
 

 

 

Module 9: Microbiology – The Unseen World of 
Single-Celled Life 
The Tiny Titans: Unveiling the World of Microorganisms 
Welcome to Module 9, where we embark on an exploration of Microbiology, the 
scientific study of microscopic organisms, known as microorganisms or microbes. 
The purpose of this module is to introduce you to the fundamental concepts 
governing the lives of these often-unseen single-celled entities. While individually 
minute, microorganisms collectively represent the vast majority of life on Earth, 
driving global biogeochemical cycles, influencing human health and disease, and 
serving as indispensable tools in biotechnology and environmental engineering. 
Understanding microorganisms at a fundamental level is crucial for engineers in 
various fields, from developing new pharmaceuticals and sustainable energy 
solutions to designing wastewater treatment plants and ensuring food safety. 

In this comprehensive module, we will systematically unravel the key principles of 
microbiology. We will begin by establishing the concept of single-celled organisms, 
differentiating them from multicellular life. We will then delve into the critical 
distinctions between species and strains within the microbial world, which is 
essential for precise identification and application. Following this, we will explore the 
methodologies for identification and classification of microorganisms, providing the 
tools to characterize these diverse entities. A significant section will be dedicated to 
microscopy, the primary technique for visualizing microbes, covering its principles 
and applications. We will then broaden our perspective to discuss the crucial 
ecological aspects of single-celled organisms, highlighting their immense impact on 
the environment. Finally, we will cover practical and essential techniques: sterilization 
and media compositions, vital for cultivating and manipulating microorganisms, and 
conclude with an in-depth analysis of microbial growth kinetics, quantitatively 
describing how these organisms multiply, which is foundational for biotechnological 
applications. 

 
1. Concept of Single-Celled Organisms: The Simplest Forms of Life 
Single-celled organisms, also known as unicellular organisms or microorganisms 
(microbes for short), are living entities that consist of only one cell. Despite their 
apparent simplicity in terms of cellular organization, these organisms exhibit an 
astounding diversity in their metabolic capabilities, ecological roles, and adaptations, 
making them the most abundant and evolutionarily ancient forms of life on Earth. 
They contrast sharply with multicellular organisms (like plants, animals, and fungi) 
that are composed of many specialized cells working in coordinated tissues, organs, 
and systems. 

1.1. Major Categories of Single-Celled Organisms: 



 

Single-celled organisms primarily fall into three domains of life: Bacteria, Archaea, 
and Eukarya (with some representatives). 

● 1.1.1. Bacteria (Prokaryotes): 
○ Cellular Structure: Prokaryotes (meaning "before nucleus"). They lack a 

membrane-bound nucleus and other membrane-bound organelles (like 
mitochondria, endoplasmic reticulum, Golgi apparatus). Their genetic 
material (a single circular chromosome) is located in a region called the 
nucleoid. They possess ribosomes for protein synthesis, a cell 
membrane, and typically a cell wall composed of peptidoglycan. Some 
may have flagella for motility or pili for attachment. 

○ Size: Typically very small, ranging from 0.5 to 5 micrometers (µm) in 
diameter. 

○ Reproduction: Primarily reproduce asexually by binary fission, where 
one cell divides into two identical daughter cells. 

○ Metabolic Diversity: Exhibit immense metabolic diversity, including 
phototrophs (use light for energy), chemotrophs (use chemical 
compounds for energy), autotrophs (produce their own food, e.g., from 
CO2), and heterotrophs (consume organic compounds). This diversity 
allows them to thrive in almost every conceivable environment. 

○ Examples: Escherichia coli (common gut bacterium), Staphylococcus 
aureus (skin bacterium), Bacillus subtilis (soil bacterium). 

● 1.1.2. Archaea (Prokaryotes): 
○ Cellular Structure: Also prokaryotes, lacking a nucleus and 

membrane-bound organelles. They share some structural similarities 
with bacteria but are fundamentally distinct from bacteria at a genetic 
and biochemical level. Their cell walls lack peptidoglycan, and their cell 
membranes have unique lipid compositions. 

○ Size: Similar in size to bacteria, 0.5 to 5 µm. 
○ Reproduction: Asexual by binary fission, fragmentation, or budding. 
○ Ecological Niche: Many Archaea are extremophiles, thriving in harsh 

environments like hot springs (thermophiles), highly saline lakes 
(halophiles), or oxygen-depleted areas producing methane 
(methanogens). However, they are also abundant in moderate 
environments, including oceans and soil. 

○ Examples: Methanobrevibacter smithii (methanogen in human gut), 
Haloquadratum walsbyi (square-shaped halophile). 

● 1.1.3. Eukaryotes (Single-Celled Representatives): 
○ Cellular Structure: Possess a true membrane-bound nucleus that 

contains their genetic material, and a variety of other membrane-bound 
organelles, giving them greater internal compartmentalization. They are 
generally larger and more structurally complex than prokaryotes. 

○ Size: Generally larger than prokaryotes, ranging from 10 to 100 µm or 
more. 

○ Reproduction: Can reproduce asexually (mitosis) or sexually (meiosis). 
○ Groups: Single-celled eukaryotes include: 



 

■ Protozoa: Animal-like protists that are typically motile and 
heterotrophic. (e.g., Amoeba, Paramecium, Plasmodium which 
causes malaria). 

■ Unicellular Algae: Plant-like protists that are photosynthetic. 
(e.g., Chlamydomonas, diatoms). 

■ Yeasts (Fungi): Unicellular fungi that are heterotrophic. (e.g., 
Saccharomyces cerevisiae - baker's yeast). 

○ Examples: Saccharomyces cerevisiae, Amoeba proteus. 

1.2. Key Characteristics of Single-Celled Organisms: 

● Complete Organism in One Cell: All essential life functions (metabolism, 
growth, reproduction, response to stimuli) are carried out within the confines 
of a single cell. There is no division of labor among multiple cells. 

