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ABSTRACT

ABSTRACT
At the very core of the evolution of living organisms 
lie interactions with other species. Between two 
coevolving species, a change in one species may 
generate selection for a change in the other species. 
In host-pathogen coevolution the central dilemma is 
to understand how infectivity and virulence evolve. 
Infectivity is the ability to infect a given host while 
virulence is the harm the pathogen causes to its 
host, and therefore they determine the outcome of 
the interaction between the host and the pathogen. 
The emergence of new highly virulent pathogen 
species (e.g. Ash dieback pathogen Hymenoscyphus 
pseudoalbidus) and single pathogen strains (e.g. Ug99 of 
wheat stem rust pathogen Puccinia graminis f. sp. tritici) 
underline the urgent need for a deeper understanding 
of how virulence evolves.

The aim of my thesis is to understand how life-history 
trade-offs and coinfection – where two or more 
strains of the same pathogen are infecting the same 
host - are driving host-pathogen coevolution, and how 
these evolutionary trajectories translate to ecological 
dynamics in a metapopulation context using the 
Plantago lanceolata – Podosphaera plantaginis interaction 
as a model system. 

The study approach ranged from the molecular level 
to population and metapopulation levels. I studied 
natural populations of P. lanceolata and P. plantaginis in 
the Åland islands to measure prevalence of coinfection 
and its consequences for disease epidemics in the wild. 

I also investigated variation in resistance in the natural 
host populations as well as the efficiency and costs 
of different plant resistance strategies in a common 
garden setting. Context dependence of evolutionary 
trade-offs were investigated by accounting for some 
of the spatial and temporal complexity of the natural 
pathogen metapopulation. Pathogen life-history trade-
offs were studied in the context of local adaptation 
and costs of resistance in the perennial host were 
measured across multiple seasons. The pathogen’s 
host exploitation versus transmission strategies were 
examined on relevant epidemiological time scales 
to understand factors creating heterogeneity in 
transmission dynamics.

Key findings of the thesis include detection of high, 
yet variable levels of coinfection across the pathogen 
metapopulation, with more devastating epidemics 
measured in populations with higher levels of 
coinfection. This suggests a major role for coinfection 
in driving disease dynamics in natural populations. 
In the dynamic pathogen metapopulation, local 
adaptation mediates pathogen life history trade-offs 
and resistance polymorphism can be maintained 
through costs of resistance and changes in resource 
allocation under infection. In conclusion, this work 
contributes to our understanding of the drivers of 
evolution and maintenance of variation in the host and 
pathogen populations by linking evolutionary theory 
with empirical findings.
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TIIVISTELMÄ

TIIVISTELMÄ
Vuorovaikutus toisten lajien kanssa on eliöiden 
evoluution ytimessä. Muutos yhden lajin 
ominaisuuksissa voi aiheuttaa valintapainetta 
vastavuoroiseen muutokseen toisessa lajissa. Isännän ja 
taudinaiheuttajan yhteisevoluutiossa keskeinen kysymys 
on taudinaiheutuskyvyn ja virulenssin evoluutio. 
Virulenssi on taudinaiheuttajan isännälleen aiheuttamaa 
haitta ja yhdessä taudinaiheutuskyvyn kanssa nämä 
ominaisuudet määrittävät tautien tuhovoiman. 
Uusien tuhovoimaisten taudinaiheuttajalajien (esim. 
saarnensurma, Hymenoscyphus pseudoalbidus) ja – 
kantojen (esim. mustaruosteen Puccinia graminis f. 
sp. tritici kanta Ug99) nouseminen korostaa tarvetta 
tautien evoluution parempaan ymmärtämiseen.

Väitöskirjani tarkoitus on ymmärtää kuinka elinkierto-
ominaisuuksien vaihtokauppasuhteet sekä yhteisinfektio 
– kahden tai useamman saman taudinaiheuttajan kannan 
tartunta samalla isäntäyksilöllä – ohjaavat isännän ja 
taudinaiheuttajan evoluutiota, sekä sitä miten näiden 
evolutiivinen kehitys näkyy ekologisessa dynamiikassa 
metapopulaatiokontekstissa käyttäen mallina 
heinäratamon ja härmäsienen (Plantago lanceolata – 
Podosphaera plantaginis) välistä vuorovaikutusta.

