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The evolution of host – parasite interactions

Introduction

• What are parasites? The concept!

• What is special about the parasitic life style?
• Virulence
• Specificity
• Transmission
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Parasitism: overview of the concept

Note: Parasites and pathogen are treated together here!

What are parasites?  A small replicator taking advantage of a (usually larger) host. This causes 
harm to the host (virulence). Viruses, bacteria, protozoa and helminths are typical parasites. But 
small herbivores, prions, selfish genetic elements may also be considered as a form of parasite. 

Virulence: Parasites harm their host! Therefore they are of economic, ecological and medical 
importance. Infected hosts suffer from reduced life-span, fecundity reduction, reduced mating 
success or other forms of morbidity. 

Specificity: Parasites are generally host specific. Specificity may be on the level of a host taxon 
(genus, family), maybe on the level of host species, or even host-genotype specific. 

Transmission: Parasites must transmit from host to host. Hosts are limited resources with a 
discrete distribution. Transmission can follow many different forms. 

Evolution: Parasites often evolve much faster than their hosts. Parasites have often large 
population sizes, short generation times, and sometimes high mutation rates (RNA viruses!). All 
of these may contribute to rapid evolution.
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Symbionts and symbiosis

Ascaris

Trypanosoma

Effect on host
harmful beneficial

Parasites, pathogens Mutualists

lichens (fungus – algae)
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Symbionts and symbiosis

Effect on host
harmful beneficial0
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Host
Symbiont

The concept 
makes only 
sense in a 
pairwise 

interaction.
parasite / mutualist



Parasites and pathogens

Equine influenza
RNA virus

HepB DNA
virus

Plasmodium

Yersinia pestis

Candida
albicans

Ascaris lumbricoides

Ixodes

Trypanosoma

Vibrio cholera
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Parasites and pathogens
Extending the concept!

Prions

Prions change the conformation 
of unchanged proteins.  

Small herbivores (here aphids) 
harm their host plants.

Vectors are parasites too
(Anopheles gambiae)

Transposable elements replicate 
within the host genome.  

Pearlfish (Carapus sp.) 
in a sea cucumbers.

Devil facial tumour disease is a 
transmissible cancer in Tasmanian devils.
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Parasites and pathogens
Shrinking the host!

Certain Orchids 
attract pollinators 
without reward.

Cuscuta (Dodder, “Seide”) is 
a genus of > 100 species of 

parasitic plants 
(Convolvulaceae).

Parasitic birds (e.g. cuckoos) 
can be larger than their hosts.

Social parasites (Lycaena butterfly larvae) 
can be larger then the ant host. 8



Micro- and macro-parasites
A conceptual breakthrough in epidemiology was the division of parasites in two 
classes: Micro- and macro-parasites. As the name says, microparasites are usually 
smaller than macroparasites, but this is not so important. The key difference is that 
in microparasitic infections, host can be treated in few classes (usually 2 or 3): 
susceptible hosts (uninfected) and infected hosts. Recovered hosts may be included 
as a third class.

For macroparasites we have to treat hosts differently whether they harbour 0, 1, 2, 
3, ... parasite individuals. Thus, mathematical models for macroparasites have to 
consider the distribution of parasites across hosts. In contrast, to microparasites, 
the macroparasites (e.g. parasitic helminths and arthropods) do not multiply 
directly within an infected individual but instead produce infective stages that 
usually pass out of the host before transmission to another host. Macroparasites
may only produce a limited immune response in infected hosts; they are relatively 
long-lived and are often visible to the naked eye.

