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Executive Overview
Bacteria are cellular organisms with their own membranes, ribosomes, genomes, metabolism, and 
capacity for reproduction. They occupy nearly every environment, drive elemental cycles, form essential 
partnerships with plants and animals, support human digestion and immune development, and enable 
food production, medicine, agriculture, wastewater treatment, and biotechnology. A comparatively 
small subset causes disease. The scientifically useful question is therefore not “Are bacteria good or 
bad?” but “Which organism, strain, gene, dose, host, site, and ecological context are involved?” [1–4]

Core conclusion.  Bacteria are not merely pathogens. They are living infrastructure for 
ecosystems and human civilization. Disease control should be targeted: prevent transmission 
and treat harmful infections while preserving beneficial microbial functions.

Domain Key idea Practical implication

Cell biology

Prokaryotic organization lacks a 
membrane-bound nucleus but is 
structurally and functionally 
sophisticated.

Cell envelope, ribosomes, DNA 
replication, and metabolism provide 
selective diagnostic and drug targets.

Ecology
Bacterial communities decompose 
matter, fix nitrogen, ferment substrates, 
and cycle nutrients.

Eliminating all bacteria is impossible 
and ecologically destructive.

Human health
Microbiomes help resist pathogens, 
process nutrients, and educate 
immunity.

Antibiotics can save lives but can also 
disrupt microbial communities.

Pathogenesis
Disease depends on virulence factors 
plus host susceptibility and exposure.

The same species may include harmless 
commensal and dangerous pathogenic 
strains.

Antibiotic resistance
Selection acts on mutations and 
horizontally acquired genes.

Use antibiotics only when indicated, with 
correct drug, dose, route, and duration.

Biotechnology
Bacteria are programmable biochemical 
factories.

They produce foods, enzymes, 
medicines, fuels, materials, and 
environmental services.
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1. Definition, Etymology, and Boundaries
What makes a bacterium different from a virus, archaeon, fungus, protozoan, or parasite?

The term bacterium is the singular of bacteria. It derives from the Greek baktērion, meaning a small 
staff or rod, reflecting the appearance of early observed forms. Modern taxonomy places Bacteria as one 
of the three domains of cellular life, alongside Archaea and Eukarya. Bacteria are usually microscopic, 
unicellular prokaryotes, although many form multicellular-like filaments, colonies, biofilms, or 
differentiated communities. [1,2]

“Prokaryotic” means that the chromosome is not enclosed within a membrane-bound nucleus and that 
classical membrane-bound organelles such as mitochondria are absent. It does not mean “primitive.” 
Bacteria possess regulated chromosomes, cytoskeletal proteins, membrane microdomains, signaling 
networks, secretion systems, spatial organization, and sophisticated stress responses.

Group Cellular?
Genome and 
replication

Core structure Typical size Antibiotics?

Bacteria Yes; prokaryotic

Usually circular 
dsDNA 
chromosome; 
binary fission

Membrane, 70S 
ribosomes, often 
peptidoglycan wall

~0.2–10 µm
Some bacterial 
antibiotics work; 
susceptibility varies

Viruses No independent cell
DNA or RNA; 
replicate only inside 
host cells

Genome + capsid; 
sometimes lipid 
envelope

~20–300 nm
No. Antivirals target 
viral processes

Archaea Yes; prokaryotic

DNA chromosome; 
fission; information 
systems resemble 
eukaryotes in 
several respects

No peptidoglycan; 
distinctive ether-
linked membrane 
lipids

~0.5–5 µm
Many standard 
antibacterial targets 
differ

Fungi Yes; eukaryotic
Nuclear 
chromosomes; 
mitosis/meiosis

Nucleus, 80S 
ribosomes, 
chitin/glucan wall, 
ergosterol 
membrane

Yeasts ~3–15 µm; 
molds larger

Require antifungals

Protozoa Yes; eukaryotic
Nuclear 
chromosomes; 
varied life cycles

Nucleus and 
organelles; usually 
no rigid wall

Often ~10–100 µm
Require 
antiprotozoal drugs

Parasites
Broad clinical 
category

Includes protozoa 
and multicellular 
helminths/arthropo
ds

Highly diverse
Microscopic to 
macroscopic

Require organism-
specific antiparasitic 
therapy

Key distinction.  Viruses are infectious genetic systems that depend on host cells; bacteria are 
metabolically active cells. Antibiotics do not treat the common cold because colds are usually 
viral.
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2. The Bacterial Cell
A compact cell with coordinated architecture

Figure 1. Generalized bacterial cell. Not every bacterium has every structure.