● High Surface Area to Volume Ratio: Due to their small size, single-celled 
organisms have a very high surface area to volume ratio. This is critical for 
efficient nutrient uptake and waste excretion across their cell membrane, as 
diffusion distances are minimized. 

● Rapid Reproduction: Many single-celled organisms, particularly bacteria, can 
reproduce extremely rapidly under optimal conditions (e.g., E. coli can divide 
every 20 minutes). This allows for rapid population growth and quick 
adaptation to changing environments. 

● Metabolic Versatility: As noted, they exhibit an unparalleled range of metabolic 
strategies, allowing them to colonize diverse niches and perform unique 
biogeochemical transformations. 

● Ubiquitous Presence: They are found in virtually every environment on Earth, 
from deep-sea hydrothermal vents and polar ice caps to the human gut and 
inside rocks. 

Understanding the fundamental concept of single-celled organisms, their basic 
structures, and diverse life strategies is the starting point for appreciating their 
immense impact on natural ecosystems and human endeavors. 

 
2. Concept of Species and Strains: Defining Microbial Identity 
In the microbial world, precisely defining what constitutes a "species" and 
understanding the concept of "strains" are crucial for accurate identification, 
classification, and for practical applications in fields like biotechnology, medicine, and 
environmental science. Unlike macroscopic organisms where species are often 
defined by their ability to interbreed, microorganisms primarily reproduce asexually, 
making the biological species concept difficult to apply directly. 

2.1. Microbial Species: A Working Definition 

Due to the challenges of applying traditional definitions, microbial species are 
typically defined using a polyphasic approach, integrating various lines of evidence: 

● 2.1.1. Phenotypic Characteristics: 



 

○ Observable traits such as cell morphology (shape, size, arrangement), 
Gram staining reaction (positive or negative), motility, metabolic 
capabilities (e.g., ability to ferment specific sugars, produce certain 
enzymes, grow in aerobic/anaerobic conditions), growth requirements 
(temperature, pH, nutrients), and colony morphology on agar plates. 

○ Example: A bacterium that is a Gram-negative rod, ferments lactose, 
and is motile might be classified as Escherichia coli. 

● 2.1.2. Genotypic Characteristics (Genetic Relatedness): 
○ This is the most critical criterion in modern microbiology. It involves 

comparing the genetic material (DNA or RNA) of different isolates. 
○ DNA-DNA Hybridization (DDH): A traditional method where DNA from 

two organisms is denatured, mixed, and allowed to re-anneal. The 
extent of hybridization (how much the DNA strands from different 
organisms bind to each other) indicates their genetic similarity. If two 
organisms show >70% DNA-DNA hybridization, they are generally 
considered to belong to the same species. 

○ 16S Ribosomal RNA (rRNA) Gene Sequencing: The 16S rRNA gene (in 
bacteria and archaea) is a highly conserved gene that evolves slowly, 
making it excellent for phylogenetic analysis and species identification. 
If two organisms share >97-98.65% sequence similarity in their 16S 
rRNA gene, they are generally considered to be the same species. 
(Note: The exact cutoff for species delineation based on 16S rRNA 
similarity can vary slightly and is continually refined by microbial 
taxonomists). 

○ Average Nucleotide Identity (ANI): A more recent and robust genomic 
method that compares all coding regions between two genomes. An ANI 
value of >95-96% typically indicates organisms belong to the same 
species. 

● 2.1.3. Phylogenetic Analysis: 
○ Constructing phylogenetic trees based on gene sequences (especially 

16S rRNA) to understand evolutionary relationships. Organisms 
clustering together on a phylogenetic tree are considered closely 
related. 

In practice, a microbial species is often considered a group of strains that share a 
high degree of phenotypic similarity and, more importantly, a high degree of genetic 
relatedness (e.g., >70% DDH or >97-98.65% 16S rRNA gene similarity or >95% ANI). 

2.2. Microbial Strains: Variation Within a Species 

● Definition: A strain is a sub-group within a microbial species that has minor 
genetic variations or detectable phenotypic differences from other members of 
the same species. Strains represent genetically distinct populations 
descended from a single pure culture (an isolated colony). 

● Nomenclature: Strains are typically designated by an alphanumeric code or 
name following the species name (e.g., Escherichia coli K-12, Bacillus subtilis 
168). 



 

● Significance of Strains: 
○ Genetic Variation: Even within a single species, there can be significant 

genetic differences between strains. These differences might be due to 
point mutations, gene deletions, insertions, or the acquisition of new 
genetic material (e.g., plasmids carrying antibiotic resistance genes). 

○ Phenotypic Differences: These genetic variations can lead to crucial 
phenotypic differences: 

■ Pathogenicity: Some strains of a species might be pathogenic 
(cause disease), while others are harmless commensals. (e.g., 
Escherichia coli O157:H7 is a highly virulent foodborne 
pathogen, while E. coli K-12 is a common laboratory strain). 

■ Metabolic Capabilities: Strains might differ in their ability to 
metabolize specific compounds, produce certain chemicals, or 
grow under specific conditions. (e.g., one strain of yeast might be 
optimized for ethanol production, while another is better for 
baking). 

■ Antibiotic Resistance: Different strains can exhibit varying levels 
of resistance to antibiotics. 

■ Virulence Factors: Pathogenic strains produce specific toxins or 
adhesion factors that non-pathogenic strains lack. 

○ Practical Importance: In research, industry, and clinical settings, 
identifying the specific strain is often more important than just the 
species. For example, a biotechnologist needs a specific, high-yielding 
strain for fermentation, and a clinician needs to identify the pathogenic 
strain causing an infection to prescribe effective treatment. 

In essence, while microbial species provide a broad classification, it is the concept of 
distinct strains that allows for the fine-grained understanding of microbial diversity 
and functionality, which is critical for practical applications and for understanding 
microbial ecology and pathogenesis. 

