
The evolution of host resistance

Resistance is the ability of an individual to fight 
off the detrimental effects of parasites (or a 

drug) and their toxic products. 

• resistance is seen from the host (the target of attack)
• resistance may be implemented by very different mechanisms
• resistance may occur at any stage in the process of infection
• the evolution of resistance is a central aspect for our understanding 

of host-parasite interactions 

1Lecture 2: The evolution of host-parasite interactions, Dieter Ebert, University of Basel



Evolution of resistance

• What is resistance?
• Two forms of resistance
– non-host resistance
– evolved resistance

• Selection results in rapid increase in resistance
• Costs of resistance (role of environmental conditions)
• Steps of defense
• Dealing with more than one parasite
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Two forms of resistance
• Evolved resistance:

– Resistance which evolved during the challenge of a host 
population with a parasite.

– Perfect resistance leads to parasite extinction. 

• Non-host resistance: 
– These hosts are considered not to be part of the normal 

host range of the parasite.
– Can be perfect!
– Usually not of concern in public health or otherwise.
– Non-host resistance does not provide evidence for the 

evolution of the host against the parasite.
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Two forms of resistance: 
Evolved resistance 

Example 1: Sickle cell alleles protect 
against malaria.

Sickle shaped red blood cells
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Two forms of resistance: Evolved resistance

Example 2: The Duffy antigen receptor and Plasmodium vivax. 

The malaria parasite Plasmodium vivax is 
estimated to infect 75 million people 
annually. P. vivax has a wide distribution in 
tropical countries, but is absent or rare in a 
large region in West and Central Africa. This 
gap in distribution has been attributed to 
the lack of expression of the Duffy antigen 
receptor for chemokines (DARC) on the red 
blood cells of many sub-Saharan Africans. 
Duffy negative individuals are homozygous 
for a DARC allele, carrying a single 
nucleotide mutation (DARC 46 T → C). 

DARC negativity is a good example of innate resistance to an infection.
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Rabbit infected with 
the myxoma virus

The myxoma virus was introduced into rabbit 
populations in Australia (1950), France (1952) 
and the UK (1953). 30 years later we see 
resistant rabbits in all three localities. 

Genomic methods allow us today to 
understand how these populations changed in 
response to the virus.  
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Two forms of resistance: Evolved resistance
Parallel adaptation of rabbit populations to myxoma virus



Two forms of resistance: Non-host resistance
Example: Novel plant hosts are resistant to fungal pathogens.

Gilbert & Webb, PNAS 2007

Experimental inoculations 
with fungal pathogens of 
plant leaves in a tropical rain 
forest show that most novel 
host species are resistant to 
the fungal pathogens from 
distantly related host plants.
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Two forms of resistance: Non-host resistance

Most hosts are completely resistant to most pathogens and parasites.

Hypothesis: Non-host resistance is present, because the parasite 
adapted to a different host. Adaptation to one host, has often been 
observed to go hand in hand with a reduced ability to infect hosts from 
other taxa.

The ability of a parasite to infect hosts related to the source host is 
essentially a by-product of this adaptation, because the new and the 
source host share genes. Non-host resistance is therefore a 
consequence of pathogen specialization on a different host (i.e. 
adaptation to their normal host). 

8Antonovics et al. (Evolution, 2013)



Experimental evolution and artificial selection
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Artificial selection: A form of selective breeding where the breeder intentionally 
selects individuals with certain traits or combination of traits. The term was 
introduced by Charles Darwin (as a contrast to natural selection). By selecting 
certain traits, the breeder determines what fitness is (usually on a 0/1 scale). Only 
individuals with a certain trait value are allowed to breed.
Artificial selection 

• allows to detect if a trait is genetically variable.
• often results in fast changes in the mean trait value.
• may have costs in terms of reduced performance in other traits. 

Experimental evolution: The study of evolutionary changes (adaptive or by 
genetic drift) over time as they occur in populations faced with more or less 
controlled environments. Typically contrasting environmental conditions are 
applied (e.g. with and without a treatment). Alternatively, derived lines are 
compared to ancestral lines. Experimental evolution is usually concerned with 
testing hypotheses and theories of evolution by use of replicated populations in 
controlled experiments. Adaptive evolution is the result of selection on fitness. 



Artificial selection for resistance: 
Drosophila and a parasitoid

10Kraaijeveld & Godfray, Nature 1997

The picture shows the braconid wasp 
Asobara tabida (a parasitoid) 
searching for Drosophila larvae in a 
patch of food medium.

Resistant flies were selected for 5 
generations. 