Structure Main functions

Cell wall

A load-bearing layer outside the membrane. In most 
bacteria, peptidoglycan prevents osmotic rupture and 
preserves shape. Exceptions include wall-less Mycoplasma 
and the unusually lipid-rich envelope of mycobacteria.

Cell membrane
A selectively permeable phospholipid bilayer. It controls 
transport, secretion, energy generation, electron transport, 
sensing, and cell-wall assembly.

Cytoplasm
A crowded aqueous matrix containing enzymes, 
metabolites, ions, storage granules, RNAs, ribosomes, and 
the chromosome.

70S ribosomes
Complexes of 30S and 50S subunits that translate mRNA 
into protein. Their differences from eukaryotic 80S 
ribosomes make them major antibiotic targets.

Nucleoid
The non-membrane-bounded region containing the main 
chromosome, organized by supercoiling and DNA-binding 
proteins.
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Structure Main functions

Plasmids
Usually small, independently replicating DNA molecules. 
They may carry resistance, virulence, metabolic, or 
conjugation genes, but are not universally present.

Flagella
Rotary motility organelles powered by ion gradients. 
Chemotaxis networks bias movement toward favorable 
conditions or away from harm.

Pili / fimbriae
Hair-like protein appendages. Fimbriae often mediate 
adhesion; specialized pili can enable DNA transfer, 
twitching motility, or host interaction.

Capsule / glycocalyx
An extracellular layer, often polysaccharide, that can resist 
desiccation, promote adhesion, inhibit phagocytosis, and 
organize biofilms.

Endospore

A dormant, highly resistant survival structure produced by 
certain genera such as Bacillus and Clostridium. It is not a 
reproductive spore: one cell forms one spore, which can 
later germinate into one vegetative cell.

3. Morphology, Physiology, and Environmental Classification
Shape is useful, but physiology and genetics are more informative

Figure 2. Major bacterial morphologies and arrangements.
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Classification axis Major categories Meaning / examples

Shape
cocci, bacilli, coccobacilli, vibrios, 
spirilla, spirochetes, filaments

Shape reflects cell-wall synthesis and 
cytoskeletal organization.

Arrangement
diplo-, strepto-, staphylo-, tetrads, 
sarcinae, palisades

Arrangement depends on division 
planes and whether daughter cells 
remain attached.

Motility
flagellar, gliding, twitching, 
spirochetal, nonmotile

Motility supports nutrient acquisition, 
colonization, and dispersal.

Oxygen relationship

obligate aerobes, facultative 
anaerobes, obligate anaerobes, 
aerotolerant anaerobes, 
microaerophiles

Reflects respiratory pathways and 
defenses against reactive oxygen 
species.

Carbon / energy
photoautotroph, chemoautotroph, 
photoheterotroph, chemoheterotroph

Separates energy source (light or 
chemicals) from carbon source (CO₂ or 
organic carbon).

Temperature
psychrophiles, psychrotrophs, 
mesophiles, thermophiles, 
hyperthermophiles

Most human pathogens are 
mesophiles; food spoilage can involve 
psychrotrophs.

pH acidophiles, neutrophiles, alkaliphiles
Cells maintain internal pH despite 
external conditions.

Salinity
nonhalophiles, halotolerant 
organisms, moderate/extreme 
halophiles

Osmoprotectants and ion pumps 
prevent water loss and protein 
damage.

Do not overread morphology.  A “rod” seen by microscopy is a starting observation, not an 
identification. Species-level conclusions require culture, biochemical, antigenic, molecular, or 
genomic evidence.

4. Gram-Positive and Gram-Negative Cell Envelopes
Why a nineteenth-century stain still matters
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Figure 3. Simplified envelope comparison. Mycobacteria and wall-less bacteria are important exceptions.

Gram staining uses crystal violet, iodine, an alcohol or acetone decolorizer, and a counterstain. Both 
groups initially retain the crystal-violet–iodine complex. Alcohol dehydrates the thick peptidoglycan of 
Gram-positive cells and traps the complex. In Gram-negative cells, alcohol disrupts the outer membrane 
and the thin peptidoglycan does not retain the complex; the cells then take up the pink/red counterstain. 
Culture age, cell-wall damage, and technique can produce Gram-variable results. [5,6]

Feature Gram-positive Gram-negative

Peptidoglycan Thick, multilayered Thin, located in periplasm

Outer membrane Absent Present; contains porins and LPS

Teichoic acids Common Absent

Periplasm Less structurally prominent
Distinct compartment with enzymes 
and transport proteins

Gram-stain result Purple Pink/red

Endotoxin No LPS endotoxin
Lipid A component of LPS can trigger 
intense inflammation