• Viruses, bacteria and protozoa are usually microparasites.
• Helminths, arthropods and other ectoparasites are usually macroparasites.
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Micro- and macroparasites
the epidemiological classification does not work for all organisms

Equine influenza
RNA virus

HepB DNA
virus

Plasmodium

Yersinia pestis

Candida
albicans

Ascaris lumbricoides

Trypanosoma

Vibrio cholera

??? macroparasitemicroparasite
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Virulence
Virulence is a description of the harm caused by a parasite to 
its host. It includes effects on:

• survival (parasite induced host death)
• fecundity (parasites induced reduction in host 

reproductive success)
• morbidity (reduced “well being” of the host, e.g. 

fatigue, pain, fever, etc.)
• sexual attractiveness (reduced success in mating)

11

Virulence is usually taken as the key indicator for a parasitic life style. However, low virulence 
may not be detectable and therefore the conclusion that an organism is a parasite is 
sometimes based on circumstantial evidence (based on taxonomic association or observed 
action of the organism).



Virulence

• is plastic (its expression often depends on the 
environmental conditions)

• varies from host to host and from parasite to parasite 
(some hosts may not show symptoms). Genetic factors 
can be very important.

• may depend on host – parasite interactions (i.e. on the 

combination of the host's and the parasite's genotype)
• evolves rapidly (see section on “evolution of virulence”)

• Note: In the plant-pathogen literature, virulence often means infectivity.
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Specificity
1. Specificity can be defined as variation among host species in their 

performance upon exposure to a parasite. Mostly the focus is on 
resistance of the hosts. 

2. Specificity is usually used in a descriptive context, independently of 
the evolutionary processes leading to it. Statistically, specificity in 
resistance may be evidenced from the outcome of infection 
experiments, where a parasite species (or genotype) infects only a 
subset of the hosts it is tested against. Alternative it can evaluated 
from field data of recorded hosts. 

3. Importantly, and by virtue of its statistical nature, specificity can only 
be evaluated within a reference set of hosts. A different reference 
panel of hosts may reveal different levels of specificity. 
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Parasites and pathogens are notorious for their high specificity, i.e. a small set of hosts may act as hosts. In 
contrast, predators are said to have a lower specificity. More accurately, specificity of both parasites and 
predators varies a lot, but parasites have on average a lower specificity (less hosts). Many parasites are specific 
to certain host species, or even to certain host populations or genotypes.



Specificity
Specificity of Plasmodium species as recorded in primates. 

(field observation)
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Hamiltosporidium tvaerminnensis

- Microsporidium
- Parasite of the ovaries and fat body
- Horizontal (waterborne) & vertical transmitted
- Parasite  shows local adaptation.
- Only Daphnia magna becomes infected

Specificity

15
The host: Daphnia magna



Known geographic range of
H. tvaerminnensis

In Central-Europe the 
parasite was not observed so far.

Specificity
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The host, Daphnia magna occurs all over 
Europe, the parasite has a very limited 
distribution. 
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Specificity

Assessment of specificity is difficult. Points to consider are:
1. Recorded host range is often the first estimate. Potential problems:

• Multiple (cryptic) parasite species included
• Are healthy hosts resistant or were they never exposed? 

2. Experimental infections are preferable. Problems are:
• Neglect epidemiology (Infection is not equal to transmission).

3. Exceptions (rare events) in the host range can be very important. 

4. Host ranges are subject to ongoing evolution 

Note: Specificity is a soft concept. There is no definitive answer 
to what is the host range of a parasite.

19



Gilbert & Webb, PNAS

Experimental inoculations 
with fungal pathogens of 
plant leaves in a tropical 
rain forest show that 
most fungal pathogens 
are polyphagous, but that 
most plant species in a 
local community are 
resistant to any given 
pathogen. The likelihood 
to infect a new host 
declines with the 
relatedness of the new 
host with the previous 
host.

Specificity of plant-pathogens
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Evolution
Parasites

(nematodes)
Hosts

(fruit flies)
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native host

infection rate 
>10 %



Specificity: infection rate declines with
genetic distance to source host 

Perlman & Jaenicke, Evolution
22



Specificity
A rule of thumb

The closer the tested host is related to the source 
host of the parasite, the more likely the tested host 
will become infected. However, even far related 
hosts may become infected in rare cases. These rare 
cases may have strong concequences. 

The same seems true for the parasite.
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Transmission is a key life-history trait



Transmission
Transmission is the passing of a symbiont from an infected host individual to 
another individual, regardless of whether the other individual was previously 
infected.

