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1	Lecture	on	The	evolu0on	of	Host-Parasite	Interac0ons,	by	Dieter	Ebert	

Different forms of mimicry are based on 
different forms of coevolution  

Müllerian	mimicry	

• Model	

• Copy	

• Model	

• Copy	

Batesian	mimicry	

Coevolu0on	of	mutualism	 Antagonis0c	coevolu0on	

What	is	coevolu0on?	

4	

Antagonis5c	and	mutualis5c	coevolu5on:	Reciprocal	changes	in	
popula0ons	triggered	by	selec0on	caused	by	the	other	popula0on.	In	
host	-	parasite	systems	hosts	evolve	to	reduce	the	(expected)	damage	
caused	by	parasites,	while	parasites	evolve	to	maximize	their	fitness	by	
exploi5ng	their	host.	Mutualists	evolve	to	the	double-sided	benefit.	
Genes	coevolve	not	species!	
	
Specia5on	by	coevolu5on:	Co-specia0on	describes	the	congruence	
between	the	phylogene0c	trees	of	two	clades.	Genomes	coevolve!	
	
There	are	other	forms	of	coevolu0on	(intra-genomic	coevolu0on,	cyto-
nuclear	coevolu0on,	male-female	coevolu0on,	…),	but	they	are	not	
discussed	in	this	lecture.			



- genetic diversity at genes related to immune function or resistance (MHC, R-genes)  
  - sexual selection based on the Hamilton-Zuk hypothesis 
   - high rates of amino-acid replacements in disease loci 
    - genetic recombination (and sexual reproduction) 
     - spatial divergence and local adaptation 
      - extreme traits of offence and defence 
       - multiple mating in social insects 
        - host and parasite specialisation 
         - restriction enzymes in bacteria 
          - host and parasite speciation  
           - RNA interference (RNAi)  
            - autumn colours of trees 
             - hypervariability loci 

             - Batesian mimicry 
               - parasite virulence  
                - polyploidy  
                 ... 

Host – parasite coevolution has been suggested to underlay 
a large number of well known phenomena.  

Here are some examples:		 Co-cladogenesis/	co-specia0on	

Criteria	for	strict	co-specia5on:	
	

•  Similarity	in	topology	(black	and	blue	in	fig.)	

•  Co-specia0on	events	of	both	clades	coincide		

co-specia5on	events	

Co-cladogenesis/	co-specia0on	

(from:	R.	Page	2003)	

parasite	
host	

Co-specia0on	 Host	switch	 Independent	specia0on	

Ex0nc0on	 “missing	the	boat”	 Failure	to	speciate	

Examples	for	co-cladogenesis/	co-specia0on:	
Pocket	gophers	and	chewing	lice	



Pocket	gophers	and	chewing	lice	
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Comparison	of	rates	of	molecular	
change	in	the	gene	CO	in	pocket	
gophers	and	chewing	lice.	Le`ers	
refer	to	branches	in	the	tree.		
	
(A) 	Comparison	of	maximum-
likelihood	branch	lengths.	
Subs0tu0on	in	lice	is	
approximately	three	0mes	
higher	than	in	gophers.	

(B) 	Comparison	of	maximum-
likelihood	branch	lengths	based	
solely	on	nucleo0de	
subs0tu0ons	at	four	fold	
degenerate	sites.	The	rate	of	
synonymous	subs0tu0on	in	this	
gene	region	is	approximately	an	
order	of	magnitude	greater	in	
chewing	lice	than	in	pocket	
gophers.	

Phylogenetic trees for pelecaniform birds (left) and Pectinopygus lice (right) with lines connecting coexisting hosts and 
parasites. The pelecaniform tree is the maximum parsimony topology inferred from the combined sequences of COI, 
ATPase, and 12S rRNA with MP bootstrap beside the circled node label; the Pectinopygus tree is the maximum 
parsimony based on the combined COI, 12S rRNA, 16S rRNA, EF1-α, and wingless sequences. The bootstrap support 
is shown below the branch. (from Hughes et al. 2006)

Examples	for	co-cladogenesis/	
co-specia0on	

(from Jousselin et al. 2009)

Extreme	co-specia0on:	
Aphids	and	Buchnera	

Examples	of	long	term	co-specia0on	

12	



Features	associated	with	systems	with	
long-term	co-cladogenesis		

Summary	of	co-cladogenesis/	co-specia0on		

•  Divergence	of	host	lineages	(specia0on	and	popula0on	
divergence)	can	lead	to	divergence	of	parasite	and	mutualist	
lineages.	