Drug entry
No outer-membrane barrier, but 
resistance mechanisms still common

Outer membrane and efflux often 
reduce permeability

Toxin potential Many species secrete potent exotoxins
Can produce exotoxins and possess 
LPS endotoxin

Toxicity and susceptibility cannot be inferred from Gram status alone. Gram-negative LPS can drive 
systemic inflammation and the outer membrane can impede drug entry, but Gram-positive bacteria can 
produce lethal exotoxins and invasive disease. Resistance depends on species, strain, target, 
permeability, enzymes, efflux, and biofilm—not stain color.
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5. Reproduction, Growth, Dormancy, and Genetic 
Diversification
From one cell to an evolving population

Most bacteria reproduce by binary fission: the chromosome replicates, copies segregate, the cell 
elongates, a division ring organizes septum formation, and two daughter cells separate. Generation time 
ranges from minutes to days depending on species and conditions. Mycobacterium tuberculosis grows 
slowly; many enteric bacteria can divide rapidly in nutrient-rich laboratory media.

Figure 4. Idealized batch-culture growth curve. Natural populations rarely follow a perfectly synchronized curve.

A visible colony usually develops from one viable cell or a small clump on solid medium. Colony size, 
pigment, edge, elevation, odor, hemolysis, and texture can aid identification but are not definitive. In 
liquid or on surfaces, bacteria often form biofilms: structured communities embedded in self-produced 
extracellular material. Biofilms create gradients of oxygen and nutrients, protect cells from immune 
attack and disinfectants, and support slow-growing or persister subpopulations.

Dormancy is broader than endospore formation. Bacteria may enter nonreplicating persistence, 
stationary phase, viable-but-nonculturable states, or metabolically altered phenotypes. Sporulation 
packages DNA and essential cellular components into a dehydrated, multilayered endospore. 
Germination occurs when environmental signals activate rehydration, metabolism, and outgrowth.
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Figure 5. Mutation and horizontal gene transfer generate and redistribute bacterial variation. [7,8]

Mechanism What happens Why it matters

Mutation
DNA sequence changes arise during 
replication or from damage and 
imperfect repair.

Creates new alleles; most are neutral 
or harmful, but some alter host range, 
metabolism, virulence, or drug 
susceptibility.

Transformation
A competent cell takes up 
extracellular DNA.

Can acquire chromosomal fragments 
or plasmids from the environment.

Transduction
A bacteriophage transfers bacterial 
DNA.

Moves genes between susceptible 
bacterial hosts; some phages encode 
toxins.

Conjugation
Direct cell contact transfers plasmid or 
chromosomal DNA through a 
secretion apparatus.

A major route for rapid spread of 
resistance and other adaptive traits.

Mobile elements
Transposons, integrons, insertion 
sequences, and genomic islands 
reorganize genes.

Assemble and disseminate cassettes of 
resistance or virulence determinants.

6. Bacteria in Ecosystems and the Human Microbiome
Microbial processes sustain macroscopic life
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Figure 6. Bacterial metabolism links organisms, soils, waters, sediments, and the atmosphere.

In soil, bacteria decompose organic matter, mineralize nutrients, fix atmospheric nitrogen, oxidize 
ammonia and nitrite, transform sulfur and iron, and interact with plant roots. In water and sediments, 
they drive oxygen consumption, nutrient regeneration, methane-related processes, and contaminant 
breakdown. Air is mainly a transport medium, carrying cells, spores, and fragments between habitats. 
On plants, bacteria can promote growth, supply nutrients, suppress pathogens, or cause disease. In 
animals, they digest complex food, produce vitamins and metabolites, train immunity, and occupy 
ecological niches that can exclude pathogens.

The human microbiota is the community of microorganisms associated with a body site; the microbiome 
often refers to that community plus its genes, products, and environment. The gut microbiome expands 
digestive capacity by fermenting otherwise poorly digested carbohydrates, generating short-chain fatty 
acids, modifying bile acids, synthesizing some vitamins, interacting with drugs, and influencing 
epithelial and immune function. Microbes also provide colonization resistance by occupying niches and 
producing inhibitory compounds. [9–11]

Function Bacterial contribution Health relevance

Digestion
Fermentation of dietary fiber and 
resistant starch; production of short-
chain fatty acids.

Supplies energy to colon cells and 
influences gut physiology.

Immune development
Continuous microbial signals calibrate 
innate and adaptive responses.

Supports barrier defense and immune 
tolerance; dysregulation may 
accompany disease.

Metabolism
Transformation of bile acids, amino 
acids, xenobiotics, and some 
medications.