 
3. Identification and Classification of Microorganisms: Unmasking the 
Unseen 
Identifying and classifying microorganisms is fundamental to microbiology, providing 
a systematic way to organize their vast diversity, understand their relationships, and 
apply this knowledge in various fields, from clinical diagnostics to environmental 
monitoring and industrial processes. Classification involves grouping organisms 
based on shared characteristics, while identification is the practical process of 
determining that a particular isolate belongs to a recognized taxon (e.g., species, 
genus). 

3.1. General Principles of Classification (Taxonomy): 

Microbial classification (taxonomy) is a hierarchical system, moving from broad 
categories to increasingly specific ones. The main taxonomic ranks are: 



 

● Domain (e.g., Bacteria, Archaea, Eukarya) 
● Phylum 
● Class 
● Order 
● Family 
● Genus 
● Species 

This system aims to reflect evolutionary relationships (phylogeny). 

3.2. Methods for Identification: 

Microorganism identification relies on a combination of phenotypic and genotypic 
characteristics. 

● 3.2.1. Microscopic Examination (Morphological Characteristics): 
○ This is often the first step in identification. 
○ Cell Shape: Rods (bacilli), spheres (cocci), spirals (spirilla, spirochetes), 

pleomorphic (variable shapes). 
○ Cell Arrangement: Chains (strepto-), clusters (staphylo-), pairs (diplo-). 
○ Size: Approximate dimensions. 
○ Presence of Structures: Flagella (for motility), pili (for attachment), 

capsules (protective outer layer), endospores (dormant, resistant 
forms). 

○ Staining Techniques: 
■ Gram Stain: A differential stain that divides bacteria into two 

major groups based on their cell wall composition: 
■ Gram-positive bacteria: Retain the crystal violet-iodine 

complex and appear purple/blue. They have a thick 
peptidoglycan layer. 

■ Gram-negative bacteria: Do not retain the crystal 
violet-iodine complex and are counterstained by safranin, 
appearing pink/red. They have a thin peptidoglycan layer 
surrounded by an outer membrane. 

■ Procedure: 
1. Apply crystal violet (primary stain). 
2. Apply iodine (mordant, fixes crystal violet). 
3. Decolorize with alcohol/acetone (critical step; 

washes out stain from Gram-negative cells). 
4. Counterstain with safranin. 

■ Acid-Fast Stain: Identifies bacteria with waxy mycolic acid in 
their cell walls (e.g., Mycobacterium species, which cause 
tuberculosis). Acid-fast bacteria retain the primary stain (carbol 
fuchsin) even after washing with acid-alcohol. 

■ Spore Stain, Capsule Stain, Flagella Stain: Specific stains to 
visualize these structures. 

● 3.2.2. Culture Characteristics: 
○ Observing how microorganisms grow on various culture media. 



 

○ Colony Morphology: Size, shape, color, texture, elevation, margin of 
colonies on agar plates. 

○ Growth Requirements: Oxygen requirements (aerobic, anaerobic, 
facultative), temperature range (psychrophile, mesophile, thermophile), 
pH range (acidophile, neutrophile, alkaliphile). 

○ Growth in Liquid Media: Turbidity, pellicle formation, sedimentation. 
● 3.2.3. Biochemical Tests (Metabolic Capabilities): 

○ These tests assess the presence or absence of specific enzymes or 
metabolic pathways. 

○ Enzyme Production: (e.g., Catalase test, Oxidase test, Urease test). 
○ Fermentation of Sugars: Determines if an organism can ferment specific 

carbohydrates (e.g., glucose, lactose, sucrose) and produce acid and/or 
gas. 

○ Utilization of Substrates: Ability to use specific compounds as a sole 
carbon or nitrogen source. 

○ Example (Enterobacteriaceae): A series of biochemical tests (e.g., 
Indole, Methyl Red, Voges-Proskauer, Citrate – IMViC tests) are 
commonly used to differentiate between closely related Gram-negative 
enteric bacteria like E. coli and Klebsiella. Each test relies on detecting 
specific metabolic end products or enzyme activities. 

● 3.2.4. Serological Methods (Immunological Reactions): 
○ Utilize specific antibodies to detect unique proteins or carbohydrates 

(antigens) on the surface of microorganisms. 
○ Agglutination Tests: Antibodies bind to surface antigens on bacterial 

cells, causing them to clump together (agglutinate). Used for rapid 
identification of specific pathogens (e.g., Salmonella serotyping). 

○ ELISA (Enzyme-Linked Immunosorbent Assay): Detects microbial 
antigens or patient antibodies against microbes. 

● 3.2.5. Genetic Methods (Molecular Techniques): 
○ These are the most powerful and increasingly common methods for 

precise identification and classification. 
○ PCR (Polymerase Chain Reaction): Amplifies specific DNA sequences 

(e.g., 16S rRNA gene). 
○ DNA Sequencing: Determining the exact order of nucleotides in a 

specific gene (like the 16S rRNA gene for bacteria/archaea, or ITS region 
for fungi) or even the whole genome. Comparing sequences to known 
databases (e.g., GenBank) provides high-resolution identification. 

○ Pulse Field Gel Electrophoresis (PFGE): Used for strain typing and 
epidemiological studies, separating large DNA fragments digested by 
specific restriction enzymes. 

○ FISH (Fluorescence In Situ Hybridization): Uses fluorescently labeled 
DNA or RNA probes that bind specifically to complementary sequences 
in microbial cells, allowing visualization and identification in situ (e.g., 
in environmental samples). 



 

The combination of these methods provides a robust approach to accurately identify 
and classify the immense diversity of the microbial world, which is crucial for 
research, medical diagnostics, and industrial applications. 