•  Very	strict	and	clear	examples	of	co-specia0on	are	only	
known	from	host-mutualist	systems.	Host-parasite	system	
show	some0mes	co-specia0on,	but	tree-topologies	rarely	
match	perfectly.	No	really	ancient	host-parasite	co-
specia0on	trees	are	known.	For	mutualist	co-specia0on	can	
go	back	several	100	million	years	(record:	>	500	Mya	in	a	
marine	flatworm	–	bacterium	system).	

•  Long-term	co-specia0on	has	severe	consequences	for	hosts	
and	mutualists.		

•  Co-specia0on	is	mostly	associated	with	ver0cal	
transmission.	In	case	of	long	term	co-specia0on,	ver0cal	
transmission	is	usually	perfect.		

Diffuse	coevolu0on	

The	immune	system.	

Insect	pollina0on	of	flowering	plants.	

Evolu5on	of	Mammals	and	Their	Gut	Microbes		
Mammals	harbor	many	species	of	gut	microbes.	To	
understand	the	coevolu0on	of	mammals	and	their	
indigenous	microbial	communi0es,	a	network-based	
analysis	of	bacterial	species	from	the	fecal	microbiota	of	60	
mammalian	species	was	conducted.	Host	diet	and	
phylogeny	both	influence	bacterial	diversity,	which	
increases	from	carnivory	to	omnivory	to	herbivory;	that	
bacterial	communi0es	codiversified	with	their	hosts.	Human	
gut	microbiota	is	typical	of	omnivorous	primates.	 Ley	et	al.,	Nature	2008	



Diffuse	coevolu0on	

Diffuse coevolution describes the evolution of interactions between groups of 
species, sometimes called guilds, for example pollinators and flowering plants, 
the warning coloration and predators, the evolution of multi-host parasites and 
hosts and their microbiota. In contrast to other forms of coevolution, the 
interactions of the participating species are not species or population specific, 
but specific to higher level taxa (e.g. E. coli in mammals). Therefore, 
congruence between host and microbe phylogeny is not expected, but the 
communites of symbionts of related host species will be more similar to each 
other. For example, microbiota of related hosts species are to some degree 
exchangeable. If individual members (species) of coevolving guilds go extinct, 
coevolution can continue.

Diffuse coevolution results in associations between groups sometimes 
defined by certain biological features (e.g. lactose digesting microbes being 
associated with mammals), where biological features are taxon-specific, or 
related to ecological niche of the host (e.g. herbivores, carnivores).

Coevolution 
Microevolutionary models 

– Selec0ve	sweeps	
– Time	lagged	nega0ve	frequency	dependent	
selec0on	(Red	Queen	dynamics)	
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Allele-frequency	change	under	
direc0onal	selec0on	favoring	a	
dominant	advantageous	allele	
(5%	fitness	advantage).	
At	0me	=	0,	the	allele	frequency	
was	0.001	(0.1%).	It	takes	about	
100	genera0ons	before	the	
mutants	reaches	about	10%.	
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Coevolution by selective sweeps 

Allele	frequency	changes	driven	by	a	series	of	selec0ve	sweeps	derived	from	
novel	muta0ons	(or	gene	flow).	At	any	given	0me	there	may	be	a	
polymorphism,	however,	the	polymorphism	is	transient.		
Selec0on	is	direc0onal	and	evolu0on	is	not	different	from	normal	adap0ve	
evolu0on.	Gene0c	changes	accumulate	in	both	popula0ons.		

(Modified	aner	Woolhouse	et	al	2002)	

host	
parasite	

Coevolution by selective sweeps 

Predic5ons:	
-  Slow	form	of	coevolu0on.	It	takes	0me	un0l	new	muta0ons	spread.	
-  Muta0ons	can	occur	in	any	gene	in	the	genome.	Thus,	many	targets	of	selec0on.	
-  Gene0c	polymorphisms	are	transient.	
-  In	asexual	popula0ons	“clonal	interference”	limits	the	rate	of	evolu0on.	
-  In	sexual	popula0ons,	mul0ple	muta0ons	may	spread	at	the	same	0me.	
-  Selec0on	differen0als	of	mutants	can	be	anything	from	very	small	to	large.		
	
Selec0ve	sweep	coevolu0on	is	the	likely	explana0on	for	the	majority	of	macro-co-
evolu0onary	pa`erns	seen	in	nature.			



Coevolution by negative frequency dependent selection 

Antagonists evolve based on standing genetic variation. Host genotype 
specific parasites increase in frequency when their host genotype is 
common, and decline in frequency when their host becomes rare. 
Parasite genotypes track host genotypes. Host and parasite         
genotype cycle.  
 