Can alter metabolic signaling and drug 
effects.
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Function Bacterial contribution Health relevance

Colonization resistance
Competition for nutrients and 
attachment sites; bacteriocins and 
acids.

Reduces opportunities for invading 
pathogens.

Risk and uncertainty
Community disruption, pathobiont 
expansion, or misplaced commensals.

Association does not always prove 
causation; microbiome therapies 
require rigorous trials.

Microbiome caution.  There is no single universally “ideal” microbiome. Composition varies 
with age, diet, geography, medications, exposures, and host genetics. A stool profile alone 
rarely establishes a diagnosis.

7. Pathogenicity, Toxins, and Host Damage
Disease emerges from an interaction, not from a microbe alone

A pathogen has the capacity to cause disease; a nonpathogenic organism generally does not under 
ordinary conditions. Opportunistic pathogens cause disease when barriers are breached, immunity is 
weakened, devices are present, or organisms reach normally sterile sites. Virulence is a graded property 
of a strain, not a permanent moral category.

1. Adhesion: surface proteins, pili, capsules, and biofilm matrix attach bacteria to host tissues or 
medical devices.

2. Invasion and spread: enzymes, secretion systems, motility, and manipulation of host cells enable 
tissue penetration or intracellular survival.

3. Toxin production: secreted proteins or cell-envelope components disrupt signaling, membranes, 
protein synthesis, nerves, or fluid transport.

4. Immune evasion: capsules, antigenic variation, complement resistance, intracellular residence, 
proteases, and biofilms reduce clearance.

5. Tissue damage: direct bacterial activity combines with inflammation, ischemia, coagulation, and 
immune-mediated injury.

Feature Exotoxin Endotoxin

Chemical nature Usually secreted protein
Lipid A component of Gram-negative 
LPS

Source
Gram-positive or Gram-negative 
bacteria

Gram-negative outer membrane

Specificity Often highly specific cellular target Broad innate immune activation

Heat stability Variable; many are heat-labile Relatively heat-stable

Immune response
Often strongly immunogenic; some 
can be made into toxoids

Antibodies do not neutralize systemic 
effects as predictably
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Feature Exotoxin Endotoxin

Typical effects
Neurotoxicity, enterotoxicity, 
cytotoxicity, superantigen activity

Fever, hypotension, coagulation 
activation, septic shock

Examples
Botulinum toxin, cholera toxin, 
diphtheria toxin

LPS from Enterobacterales and other 
Gram-negative bacteria

8. Ten Representative Medically Important Bacteria
Patterns of transmission, disease, diagnosis, treatment, and prevention

The summaries below are educational and intentionally general. Actual treatment depends on disease 
severity, site, patient factors, resistance testing, local guidelines, allergies, pregnancy, organ function, 
and public-health requirements.

Organism Identity Typical transmission / reservoir Major disease

Mycobacterium tuberculosis
Acid-fast slender rod; slow-
growing aerobe

Airborne droplet nuclei from 
pulmonary/laryngeal disease

Tuberculosis; latent infection or 
active pulmonary/extrapulmonary 
disease

Escherichia coli Gram-negative facultative rod
Normal gut reservoir; food, water, 
contact, endogenous spread 
depending on strain

Diarrheal syndromes, urinary 
infection, sepsis, neonatal 
meningitis

Staphylococcus aureus Gram-positive cocci in clusters
Skin/nasal carriage; contact, 
wounds, devices, food toxins

Skin/soft-tissue infection, 
bacteremia, endocarditis, 
pneumonia, toxin syndromes

Streptococcus pneumoniae
Gram-positive lancet-shaped 
diplococcus; encapsulated

Respiratory droplets; 
nasopharyngeal carriage

Pneumonia, otitis, sinusitis, 
meningitis, bacteremia

Salmonella enterica Gram-negative motile rod
Food animals, reptiles, 
contaminated food/water; human 
reservoir for typhoidal strains

Gastroenteritis, bacteremia, 
enteric fever

Vibrio cholerae Gram-negative curved motile rod Fecally contaminated water/food
Profuse secretory diarrhea and 
dehydration

Helicobacter pylori
Gram-negative curved/spiral 
microaerophile

Likely oral–oral or fecal–oral, 
often acquired in childhood

Chronic gastritis, peptic ulcer; 
increased gastric cancer/MALT 
lymphoma risk

Treponema pallidum Thin motile spirochete
Sexual contact; transplacental 
transmission

Syphilis: primary, secondary, 
latent, tertiary, neurologic/ocular, 
congenital

Bacillus anthracis Gram-positive spore-forming rod
Spores from infected 
animals/products or deliberate 
exposure