 
4. Microscopy: Peering into the Microbial World 
Microscopy is the cornerstone of microbiology, allowing us to visualize the tiny, 
otherwise invisible world of microorganisms. Different types of microscopes utilize 
various principles to achieve magnification and resolution, revealing the morphology, 
internal structures, and even dynamic processes of microbes. 

4.1. Key Concepts in Microscopy: 

● 4.1.1. Magnification: 
○ The ability to enlarge the apparent size of an object. 
○ Calculated by multiplying the magnification of the objective lens by the 

magnification of the ocular (eyepiece) lens. 
○ Formula: Total Magnification = Objective Lens Magnification × Ocular 

Lens Magnification 
○ Numerical Example: If your objective lens is 100x and your ocular lens 

is 10x, the total magnification is 100 * 10 = 1000x. 
● 4.1.2. Resolution (Resolving Power): 

○ The most critical parameter in microscopy. It is the ability to distinguish 
two closely spaced objects as separate entities. Without good 
resolution, even highly magnified images will appear blurry. 

○ Abbe's Diffraction Limit (Theoretical Limit): For a light microscope, the 
theoretical minimum distance (d) between two distinguishable points is 
given by: 
d=(λ)/(2×NA) 
Where: 

■ d = minimum resolvable distance (resolution) 
■ λ = wavelength of light used (shorter wavelength = better 

resolution, e.g., blue light is better than red light) 
■ NA = Numerical Aperture of the objective lens. This is a measure 

of the light-gathering ability of the lens, and depends on the 
refractive index of the medium between the lens and the 
specimen (e.g., air, oil) and the angle of light collected by the 
lens. A higher NA means better resolution. 

○ Numerical Example: For visible light, λ≈550 nm (green light). With a 
high-quality oil immersion objective, NA can be around 1.25. 
d=550nm/(2×1.25)=550nm/2.5=220nm (or 0.22 µm). 
This means a typical light microscope cannot resolve objects smaller 
than about 0.2 micrometers. Most bacteria are around 0.5-5 µm, so they 
are visible, but viruses (typically 20-300 nm) are not. 

● 4.1.3. Contrast: 
○ The difference in light intensity between the specimen and the 

background. Many microbes are transparent, so staining or special 
microscopy techniques are needed to enhance contrast. 



 

4.2. Types of Microscopes Used in Microbiology: 

● 4.2.1. Light Microscopy (Optical Microscopy): Uses visible light and lenses to 
magnify specimens. 

○ Bright-Field Microscope: The most common type. Specimens are 
illuminated from below, and light passes through them. Often requires 
staining to enhance contrast. Used for observing morphology and 
arrangement of stained bacteria. 

○ Dark-Field Microscope: Illuminates the specimen with oblique light, so 
only light scattered by the specimen enters the objective lens. The 
specimen appears brightly lit against a dark background. Excellent for 
visualizing unstained, living, motile bacteria (e.g., spirochetes, which 
are difficult to see with bright-field). 

○ Phase-Contrast Microscope: Converts subtle differences in light phase 
(due to variations in refractive index within the specimen) into 
differences in brightness. Allows visualization of unstained, living cells 
and their internal structures (e.g., endospores, granules) with good 
contrast. 

○ Fluorescence Microscope: Uses UV light to excite fluorescent 
molecules (either naturally fluorescent parts of the cell or specific 
fluorescent stains/antibodies). The excited molecules emit light at a 
longer wavelength, allowing specific structures or entire cells to be 
visualized against a dark background. Essential for specific labeling, 
cell viability assays, and visualizing specific proteins or organelles. 

● 4.2.2. Electron Microscopy: Uses a beam of electrons instead of light, 
providing much higher resolution due to the shorter wavelength of electrons. 
This allows visualization of much smaller structures, including viruses and 
internal cellular organelles. 

○ Resolution: Can resolve objects down to approximately 0.1-0.2 
nanometers (nm), an improvement of about 1000-fold over light 
microscopy. 

○ Types: 
■ Transmission Electron Microscope (TEM): Electrons pass 

through a very thin specimen. Provides detailed images of 
internal structures (ultrastructure) of cells, organelles, and 
viruses. Specimens must be extremely thin, fixed, dehydrated, 
and often stained with heavy metals (which scatter electrons). 

■ Scanning Electron Microscope (SEM): Electrons scan the surface 
of a specimen. Provides highly detailed 3D images of the 
specimen's surface topography. Specimens are typically coated 
with a thin layer of a heavy metal (e.g., gold) to conduct 
electrons. 

Microscopy remains an indispensable tool in microbiology, allowing direct 
observation and characterization of microbial cells, their structures, and their 
interactions, providing fundamental insights into their biology. 



 

 
5. Ecological Aspects of Single-Celled Organisms: The Unseen Drivers 
of Ecosystems 
Single-celled organisms, despite their microscopic size, are the silent architects and 
essential drivers of virtually every ecosystem on Earth. Their immense numbers, 
metabolic diversity, and rapid growth rates mean they collectively exert a profound 
influence on global biogeochemical cycles, human health, and the environment. 
Understanding these ecological roles is crucial for addressing global challenges in 
climate change, pollution, agriculture, and human well-being. 

5.1. Major Ecological Roles: 

● 5.1.1. Nutrient Cycling (Biogeochemical Cycles): 
○ Microorganisms are the primary agents responsible for the cycling of 

essential elements (carbon, nitrogen, sulfur, phosphorus, etc.) through 
ecosystems. Without them, these elements would become locked up, 
making life impossible. 

○ Carbon Cycle: 
■ Carbon Fixation: Photosynthetic bacteria (e.g., cyanobacteria) 

and algae fix atmospheric carbon dioxide (CO2) into organic 
matter, forming the base of many food webs. 

■ Decomposition: Heterotrophic bacteria and fungi decompose 
dead organic matter, returning carbon (as CO2 or methane, CH4) 
to the atmosphere or soil, ensuring nutrient recycling. 