Tutkimukseni ylsi molekyylitasolta 
metapopulaatiotasolle. Tutkin yhteisinfektion 
yleisyyttä ja vaikutusta epidemioihin heinäratamon ja 
härmän luonnonpopulaatioissa Ahvenanmaalla. Lisäksi 
tarkastelin isäntäkasvin vastustuskyvyn vaihtelua 
luonnonpopulaatioissa. Pystytin monivuotisia 

puutarhakoeruutuja, joiden avulla selvitin isäntäkasvin 
iän ja vastustusstrategian vaikutusta taudin määrään 
sekä mahdollisia elinkiertokustannuksia, joita korkeasta 
vastustuskyvystä aiheutuu. Tämän lisäksi tutkin 
härmäpopulaatioiden luontaista vaihtelua, sekä selvitin 
tartutuskokeilla mahdollisia mekanismeja, jotka 
ylläpitävät tätä vaihtelua. Kasvukauden mittaisessa 
kokeessa selvitin miten yhteisinfektio vaikuttaa taudin 
leviämiseen kasvien välillä, sekä taudin leviämiseen 
vaikuttavia tekijöitä saman isäntäkasvin sisällä 
verrattuna itiöiden leviämiseen uusille isäntäkasveille.

Tämän väitöskirjan keskeisiä tuloksia ovat korkeat, 
joskin vaihtelevat yhteisinfektion tasot härmän 
metapopulaatiossa sekä tuhovoimaisempien 
epidemioiden havaitseminen populaatioissa, 
joissa esiintyi eniten yhteisinfektiota. Tulosten 
perusteella yhteisinfektio on keskeisessä roolissa 
luonnonpopulaatioiden tautidynamiikassa. Tulokset 
osoittivat paikallisen sopeutumisen muokkaavan 
taudinaiheutuskyvyn ja itiöimisen suhdetta, sekä 
antoivat viitteitä niiden vaikutuksesta uusien 
tautipopulaatioiden syntymiseen ja kasvuun. Isännän 
vastustuskyvyn monimuotoisuutta ylläpitävät osaltaan 
vastustuskyvyn kustannukset sekä resurssien uudelleen 
allokointi infektion aikana. Kokonaisuudessaan tämä työ 
edistää evoluutioon sekä tauti- ja isäntäpopulaatioiden 
monimuotoisuuden ylläpitoon vaikuttavien tekijöiden 
parempaa ymmärtämistä yhdistämällä evolutiivista 
teoriaa ja empiirisiä tuloksia epidemiologiaan. 





9

HANNA SUSI

SUMMARY

Hanna Susi

Metapopulation Research Group, Department of Biosciences, PO Box 65 (Viikinkaari 1), 00014 
University of Helsinki, Finland

1. INTRODUCTION

COEVOLUTION 

All living organisms are surrounded by other species. 
Interactions with other species fundamentally shape 
the evolution of living organisms. Between two 
coevolving species, a change in one species causes 
selection for a change in the other species (Thompson 
2013). The coevolution of two species was first 
illustrated by Charles Darwin in his book Fertilization 
of Orchids (Darwin 1877) where he described how 
fine adaptation in the forms of orchid flowers had 
coevolved in the interaction with insect mouth parts 
to facilitate pollination of the plant. The nature of 
coevolving species pairs ranges from mutualistic 
relationships such as those between plants and their 
pollinators to antagonisms such as predator-prey 
interactions (Brodie et al. 2005) and host–parasite 
interactions (Langmore et al. 2003). 

In disease evolution the central dilemma is how 
virulence evolves. Virulence is the harm that a 
pathogen causes to its host, and the fundamental 
paradox is that in theory pathogens should not cause 
harm to their hosts because their life depends on the 
life of their hosts. Host defense traits such as resistance 
and tolerance affect virulence as they can decrease the 
damage that a pathogen is able to cause. Emergence of 
virulent pathogens species (McKinney et al. 2014) or 
single strains (Fraser et al. 2005, Singh et al. 2011) can 
shake the security of ecosystems by causing mortality 
in one species which may change the ecology of other 
species (Crawford et al. 2010, Fisher et al. 2012), food 
safety (Brasier 2008, Ratnieks and Carreck 2010), 
and human welfare (Fraser et al. 2005). Therefore a 
deeper understanding of how pathogen virulence 
evolves is urgently needed. There are two current 
paradigms that explain the evolution of virulence: 
trade-offs (Stearns 1989, Alizon et al. 2009, Brown 

and Rant 2013) and coinfection (Frank 1996, Alizon 
2013b, a, Sutherland et al. 2013). These paradigms 
are not mutually exclusive. The underlying theoretical 
assumptions for both the concept of life-history trade-
offs and coinfection driving pathogen evolution rely 
on the idea that resources are limited. While allocation 
to infectivity is essential to achieve possibility to 
transmission and vice versa, limited resources force 
pathogens to allocate resources between infectivity 
and transmission, and lead to competition for the 
host’s resources under coinfection, respectively. 