Cutaneous, inhalational, 
gastrointestinal, or injection 
anthrax

Clostridium botulinum
Anaerobic Gram-positive spore-
forming rod

Preformed toxin in food; intestinal 
colonization in infants; wound 
contamination

Descending flaccid paralysis and 
respiratory failure
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Organism Diagnosis Treatment principles Prevention

M. tuberculosis
Molecular NAAT, microscopy, 
culture, imaging; tests for 
infection and drug resistance

Multidrug regimens; 
longer/special regimens for 
resistant TB

Ventilation, respiratory 
protection, contact investigation, 
treatment of infection/disease; 
BCG in many countries

E. coli
Culture or molecular 
stool/urine/blood tests; toxin and 
resistance testing as needed

Syndrome-specific; hydration for 
many diarrheal infections; 
antibiotics for selected infections

Food/water hygiene, safe cooking, 
hand hygiene, device stewardship

S. aureus
Culture, rapid molecular assays, 
susceptibility testing

Drainage/source control plus 
susceptible antibiotic; MRSA 
therapy when indicated

Hand hygiene, wound care, device 
bundles, decolonization in 
selected settings

S. pneumoniae
Culture, antigen/NAAT in selected 
syndromes, susceptibility testing

Site- and resistance-guided 
antibiotics

Pneumococcal vaccination; 
respiratory hygiene

Salmonella
Stool/blood culture or molecular 
testing; serotyping/public-health 
genomics

Rehydration; antibiotics for 
invasive disease or high-risk 
patients

Food safety, animal handling 
hygiene, sanitation; typhoid 
vaccines for risk settings

V. cholerae
Stool culture or rapid/molecular 
testing in outbreak context

Immediate oral/IV rehydration; 
antibiotics can shorten severe 
illness

Safe water and sanitation, food 
hygiene, oral cholera vaccines in 
defined settings

H. pylori
Urea breath test, stool antigen, 
endoscopic biopsy tests

Combination acid suppression and 
antibiotics; confirm eradication

Sanitation and appropriate 
testing/treatment; no widely used 
vaccine

T. pallidum
Nontreponemal + treponemal 
serology; direct tests in some 
lesions

Penicillin is standard; regimen 
depends on stage and involvement

Safer sex, screening, partner 
services, prenatal testing

B. anthracis
Culture/NAAT and public-health 
laboratory confirmation

Prompt multidrug therapy for 
systemic disease; antitoxin in 
selected cases

Occupational controls, animal 
vaccination, human vaccine for 
defined risk groups

C. botulinum
Clinical recognition plus toxin 
testing/culture; do not delay 
treatment

Urgent antitoxin and intensive 
supportive respiratory care

Safe canning, proper food 
handling, wound care; no honey 
for infants under 12 months

Case study: cholera.  The organism remains in the intestinal lumen and cholera toxin drives 
chloride and water secretion. The immediate lifesaving intervention is rapid fluid and 
electrolyte replacement; antibiotics are adjunctive in severe disease. This illustrates why 
pathophysiology—not simply “killing bacteria”—determines urgent management.

Case study: tuberculosis.  M. tuberculosis can persist in a nonreplicating or slowly replicating 
state within granulomatous lesions. Treatment requires multiple drugs for months to prevent 
selection of resistant subpopulations. WHO recommends rapid molecular tests as initial 
diagnostics for people with signs or symptoms of TB. [12]

Case study: H. pylori.  A bacterium can cause chronic disease without acute fever or pus. H. 
pylori colonizes the stomach, causes chronic inflammation, and is a major cause of peptic ulcer 
disease with links to gastric malignancy. [13]
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9. Antibiotics: Discovery, History, and Mechanisms
Selective toxicity transformed medicine—and created an evolutionary pressure

Antibacterial therapy developed through several converging traditions: nineteenth-century germ theory 
and antisepsis; Ehrlich’s concept of selective toxicity and arsphenamine; sulfonamides in the 1930s; 
Fleming’s observation of penicillin in 1928; Florey and Chain’s development of penicillin into a usable 
therapy; and systematic discovery of soil microbial products such as streptomycin. The mid-twentieth 
century “golden age” produced many major classes, followed by chemical modification, semisynthetic 
drugs, and newer target-based or structure-guided approaches.

Figure 7. Major bacterial targets of antibacterial drugs. [14–16]

Target / class Examples Primary mechanism Important limitations

Cell-wall synthesis: β-lactams
penicillins, cephalosporins, 
carbapenems, monobactams

Bind penicillin-binding proteins 
and inhibit peptidoglycan cross-
linking.