Time (host generations)

Host	allele	
Parasite	allele	

For	both	antagonists	
only	one	(out	of	

two)allele	is	shown	
each.	

This	is	some0mes	called	Red	Queen	dynamics.	

Coevolution by negative frequency dependent selection 

Assumptions: 
•  Inverse fitness relationship. What is good 

for the host is bad for the parasite. 
•  Parasites are specific to host genotypes 

and host resistance is specific to parasite 
genotypes. 

•  Differences in fitness among genotypes 
are moderate to strong. 

•  Strong constraints on the genetics of 
resistance and infectivity. Few loci with 
strong effects. 

Consequences: 
•  At any moment a genetic polymorphism is 

maintained. -> no super genotype! 
•  There is a time lag between host and 

parasite dynamics. 
•  Allele frequency changes are very rapid. 
•  Local populations will diverge quickly.  

Host	
Parasite	

Source:	Lively,	C.,	internet	

Infection of barley 
varieties carrying the 

mildew resistance 
genotype Mla12 

plotted against the 
relative area in the 

UK planted with 
these varieties 

between 1967 and 1983. 
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“rapid host parasite co-evolution”  
Barley infected with mildew   Time lagged negative 

frequency dependent selection 
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Host	genotypes	

A1	 A2	

	
Parasite	
genotypes	

B1	 resist	 infect	

B2	 infect	 resist	

Matching-
genotypes 

model (MGM) 

SCIENCE VOL 304    
2004

Gene-for-gene 
(GFG) 

Quantitative trait model 
(QTM)

Additive matching-
allele

 model (AMAM)

Multiplicative 
matching-

alleles model 
(MMAM) 

Matching-genotypes model (MGM) 
Gene-for-gene (GFG) 
Quantitative trait model (QTM)
Multiplicative matching-alleles model 
(MMAM). 

SCIENCE VOL 304    2004

Propor0on	cases	with	
increased	recombina0on	

„Selective sweeps�  versus  
„negative frequency dependent selection� 

• 	evolu0on	of	gene0c	recombina0on	

(“parasite	hypothesis	for	sex”)	

• 	sexual	selec0on	(“Hamilton-Zuk”)	

• 	(co-)	evolu0on	of	virulence	
• 	maintenance	of	gene0c	diversity	

• 	evolu0on	of	mu0ple	ma0ng	

• 	outcrossing	(versus	selfing)	

• 	evolu0on	of	drug	resistance	
• 	evolu0on	of	pes0cide	resistance	
• 	evolu0on	of	virulence	
• 	evolu0on	of	RNAi	
• 	evolu0on	of	mutators		

	and	hypermutability	

Time (host generations)Time (host generations)



Evidence	for	coevolu0on	

29	

There	is	lots	of	circumstan0al	evidence	for	coevolu0on	in	the	wide	
sense,	i.e.	reciprocal	adapta0on	of	hosts	to	parasites	and	vice	
versa.	
	
Local	adapta0on	of	parasites	to	host	is	onen	regarded	as	evidence	
for	coevolu0on.		
	
We	have	rela0vely	li`le	direct	evidence	for	coevolu0on	and	even	
less	evidence	in	rela0on	to	the	mechanisms	at	work.			
	
Coevolu0on	is	a	very	ac0ve	research	field.		

30	

Evidence	for	
coevolu0on	

Schulte	et	al.	PNAS	2010	Fig.	1	

Fig.	2	

31	

Figure	legends	for	
Schulte	et	al	2010	

Evidence	for	coevolu0on	

32	

Selec0ve	sweeps	or	nega0ve	freq.	dependent	selec0on?	

Time	shiJ	experiments	
allow	us	to	make	

predic0ons	

Host	

Pa
ra
si
te
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parasite	fixed–host	
changing	design	

host	fixed–parasite	
changing	design	

Gaba	&	Ebert	2008	

Time	shin	
experiments	 Time	shin	

experiments	
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contemporary	

past	

future	

Predic0ons	for	0me	shin	experiments	
with	a		
host	fixed–parasite	changing	design.		
	
a)  Nega0ve	frequency	dependent	

selec0on	

b)  Selec0ve	sweep	coevolu0on	
		

past	 future	

Selec0ve	sweep	coevolu0on	
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The	host:	Pseudomonas	fluorescens	