There are numerous ways to 
classify types of transmission. 
Two types of classification 
should be distinguished:

Classification by the mode of transmission: the relationship 
between the donor host and the receiver host is important. 
Generally two modes of transmission are distinguished.

1. Vertical transmission (from parents to offspring)
2. Horizontal transmission (among unrelated hosts)

Classifications by the route of transmission:  the physical route a transmission 
stage takes during transmission, e.g. waterborne transmission, transovarial
transmission, sexual transmission, nosocomial (hospital-acquired) transmission. 25



Classification of Transmission (examples)
Routes of Transmission

Direct transmission: Transmission stages are transmitted directly from one host to the 
next. There are no intermediate hosts or vectors. Propagules may be transported by water, 
air, food or other media. E.g. measles, influenza, common cold.

Indirect transmission:  Transmission stages are transmitted from one host to the next 
through a vector or an intermediate host. E.g. malaria, sleeping sickness, dengue virus.

Vectorborne transmission: Transmission through a vector (e.g. ticks, mosquitos, black 
flies). Parasites: malaria, sleeping sickness, dengue virus.

Waterborne transmission: Transmission through water. E.g. cholera.

Attendant-borne transmission: Transmission with the help (unintentional) of care personal 
(nurse or doctors in hospitals).

Also, food-, soil-, air-borne, faecal-oral transmission, etc. 

Sexual transmission: Transmission of parasites is linked to the activities necessary for 
sexual reproduction. E.g. HIV, syphilis, some anther-smut fungi in plants.
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Mode of Transmission
Horizontal/ vertical and mixed mode transmission

27

horizontal
vertical

Asexual hosts

Sexual hosts

Two examples of parasites with mixed-mode transmission superimposed on 4-generation 
pedigrees from asexual and sexual host populations. Vertical and horizontal transmission is 
indicated by solid and broken lines. Circles represent females, squares represent males. 
Vertical transmission in the sexual host is both paternal and maternal. 

Transmission
uninfected
infected



Mode of 
Transmission

Examples of parasites 
with mixed mode 

transmission

28From Ebert, D. 2013 Annu. Rev. Ecol. Evol. Syst.



Mode of Transmission

Vertical transmission: Transmission from parent (mostly the mother) to 
offspring. Either through the egg (transovarial transmission of intracellular 
parasites or symbionts) or during/ after the birth because of close contact. 
E.g. many mutualists: mutualistic bacteria in aphids, protozoa in termites. 
Some pathogens: HIV, microsporidia, Toxoplasma.

Horizontal transmission: Everything not vertically transmitted (among 
unrelated hosts). 

Transmission among relatives: In social hosts, transmission may be among  
related hosts, but not in direct line. E.g. in family compounds of humans, 
among workers in social insects (bees, ants). 

Mixed mode transmission: Transmission by vertical and horizontal mode 
(much more common than typically assumed). 
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Route versus Mode of Transmission

Often the route of transmission allows to predict the mode of transmission.
e.g. transovarial and transplacental transmission must be vertical.

However, many symbionts are transmitted by contact. 
They can be transmitted from mothers to their 
offspring and thus are vertical transmitted (in
addition to horizontal transmission).

-> evolution of virulence  
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Density dependent transmission: Example 1

Host: Daphnia galeata
Parasite: Caullerya mesnili

Individual hosts were kept in 
pairs (one infected one 

uninfected) in containers filled  
with different volume of water.
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Density dependent transmission
Mass action principle

This idea assumes that the spread of a parasite is proportional to the product of the 
density of susceptible hosts times the density of the infectious hosts. Thus, if 

S are the number of susceptible hosts and 
I are the number of infected hosts (S + I = N, total host population), 

then the mass action principle states that 

the spread of the disease is proportional to SI (i.e. the product of S and I).

To scale this to the real transmission probability it is multiplied with a constant, 
b, the infection rate. 