β-lactamases, altered PBPs, 
permeability and efflux; 
ineffective against organisms 
lacking typical walls.

Cell-wall synthesis: glycopeptides vancomycin
Bind cell-wall precursors and 
block polymerization/cross-
linking.

Mainly Gram-positive activity; 
resistance via altered precursors.

30S ribosome aminoglycosides, tetracyclines
Cause mistranslation or block 
tRNA entry.

Uptake, modifying enzymes, target 
protection, efflux; class-specific 
toxicity.

50S ribosome
macrolides, lincosamides, 
chloramphenicol, oxazolidinones

Block peptide elongation, 
translocation, or initiation.

Methylated targets, efflux, 
enzymatic inactivation.
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Target / class Examples Primary mechanism Important limitations

DNA replication fluoroquinolones
Trap DNA gyrase/topoisomerase 
complexes and disrupt DNA 
replication.

Target mutations, efflux, 
protection proteins, plasmid-
mediated mechanisms.

RNA synthesis rifamycins Inhibit bacterial RNA polymerase.
Resistance can arise rapidly if 
used alone for high-burden 
infections.

Folate metabolism sulfonamides + trimethoprim
Sequentially inhibit bacterial 
folate synthesis.

Alternative enzymes, excess 
substrate, altered permeability.

Cell membrane polymyxins, daptomycin
Disrupt membrane structure or 
potential.

Toxicity and resistance; spectrum 
differs by class.

Mycobacterial pathways
isoniazid, ethambutol, 
pyrazinamide and others

Target mycolic-acid synthesis, 
arabinogalactan, energy or stress 
pathways.

Must be combined; resistance and 
treatment duration are major 
challenges.

Bactericidal drugs reduce viable counts; bacteriostatic drugs primarily inhibit growth at clinically 
relevant concentrations. The distinction is context-dependent and does not automatically determine 
clinical superiority. Pharmacokinetics, tissue penetration, host immunity, infection site, source control, 
toxicity, and susceptibility data are equally important.

10. Antibiotic Resistance
Evolution accelerated by exposure, transmission, and gene exchange

Figure 8. Core mechanisms of antibiotic resistance.
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Resistance is not created because an individual patient’s body “gets used to” an antibiotic. Bacterial 
populations contain or acquire genetic variants. Antibiotic exposure suppresses susceptible cells and 
enriches variants that survive. These variants spread vertically to descendants and horizontally through 
mobile genetic elements. Selection occurs in human medicine, animals, agriculture, wastewater, 
manufacturing, and natural environments.

Mechanism Molecular logic Representative examples

Drug inactivation
Enzymes hydrolyze or chemically 
modify the antibiotic.

β-lactamases including ESBLs and 
carbapenemases; aminoglycoside-
modifying enzymes.

Target modification The binding site changes or is replaced.
mecA-encoded PBP2a in MRSA; van gene 
clusters in VRE; gyrase mutations.

Efflux
Transporters pump drug out faster than 
it accumulates.

Tetracycline and macrolide efflux; broad 
RND pumps in Gram-negative bacteria.

Reduced permeability
Porin loss or envelope changes limit 
entry.

Carbapenem resistance combining porin 
loss with β-lactamase activity.

Metabolic bypass / protection
Alternative enzymes or protection 
proteins preserve function.

Altered folate enzymes; ribosomal 
protection; quinolone-protection 
proteins.

Biofilm / persistence
Matrix, slow growth, gradients, and 
persister cells reduce effective killing.

Chronic device, lung, bone, and wound 
infections.

Resistance problem Core feature Why it matters

MRSA
S. aureus with altered PBP2a conferring 
resistance to most traditional β-lactams.

Common in healthcare and community 
settings; can cause invasive disease.

VRE
Enterococci with altered cell-wall 
precursors that reduce vancomycin 
binding.

Limited treatment options in vulnerable 
hospitalized patients; gene transfer 
concern.

MDR-TB
M. tuberculosis resistant at least to 
isoniazid and rifampicin.

Requires rapid resistance testing, longer 
or specialized regimens, and intensive 
public-health follow-up.

Carbapenem-resistant organisms
Often Gram-negative bacteria with 
carbapenemases plus permeability/efflux 
changes.

Can resist last-line β-lactams and spread 
resistance plasmids in healthcare 
networks.

