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Some perspective on diseases

WHO 2002 statistics: Global death causes

1. Cardio- and cerebro-vascular diseases 21% of total

Mostly affects people >50 years of age

2. Infectious diseases 19% of total
(HIV, malaria, TB, respiratory infections, diarrhea etc.)

Mostly affects people <45 years old



There are lots of microbes out there

Numbers Biomass

Individuals Species

(uncertain #)

Prokaryotes 1031 109 5x1011 tons Carbon

(marine cyanobacteria, 

Procholorococcus ca. 1027)

Viruses 1032 106-108 about 1% of proks/euks
(kills 20% of prokaryote biomass/day)

Eukaryotes Much less than 9x106 5x1011 tons Carbon

prokaryotes/viruses (90% plants, 10% marine 

animals)



Less than 20 species of bacteria, viruses and parasites 

cause >80% of human mortality due to infectious diseases

Year 2002: 14.7 million deaths in infectious disease

1. Lower respiratory tract infections: 3.9 million
Streptococcus pneumoniae, Hemophilus influenzae, Moraxella catarrhalis, influenza virus

2. Aids: 2.8 million
HIV virus 

3. Diarrheal diseases: 1.8 million
Rotavirus, norovirus, Escherichia coli, Campylobacter jejuni, Salmonella typhimurium, 

Shigella, Vibrio choleraea

4. Tuberculosis: 1.6 million
Mycobacterium tuberculosis

5. Malaria: 1.3 million
Plasmodium vivax/falciparum

6. Measles: 0.6 million
Morbillivirus



Carl Woese, 1970s

rRNA based 

phylogeny

Pathogens in the three domains of life

No pathogens



Staphylococci

Streptococcus

Enterococcus

Listeria

No pathogens!

Where are eubacterial pathogens phylogenetically?



US infectious disease mortality throughout the 20th century

The role of antibiotics



Penicillin

1918 flu pandemic

HIV

US infectious disease mortality throughout the 20th century

The role of antibiotics

Majority of antibiotic classes used 

today were developed 1940-1970



In spite of previous slide: No other medical 

procedure/class of medicine have been as important in

reducing human morbidity and mortality as antibiotics

-Effective (from life-threatening to cure in days)

-Very cheap (in relation to effect)

-Few side effects (compare some cancer drugs)

Most antibiotic use (>90%) in human medicine is for community-

acquired infections: e.g. respiratory tract-, urinary tract-, and 

intestinal tract infections, STDs etc.

However, modern medicine depends on effective antibiotics

that are used in hospital settings

1. Cancer chemotherapy

2. Deep surgery

3. Transplantations

4. Device surgery

5. Neonatal care

6. Burn treatment



Pathogens versus normal flora

• Very few bacteria cause disease

• Many organisms harmlessly colonize the body
Normal flora on human body= microflora (commensal, symbiotic)

In a person, bacterial cells outnumber somatic and germ cells by >10 fold (you= 4x1012 cells)

Present in intestine (1010-12/g), skin (102-4/cm2), nasopharynx (105-7/ml), urogenital tract (105-7/ml)

Number of genes in the human microbiome’ may exceed number of human genes by 100-fold (30,000, 
genes in human versus 3 million bacterial/archeal genes)

Human intestinal microbiota: >1,000 different species (majority unculturable) 

aggregate biomass of ~ 1.5 kg per person

Many significant pathogens are part of normal flora (e.g. E. coli, Staphylococci, Streptococci)

Will always get a collateral effect of antibiotic treatment on normal flora

Roles in:
Development: induction of blood capillaries in intestine, gene expression in epitelial cells

Nutrition: Absorption and processing of food

Defense: Protection against pathogenic microbes

Immunity: Protection against allergies and cancers



Antibiotics

-Use

-Targets

-Drugs

-Mode of action



Antibiotics / Antimicrobial drugs : definitions

•Classic definition of an antibiotic:

• A small molecule produced by a microorganism 

• in low concentrations inhibits the growth of other 

microorganisms

•Current definition:  

• A small molecule (natural or synthetic) 

• in low  concentrations inhibits the growth of other 

microorganisms
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What are antibiotics used for?

90% 10%

About 1/3 About 2/3

Of the >500,000 tons of antibiotics used per year globally  ≈50% is released

in active form into the environment, mainly via human and animal urine



What is a good antibiotic target?