Host-pathogen antagonistic coevolution was illustrated 
theoretically by Haldane (Haldane 1949). Host and 
pathogen allele frequencies are expected to change in a 
cyclical manner: the parasites that can infect common 
host genotypes increase in their prevalence, after 
which the rare hosts have a selective advantage being 
resistant to the pathogen and subsequently increase 
in their prevalence. Then in turn the pathogens that 
were infectious on the previously rare host genotype 
increase in their prevalence. This negative frequency 
dependent selection is the framework where host 
resistance and pathogen infectivity are assumed to 
coevolve through costs of resistance and infectivity 
(Frank 1992, Kirchner and Roy 2000). The cycling 
allele frequencies translate to host and pathogen 
phenotypes. When pathogen prevalence is low, the 
costly resistance loses its benefit and susceptibility 
increases, followed by a decrease in pathogen 
infectivity. When pathogen prevalence increases, 
resistance becomes beneficial and the increase in 
resistance is followed by increase in infectivity. Several 
studies (reviewed in Thompson and Burdon 1992) 
support the theory that selection on disease-related 
traits in hosts and the corresponding infectivity 
traits in pathogens leads to reciprocal evolutionary 
dynamics between the co-evolving species pairs. By 
using water fleas (Daphnia) and their microparasites 
archived in lake sediments, Decaestecker and 
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colleagues (2007) showed that parasite infectivity 
against contemporary hosts was greater than against 
previous host generations. Furthermore, the host was 
able to respond by evolving resistance, with parasite 
infectivity decreasing when inoculated on the future 
hosts. Others have argued that selection can be more 
diffuse. By demonstrating resistance polymorphism 
in Arabidopsis thaliana against its bacterial pathogen 
Pseudomonas syringae, Karasov and colleagues 
(2014) argued that resistance polymorphism can be 
maintained through community wide and scattered 
interactions rather that tight coevolutionary arms 
races. Studies on metapopulations have shown that the 
strength of selection can vary in space (Laine 2006) 
and time (Thompson 2005). By using a set of wild 
flax (Linum marginale) populations infected by flax rust 
(Melampsora lini) it has been shown that the strength 
of selection pressure varies in space and time (Burdon 
and Thrall 2000). This leads to a geographic mosaic of 
selection, where selection acts in different directions 
in different places. Selection may act on pathogen 
infectivity in one population and host resistance in 
another population, or both the pathogen and host 
may be selected on simultaneously in coevolutionary 
hotspots (Thompson 2013). 

TRADE-OFFS 

The fact that resistance or infectivity needed in the 
past is lost by selection in antagonistic coevolution 
(Decaestecker et al. 2007) suggests that resistance 
and infectivity indeed are costly. In evolutionary 
theory, high performance in one beneficial trait comes 
with cost in other beneficial traits, such as trade-offs 
between reproduction and growth or reproduction 
and life span (Stearns 1989). Trade-offs for defense 
have been detected in reproduction in crickets 
(Simmons and Roberts 2005) or life span in bumble 
bees (Moret and Schmid-Hempel 2000). It has been 
postulated that if there were no trade-offs, fitter 
individuals would rapidly outcompete weaker ones. 
This would lead to the rise of a Darwinian Demon, 
an organism that has maximized all aspects of fitness. 
However, this is not what we see in nature; there is 
wide polymorphism in both pathogen aggressiveness 
and infectivity (Tack et al. 2012) as well as in resistance 
of their hosts (Råberg et al. 2007, Laine et al. 2011). In 
plants, costs of resistance (Box 1) have been detected 
by using a transgenic approach (Tian et al. 2003). In 

Arabidopsis thaliana, a single resistance gene can cause 
a 9% fitness loss. While costs of resistance genes have 
been demonstrated in the laboratory, detection of 
such costs in nature has lagged behind. In nature, costs 
of resistance are suggested to be masked by variable 
ecological and environmental conditions (Bergelson 
and Purrington 1996). The growing understanding 
of the entanglement of defense- and growth-
related regulatory pathways suggests that the use of 
defenses may not be apparent as reduced growth or 
reproduction (Denancé et al. 2013). It has therefore 
been proposed that fitness trade-offs can be revealed 
in other directions, such as between resistance to 
herbivores and pathogens (Felton and Korth 2000). 
On the other hand, theoretical modelling has suggested 
that spatial setting can attenuate fitness costs (Ashby 
et al. 2014) and that in a metapopulation system the 
polymorphism could be maintained through a seed 
bank and perennial hosts without costs (Tellier and 
Brown 2009). Moreover, as the majority of species 
occur in heterogeneous environments, Wolinska 
and King (2009) argued that polymorphism can be 
maintained by genotype × environment interactions. 