Bacteria	–	phage	popula0ons	

The	parasite:	DNA	phage,	SBW25phi2	

Buckling	and	Rainey,	2002	

Selec0ve	sweep	coevolu0on	

36	

Mean	of	all	popula0ons	

Example	of	
one	popula0on	

Buckling	and	Rainey,	2002	

Past	
Contemporary	
Future	

host fixed–parasite changing design 
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Selec0ve	sweep	coevolu0on	

Buckling	and	Rainey,	2002	

Photo by Jon Sweetman 

Nega0ve	frequency	dependent	selec0on	
Example:	Daphnia	magna	and	Pasteuria	

Daphnia	and	
Pasteuria	produce	

long	las0ng	
res0ng	stage.	
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% Infection

Pasteuria	
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Es0mated	year:	

Nega0ve	frequency	dependent	selec0on	

Photo by Jon Sweetman 
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Past	

Nega0ve	frequency	dependent	selec0on	



Photo by Jon Sweetman 
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Nega0ve	frequency	dependent	selec0on	
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Nega0ve	frequency	dependent	selec0on	

!
Photo by Jon Sweetman 

Sweep or Red Queen coevolution? 

• 	evolu0on	of	gene0c	recombina0on	

(“parasite	hypothesis	for	sex”)	

• 	outcrossing	(versus	selfing)	
• 	sexual	selec0on	(“Hamilton-Zuk”)	

• 	(co-)	evolu0on	of	virulence	
• 	maintenance	of	gene0c	diversity	

• 	evolu0on	of	mul0ple	ma0ng	

• 	evolu0on	of	drug	resistance	
• 	evolu0on	of	pes0cide	resistance	
• 	evolu0on	of	virulence	
• 	evolu0on	of	RNAi	
• 	evolu0on	of	mutators		

	and	hypermutability	

Time (host generations)Time (host generations)
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Consequences	of	antagonis0c	coevolu0on	

- genetic diversity at genes related to immune function or resistance (MHC, R-genes)  
  - sexual selection based on the Hamilton-Zuk hypothesis 
   - high rates of amino-acid replacements in disease loci 
    - genetic recombination (and sexual reproduction) 
     - spatial divergence and local adaptation 
      - extreme traits of offence and defence 
       - multiple mating in social insects 
        - host and parasite specialisation 
         - restriction enzymes in bacteria 
          - host and parasite speciation  
           - RNA interference (RNAi)  
            - autumn colours of trees 
             - hypervariability loci 

             - Batesian mimicry 
               - parasite virulence  
                - polyploidy  
                 ... 



Genetic recombination (and sexual reproduction) 
The Red Queen hypothesis 

45	

Moran	et	al,	Science	2011	
Brockhurst,	Science	2011	

coevolu0on	

46	

proportion
of males

proportion
of females

Sexual and parthenogenetic females of the snail Potamopyrgus antipodarum coexist in 
natural lakes in New Zealand. Only sexual females produce males, so the proportion of males 
can be used to measure the frequency of sexual vs. asexual forms. Lakes with greater 
prevalence of infection have a greater frequency of males, i.e., a greater frequency of sexuals 

Source: Lively 1992, Evolution 46:907-913  

Genetic recombination (and sexual reproduction) 
The Red Queen hypothesis	

Genetic diversity at genes related to immune function or resistance 	
The	case	of	MHC	

47	

HLA	class	I	diversity	is	illustrated	by	the	prevalence	of	nine	HLA-B	molecules	in	eight	selected	
popula0ons.	For	simplicity,	HLA	class	I	alleles	are	shown	by	two	digits	only.	

Trans-species	
polymorphism	provides	

evidence	for	the	long	term	
maintenance	of	gene0c	

polymorphisms	

48	Klein	et	al.	2007	

Genetic diversity at genes related to immune function or resistance 	
The	case	of	MHC	
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Genetic diversity at genes related to immune function or resistance  
 

Primate species tree (left) and DQA1 promoter region gene tree (right) 

Loisel et al. PNAS 2006 

Typical	fade	of	alleles	in	a	phylogene0c	tree	

50	

The	case	of	MHC	

51	

Ancient	polymorphism	and	func0onal	varia0on	in	the	primate	MHC-DQA1	5ʹ	cis-regulatory	
region	(Loisel	et	al.	PNAS	2006)	
	