■ Methanogenesis: Certain Archaea (methanogens) produce 
methane, a potent greenhouse gas, under anaerobic conditions. 

○ Nitrogen Cycle: 
■ Nitrogen Fixation: Critical process carried out by specific 

bacteria and archaea (e.g., Rhizobium in legume root nodules, 
free-living cyanobacteria). They convert atmospheric nitrogen 
gas (N2), which is unusable by most organisms, into ammonia 
(NH3), a usable form. 

■ Nitrification: Bacteria convert ammonia to nitrites and then 
nitrates, making nitrogen available to plants. 

■ Denitrification: Other bacteria convert nitrates back to nitrogen 
gas, returning it to the atmosphere. 

● 5.1.2. Primary Producers: 
○ In many aquatic and some terrestrial environments, single-celled 

photosynthetic organisms (e.g., phytoplankton, cyanobacteria, 
unicellular algae) are the dominant primary producers. They convert 
light energy into chemical energy (organic matter) through 
photosynthesis, forming the base of the food web that supports all 
higher life forms. They also produce a significant portion of the oxygen 
in Earth's atmosphere. 

● 5.1.3. Decomposers and Bioremediators: 
○ Microbes are the ultimate recyclers. They break down complex organic 

molecules from dead organisms and waste products into simpler 



 

inorganic forms, returning essential nutrients to the environment for 
reuse by other organisms. 

○ Bioremediation: This metabolic capability is harnessed in 
bioremediation, where microbes are used to detoxify polluted 
environments (e.g., breaking down oil spills, pesticides, industrial 
pollutants into less harmful substances). 

● 5.1.4. Symbiotic Relationships: 
○ Microorganisms form a wide range of symbiotic relationships (close 

associations) with other organisms, from mutualism (beneficial to both) 
to parasitism (beneficial to one, harmful to another). 

○ Human Microbiome: Billions of microbes inhabit the human body (gut, 
skin, oral cavity). These commensal microbes play crucial roles in 
digestion, vitamin synthesis (e.g., Vitamin K, B vitamins), immune 
system development, and protection against pathogens. 

○ Plant-Microbe Interactions: Mycorrhizal fungi associate with plant roots 
to enhance nutrient uptake. Nitrogen-fixing bacteria in root nodules 
provide nitrogen to plants. 

○ Ruminants: Microbes in the digestive tracts of cows, sheep, etc., break 
down cellulose in plant matter, enabling the animal to digest otherwise 
indigestible food. 

● 5.1.5. Pathogens: 
○ While many microbes are beneficial or harmless, some are pathogens, 

causing infectious diseases in humans, animals, and plants (e.g., 
bacteria like Streptococcus pneumoniae causing pneumonia, viruses 
like influenza, fungi like Candida albicans, protozoa like Plasmodium). 
Understanding their ecology is critical for disease control and 
prevention. 

● 5.1.6. Industrial and Biotechnological Applications (Exploiting Microbial 
Ecology): 

○ Microbes are extensively exploited for various industrial processes: 
■ Food Production: Fermentation of bread, cheese, yogurt, beer, 

wine (e.g., Saccharomyces cerevisiae yeast). 
■ Pharmaceuticals: Production of antibiotics (e.g., penicillin from 

Penicillium fungi), vaccines, insulin, and other therapeutic 
proteins. 

■ Biofuels: Production of ethanol and other biofuels from biomass. 
■ Wastewater Treatment: Microbes are central to breaking down 

organic pollutants in sewage treatment plants. 
■ Enzyme Production: Large-scale production of industrial 

enzymes (e.g., amylases, proteases). 

The ecological impact of single-celled organisms is immense and pervasive. They are 
the engines of global cycles, the unseen partners in complex symbioses, and 
increasingly, the targets and tools for addressing some of humanity's greatest 
challenges. 



 

 
6. Sterilization and Media Compositions: Cultivating and Controlling 
Microbes 
In microbiology, whether for research, industrial production, or clinical diagnostics, it 
is absolutely essential to be able to cultivate microorganisms under controlled 
conditions and, equally important, to prevent unwanted microbial contamination. This 
necessitates a thorough understanding of sterilization techniques and the preparation 
of appropriate culture media. 

6.1. Sterilization: Eliminating Microbial Life 

● Definition: Sterilization is the complete destruction or removal of all viable 
microorganisms (including bacteria, fungi, viruses, and bacterial endospores) 
from a surface, object, or medium. It is a critical aseptic technique to prevent 
contamination and ensure the purity of cultures or the safety of medical 
instruments and food products. 

● Key Concept: Endospores: Bacterial endospores (e.g., from Bacillus or 
Clostridium species) are highly resistant, dormant structures that can 
withstand extreme heat, radiation, and chemicals, making them the most 
challenging forms of life to eliminate. A sterilization method must be effective 
against endospores to be truly "sterile." 

● Methods of Sterilization: 
○ 6.1.1. Heat Sterilization: This is the most common and reliable method. 

■ Autoclaving (Moist Heat Sterilization): 
■ Principle: Uses saturated steam under pressure. The 

combination of high temperature and moisture is 
extremely effective at denaturing proteins and destroying 
microbial structures, including endospores. 

■ Standard Conditions: Typically 121°C at 15 pounds per 
square inch (psi) pressure for 15-20 minutes (duration 
depends on volume and item). 

■ Applications: Sterilizing culture media, glassware, surgical 
instruments, and contaminated waste. 

■ Advantages: Highly effective, relatively inexpensive, 
leaves no toxic residues. 

■ Disadvantages: Cannot be used for heat-sensitive 
materials (e.g., some plastics, certain chemicals). 

■ Dry Heat Sterilization: 
■ Principle: Uses hot air, typically in an oven. Requires 

higher temperatures and longer exposure times than 
moist heat because dry heat penetrates less effectively. 