The World Health Organization’s 2025 global surveillance report analyzed more than 23 million 
bacteriologically confirmed infections. WHO reported that about one in six laboratory-confirmed 
common bacterial infections in 2023 was resistant to antibiotic treatment, with resistance increasing in 
many monitored pathogen–drug combinations. These data underscore that resistance is simultaneously 
a clinical, economic, security, and development problem. [17,18]
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Stewardship principle.  The goal is not “use fewer antibiotics at any cost.” It is use the right 
antibiotic only when likely to benefit, obtain cultures when appropriate, narrow therapy when 
results return, optimize dose and duration, control the source, vaccinate, and prevent 
transmission.

11. Diagnosis, Sterilization, Prevention, and Infection Control
Match the method to the question

Figure 9. An integrated diagnostic process balances speed, viability, identification, and resistance information.

Method Strengths Limitations / pitfalls

Culture
Demonstrates viable organisms; enables 
identification, typing, and susceptibility 
testing.

Slow for some organisms; prior 
antibiotics and poor specimens reduce 
yield; some bacteria are difficult or 
unsafe to culture.

Microscopy / stains
Rapid view of morphology, cellular 
response, and specimen quality.

Limited sensitivity and specificity; 
operator dependent; usually cannot 
identify strain or resistance.

Biochemical tests / MALDI-TOF
Phenotypic identification; MALDI-TOF 
can rapidly identify cultured isolates.

Usually requires growth; unusual species 
may be misidentified without reference 
databases.

Antigen testing Fast, simple, sometimes point-of-care.
Sensitivity varies; may not distinguish 
viable organisms; confirmatory testing 
may be needed.

PCR / NAAT
Rapid and sensitive detection of specific 
DNA/RNA targets; can detect resistance 
markers.

Detects target, not necessarily live 
organism; limited to included targets; 
contamination and colonization 
complicate interpretation.

Genomic analysis
High-resolution typing, outbreak linkage, 
resistance/virulence prediction, 
discovery.

Cost, bioinformatics, turnaround, data 
governance; genotype does not always 
equal phenotype.
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Method Strengths Limitations / pitfalls

Antibiotic susceptibility testing
Directly estimates whether an isolate is 
inhibited at defined concentrations or 
zones.

Breakpoints are drug-, species-, method-, 
and site-dependent; laboratory results 
require clinical interpretation. [19]

Control measure Definition Examples and cautions

Cleaning
Physical removal of soil and organic 
material.

Essential before disinfection or 
sterilization; debris can shield microbes.

Disinfection
Eliminates many or all pathogenic 
microorganisms on inanimate objects, 
usually not bacterial spores.

Level depends on use and product; 
alcohols kill vegetative bacteria but not 
spores.

Sterilization
Destroys all forms of microbial life, 
including bacterial spores.

Steam, dry heat, gas, plasma, chemicals, 
or radiation depending on device 
compatibility.

Antisepsis
Chemical reduction of microbes on living 
tissue.

Hand antisepsis, skin preparation; 
concentration and contact time matter.

Hand hygiene
Removes or kills transient organisms 
and reduces transmission.

Soap and water is especially important 
when hands are visibly soiled and in 
some spore-related settings.

Vaccination
Prevents infection or disease by 
generating specific immunity.

Pneumococcal, pertussis, tetanus, 
anthrax for selected risk groups, and 
others.

Water, sanitation, food hygiene
Interrupts fecal–oral and environmental 
transmission.

Safe water, sewage treatment, 
refrigeration, cooking, pasteurization, 
outbreak surveillance.

Healthcare infection control
Bundles engineering, administrative, 
and personal protective measures.

Isolation precautions, ventilation, device 
care, environmental cleaning, screening, 
and antimicrobial stewardship.

CDC’s Spaulding framework matches processing intensity to device risk: critical items entering sterile 
tissue require sterilization; semicritical items contacting mucous membranes require at least high-level 
disinfection; noncritical items contacting intact skin usually require low-level disinfection. Cleaning is a 
prerequisite because organic material can reduce effectiveness. [20]

12. Beneficial and Industrial Applications
Bacteria as producers, catalysts, sensors, and programmable systems

Application Bacterial role Representative outputs

Fermented foods
Lactic-acid, acetic-acid, and other 
fermentations preserve food, develop 
flavor, and alter texture.

Yogurt, cheese, kimchi, sauerkraut, 
vinegar, sourdough adjuncts.

Pharmaceuticals
Engineered cells express proteins or 
produce precursor molecules.

Recombinant insulin, enzymes, amino 
acids, vitamins, antibiotics, vaccine 
components.
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Application Bacterial role Representative outputs

Industrial enzymes
High-yield secretion or intracellular 
production of robust catalysts.

Proteases, amylases, cellulases, lipases, 
restriction enzymes, DNA polymerases.

Recombinant DNA technology
Plasmids and bacterial hosts clone, 
amplify, and express genes.

