into the hydrocarbon (catalysed by 

monooxygenases).  

 

 
Figure 2. The various fractions of hydrocarbons that comprise crude oil. 

 

 

Various microorganisms, such as bacteria, algae, yeasts, and fungi, have the 

potential to degrade hydrocarbons. Indigenous microorganisms with specific 

metabolic capacities have played a significant role in the biodegradation of 

crude oil and have probably adapted to environments that require treatment.   
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Bacteria are the most active petroleum degrading agents; they work as primary 

degraders of a wide range of target constituents present in soil, water and 

sludge. Organisms belonging to various genera have been reported as 

hydrocarbonoclastic exhibiting the potential for the degradation of different 

fractions of petrogenic hydrocarbons. Some typical bacterial groups include: 

Pseudomonas spp., Mycobacterium spp., Arthrobacter spp., Corynebacterium 

spp., and Micrococcus spp. 

  

Fungi are also reported capable of mineralizing petroleum hydrocarbons with 

varying degradation rates, such as those belonging to the genera: Aspergillus 

spp., Penicillium spp., Fusarium spp., and Saccharomyces spp. 

Factors affecting bioremediation of petroleum hydrocarbon pollutants  

 

Table 1. Some factors which affecting bioremediation of pollutants in soil. 

Factor Effect 

Temperature 

Pollutants persist longer at lower temperature. 

At low temperatures, the viscosity of the oil 

increased, while the volatility of the toxic low 

molecular weight hydrocarbons were reduced, 

delaying the onset of biodegradation. 

The rate of biodegradation generally decreases 

with the decreasing temperature. 

Highest degradation rates that generally occur in 

the range 30–40°C in soil environments. 

Soil pH 
Microorganisms and enzymes exhibit pH-

dependent activity. pH is between 6 and 9. 

Oxygen 

availability 
Aerobic condition 

Water content 
Transport of pollutants and the degraded products; 

degradation of pollutants. 

Nutrients 

The acceleration of microbial turnover of chemical 

pollutants generally depends on the supply of 

nutrients such as C , N and P 

Type of 

pollutant / 

hydrocarbons 

Biodegradability of hydrocarbons can be ranked 

as: linear alkanes > branched alkanes > low-

molecular-weight alkylaromatics > monoaromatics 

> cyclic alkanes > polyaromatics_asphaltenes 

Site condition The soil properties and the indigenous soil 
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microbial population affect the degree of 

biodegradation. 

Microbial 

communities 

A successful strategy for in situ bioremediation can 

be the combination, in a single bacterial strain or in 

a syntrophic bacterial consortium, of different 

degrading abilities with genetic traits that provide 

selective advantages in a given environment. 
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Lecture 8: Phytoremediation 
  

Phytoremediation is defined as the use of plants to extract, sequester, or 

detoxify pollutants. This remediation method is environmentally friendly and 

visually attractive, and the structure of the soil is highly maintained. Pollutants 

which can be a target for phytoremediation can be divided into two groups: the 

elemental pollutants and the organic pollutants.  

 

Phytoremediation works best at sites with low to medium amounts of 

pollution. Plants remove harmful chemicals from the ground when their roots 

take in water and nutrients from polluted soil, streams, and groundwater. Plants 

can clean up chemicals as deep as their roots can reach. Tree roots grow deeper 

than smaller plants, so they are used to reach pollutants deeper in the ground. 

Once inside the plant, chemicals can be: 

 

 Stored in the roots, stems, or leaves 

 Changed into less harmful chemicals within the plant 

 Changed into gases that are released into the air as the plant transpires 

(breathes). 

 

Phytoremediation is a broad term that has been in use since 1991 to describe 

the use of plants to reduce the volume, mobility, or toxicity of contaminants in 

soil, groundwater, or other contaminated media. Phytoremediation is an 

emerging technology that uses various plants to degrade, extract, contain, or 

immobilize contaminants from soil and water. This technology has been 

receiving attention lately as an innovative, cost-effective alternative to the 

more established treatment methods used at hazardous waste sites. 