There are two central assumptions concerning trade-
offs in pathogen life-history traits. First, that there 
are trade-offs between two key life-history traits: 
infectivity (i.e. the pathogen’s ability to infect hosts 
with different resistances) and transmission (i.e. the 
production of transmission propagules). Second, a 
virulence-transmission trade-off is expected to occur 
once the pathogen has established, when aggressive use 
of host resources comes at the cost of earlier host death 
and negative consequences for pathogen reproduction 
(Anderson and May 1979, May and Anderson 1979). 
While infectivity and transmission are essential fitness 
components for pathogens, virulence is an unnecessary 
side-effect (Anderson and May 1982, Antia et al. 
1994). Empirical findings do not explicitly support 
the virulence–transmission trade-off. Several studies 
have concluded that an intermediate level of virulence 
leads to higher transmission success (de Roode et 
al. 2008, Chapuis et al. 2012, Alizon and Fraser 
2013), but a positive relationship between virulence 
and transmission has also been found (Cooper et 
al. 2002, Salvaudon et al. 2005, Mackinnon et al. 
2008). Polymorphism in populations buffers against 
changes in the environments. Thus, the search for 
trade-offs between pathogen life history traits has 
been directed at measuring responses of performance 
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Box 1. Plant’s resistance

Plants possess different strategies to protect themselves against the fitness loss caused by pathogens 
(Alexander 1992, Jones and Dangl 2006, Dodds and Rathjen 2010). Plants can passively avoid 
pathogen infection by timing their development (e.g., seed germination or flowering) to prevent 
susceptible tissues from being exposed to the pathogen (Alexander 1992). Plants have evolved 
mechanisms to resist qualitatively pathogen attack and quantitatively pathogen development 
(Jones and Dangl 2006, Poland et al. 2009) and, by tolerance, minimize the harm caused by the 
pathogen (Restif and Koella 2004).

 When under pathogen attack, the first layer of defense qualitatively blocks infection (Dodds and 
Rathjen 2010). This usually R-gene mediated immunity is based on the plant’s ability to sense 
pathogen associated molecular patterns (PAMPs) on the surface of the cells or pathogen secreted 
effector molecules within the cells which triggers immunity (Dodds and Rathjen 2010). These 
two recognition mechanisms differ from each other in their coevolutionary dynamics. Specifically, 
PAMP triggered immunity (PTI) is more conserved across plant taxa, while pathogen effectors 
and effector triggered immunity (ETI) in hosts are differentiated between and within taxa 
(Dodds and Rathjen 2010). ETI is assumed to be the underlying mechanism in coevolutionary 
scenarios such as arms race (Jones and Dangl 2006, Boller and He 2009) and negative frequency 
depended selection (Tellier and Brown 2011). The recognition of pathogen attack is crucial for 
regulation of defense gene expression through the salicylic acid (SA) and jasmonic acid (JA) and 
ethylene (ET) hormone pathways (Navarro et al. 2008b) that lead to defense reactions such as 
cell wall hardening and localized cell death (Agrios 2005). Once the recognition of a pathogen 
has occurred, the SA and JA/ET pathways may systemically spread the defense signal, leading to 
induced resistance against later arriving pathogens (Navarro et al. 2008a, Agrawal 2011). Hence, 
there are two forms of resistance: constitutive resistance that is constantly expressed and induced 
resistance that is alerted only when needed.

When the first layer of defense fails to prevent infection, the second layer of defense can 
quantitatively mitigate pathogen growth and reproduction (Poland et al. 2009) by means 
of structural defense (e.g. cell wall hardening) and biochemical defense (e.g. antimicrobial 
compounds; Agrios 2005) . Finally, even if all resistance mechanisms have failed, the plant still has 
one card to turn: tolerance. Tolerance is the plant’s ability to maintain its fitness despite pathogen 
infection (Roy and Kirchner 2000, Restif and Koella 2004). 

The implications for epidemiology and virulence evolution differ among quantitative resistance, 
qualitative resistance, and tolerance (Baucom and de Roode 2011, Fabre et al. 2012). Epidemics 
of plant pathogens typically accelerate with several clonal cycles spreading the disease. Thus, 
quantitative resistance has been sought as a solution to prevent yield losses by hindering inevitable 
epidemics, especially when no R-gene mediated resistance is available (Fabre et al. 2012, Brown 
and Rant 2013). As quantitative resistance is assumed polygenically inherited, the pathogen cannot 
overcome it as rapidly as R-genes. Moreover, the selection pressure for overcoming quantitative 
resistance can be weaker than in R-gene mediated resistance and hence, quantitative resistance 
is traditionally viewed as a more durable form of resistance (McDonald and Linde 2002, Poland 
et al. 2009, St Clair 2010, Brown and Rant 2013). In contrast to qualitative and quantitative 
resistance, tolerance does not suppress pathogen growth or reproduction; therefore, tolerance 
can allow epidemics to spread (Baucom and de Roode 2011, Horns and Hood 2012, Medzhitov 
et al. 2012).
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to varying conditions. For example, Woodhams and 
colleagues (Woodhams et al. 2008) demonstrated 
that polymorphism in the amphibian-infecting chytrid 
fungus (Batrachochytrium dendrobatidis) was maintained 
in part by trade-offs between life history traits which 
differed along a temperature gradient.