Precise	regula0on	of	MHC	gene	expression	is	cri0cal	to	vertebrate	immune	surveillance	and	
response.	Polymorphisms	in	the	5ʹ	proximal	promoter	region	of	the	human	class	II	gene	HLA-
DQA1	have	been	shown	to	influence	its	transcrip0onal	regula0on	and	may	contribute	to	the	
pathogenesis	of	autoimmune	diseases.	We	inves0gated	the	evolu0onary	history	of	this	cis-
regulatory	region	by	sequencing	the	DQA1	5ʹ	proximal	promoter	region	in	eight	nonhuman	
primate	species.	We	observed	unexpectedly	high	levels	of	sequence	varia0on	and	mul0ple	
strong	signatures	of	balancing	selec0on	in	this	region.	Specifically,	the	considerable	DQA1	
promoter	region	diversity	was	characterized	by	abundant	shared	(or	trans-species)	
polymorphism	and	a	pronounced	lack	of	fixed	differences	between	species.	The	majority	of	
transcrip0on	factor	binding	sites	in	the	DQA1	promoter	region	were	polymorphic	within	
species,	and	these	binding	site	polymorphisms	were	commonly	shared	among	mul0ple	species	
despite	evidence	for	nega0ve	selec0on	elimina0ng	a	significant	frac0on	of	binding	site	
muta0ons.	We	assessed	the	func0onal	consequences	of	intraspecific	promoter	region	diversity	
using	a	cell	line-based	reporter	assay	and	detected	significant	differences	among	baboon	DQA1	
promoter	haplotypes	in	their	ability	to	drive	transcrip0on	in	vitro.	The	func0onal	differen0a0on	
of	baboon	promoter	haplotypes,	together	with	the	significant	devia0ons	from	neutral	sequence	
evolu0on,	suggests	a	role	for	balancing	selec0on	in	the	evolu0on	of	DQA1	transcrip0onal	
regula0on	in	primates.		

The	evolu0on	of	mul0ple	ma0ng	

52	

Average	parasite	load	(the	average	number	of	
different	parasite	species	per	worker	per	
colony)	was	lower	in	workers	from	high-
diversity	colonies	than	in	workers	from	low-
diversity	colonies	(U-test:	z	=	2.162,	P	=	
0.015).	Similarly,	parasite	richness	(the	
number	of	different	parasite	species	per	
colony)	was	lower	in	high-diversity	colonies	(z	
=	1.694,	P	=	0.045).	Values	are	means	s.e.m.	

Baer	&	Schmid-Hempel,	Nature	1999	

Bumble	bees	(Bombus	terrestris)	were	studied	for	the	effect	of	mul0ple	ma0ng	on	parasi0sm	in	
semi-natural	colonies.	Queens	were	ar0ficially	inseminated	with	sperm	from	1	or	several	males.	
Baer	&	Schmid-Hempel	tested	the	hypothesis	that	gene0c	diversity	among	a	female's	offspring	may	
offer	some	protec0on	from	parasi0sm.		
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Average	reproduc0ve	success	was	higher	in	
high-diversity	colonies	than	in	low-diversity	
colonies,	as	assessed	by	several	criteria:	
first,	the	males	produced	(t	=	2.05,	d.f.	=	17,	
P	=	0.028);	second,	the	number	of	queens	
produced	(U-test,	z	=	0.518,	not	significant);	
and	third,	sexual	produc0vity	(that	is,	the	
number	of	queens	mul0plied	by	two,	plus	
the	number	of	males;	jus0fied	because	the	
body	mass	of	queens	is	approximately	
double	that	of	males:	t	=	2.67,	d.f.	=	17,	P	=	
0.008).	Sample	sizes	are	explained	in	Fig.	1	
with	numbers	inside	bars	represen0ng	the	
total	number	of	sexual	organisms	sampled.	
Values	are	means	s.e.m.	

Baer	&	Schmid-Hempel,	Nature	1999	

The	evolu0on	of	mul0ple	ma0ng	 Coevolution has different dimensions

	One	species	pair	interac0ng	
	
	
	Repeated	interac0ons	
	
	
	Antagonis0c	

Many	species	
(Diffuse	co-evo.)	

	
Single	events	

	
	

Mutualis0c	

Microevolutionary processes and their role in coevolution	

Process Expected change 
in allele 
frequency

This process is 
important for

Contribution to coevolution

Selection Very slow to very 
fast

adaptation Important for nfds and sel-sw. 
Unclear for co-spec.

Genetic Drift Fast in very small 
populations

neutral evolution 
(divergence)

Important for co-spec.

    bottlenecks
    (extreme drift)

Fast neutral evolution, 
fixation of 
deleterious alleles

Unclear. May play a role for 
co-spec.

Gene flow Slow to fast maintaining 
genetic diversity

Helps to spread alleles when 
followed by sel-sw.
Introduces rare alleles (nfds)

Mutation Very slow novelty Drives sel-sw.
Introduces rare alleles (nfds)
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