1. Essential function (about 300 in E. coli)

2. Complex function (many druggable components) 

(e.g. protein-, cell wall-biosynthesis)

3. Target preferably not present in humans (reduces risk of toxicity)

(however, protein synthesis good exception)

4.   Preferably bacteriocidal effect of inhibiting target

5. Low propensity for resistance development

-multigene encoded target or multiple targets

-high fitness cost associated with altering target

-low rate and efficiency of compensatory evolution
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Modes of action

Overview



Aminoglycosides:

Bind to 16S rRNA in 30S subunit

Inhibits translocation from A site to P site + 

causes misreading 

Macrolides:

Bind to 23S rRNA in 50S 

ribosomal subunit and 

prevents peptide exit 

from ribosome

Tetracyclines:

Bind to 16S rRNA in 30S 

subunit and inhibit binding 

of aminoacyl-t-RNA to the 

acceptor site

Chloramphenicol: 

Binds to 23S rRNA in 50S subunit

Interferes with peptidyl transferase

Oxazolidinones:

Binds 23S rRNA in the 50S subunit

Prevents formation of 70S ribosome

Prevents aminoacyl-tRNA binding to A-site

Inhibition of translation factors

Fusidic acid:

Binds to elongation factor G (EF-G) on the ribosome, inhibits release of GDP from EF-G, blocking elongation.

Mupirocin:

Binds irreversibly to isoleucine-tRNA synthetase and inhibits its activity

Inhibition of ribosome



The ribosome is not a saturated target:

1. Additional sites on ribosome

2. Factors

Elongation: EF-G, EF-Ts

Initiation: IF-1, 2 and 3

Termination: RF-1 and 2

3. Aminoacyl tRNA synthetases (19 of them)



Eubacterial cell walls contain murein, a type of peptidoglycan

Peptidoglycan is composed of amino sugars and amino acids

Gram positiveGram negative

Thick peptidoglycan 10-100nm

90% of cell weight

Thin peptidoglycan 2nm

20% of cell weight

Cell wall synthesis inhibitors



β-lactams

Penicillins

Cephalosporins   

Carbapenems

Bacitracin

Glycopeptides 
(e.g. Vancomycin)

Fosfomycin

Beta-Lactam Structure

Cell wall synthesis inhibitors

- Fosfomycin – inhibits first committed step (MurA)

- Bacitracin – inhibits bactoprenol (carrier of building blocks to outside)

- Vancomycin – inhibits joining of NAM-NAG-peptide to peptidoglycan chains

- Beta-lactams– inhibits crosslinking of peptidoglycan chains



Cell wall biosynthesis is not a saturated target

Precursor biosynthesis: murB, murC, murD,

murE, murF, mraY and murG



What is a good antibiotic target?

1. Essential function (about 300 in E. coli)

2. Complex function (many druggable components) 

(e.g. protein-, cell wall-biosynthesis)

3. Target preferably not present in humans (reduces risk of toxicity)

(however, protein synthesis good exception)

4.   Preferably bacteriocidal effect of inhibiting target

5. Low propensity for resistance development

-multigene encoded target or multiple targets

-high fitness cost associated with altering target

-low rate and efficiency of compensatory evolution



Selective toxicity is a critical parameter for an antibiotic

— harming the pathogen but not the host.

Therapeutic Index - a measure of the degree of selective toxicity.

- the ratio of the toxic dosage to the therapeutic dosage

Lowest toxic dose / therapeutic dose  A high ratio is good!

Usually aims for >50

Selective toxicity needed

http://www.liu.edu/cwis/bklyn/acadres/facdev/FacultyProjects/WebClass/micro-web/html-files/ChapterE-2.html
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Important general concepts for antimicrobial drug action

Bacteriocidal versus bacteriostatic drugs

Dead bugs don’t mutate!
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Size=

”Mutational space” (mutations and HGT)
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Rate of formation

Mutant fitness



Resistance level

Factors influencing propensity for 

resistance development

Each circle represents one

specific resistant mutant

Size=

”Mutational space” (mutations and HGT)
Susceptible

”wild type”

Rate of formation

Mutant fitness
Lower rates:

1. Multiple drug targets
(e.g. fluoroquinolones inhib.

topoisomerases II + IV)

2. Multiple target genes
(most ribosomal drugs binding

to rRNA)

High fitness cost

of resistance

1. High demand

on activity

2. Pleiotropic effects

of mutation



AbS
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Fitness

Time

RESISTANCE 

SELECTION

AbR2

AbR2

FITNESS 

SELECTION

Evolution of antibiotic resistance is a two-step 

process: with a good target both are slow

1. Mutation supply rate

Population size

Mutation/HGT rate

2. Fitness cost of resistance

3. Selective pressure, 

i.e. amount of antibiotic used

1940-ies



Other things we want from an antibiotic?