■ Standard Conditions: 160-170°C for 2-3 hours. 
■ Applications: Sterilizing glassware, metal instruments, 

and materials that cannot be exposed to moisture (e.g., 
powders, oils). 

■ Advantages: Suitable for moisture-sensitive items. 
■ Disadvantages: Slower, less efficient than autoclaving for 

many items. 



 

■ Incineration (Burning): Direct flaming (e.g., sterilizing inoculation 
loops) or complete combustion. Rapid and effective for 
destroying contaminated materials. 

○ 6.1.2. Filtration Sterilization: 
■ Principle: Physical removal of microorganisms by passing 

liquids or gases through a filter with pores small enough to retain 
bacteria, fungi, and even some viruses. 

■ Pore Sizes: Typically 0.22 micrometers (µm) for bacteria (as most 
bacteria are larger than this). 

■ Applications: Sterilizing heat-sensitive liquids (e.g., antibiotic 
solutions, vitamins, enzymes, serum), air for sterile environments 
(e.g., laminar flow hoods using HEPA filters). 

■ Advantages: Does not involve heat, so suitable for labile 
materials. 

■ Disadvantages: Does not remove viruses smaller than the pore 
size; filters can become clogged. 

○ 6.1.3. Radiation Sterilization: 
■ Principle: Uses electromagnetic radiation to damage microbial 

DNA and proteins. 
■ Types: 

■ Ionizing Radiation (Gamma rays, X-rays): High energy, 
penetrates deeply. Used for sterilizing disposable medical 
devices (e.g., syringes, gloves), pharmaceuticals, and 
some foods. 

■ Non-ionizing Radiation (UV light): Low energy, poor 
penetration. Primarily used for surface sterilization (e.g., 
laboratory benchtops, air in laminar flow hoods) and 
purifying water. 

■ Advantages: Highly effective, can sterilize pre-packaged items. 
■ Disadvantages: Requires specialized equipment, safety concerns 

for personnel (ionizing radiation), limited penetration (UV). 
○ 6.1.4. Chemical Sterilization (Gaseous Sterilants): 

■ Principle: Uses reactive gases (e.g., ethylene oxide, hydrogen 
peroxide vapor) to kill microbes. 

■ Applications: Sterilizing heat-sensitive and moisture-sensitive 
medical devices that cannot be autoclaved. 

■ Advantages: Effective for a wide range of materials. 
■ Disadvantages: Gases are often toxic, require specialized 

equipment for safe handling and removal of residues, longer 
exposure times. 

6.2. Media Compositions: Providing Nutrients for Growth 

● Definition: A culture medium (plural: media) is a nutrient solution (or solid gel) 
used to grow, transport, and store microorganisms in a laboratory setting. It 



 

must provide all the essential nutrients and conditions required for microbial 
growth. 

● Essential Components of a Basic Medium: 
○ Water: For hydration and as a solvent. 
○ Carbon Source: For building organic molecules (e.g., glucose, lactose, 

starch, proteins). 
○ Nitrogen Source: For protein and nucleic acid synthesis (e.g., peptones, 

amino acids, ammonium salts). 
○ Inorganic Salts: Essential ions like phosphate (for ATP, DNA), sulfate 

(for amino acids), magnesium, potassium, calcium, iron (for enzyme 
cofactors). 

○ Trace Elements: Small amounts of metals like zinc, copper, manganese. 
○ Vitamins and Growth Factors: Some microbes require specific organic 

compounds they cannot synthesize. 
○ pH Buffers: To maintain a stable pH as metabolic byproducts can alter it. 
○ Solidifying Agent (for solid media): Agar is the most common (a 

polysaccharide from seaweed). It provides a solid surface for colony 
formation and isolation of pure cultures. Agar melts at ~90°C and 
solidifies at ~45°C, making it ideal for incorporating heat-sensitive 
components after autoclaving. 

● Types of Culture Media (Based on Composition and Function): 
○ 6.2.1. Chemically Defined (Synthetic) Media: 

■ Composition: Exact chemical composition is known and 
precisely quantified. Each component is a pure chemical 
compound. 

■ Applications: Used for studying specific metabolic requirements 
of microorganisms, or when precise control over nutrient 
concentrations is needed for research or industrial processes 
(e.g., fermentation for a specific product). 

■ Example: Minimal media for E. coli containing glucose, 
ammonium phosphate, magnesium sulfate, and trace elements. 

○ 6.2.2. Complex (Undefined) Media: 
■ Composition: Contain ingredients whose exact chemical 

composition is not precisely known (e.g., extracts of yeast, beef, 
plants, or digests of proteins like peptones, tryptone). These 
provide a rich source of amino acids, peptides, vitamins, and 
minerals. 

■ Applications: Used for general growth of a wide range of 
microorganisms, as they provide a broad spectrum of nutrients 
that satisfy the diverse requirements of many microbes. Easier 
and cheaper to prepare. 

■ Example: Nutrient Agar (NA): contains peptone, beef extract, 
NaCl, and agar. Luria-Bertani (LB) broth/agar: contains tryptone, 
yeast extract, NaCl. 

○ 6.2.3. Selective Media: 
■ Purpose: Contain ingredients that inhibit the growth of certain 

types of microorganisms while allowing others to grow. Used to 
isolate specific microbes from mixed populations. 



 

■ Mechanism: Often contain antibiotics, specific dyes, or salts that 
are toxic to some microbes but not others. 

■ Example: MacConkey Agar: Selects for Gram-negative bacteria 
(bile salts and crystal violet inhibit Gram-positive bacteria). It 
also differentiates based on lactose fermentation. 

○ 6.2.4. Differential Media: 
■ Purpose: Allow different types of microorganisms to grow, but 

they are designed to show observable differences (e.g., color 
change, zone of clearing) based on their metabolic 
characteristics. 

■ Mechanism: Contain indicators (e.g., pH indicators) or specific 
substrates that reveal metabolic capabilities. 