Research reagents, diagnostics, 
therapeutic proteins, genome-
engineering tools.

Bioremediation
Metabolism transforms hydrocarbons, 
solvents, metals, nutrients, or explosives.

Oil-spill treatment, groundwater 
cleanup, metal immobilization, 
biosorption.

Agriculture
Plant-growth promotion, nitrogen 
fixation, biocontrol, nutrient 
mobilization.

Rhizobial inoculants, Bacillus 
biopesticides, phosphate solubilizers.

Wastewater treatment
Communities oxidize organic matter and 
transform nitrogen and phosphorus.

Activated sludge, 
nitrification/denitrification, anaerobic 
digestion.

Synthetic biology
Genetic circuits program sensing, logic, 
biosynthesis, and containment.

Living diagnostics, engineered 
probiotics, biomaterials, carbon capture 
concepts.

Mining and materials
Microbial redox chemistry mobilizes or 
precipitates minerals.

Bioleaching, biomineralization, self-
healing concrete research.

Industrial use requires strain selection, process control, containment, product purification, quality 
systems, and regulatory oversight. “Beneficial bacterium” is context-specific: a safe production strain can 
still contaminate a sterile process, and a useful environmental organism can become problematic in an 
immunocompromised host.

13. Integrated Assessment and Common Misconceptions
Replace microbe fear with ecological and clinical precision

Misconception Correction

“Most bacteria are harmful.”

False. Most bacterial lineages are not human pathogens; 
many are neutral or beneficial, and many have never been 
cultured. Disease-causing bacteria are a small, important 
subset.

“Antibiotics cure the common cold.”
False. Colds are usually viral. Antibiotics do not target viral 
replication and expose patients and microbial 
communities to side effects and selection pressure.

“All bacteria should be eliminated.”

Impossible and harmful. Human life depends on 
environmental and host-associated bacteria. Control 
should be targeted to pathogens, routes, reservoirs, and 
high-risk contexts.

“Gram-negative means more dangerous.”
Oversimplified. Gram-negative LPS and permeability 
barriers matter, but Gram-positive organisms can produce 
lethal toxins and invasive disease.
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Misconception Correction

“Resistance means the patient is resistant.”
False. The bacterial strain is resistant. A person can carry 
or be infected by resistant bacteria.

“A positive molecular test always proves active infection.”
False. It may detect colonization, residual nucleic acid, or a 
nonviable organism. Interpretation depends on specimen, 
syndrome, and pretest probability.

“Probiotics are interchangeable.”
False. Effects are strain-, dose-, product-, and condition-
specific; evidence for one strain does not automatically 
apply to another.

Integrated model.  Bacterial outcome = organism and strain × inoculum × route and site × 
host susceptibility × microbial community × environment × time × intervention. This model 
explains why the same species may be harmless in one context and dangerous in another.

The future of bacteriology is increasingly integrative. Classical culture remains indispensable, but it now 
interacts with genomics, metagenomics, single-cell analysis, imaging, machine learning, ecological 
modeling, and synthetic biology. The central challenge is dual: suppress bacterial disease and resistance 
while preserving or engineering the microbial functions on which ecosystems, public health, and 
industry depend.

Appendix A. Glossary of Key Terms
Term Definition

Antibiotic susceptibility
The degree to which bacterial growth is inhibited by an 
antibacterial drug under standardized conditions.

Bacteremia Presence of viable bacteria in blood.

Biofilm
Surface-associated microbial community embedded in an 
extracellular matrix.

Colonization
Presence and growth of an organism without tissue 
invasion or symptoms attributable to infection.

Commensal
Organism that benefits or persists without ordinarily 
harming the host; context may change.

Dysbiosis
A disturbed microbial community associated with altered 
function; not a single standardized diagnosis.

Endospore
Highly resistant dormant structure formed within certain 
bacterial cells.

Genotype / phenotype
Genotype is genetic potential; phenotype is observed trait 
under specific conditions.

Infection
Entry and multiplication of an organism in a host, with or 
without symptoms.
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Term Definition

Microbiota / microbiome
Microbiota are the organisms; microbiome often includes 
organisms, genes, products, and environment.

Pathobiont
Usually harmless resident that can contribute to disease 
under altered conditions.

Sepsis
Life-threatening organ dysfunction caused by a 
dysregulated host response to infection.

Sterilization
Process that eliminates all viable microorganisms, 
including bacterial spores.

Virulence factor
Bacterial component or behavior that contributes to 
colonization, damage, transmission, or immune evasion.

Zoonosis
Infection naturally transmitted between vertebrate 
animals and humans.
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