Trade-offs have rarely been studied within a spatial 
framework, such as a metapopulation, where local 
populations are connected by dispersal. Furthermore, 
the temporal scales on which costs are observed 
have typically been very short. Spatial context is 
not irrelevant, as all species occur within a spatial 
framework and many species occur as metapopulations 
due to habitat fragmentation. Moreover, both 
host and pathogen populations are capable of local 
adaptation, even at very small spatial scales (Kaltz 
and Shykoff 1998, Laine 2008). Local adaptation is 
shown as higher performance in the local (sympatric) 
population as compared to a more distant (allopatric) 
population (Blanquart et al. 2013). At the same time 
when pathogens are adapting to their current hosts, 
they are striving to infect new host populations. 
From a pathogen’s perspective, the time window for 
colonization of a new population is limited due to 
stochastic factors such as environmental conditions 
or the development, behavior, or life span of the host 
(Hartfield and Alizon 2013). For the most of the 
pathogens, colonization of a new host is followed by 
transmission to other hosts. It is not known whether 
life-history trade-offs play a role in explaining these 
epidemiological dynamics. On the other hand, for 
many long lived hosts such as perennial plants, their 
generation times are significantly longer than those 
of their pathogens, but temporal aspects have been 
largely ignored in the search for resistance costs. 
While a large fraction of plant species are perennial, 
questions regarding trade-offs with resistance have 
usually been addressed in annual plants or on the 
time scale of one growing season. Accounting for 
annual variation is essential for understanding the 
links between evolutionary and ecological dynamics 
(Thompson 2013). 

COINFECTION OF PATHOGENS

Parasites rely on their hosts for their growth and 
reproduction; therefore, the harm inflicted on the 
host should not be extensive. However, in coinfection 

where there is more than one parasite species or strain 
present, the situation may change (Frank 1996). The 
host’s limited resources draw the coinfecting parasites 
into competition, and the resulting optimal virulence 
may differ from that in the single infection situation 
(Alizon et al. 2009). It has been postulated that 
depending on the pathogens’ relatedness, virulence 
can be higher or lower in a coinfection scenario (Box 2; 
Chao et al. 2000). From an evolutionary perspective, 
coinfection may also provide the opportunity for 
mating and recombination between strains (Burnett 
1956), or in the case of bacteria, to the exchange of 
genetic material horizontally (Ochman et al. 2000), 
as these processes require immediate proximity of 
pathogen strains. The chance of mating is also linked to 
epidemiological dynamics. For example, in ascomycete 
and oomycete pathogens, mating is often required for 
the production of resting spores, which allow the 
pathogen to persist through difficult environmental 
conditions when living outside the host (Agrios 2005). 
These sexually produced resting spores may help the 
pathogen spread between-hosts, populations and even 
between continents (Fisher et al. 2012). Furthermore, 
recombination and dispersal increase the evolutionary 
potential of fungal pathogens that pose threats to 
human, animal and plant health (Fisher et al. 2012).

While within-host dynamics have been recognized as 
important drivers of evolution, theoretical advances on 
these topics have outpaced our knowledge of natural 
systems. Due to the limitations of the microparasites’ 
size, inconspicuous growth forms and often clonal 
replication, it is usually impossible to distinguish 
distinct genotypes of a given pathogen species co-
occurring in a host without serological or molecular 
methods. Therefore, the development of molecular 
methods and an increase in available molecular data 
have opened new possibilities for fast and accurate 
detection of multiple genotypes (Criscione et al. 
2005, Giraud et al. 2008, Archie et al. 2009). A 
limited number of studies available on parasites of 
humans (Balmer and Tanner 2011), animals (Schmid-
Hempel and Funk 2004, Telfer et al. 2008) and plants 
(Lopez-Villavicencio et al. 2007, Perez et al. 2010) 
have shown multiple infection to be common when it 
has been looked for. 