Evolved
resistance



Artificial selection for resistance: Snails and Schistosoma

11Webster et al. AMERICAN NATURALIST  Volume: 164:S33-S51)

selected for susceptibility

selected for resistance

not selected (controls)



Why are not all hosts 
resistant?
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Evolution of Resistance

uper hosts?Are there



Cost of resistance/immunity
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Evolution and 
Maintenance Deployment

1.Genetic 2.Physiological 3.Genetic 4.Physiological 5.Self-reactivity

From: P. Schmid-Hempel, Evolutionary Parasitology (Oxford University Press)
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Cost of resistance
1. Evolution and Maintenance: Genetic

14Kraaijeveld & Godfray, Nature

resistant 
flies

susceptible 
flies

Here, genetic costs are revealed by artificial selection. 



Experimental evolution: Hamiltosporidium in Daphnia 
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• 20 rock pools, 10 with and 10 without parasites,
• Time span: 2 seasons, about 20 generations 
• Origin of hosts: polymorphic, parasite free, rock 

pool population
• One isolate of the parasite

Hamiltosporidium
tvaerminensis infected

Daphnia magna

with parasite
without parasite

Competitive fitness against 
tester clone when infected
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Experimental evolution: Hamiltosporidium in Daphnia 
Cost of resistance 1. Evolution and Maintenance: Genetics
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Exponential growth rate
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Here, genetic costs are revealed by experimental evolution. 



Cost of resistance: 
3.Deployment: Genetics
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Drosophila melanogaster that 
resisted parasitoid (Asobara
tabida) attack as larvae, are less 
fit as adults. This effects varies 
among genetic backgrounds. 
Successful resistance is visible, 
because parasitoid eggs are 
melanized (black colour).

Hoang, Evolution
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Cost of resistance
4. Deployment: physiological costs

18Moret & Schmid-Hempel, Science

Survival of bumble-bee workers (Bombus
terrestris) after challenge with plastic 
beads or LPS (Lipopolysaccharides, also 
known as lipoglycans) to stimulate the 
immune system. Under starvation 
conditions, immune stimulus reduces 
survival, relative to controls. 



Cost of 
resistance
4. Deployment: 

physiological costs

19
Richner et al, PNAS

Great tit

x

x x

x

x

In enlarged 
broods, males 
work harder. 

As a consequence 
they suffer more 

from malaria 
infections. 



Cost of resistance/immunity
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Evolution and 
Maintenance Deployment

1.Genetic 2.Physiological 3.Genetic 4.Physiological 5.Self-reactivity

From: P. Schmid-Hempel, Evolutionary Parasitology 2011
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Cost of resistance/immunity
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E n v i r o n m e n t



Resistance and the environment

22Giacomini et al. Scientific Reports 2018 

Medicinal value of 
sunflower pollen 

against bee pathogens

Sun: sunflower 
(Helianthus annuus)

Buck: buckwheat 
(Fagopyrum cymosum)

Rape: rapeseed 
(Brassica campestris)

Mix: mix of the three 
monofloral pollens

Crithidia parasite



Cost of resistance/immunity
The environment
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(A) Effects of pollen diets on the Crithidia infection in individual Bombus impatiens workers. 
Bees were inoculated with Crithidia and fed a monofloral pollen diet commonly grown in large 
monocultures in agroecosystems: sunflower (Helianthus annuus; Sun), buckwheat (Fagopyrum
cymosum; Buck), rapeseed (Brassica campestris; Rape), or a mixed diet composed of equal 
weights of the three monofloral pollens (Mix). 

(B) Pollen diets did not significantly affect rate of worker death over the 7 d experiment shown 
in graph A. Y-axis shows exponentiated hazard rates ±1 standard error. 

(C) Crithidia infection was allowed to build for one week post-inoculation before providing 
pollen treatments: sunflower (Sun), buckwheat (Buck), or a wildflower pollen mixture (WF Mix). 

(D) Inoculated bees were fed sunflower pollen from two sources, China (CN) or USA (USA), or a 
control wildflower pollen mixture (WF Mix). 

Bars and error bars indicate negative binomial model means ±1 standard error back-
transformed (i.e., exponentiated) from the scale of the linear predictor. Different letters above 
each bar within panels indicate significant differences based on Tukey’s HSD tests.