■ Example: MacConkey Agar: (also differential) - contains lactose 
and a pH indicator. Lactose fermenters produce acid, turning 
colonies pink/red; non-fermenters remain colorless. Blood Agar: 
Used to detect hemolytic (red blood cell lysing) activity of 
bacteria, indicated by zones of clearing around colonies. 

○ 6.2.5. Enrichment Media: 
■ Purpose: Contain specific nutrients that favor the growth of a 

particular microorganism while suppressing others, typically 
used when the target microbe is present in very low numbers in a 
sample. 

■ Mechanism: Often uses specific carbon sources or conditions. 
■ Example: Selenite broth for the enrichment of Salmonella from 

fecal samples. 

The precise control over the microbial environment through effective sterilization and 
carefully designed media is foundational for all microbiological studies and 
applications. 

 
7. Growth Kinetics: Quantifying Microbial Population Dynamics 
Understanding microbial growth kinetics is crucial for anyone working with 
microorganisms, whether it's optimizing a fermentation process, designing a 
bioreactor, predicting food spoilage, or studying the progression of an infection. 
Growth kinetics describes the quantitative aspects of how microbial populations 
increase in number over time under specific environmental conditions. 

7.1. Binary Fission: The Basis of Bacterial Growth 

Most bacteria and archaea reproduce by binary fission, an asexual process where a 
single cell elongates and then divides into two identical daughter cells. This leads to 
exponential growth, where the population doubles at regular intervals. 

7.2. The Microbial Growth Curve: Phases of Population Growth 



 

When a pure culture of microorganisms is inoculated into a fresh batch of liquid 
medium and incubated under optimal conditions, the population typically exhibits a 
characteristic growth curve with distinct phases when cell numbers are plotted 
against time: 

● 7.2.1. Lag Phase: 
○ Description: Immediately after inoculation, there is little to no increase 

in cell number. Cells are metabolically active, synthesizing enzymes, 
cofactors, and other molecules necessary for growth in the new 
medium. They are adjusting to the new environment. 

○ Duration: Varies depending on the previous growth conditions, the age 
of the inoculum, and the richness of the new medium. 

● 7.2.2. Exponential (Log) Phase: 
○ Description: Cells are actively and uniformly dividing by binary fission 

at their maximum rate, dictated by the specific medium and 
environmental conditions. The population doubles at regular intervals. 

○ Characteristics: This is the most active metabolic phase. Cells are 
uniform in size and composition, making them ideal for physiological 
and biochemical studies. 

○ Key Parameter: Generation Time (g) or Doubling Time: The time 
required for a population of cells to double in number. It is constant 
during the exponential phase. 

○ Key Parameter: Specific Growth Rate (µ): The rate of increase in cell 
mass or cell number per unit of time. It is inversely proportional to 
generation time. 

● 7.2.3. Stationary Phase: 
○ Description: The rate of cell division slows down and eventually equals 

the rate of cell death. The net increase in cell number is zero, and the 
total viable cell count remains relatively constant. 

○ Causes: Nutrient depletion (e.g., carbon, nitrogen source), accumulation 
of toxic waste products, oxygen depletion (for aerobes), or pH changes. 

○ Characteristics: Cells undergo physiological changes, becoming 
smaller, less metabolically active, and more resistant to adverse 
conditions. They may start producing secondary metabolites (e.g., 
antibiotics). 

● 7.2.4. Death Phase (Decline Phase): 
○ Description: The number of viable cells decreases exponentially. The 

rate of cell death exceeds the rate of cell division. 
○ Causes: Continued nutrient depletion and accumulation of toxic waste 

products lead to irreversible damage to cells. 
○ Rate: The death rate is usually slower than the exponential growth rate. 

7.3. Quantitative Aspects of Growth: Formulas and Calculations 

During the exponential phase, microbial growth can be described mathematically. 

● 7.3.1. Exponential Growth Formula: 



 

○ The number of cells (Nt ) at a given time (t) can be calculated from the 
initial number of cells (N0 ) and the number of generations (n): 
Nt =N0 ×2n 

○ Alternatively, using logarithms (base 10): 
log10 Nt =log10 N0 +n×log10 2 
log10 Nt =log10 N0 +n×0.301 
So, n=(log10 Nt −log10 N0 )/0.301 

● 7.3.2. Generation Time (g) or Doubling Time: 
○ The time it takes for a population to double. It is calculated by dividing 

the total time of exponential growth (t) by the number of generations (n): 
g=t/n 

○ Numerical Example: A bacterial population starts with 103 cells/mL (N0 ) 
and after 3 hours (180 minutes) of exponential growth, reaches 1.28×105 
cells/mL (Nt ). 

1. Calculate the number of generations (n): 
n=(log10 (1.28×105)−log10 (103))/0.301 
n=(5.107−3)/0.301=2.107/0.301≈7 generations. 

2. Calculate the generation time (g): 
g=t/n=180minutes/7generations≈25.7 minutes per generation. 

● 7.3.3. Specific Growth Rate (µ): 
○ Represents the rate of increase in cell number per unit of time during 

exponential growth. It is often expressed in h−1 or min−1. 
○ Formula: μ=(lnNt −lnN0 )/t 
○ Relationship to Generation Time: μ=ln2/g≈0.693/g 
○ Numerical Example (Continuing from above): 

g=25.7 minutes ≈0.428 hours. 
μ=0.693/25.7min≈0.027min−1 
Or μ=0.693/0.428hours≈1.62h−1 

7.4. Methods for Measuring Microbial Growth: 

● 7.4.1. Direct Cell Counts: 
○ Microscopic Counts: Using a counting chamber (e.g., Petroff-Hausser 

counting chamber for bacteria, hemocytometer for larger cells) to 
manually count cells under a microscope in a known volume. Can count 
both living and dead cells. 