Besides its crucial role in theory of virulence 
evolution, the implications of coinfection for 
epidemiological dynamics is one of the most 
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Box 2. Competition shaking the boat

There are various scenarios for how multiple pathogen species or strains infecting the same host are 
interacting with each other. It has been postulated that the nature of coinfection can be competition, 
cooperation, spiteful competition or host immunity mediated competition. Some pathogens 
are able to sense the presence of competitors and kin (Lopez-Villavicencio et al. 2007, Lopez-
Villavicencio et al. 2011, Bashey et al. 2012), and alter their own reproduction rate (Clement et 
al. 2012). Competition for host resources may change the optimal reproduction rate compared to 
single genotype infections as strains allocate resources to faster reproduction (Frank 1996, Mideo 
2009). This aggressive use of host resources will lead to earlier death of the host (Hardin 1968). 
This has been demonstrated in waterfleas (Daphnia magna) infected by bacteria and microsporidia 
(Ben-Ami et al. 2011). The harm caused to the host is larger under coinfection and the more 
aggressive pathogens outcompete the less aggressive ones, leading to higher virulence. Spiteful 
competition has been demonstrated in bacterial studies where bacteria secrete toxins targeted at 
their unrelated competitors (Bashey et al. 2012). The production of toxins itself can be costly for 
bacteria and causes a decline in their reproduction. Cooperation is reported in anther smut fungus 
Microbotryum violaceum when closely related strains sharing one host plant benefit from the presence 
of their kin (Lopez-Villavicencio et al. 2011). Cooperation has also been demonstrated in bacterial 
pathogens that produce siderophores (i.e., iron-chelating compounds needed for host exploitation) 
for common use (Buckling et al. 2007). Moreover, the arrival sequence of coinfecting pathogens is 
assumed to have an effect on coinfection dynamics. In some studies the first arriving genotype has 
an advantage over later arriving ones (de Roode et al. 2005; Laine 2011). This may be due to the 
benefit of earlier colonization, or the outcome may be mediated by systemic induced resistance of 
the host by the first pathogen (Laine 2011).

fundamental questions in ecology (Alizon, de Roode 
and Michalakis 2013; Sutherland et al. 2013). There 
are limited epidemiological data available that would 
allow for linking within-host dynamics to dynamics 
on population or metapopulation scales, and only few 
studies have connected coinfection to epidemiological 
dynamics. Nkhoma and colleagues (2013) showed 
that as the prevalence of coinfections of the malaria 
parasite (Plasmodium falciparum) decreased, the disease 
incidence in human populations also declined. By 
linking coinfections to decreased host condition in 
wild rodents, Telfer and colleagues (2010) showed 
that an infection by one parasite can be followed by 
another, leading to a ‘vicious cycle’. Furthermore, 
coinfected hosts may subsequently serve as hotspots 
for spread of parasite diversity. High parasite diversity 
in bumblebee colonies increased the probability of 
daughter queens to become infected and carry the 
parasites for the following season (Cisarovsky and 
Schmid-Hempel 2014). These examples suggest 
that deeper understanding of the ecological and 

evolutionary impacts of coinfection is essential for 
designing epidemiological interventions.

PLANT-PATHOGEN INTERACTION

Plants and their parasites offer unique opportunities to 
acquire knowledge on how coevolution acts. Reasons 
for this include that the immune system of plants is 
well understood (Box 2), parasitism-related genomic 
regions are under strong selection in pathogens and 
substantial molecular knowledge of these genomic 
regions has been acquired. In plants the disease 
prevalence can be relatively easily observed, which 
allows for linking evolutionary and epidemiological 
dynamics. From a practical view point, virulence 
management is crucial in agriculture; the damage 
caused by pathogens is often directly translated to 
yield loss as well as economic loss. As reported in 
agriculture and forestry, emergence of virulent 
pathogens species such as ash dieback causing fungus 
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(Hymenoscyphus pseudoalbidus; McKinney et al. 2014) or 
emergence of one particularly virulent strain such as 
Ug99 of wheat stem rust fungus (Puccinia graminis f. 
sp. tritici; Singh et al. 2011) can again challenge our 
understanding of how pathogen virulence evolves. 
As these devastating pathogen epidemics are rare in 
natural populations, understanding how the balance 
between-hosts and pathogens is maintained in nature 
will help us to better predict and prevent emergence 
of highly virulent pathogens. 

There are more than 100 000 known fungus species, 
of which the majority have a saprophytic lifestyle 
decomposing dead organic material 
(Agrios 2005). Plant pathogenic 
fungi comprise more than 10 000 
species, while human- and animal-
infecting fungal diversity is smaller, 
estimated to comprise some 
hundred species (Agrios 2005). 
Emerging fungal pathogens have 
gained recent attention due to the 
threats they impose on ecosystem 
health and food security (Fisher et 
al. 2012). For example, outbreaks 
of bee infecting Nosema species 
have been associated with colony 
collapse disorder, with the potential 
to threaten food security (Fisher 
et al. 2012). Another example 
is Batrachochytrium dendrobatidis, 
a generalist pathogen causing mass mortality in 
amphibian species (Fisher et al. 2012). Since ancient 
times, plant pathogenic fungi have been recognized 
as one of the biggest risks for food security. Human 
activity has intensified the dispersal of fungal pathogens 
such as wheat stem rusts (Puccinia graminis) and rice 
blast (Magnaporthe oryzae). In particular, powdery 
mildew causing fungi are considered to be among the 
most scientifically important pathogens and among 
the most devastating plant pathogens threatening food 
security (Dean et al. 2012). These Ascomycete fungi 
are obligate biotrophs and require living host tissue 
throughout their life (Glawe 2008). They are typically 
highly specialized pathogens infecting only one or 
a few host taxa (Glawe 2008). Spanu and colleagues 
(2010) have shown by sequencing the genome of 
barley powdery mildew (Blumeria graminis) that the 
pathogen has lost many secondary metabolism linked 