Legend to figure on previous slide:



Steps of defense
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avoidance

barrie
r physiological 

immunity

Reduce exposure Reduce infection Reduce parasite growth
and virulence



Steps of defense
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Steps of defense
Example: Pasteuria in Daphnia

26

1. Host behavioural resistance

2. Parasite activation

3. Parasite attachment to host

4. Host barrier to penetration

5. Within host immune response



Steps of defense
Example: Pasteuria in Daphnia

27Spores of Pasteuria ramosa
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Life cycle of Pasteuria ramosa:
• Spores are eaten by the host
• The parasite growth inside the host
• After about 10-15 days the hosts stops reproducing (parasitic castration)
• After about 35 – 50 days the host dies
• Spores are released from the decaying cadaver



Steps of defense
1. Host behavioural resistance

Clones of water fleas with different phototactic behaviour were kept in 
containers with natural sediments from ponds. Clones which prefered the lower
parts of the water, became more often infected. 

Decaestecker et al, PNAS
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In lakes with fish, Daphnia are usually negative 
phototactic. Avoiding the well lighted upper parts 
of the water, reduces predation. However, the 
sediments are enriched with parasite 
transmission stages. Thus, avoiding fish, 
predisposes Daphnia to parasites. 
There is genetic variation among Daphnia to be 
more or less phototactic and thus to be more or 
less exposed to parasite transmission stages. 



Steps of defense
2. Parasite activation

Endospores
before activation activated activated

Duneau et al 2011, BMC Biology

Spores are activated by
• every clone of the host species (Daphnia magna)
• every tested Daphnia species
• every tested non-Daphnia Cladoceran

Insect larvae did not activate spores!
No environmental effects were found. 



Steps of defense
3. Parasite attachment to host

Activated spores attach to the wall of the oesophagus. 
From there they penetrate into the host body cavity. 

Pasteuria
with green fluorescent 

protein label.

Food labelled in red.

activated spores in oesophagus



Steps of defense
3. Parasite attachment to host

Spore attachment is highly 
specific!

It depends on the host clone 
and the parasite clone.

It does not depend on the 
environment.

D.magna   P. ramosa  isolates D.magna   P. ramosa  clones
 clones A B C D E  clones A B C D E

1 100 38 100 0 13 1 100 0 100 0 0
2 0 88 88 100 38 2 0 100 0 100 100
3 0 13 13 13 88 3 0 0 0 0 0
4 100 75 100 88 63 4 100 100 100 100 100
5 88 0 100 0 13 5 86 0 90 0 0
6 0 0 50 0 25 6 0 0 0 0 0
7 0 0 25 13 50 7 0 0 0 0 0
8 100 63 88 100 13 8 100 100 100 100 100
9 25 0 0 0 50 9 0 0 0 0 0
10 13 0 0 0 50 10 0 0 0 0 0

Luijckx et al, Ecol. Letters

not attached
attached



Steps of defense
4. Host barrier to penetration

Spores are attached to the esophagous of the molted carapace
Duneau et al. BMC Biology

Molt as seen with light microscopy Molt with fluorescent microscopy

Fluorescent 
spores attached 

to oesophagus



Steps of defense
4. Host barrier to penetration

Duneau  et al. BMC Biology



Steps of defense
5. Within host immune response

!

Resistance of Daphnia offspring were tested after their mothers were either exposed to 
Pasteuria or stressed (low food level) and compared to offspring of untreated mothers. 
Other resistance mechanisms were excluded.

Hall et al (2012) showed that this maternal effect depends also on the host and the 
parasite clones.

Ben-Ami et al., Am.Nat



Steps of defense
5. Within host immune response

Temperature (oC) Temperature (oC)

Infection success of P. ramosa depends on the temperature, the host 
clone and the temperature x host clone interactions.

Mitchell et al, Evolution

medium spore dose low spore dose



Steps of defense
Example: Daphnia defense against Pasteuria

36

1. Host behavioural resistance

2. Parasite activation

3. Parasite attachment to host

4. Host barrier to penetration

5. Within host immune response

At each step variation in infection success was observed. But the 
source of this variation varied strongly.



Steps of defense
Example: Daphnia defense against Pasteuria

Step:
Factor:

Avoid 
contact

Avoid 
activation

Avoid
attachment

Repel
parasite

Immune
system

Host genetics (HG) yes no yes no yes

Parasite genetics (PG) NA no yes no yes

Environment (E) yes no no no yes

HG x PG NA no yes no yes

HG x E yes no no no yes

PG x E NA no no no yes

HG x PG x E NA no no no ? (yes)

Phylogenetic NA yes no yes ? (yes)

Developmental NA ? no yes ? (yes)

Cost of resistance yes NA no no ? (yes)
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NA: not applicable;  yes: evidence found;  no: no evidence found;  ? not tested;  (yes): likely ‘yes’



Steps of defense: Consequences

Step 2: binary variation Step 3: no variation Step 4: quantitative variation

Host genotypes

Steps 2, 3 and 4 combined Steps 3 and 4 combined

Host genotypes Host genotypesRe
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1

2 4
3

5

host
pathogen

Individual 
level

Population 
level

0 0

0 0

• Evolutionary response only at steps with genetic variation
• One specific step makes the entire process specific
• Multiple specific steps can increase variation
• If one step blocks infection, evolution at other steps will be less strong (even neutral).