○ Electronic Counters (Coulter Counter): Detect and count cells as they 
pass through an orifice, based on changes in electrical resistance. 
Rapid, but counts all particles, including non-viable cells. 

● 7.4.2. Viable Cell Counts (Plate Counts): 
○ Principle: Measures only living (viable) cells that are capable of 

reproducing and forming colonies. 
○ Method: Serial dilutions of the sample are made and plated onto agar 

media. Each viable cell (or a cluster of cells, called a Colony Forming 
Unit, CFU) grows to form a visible colony. 

○ Calculation: Number of CFUs on the plate × reciprocal of the dilution 
factor = CFU/mL of original sample. 



 

○ Formula: CFU/mL = (Number of colonies) / (Dilution factor × Volume 
plated in mL) 

○ Numerical Example: If 50 colonies grow on a plate inoculated with 0.1 
mL of a 10−5 dilution, then: 
CFU/mL = 50 / (10−5 × 0.1) = 50 / (10−6) = 5×107 CFU/mL. 

○ Advantages: Measures only live cells. 
○ Disadvantages: Time-consuming (requires incubation), subject to errors 

from clumping or non-culturable cells. 
● 7.4.3. Turbidimetric Methods (Optical Density Measurement): 

○ Principle: As microbes grow in a liquid culture, the culture becomes 
more turbid (cloudy) due to increasing cell numbers. This turbidity can 
be measured using a spectrophotometer by assessing the Optical 
Density (OD) or absorbance of the culture at a specific wavelength (e.g., 
600 nm for bacterial cultures). Higher OD indicates more cells. 

○ Advantages: Rapid, non-destructive, does not require serial dilutions. 
○ Disadvantages: Measures both living and dead cells/debris. Not 

accurate at very high or very low cell densities. Must be correlated with 
viable plate counts initially. 

● 7.4.4. Measurement of Cell Mass/Constituents: 
○ Dry Weight: Cells are collected by centrifugation, washed, and dried to a 

constant weight. Measures total biomass. 
○ Specific Cell Constituents: Measuring concentrations of protein, DNA, 

or ATP in the culture, which generally increase proportionally with cell 
mass. 

Understanding microbial growth kinetics allows for the precise manipulation of 
microbial populations in biotechnology, ensuring optimal yields in fermentations, 
effective control of pathogens, and robust analysis in environmental engineering. 

 
Conclusion: Embracing the Unseen World for Engineering Solutions 
This comprehensive module has provided a foundational understanding of 
Microbiology, revealing the intricate world of single-celled organisms and their 
profound impact on our planet and our lives. We began by defining the diverse nature 
of these microscopic entities, moving from the basic concept of single-celled 
organisms to the nuanced distinctions between species and strains, which are critical 
for precise identification and application. We explored the systematic methodologies 
for identification and classification of microorganisms, equipping you with the tools 
to characterize their vast diversity. A detailed dive into microscopy highlighted the 
essential techniques for visualizing these unseen architects, from fundamental 
principles of magnification and resolution to the specific applications of various light 
and electron microscopes. 

Our journey then broadened to encompass the crucial ecological aspects of 
single-celled organisms, emphasizing their indispensable roles in biogeochemical 
cycles, as primary producers, decomposers, and in complex symbiotic relationships, 



 

underscoring their vast environmental and health implications. Finally, we 
transitioned to the practical and quantitative aspects of working with microbes, 
covering the indispensable principles of sterilization (eliminating unwanted microbial 
life) and the precise art of preparing culture media (providing the necessary nutrients 
for desired microbial growth). We concluded with an in-depth analysis of microbial 
growth kinetics, demonstrating how to quantitatively describe and measure 
population dynamics through the growth curve phases and associated formulas 
(generation time, specific growth rate), which is paramount for controlling and 
optimizing microbial processes in industrial, environmental, and medical engineering. 

For you, as aspiring engineers, this module is not just an academic exercise. It is a 
vital step towards harnessing the immense potential of the microbial world. Whether 
you aim to develop novel biopharmaceuticals, design sustainable wastewater 
treatment systems, engineer microbes for biofuel production, ensure food safety, or 
address global health challenges, a solid grasp of microbiology is indispensable. By 
understanding these tiny titans, you gain the power to design, innovate, and 
contribute to solutions that leverage the fundamental processes of life itself. 

 


	Module 9: Microbiology – The Unseen World of Single-Celled Life 
	The Tiny Titans: Unveiling the World of Microorganisms 
	1. Concept of Single-Celled Organisms: The Simplest Forms of Life 
	1.1. Major Categories of Single-Celled Organisms: 
	1.2. Key Characteristics of Single-Celled Organisms: 

	2. Concept of Species and Strains: Defining Microbial Identity 
	2.1. Microbial Species: A Working Definition 
	2.2. Microbial Strains: Variation Within a Species 

	3. Identification and Classification of Microorganisms: Unmasking the Unseen 
	3.1. General Principles of Classification (Taxonomy): 
	3.2. Methods for Identification: 

	4. Microscopy: Peering into the Microbial World 
	4.1. Key Concepts in Microscopy: 
	4.2. Types of Microscopes Used in Microbiology: 

	5. Ecological Aspects of Single-Celled Organisms: The Unseen Drivers of Ecosystems 
	5.1. Major Ecological Roles: 

	6. Sterilization and Media Compositions: Cultivating and Controlling Microbes 
	6.1. Sterilization: Eliminating Microbial Life 
	6.2. Media Compositions: Providing Nutrients for Growth 

	7. Growth Kinetics: Quantifying Microbial Population Dynamics 
	7.1. Binary Fission: The Basis of Bacterial Growth 
	7.2. The Microbial Growth Curve: Phases of Population Growth 
	7.3. Quantitative Aspects of Growth: Formulas and Calculations 
	7.4. Methods for Measuring Microbial Growth: 

	Conclusion: Embracing the Unseen World for Engineering Solutions 