genes, suggesting that high specialization comes at the 
cost of an independent lifestyle. 

PLANTAGO-PODOSPHAERA INTERACTION AS 
A MODEL SYSTEM FOR HOST –PATHOGEN 
COEVOLUTION 

Plantago lanceolata L., Ribwort plantain is a 
monoecious, perennial, rosette forming herb (Sagar 
and Harper 1964). The plant is a wind pollinated 
obligate outcrosser and the seeds drop close to the 
mother plant, forming a long term seed bank (Bos 

1992). The plant is cosmopolitan, but in Finland its 
distribution is limited to south-west Finland and 
the Åland islands, where it grows typically on dry 
meadows (Figure 1; Ojanen et al. 2013) . 

Powdery mildew causing fungus Podosphaera plantaginis 
(Castagne; U. Braun and S. Takamatsu) is an epiphytic 
pathogen belonging in the order Erysiphales within 
the Ascomycota. It is a specialist pathogen infecting 
only P. lanceolata. The pathogen is an obligate biotroph 
and requires living host tissue through its life cycle 
(Bushnell 2002). As with all powdery mildews, it 
completes its whole life cycle as localized lesions on 
host leaves, with only the haustorial feeding roots 

Figure 1. Plantago lanceolata plants in their 
natural habitat in Åland islands. Podosphaera 
plantaginis infection is seen a greyish cover on leaf 
surfaces.
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penetrating the host tissue to extract nutrients from its 
host (Bushnell 2002, Glawe 2008). The pathogen is a 
significant stress factor for its host and may cause host 
mortality (Laine 2004b). The harm experienced by 
infected hosts is assumed to be the result of decreased 
photosynthesis and loss of nutrients (Jarvis et al. 
2002).

The interaction between P. lanceolata and P. plantaginis 
is based on a two-step mechanism typical for plant-
pathogen associations (Poland et al. 2009, Dodds 
and Rathjen 2010). The first step is the plant’s 
ability to recognize the pathogen and block its 
growth qualitatively (Dodds and Rathjen 2010). This 
interaction is strain-specific, suggesting a gene-for-
gene type control (Thompson and Burdon 1992, Laine 
2004b). If infection establishes, the second step relies 
on the host mechanisms that mitigate pathogen growth 
and reproduction quantitatively (Laine 2004b, 2007). 
Podosphaera plantaginis spreads via asexual conidial 
spores that are carried by wind within (Ovaskainen 
and Laine 2006) and among (Laine and Hanski 2006) 
populations. Typically the epidemics become visible 
in early June and there can be 6-8 asexual cycles 
during the growing season until the epidemics cease 
by September (Ovaskainen and Laine 2006). In the 
autumn when the host plant dies back to rootstock, 
the pathogen population declines and overwintering 
takes place as chasmothecia on decaying leaves (Tack 
and Laine 2014).

The Plantago-Podosphaera interaction has been 
intensively studied since 2001 in the Åland islands, 
where the pathogen persists as a metapopulation 
through frequent extinctions and colonizations of local 
host populations (Laine and Hanski 2006, Soubeyrand 
et al. 2009). Here the P. lanceolata meadow network 
offers suitable habitat for the powdery mildew fungus. 
However, not all host populations are constantly 
occupied by the pathogen, and prevalence of infection 
changes in space and time. Metapopulation studies 
in P. plantaginis are feasible because infection can be 
visually observed. As the pathogen grows on the leaf 
surface, it produces whitish mycelia and chasmothecia, 
resting structures that are seen as black dots within 
mycelia. Annually in September when the pathogen 
epidemics have ceased, 40-70 biology students survey 
all 4000 populations of P. lanceolata. The surveyors map 
the incidence of P. plantaginis and another ecological 
model species, Melitaea cinxia (the Glanville fritillary 