Steps of defense: Consequences

• One infection blocking step is enough to determine host range.
• Genes responsible for host-parasite interactions at specific steps may be 

independent from each other, interact to produce an overall picture. 

• Breeding genetics should focus on steps with most host genetic variation.
• Vaccine development should focus on steps without variation caused by 

the parasite. 

1

2 4
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host
pathogen



Steps of 
defense Review

The Evolutionary
Consequences of Stepwise
Infection Processes
Matthew D. Hall,1 Gilberto Bento,2 and Dieter Ebert2,3,*

Molecular and cellular studies reveal that the resistance of hosts to parasites
and pathogens is a cascade-like process with multiple steps required to be
passed for successful infection. By contrast, much of evolutionary reasoning is
based on strongly simpli!ed, one- or two-step infection processes with simple
genetics or on resistance being a quantitative trait. Here we attempt a concep-
tual uni!cation of these two perspectives with the aim of cross-fostering
research and !lling some of the gaps in our concepts of the ecology and
evolution of disease. This conceptual uni!cation has a profound impact on
the way we understand the genetics and evolution of host resistance, ecologi-
cal immunity, evolution of virulence, defence portfolios, and host–pathogen
coevolution.

Complex Traits and the Progression of Stepwise Events
Many biological characteristics are determined by the progression of stepwise events. Mate
choice [1], the progression of cancer [2], development [3], and metabolism [4] are all examples
where the phenotype of an individual depends on a series of biological or molecular events that
occur in chronological succession. An ordered series of stages appears to be an almost
universal feature of complexity in living systems [5]. Recognising the pervasive nature of this
organisation has led researchers to consider how an entire system, rather than just one or two
components, is important for complex trait evolution. The resulting body of theory has shown
that the stepwise nature of many biological systems is strongly linked to evolutionarily relevant
phenomena such as protecting phenotypes from catastrophic change [5,6], altered strengths
of selection [7], and the maintenance of genetic variation [8].

Stepwise processes are implicit in the progression of infectious disease (Box 1), but to date
most evolutionary studies emphasise the broad outcomes of infection, such as infection
success, mortality, or morbidity (i.e., health trajectories [9]). Insight into the pathways underlying
infection have instead come from the reductionist approaches of molecular and cell biology
[10], leaving a disconnect between the process of infection and the capacity of a stepwise
process to in!uence adaptation. This distinction between a functional and an evolutionary
interpretation is now changing: studies are beginning to explicitly address the role of individual
infection steps in driving host and pathogen evolution [11–13]; multitrait theory has uncovered
how the steps of infection can combine to enhance rates of evolutionary change [14,15]; and
discord between classical quantitative genetic and genomic interpretations of host resistance
has prompted discussion about the genetic architecture of disease susceptibility [16,17].

A conceptual uni"cation of functional and evolutionary perspectives offers new opportunities to
understand why differences in infection exist among individuals, genotypes, and populations.
We draw parallels with analogous studies of complex system organisation, such as mate

Trends
Many biological traits are determined
by the progression of stepwise events.
Dissecting host–parasite interactions
into steps offers great potential for
understanding infectious disease biol-
ogy and evolution.

The steps of infection are typically gov-
erned by unequal contributions of
genetic (G), environmental (E), and G
! E effects, allowing unique evolution-
ary trajectories at each step.

Variation at each step has different
consequences for hosts and patho-
gens. A pathogen must pass through
all steps until transmission starts or
else its "tness is zero. For the host,
the pro"tability of resistance at a given
step declines with increasing virulence
experienced by the host.

Red Queen coevolution driven by
negative frequency-dependent selec-
tion can occur only at steps with host
genotype–pathogen genotype interac-
tions. By contrast, selective sweeps
may occur at any step.

1School of Biological Sciences,
Monash University, Melbourne, VIC
3800, Australia
2Zoological Institute, University of
Basel, Basel 4051, Switzerland
3Wissenschaftskolleg zu Berlin,
Wallotstrasse 19, 14193 Berlin,
Germany

*Correspondence:
dieter.ebert@unibas.ch (D. Ebert).