Thus,   bSI is the total number of new infections per unit time for a horizontally 
transmitted disease following the mass action principle. 
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Density dependent transmission: Example 2

Host: Daphnia magna;     Parasite: Pasteuria ramosa (Bacteria)
Individual hosts were treated with different numbers of bacterial spores mixed in the water.

Log10(number spores)

Fraction
infected

hosts
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Density dependent transmission
and host population density

Density dependence of parasite transmission has the potential to 
regulate host populations, the higher the density, the more
transmission and the stronger the effect of the parasite on the host 
population. This regulatory power is believed to be a major 
structuring force in bio-diversity.  

34

Population and trends in infection by 
nucleopolyhedrovirus for a population 
of Western tent caterpillars on Galiano 
Island. 
(Myers & Cory 2016 Evol. Appl.)



Density dependent transmission
and host population density

35

Parasitic Worms and Population Cycles of Red Grouse
(Hudson & Dobson, Science)

Control (no anti-helmintica)

Anti-helmintica treatment in 1989

Anti-helmintica treatment in 1989 & 93



Summary of Introduction
• What are parasites? The concept!

– typical: a small organism harming a larger host
– many forms of parasitism exist
– micro- and marcoparasite is a concept in epidemiology, not fitting biology well

• What is special about the parasitic life style?
• Virulence

– highly variable across hosts, parasite and environments
– central to the concept of parasitism

• Specificity
– usually high, but highly variable; a soft concept

• Transmission
– mode and route of transmission should be distinguished
– density dependent transmission

36

These are 

key aspects 

for our 

understanding 

of disease 

evolution



Principles of evolution
Evolution: genetic changes in the composition of a population over time. 

http://sydwalker.info/blog/2009/06/17/the-evolution-of-the-parasite/ 37



Principles of evolution
Evolution are genetic changes in the composition of a 
population over time. It is visible as change within populations 
over time or as divergence among populations in space.

Microevolution refers to small evolutionary changes (changes in 
allele frequencies) within  a gene pool (species or population).
Macroevolution is evolution on a scale of separated gene pools. 
Macroevolutionary studies focus on differences visible at or 
above the level of species. Examples are paleontology, 
speciation, comparative studies, developmental biology.

Four factors play a role in causing microevolutionary changes:
1. natural selection (adaptive evolution)
2. genetic drift (chance events)
3. mutations
4. gene flow 

Furthermore “genetic recombination” plays an important role.

Microevolution
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Natural selection: drug resistance

% Resistance
The graph shows the 
increase in the % of 
resistant bacteria 
(Enterococcus) in the 
USA (1982 -2003).  
Clinical infections 
caused by Entero-
coccus include urinary 
tract infections, 
bacteremia, bacterial 
endocarditis and 
meningitis. 
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Natural selection: drug resistance
Malaria
• chloroquine resistance in 81/92 countries
Tuberculosis (TB)
• 0-17% primary multi-drug resistance
HIV/AIDS
• 0-25% primary resistance to at least one 
antiretroviral drug
Gonorrhoea
• 5-98% penicillin resistance in Neisseria 
gonorrhoeae
Pneumonia and bacterial meningitis
• 0-70% penicillin resistance in 
Streptococcus pneumoniae
Diarrhoea: shigellosis
• 10-90% ampicillin resistance, 5-95% 
cotrimoxazole resistance
Hospital infections
• 0-70% resistance of Staphylococcus aureus
to all penicillins and cephalosporins

WHO Policy Perspectives on Medicines, No. 010, April 2005 40



Genetic drift
Every time genes are passed from 
parents to offspring, a sampling effects 
occurs. This may lead to unequal 
representation of allelic variants in the 
next generation. This effect is simply 
based on chance and does not lead to 
adaptation. It is stronger in smaller 
populations. Normally, changes caused 
by genetic drift are small and it takes 
long times for substantial changes to 
occur unless populations are very small). 

If a population is split into two and both 
left alone breeding for many 
generations, their gene pools will 
diverge, simply as a consequence of 
genetic drift (selection may act as well to 
contribute to divergence).

GenerationsFigure from: http://en.wikipedia.org/wiki/Genetic_drift 41



Genetic drift

Note: “genetic drift” has nothing in common with “antigenic drift”.