Phytoremediation is also reducing and cleaning pollutant concentrations in 

contaminated soils, water, or air with plants.  

 

General Scope of Phytoremediation 

Phytoremediation is a biological technology process that utilizes natural plant 

processes to enhance degradation and removal of contaminants in 

contaminated soil or groundwater. Broadly, phytoremediation can be cost-

effective for: 

 

a) Large sites with shallow residual-levels of contamination by organic, 

nutrient, or metal pollutants, where contamination does not pose an 

imminent danger and only "polishing treatment" is required; and 
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b) Where vegetation is used as a final cap and closure of the site. 

  

Table 1 summarizes the advantages and disadvantages of phytoremediation 

techniques. 

 

Table 1. Advantages and disadvantages of phytoremediation over traditional 

technologies such as pump and treat of contaminated groundwater and soil 

excavation and above-ground treatment. 

 

Advantages Disadvantages 

Relatively low cost Longer remediation times 

Easily implemented and maintained Climate dependent 

Environmentally friendly Ultimate contaminant fates might 

be unknown 

Reduces landfilled wastes Results are variable 

Harvestable plant material Effect to food web might be 

unknown 

Several mechanisms for removal Slower than mechanical treatments 

 

Processes of phytoremediation 

Phytoremediation is based on certain natural processes carried out by plants 

including: 

 

 Uptake of metals and certain organic compounds (i.e., moderately water 

soluble, 

log Kow=0.5 to 3, such as BTEX) from soil and water. 

 Accumulation or processing of these chemicals via lignification, 

volatilization, metabolization, mineralization (transformation into CO2 

and water); 

 Use of enzymes to breakdown complex organic molecules into simpler 

molecules (ultimately CO2 and water); 

 Increasing the carbon and oxygen content of soil around roots (and so 

promoting microbial/ fungal activity) through release of chemicals 

(exudates) and decay of root tissue; 

 Capture of groundwater (even contaminated groundwater) and utilization 

for plant processes. 

 

 

  



 

62 

 

Types of phytoremediation 

 Rhizofiltration, the absorption, concentration, and precipitation of heavy 

metals by plant roots; 

 Phytoextraction, the extraction and accumulation of contaminants in 

harvestable plant tissues including roots and surface shoots; 

 Phytotransformation, the degradation of complex organic molecules to 

simple molecules and the incorporation of these molecules into plant 

tissues; 

 Phytostimulation or plant-assisted bioremediation, the stimulation of 

microbial and fungal degradation by release of exudates/enzymes into the 

root zone (rhizosphere); 

 Phytostabilization, involving absorption and precipitation of 

contaminants, principally metals, by plants, reducing their mobility and 

preventing their migration to groundwater (leaching) or air (wind 

transport), or entry into the food chain. 

 

 
Figure 1. Overview of phytoremediation mechanisms. 
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Harvesting/disposal of plant material 

Once plants have accumulated waste materials, plant shoots can be harvested 

and roots removed, with disposal or subsequent processing methods dependent 

on the toxicity of the end products of in-plant organic chemical processing and 

the storage locations and relative concentrations of contaminants within plant 

tissue. 

 

If organic contaminants are degraded to harmless compounds, disposal may not 

be required. If significant accumulation takes place only in roots, then only 

these tissues must be disposed of or processed. The most commonly mentioned 

process for dealing with metals-enriched plant material is controlled 

incineration, which results in ash with a high metals content. It is hoped that an 

economically feasible method of metals recovery from this ash will be 

developed, further reducing the environmental impacts of this technology. 

 

Other methods of plant tissue treatment currently under investigation include: 

 Sun, heat, and air drying 

 Composting 

 Pressing and compacting 

 Leaching 

 

Phytoremediation mechanisms 

There are several different types of phytoremediation mechanisms (see Figure 

1): 

 

Rhizosphere biodegradation: The plant releases natural substances through 

its roots, supplying nutrients to microorganisms in the soil. The 

microorganisms enhance biological degradation. 