612 Trends in Ecology & Evolution, August 2017, Vol. 32, No. 8 http://dx.doi.org/10.1016/j.tree.2017.05.009
© 2017 Elsevier Ltd. All rights reserved.

Read the paper. Pdf 
is on the webpage.



Dealing with more than one symbiont

41

Hosts are often threatened by more than one parasite. This can 
have a profound influence on the the evolution of resistance: 

• Parasites may influence each other in their infection success 
and virulence.

• The host immune system may be influenced by one parasite 
(HIV and opportunistic infections).

• Vaccines may play the role of a parasite influencing other 
parasite(s).

• Parasites protecting their hosts against other parasites may 
be used to manage the spread of disease.

Super infections

Co-infections

Double infections

Multiple infections

Note: multiple infections can refer to multiple parasite species or multiple genotypes of the same species. 



Dealing with more than one symbiont
Parasite mediated resistance

42

Host resistance may be influenced by the presence of other symbionts.

Aphid clones (Aphis fabae) were exposed to two lines of the parasitoid Lysiphlebus. Aphids 
infected  with the bacterium Hamiltonella defensa, had much higher levels of resistance. 

Vorburger et al, Evolution
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Dealing with more than one symbiont
Parasite mediated resistance: Wolbachia & Dengue

43

Wolbachia bacteria (strain wMel) protect mosquitoes against dengue virus.
Strain wMelPop-CLA gives even more protection, but is harmful to the host. 

Infection status of the mosquito
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Australian researchers infected Aedes
aegypti mosquitoes with Wolbachia wMel. 
This Wolbachia strain has spread through 
the world’s Drosophila melanogaster flies 
in the last 80 years. It also spreads very 
quickly among mosquitos in a natural 
population in Queensland, Australia. 

Wolbachia & Dengue

(O’Neill et al. Gates Open Res. 2018)

The fast spread of Wolbachia is because of cytoplasmic incompatibility.



Wolbachia & Dengue

(A) When a Wolbachia-infected male (red) mates with an uninfected female (black), a sperm–egg incompatibility means that 
some or all of the embryos die. Therefore, infected females produce more offspring than uninfected females (red versus black 
mosquitoes). (B) This reproductive advantage depends on the prevalence of Wolbachia in the population, because 
when Wolbachia is rare, females are unlikely to mate with infected males. The Wolbachia strain in Aedes aegypti carries a 
physiological cost, reducing the fecundity of infected females. If this cost exceeds the advantage of cytoplasmic 
incompatibility, then the infection is lost from the population. This creates a threshold prevalence below which Wolbachia is 
lost and above which it invades the population. This cartoon assumes infected females transmit Wolbachia to all their 
offspring.

Jiggins, PLoS Biology 2017

Cytoplasmic 
incompatibility
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In a series of releases starting in 
late 2014, 4 million mosquitoes 
carrying Wolbachia bacteria 
were deployed across Townsville 
in Australia. Today, Wolbachia 
infected mosquitos were 
released in 10 countries. 

After the mosquitoes with 
Wolbachia spread, the number 
of locally acquired Dengue cases 
plummeted. 

(Note the different time-scale of 
the top graph).

(O’Neill et al. Gates Open Res. 2018)

Wolbachia & Dengue

2001 2017



Dealing with more than one symbiont
Parasites and microbiota

47

Salmonella infections in mice: Mice with sterile guts (no microbiota) become infected 
with an average dose of 2 (!) bacteria, normal mice require 2 million bacteria.

Bumble bee workers raised from isolated 
pupae in a semisterile environment received 
• (a) fresh feces from their nest mates,
• (b) a culture of the dominant Gamma-

proteo bacteria that had initially been 
isolated from the bees

• (c) sterile sugar water control or
• Antibiotics. 
The bacteria contained in the feces helped the 
bees to resist against the Crithidia parasites. 



Dealing with more than one parasite

48

Host resistance may be influenced by the presence of other parasites 
or by other symbionts.

Infections by multiple symbionts can result in any outcome.

Resistance against multiple enemies may be traded off. Costs!

The evolution of virulence is strongly affected by multiple infections. 

Currently we lack good concepts to understand the interactions 
of infections with more than one symbiont. 



Summary: Evolution of resistance

• What is resistance?
• Two forms of resistance

– non-host resistance
– evolved resistance

• Selection results in rapid increase in resistance
• Costs of resistance (role of environmental conditions)
• Steps of defense
• Dealing with more than one parasite

49