Genetic drift (GD) has a number of important consequences for 
evolution:

1. GD reduces genetic variation in populations
2. GD is faster in smaller populations.
3. GD contributes to population divergence and in the extreme case to 

speciation. 
4. New mutations may increase in frequency by GD alone. Very few of 

them may even reach fixation (this is called a nucleotide 
substitution).

An extreme form of genetic drift are population bottlenecks. 
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Mutations
Mutations are an important source of novelty (point mutations, deletions, gene 
duplications etc.). They are random with regard to the phenotype, but rates differ 
across the genome.

Mutations rates need to be scaled: 
• per base per generation [10-5 - 10-9])
• per gene [10-3 – 10-7]
• per genome per generation [0.1 - 100]

Mutation rates:
• DNA viruses:  10−6 to 10−8 mutations per base per 

generation
• RNA viruses:  10−3 to 10−5 per base per generation. 
• Human mitochon. DNA: 3×10−5 per base per generation 
• Human genomic DNA: 1  - 2.5×10−8 per base per generation.

43

Other forms of introduction of novel genetic variation are
- horizontal gene transfer (e.g. via plasmid in bacteria)
- introgression (reproduction between two species)



Gene flow
Gene flow is the introduction of 
genetic variants into a population. 
It may be symmetric or 
asymmetric. It is the result of 
organisms moving among 
populations (dispersal, migration).

Gene flow has important consequences for genetic variation within 
and between populations:

1. Within populations: It can introduce or reintroduce alleles into a 
population or change the frequency of the allele. By doing this, it 
increases the genetic variation of that population.

2. Between populations: By moving genes around, gene flow makes 
distant populations genetically more similar to one another. 
Therefore it reduces population divergence.
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Genetic recombination

Syngamy

Growth

Gametogenesis

About 1 billion years ago, genetic recombination was invented. It 
allows to mix the genomes from two individuals. 

Genetic recombination is found in all groups of organisms, including 
viruses, but the details of the process are highly variable. Often it is not 
symmetric, but one individuals receives genes from another individuals. 
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Genetic recombination: recombination

Recombination of alleles at different loci.

• independent segregation of chromosomes into gametes
• crossing-over during meiosis

Recombination allows (partial) independent inheritance of alleles at different loci.

Recombination may create 
and destroy favorable allele 
combinations between loci

ab

AB

AaBb

AB

ab

Ab

aB

Syngamy Gametogenesis
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Genetic recombination: segregation

In diploids (and polyploids), segregation of alleles at the same locus 
allows the production of new genotypes .

Segregation may create and destroy 
favorable allele combinations at a locus.

Aa

Aa Aa

AA

aa

Aa

Genetic recombination among related individuals (inbreeding) leads to 
elevated levels of homozygosity. This is a problem in diploid (and polyploid) 
organisms. (The right panel shows a case of selfing, the most extreme form of 
inbreeding).

aa

AA Aa

Aa

Aa

Aa
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Evolution of parasites

Why are parasite notorious for their high rates of adaptive evolution?

1. high mutation rate (up to 1 in 1000 in retroviruses)

2. large population size  (=> large absolute number of mutations)

3. genetic recombination, incl. horizontal gene transfer (creates new genotypes)

4. in haploid organisms every mutation is “dominant” 

5. subdivided populations (every host carries an evolving population) with intensive 
selection

6. bottlenecks during infection of hosts can lead to extreme drift
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Summary of microevolutionary processes and their 
consequences

Process Expected change in 
allele frequency

This process is 
important for

Leads to 
population 
divergence

Natural 
selection

Very slow to very fast
(fast after env. Change)

adaptation Yes

Genetic Drift Slow (slower in larger 
populations)

neutral evolution Yes

bottlenecks
(extreme drift)

Fast neutral evolution, 
fixation of 
deleterious alleles

Yes

Gene flow Slow to fast maintaining genetic 
diversity

No (homogenizes 
populations)

Mutation Very slow novelty Yes
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