 

Phyto-stabilization: Chemical compounds produced by the plant immobilize 

contaminants, rather than degrade them. 

Phyto-accumulation (also called phyto-extraction): Plant 

roots sorb the contaminants along with other nutrients and water. The 

contaminant mass is not destroyed but ends up in the plant shoots and leaves.  

Phyto-volatilization: Plants take up water containing organic contaminants 

and release the contaminants into the air through their leaves. 

Phyto-degradation: Plants actually metabolize and destroy contaminants 

within plant tissues. 
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Lecture 9: Bioremediation for Water Environment 

Petroleum hydrocarbons 
 

During an oil spill, massive quantities of liquid hydrocarbons are accidentally 

released into the environment. Due to oil spills there is wide spread and long 

term pollution and it disrupts the local ecosystem. Between 1970 and 2015, 

approximately 5.72 million tonnes of crude oil spilled in the oceans as a result 

of tanker incidents alone. While in 2015, around 7,000 tonnes was lost to the 

environment through tankers, pipelines, etc.  

 

Sources and impacts of hydrocarbon polluted wastewater effluents 

The major sources of hydrocarbon contaminants in wastewater effluents are oil 

spillage, automobile oils, pesticides, contaminated lands and urban storm 

water discharges. The presence of hydrocarbons in receiving water bodies is 

known to be carcinogenic, mutagenic and neurotoxic to living organisms, 

including plants and animals. 

 

Oil spills: one of the main sources of hydrocarbon in wastewater is through oil 

spills. Oil spills are known to occur either: 

 Accidentally through wrecks of tankers and equipment faults, or 

 Deliberately through discharges, such as flushing tankers with sea water. 

 

Pesticides: pesticides include herbicides, fungicides and insecticides. When 

pesticides are applied to agricultural fields, only a little amount of them is said 

to reach their target while a significant proportion remain in the soil. During 

rainfall, the amount left in the soil is washed off into receiving water bodies. 

 

Contaminated land: which is lands that had former industrial activity or land 

where some kind of industrial activity has been carried out, is another source of 

hydrocarbon pollution in water. These lands could be contaminated by 

hydrocarbons and other organic chemicals, which can be washed away by 

rainfall into the water bodies thereby causing pollution. 

 

Urban storm water discharges: are indicated to be major sources of 

hydrocarbons in water. In urban communities, roads and car parks, which are 

often polluted with oil and gasoline from vehicles are large runoff producing. 

 

Hydrocarbon polluted wastewater has its impacts on the environments, plants, 

animals and humans, which include: 
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 Reduction in crop yield, shortage of oxygen and effects on marine plants. 

 Reduce soil fertility to an extent that most of the essential nutrients are no 

longer available for crop utilization, which could lead to reduction in crop 

yield. 

 

Remediation methods of hydrocarbon for water environment 

The methods chosen to clean up an oil spill are determined based upon the type 

of oil spilled, the location and its proximity to sensitive environments, and 

other environmental factors: 

 

1) Mechanical methods booms, skimmers, and truck vacuums. 

  

2) Phytoremediation entails the use of plants to reduce the volume, 

mobility and toxicity of contaminants in soil and water (Lecture 9) 

 

3) Bioremediation, which involves the use of microorganisms for 

contaminant removal is reported as one of the most effective and 

inexpensive technologies for hydrocarbon clean-up. 

 

4) Chemical remediation is the use of chemicals to remove hydrocarbons 

from contaminated sites. The major processes for chemical remediation 

are through the use of dispersants, solidifiers and oxidants. 

 

5) Natural methods allows the area to recover naturally and is cheaper than 

any other method. 