1. Broad spectrum (usually desired because of economic reasons

and poor diagnostics in clinical settings, however also stronger

driver of resistance)

2. Low toxicity

3. Good pharmacokinetics and pharmacodynamics:

ADME—Absorption, Distribution, Metabolism and Excretion)

Low MIC <1ug/ml, rapid rate of killing or inhibition

4. Possible to synthesize or obtain from natural sources at a low cost



Very variable spectra for different antibiotic classes

Very narrow-spectrum

M. tuberculosis

Very broad-sprectrum

Many G+ and G-



A few major classes of antibiotics are used in medicine 

Cell wall + protein synthesis inhibitors: about 80%

Cell wall + protein synthesis + DNA gyrase: >90%



How do bacteriocidal antibiotics kill bacteria?

1. By inhibition of the target
Aminoglycosides: 
-inhibition of translocation

-induces misreading mis-folded proteins, aggregation

-disruption of proton motive force

Fluoroquinolones:

-generation of double strand breaks in DNA

b-lactams:

-prevents cross-linking of sugar chains rupture of peptidoglycan

2. By generation of reactive oxygen species (ROS)??

Proposed in 2007 by Collins and coworkers

Antibiotics (aminoglycosides, b-lactams, fluoroquinolones  induces ROS

production  extensive DNA damage (ds breaks)  death



How do bacteriocidal antibiotics kill bacteria?

Kohanski et al (Cell 2007) Liu & Imlay (Science 2013)

Dwyer et  al (PNAS 2014) Keren et al (Science 2013)

-----------------------------------------------------------------------------------------------------------------------------
Killing requires oxygen Yes No

Increased ROS levels Yes No

in presence of AB

Increased respiration and Yes No

levels of free iron in presence of AB

Iron chelators and hydroxyl Yes Yes (but also

radical scavenger reduce in absence of

AB-induced killing oxygen!)

Somewhat of a disagreement





Ecology and evolution of antibiotic resistance:

outstanding questions

1. Origin of resistance genes (exapted metabolic functions, de novo origin)

2. Emergence of resistant pathogens—where?

3. Which are the most significant selective pressures driving resistance evolution? 

4. Biological factors that influence resistance development

Which are the risk factors?

5. Flows of pathogens between humans-animals-environment

Directions, magnitudes?

Susceptible

non-pathogen

Resistant

non-pathogen

Susceptible

pathogen

Resistant

pathogen

Exaption

De novo

TransmissionHGT of R-genes

Susceptible

pathogen

Mutation

Selection pressures?

5

3

4

1

2



1. Origin of resistance genes 

Exapted metabolic functions

1. Aminoglycoside acetylate modifying enzymes (AACs)—sugar metabolism

2. Beta-lactamases—penicillin-binding proteins

Class A, C, D (Ser-OH)

Acyl-enzyme bond
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2. Emergence of resistant pathogens—where?

Most important environments for transfer of R-genes?

Patients, animals, waste-water, manure tanks, other environments….
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3. Which are the most significant selective pressures 

driving resistance evolution? 

Antibiotics (>500,000 tons/year globally), biocides, heavy metals etc.



Found in ESBL-producing Klebsiella

pneumoniae clone at Uppsala University 

Hospital.

Large conjugative plasmid

225 genes, 20% involved in resistance to: 

β-lactams, Aminoglycosides, Trimethoprim, 

Sulphonamides, Macrolides, Tetracycline

Arsenic, Copper, Silver

Concentrations of heavy metals needed

to maintain plasmid

Arsenic: 6 ug/ml
Roxarsone/nitarsone used in poultry/swine

production, about 40ug/ml in feed

Copper: 0.08 ug/ml 

Silver: 0.25 ug/ml

pUUH

220822 bp

4% fitness cost of plasmid carriage

The importance of heavy metals at low levels

3. Which are the most significant selective pressures 

driving resistance evolution? 



Resistance level

Each circle represents one

specific resistant mutant

Size=

”Mutational space” (mutations and HGT)
Susceptible

”wild type”

Rate of formation

Mutant fitness

Selective pressure

4. Biological factors that influence 

resistance development: 
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Evolution of antibiotic resistance: a two-step process

1. Mutation supply rate

Population size

Mutation/HGT rate

2. Fitness cost of resistance

3. Selective pressure, 

i.e. amount of antibiotic used

1940-ies

4. Biological factors that influence

resistance development: 



5. Flows of pathogens between humans-animals-environment: 

Directions, magnitudes?

1. VRE transmission between turkeys and 

humans (Stobberingh et al AAC 1999, 43:2215)

2. MRSA transmission from animals to humans (livestock workers and 

veterinary students) (Frana et al PLOS One 2013, 8:e53738; Rinsky et al PLOS One 2013, 8:e67641)

3. Emergence of livestock-associated MRSA strain from an antibiotic-susceptible

strain of humans after it crossed from humans to livestock (Price et al mBio 2012, 3:)
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