 

These changes are altogether called weathering processes. They may act 

simultaneously but they also change over time. The weathering processes 

determine the behaviour of the oil spill, its spread and thickness, as well as its 

future locations. Natural methods of marine oil spill cleanup primarily include 

evaporation of pollutants, photooxidation by sunlight, dispersion, 

dissolution, emulsification, adsorption, and biodegradation by the 

indiginous microorganisms. These processes, as well as others are seen in 

Figure 1. 
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Figure 1. Weathering of oil on the water surface. 

 

Bioremediation of hydrocarbon compounds 

Microbes breaking down different substances into water, carbon dioxide, and 

other compounds. An advantage of bioremediation is that the microbes are able 

to completely destroy the toxic hydrocarbon compounds and do not just 

transfer them to another area. Bioremediation process can be enhancement by: 

 

1. Addition of oxygen. 

2. Nutrient addition (Biostimulation). 

3. Using alternative electron acceptor. 

4. Addition of surfactants. 

5. Addition of microorganisms (Bioaugmentation). 
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Lecture 10 

Role of microbes in oil spills remediation and degradation 

of hydrocarbons 

 
Impact of oil spills on microbial communities 

 Soon after an oil spill, a layer of oil floats on the sea surface, where large 

populations of marine organisms like sea algae, marine mammals, birds 

and fishes die off, due to poisoning and suffocation. While dispersed oil 

droplets sink to bottom of the ocean and harm the benthic community. 

 Another major consequence of oil spills is the rapid changes in the local 

microbial communities. This is due to the sudden availability of large 

quantity of hydrocarbons which they use as a source of energy and 

carbon (see Figure 2). This microbial degradation of oil hydrocarbons is 

the main source of oil spills remediation in the natural environment. 

 
Figure 2. Microbes get energy from the contaminants by breaking chemical 

bonds and transferring electrons from the contaminants to an electron acceptor, 

such as oxygen. 

 

Following such oil spill incidents, the local marine microbial community 

experiences changes in structure and ecology. In such events, microbes capable 

of utilizing different hydrocarbon compounds as source of energy become the 

dominant species of that community and consequently assist in biodegradation 

processes. 

 

Types of hydrocarbon degraders 

Through chemical, culture-based and metagenomics studies, several species of 

bacteria and archaea have been shown to possess hydrocarbon degrading 

capabilities. However, several groups of bacteria have been known to be 

obligate degraders of hydrocarbons, namely, Alcanivorax, Cycloclasticus, 
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Oleispira, Oleiphilus and Thalassolituus. Although other groups like 

Marinobacter and Pseudomonas have also shown versatile properties of 

degrading hydrocarbons. 

 

Different classes of enzymes involved in microbial degradation of oil 

hydrocarbons 

Any biodegradation action in the marine environment must to understand how 

hydrocarbons are degraded by microorganisms, and thereby mitigate 

ecosystem damage. It is known that crude oils and refined products are mostly 

composed of biodegradable molecules, whose decomposition from the 

environment depends as they are consumed by microbes. Once the 

hydrocarbons are released in seawater, several processes occur, which can 

contribute to the bioremediation and biodegradation in the marine ecosystem 

(Figure 3). 

 

 
Figure 3. Main mechanisms involved in the aerobic biodegradation of 

petroleum hydrocarbons in the marine environment. 

 

Microbial aerobic oxidation of oil hydrocarbons utilizes oxygen for oxidation 

of hydrocarbon and terminal electron acceptor of respirator electron flow. It 

also requires the action of enzymes and biosurfactants. There several groups 

of enzymes has been identified that are present in different oil-degrading 

species and help in metabolism of different compounds. The main process of 

enzymatic degradation of oil hydrocarbons involves two steps: 
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1) Initial attack by membrane-bound or intracellular oxygenases and 

peroxidases where the hydrocarbon is activated and oxygen is 

incorporated. 

2) Peripheral degradation pathways, where the hydrocarbons are degraded in 

multiple steps to substrates of important central intermediary metabolism 

pathways like the TCA cycle (Figure 1). Consequently, the hydrocarbons 

are utilized by the microbes for respiration as well as for biosynthesis. 