butterfly), within each meadow (Ojanen et al. 2013). 
Long term epidemiological data have shown that the 
prevalence of P. plantaginis is low at the metapopulation 
level; annually this pathogen is present in 1-16 % of 
the 4000 host populations. The Plantago-Podosphaera 
system has become one of the model systems for 
studying host-pathogen coevolution, as the infrequent 
and nonrandom occurrence of the pathogen allows 
studying questions central to disease ecology and 
evolution (Salvaudon et al. 2008, Jousimo et al. 
2014). Previous research in this system has confirmed 
that there is rapid ongoing coevolution between 
these species. Host resistance evolves in response 
to pathogen-imposed selection at short spatial and 
temporal scales (Laine 2005, 2006), and pathogen 
local adaptation is mediated by the local temperature 
regime (Laine 2008). Pathogen incidence has been 
linked to host resistance (Jousimo et al. 2014), and 
considerable variation in resistance and infectivity has 
been detected within host and pathogen populations, 
respectively (Laine 2004b). 

2.AIMS OF THE STUDY

The key aim of this thesis is to understand how trade-
offs and coinfection drive host-pathogen coevolution, 
and how diversity in interaction traits is maintained 
in plant and pathogen populations. The ultimate aim 
of this work is to uncover how these evolutionary 
trajectories translate to ecological dynamics within 
a metapopulation framework, using the Plantago 
lanceolata – Podosphaera plantaginis interaction as a 
model system. 

To achieve this goal I combined experimental trials with 
field surveys, genetic studies and statistical modeling. 
More specifically, my aim was to answer the following 
questions:

I What are the benefits and costs of different 
resistance strategies in a perennial plant, and how 
effective and stable is resistance?

II Does local adaptation shape pathogen life-history 
trade-offs, and what are the epidemiological 
consequences of trade-offs? 

III How common is coinfection in natural 
populations of P. plantaginis? 
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IV How do coinfection and plant resistance strategy 
affect epidemiological dynamics?

V What are the factors creating transmission 
heterogeneity? Does high pathogen load lead to 
high transmission?

3. METHODS

DEVELOPMENT OF GENOTYPING PANEL 
AND GENETICAL ANALYSES

In order to distinguish genetically different 
pathogen strains, a single nucleotide polymorphism 
(SNP) genotyping panel was developed (III). The 
transcriptome of P. plantaginis conidial spores was 
454 sequenced from pooled RNA samples from 16 
locations in the Åland metapopulation. The sequenced 
reads were assembled to contigs and subsequently 
SNPs were called. The potential SNP sites were 
validated by direct sequencing PCR products and a 27 
SNP panel was assembled. 

Powdery mildews are haploid organisms that go 
through a diploid phase only at the time of their 
sexual reproduction (Glawe 2008). Therefore, in the 
case of single infections only one allele is expected 
to be detected, and detection of two alleles in a 
genetic sample is expected to reveal the presence 
of two genetically distinct strains. The reliability of 
this method to detect coinfections was validated 
by producing artificial coinfected samples of nine 
combinations of two genetically distinct samples 
mixed together in a micro tube in varying proportions 
(50/50, 75/25, 90/10) and genotyping the sample. 
In most cases both alleles were detected, with a 
frequency of 96.5% when strains were mixed in equal 
proportions, 83.5% when the proportion was 75/25 
and 82.3% when the proportion was 90/10.

To measure the level of coinfection in local populations 
of P. plantaginis in Åland, 380 infected leaf samples were 
collected from 80 populations in September 2010, 
with 4-5 samples from distinct plants representing 
each population (III). In September 2012, altogether 
640 populations were visited to collect samples for 
genotyping from up to 10 plants per population (IV). 
The samples were stored at -80°C and DNA was 
extracted using an E.Z.N.A Plant Mini Kit (Promega, 

Madison, WI, USA) at the Institute of Biotechnology. 
The genotyping of the samples was done at the Finnish 
Institute of Molecular Medicine using the Sequenom 
iPLEX Gold chemistry genotyping platform 
(Sequenom Inc. CA USA).

SURVEYS AND SAMPLING IN ÅLAND 
METAPOPULATION

Åland-wide surveys were performed to collect 
data on disease prevalence at both individual plant 
and population levels (I, IV). During these surveys, 
live material from the pathogen and seeds from the 
plant were collected (I, II, III, IV, V; Figure 2). In the 
laboratory, fungal material from the surface of each 
leaf was scraped and placed into a micro tube together 
with a 1 cm2 piece of the leaf, and subsequently frozen.

MAINTENANCE OF PLANT AND FUNGAL 
MATERIAL

Both P. lanceolata and P. plantaginis can be maintained 
in the laboratory and asexually propagated to produce 
genetically identical plant and fungal material, 
respectively. Field collected seeds were sown and the 
plants maintained in a greenhouse. In order to produce 
large amounts of genetically identical plant material 
after characterization of their resistance profiles, 
selected genotypes were vegetatively cloned (II, IV, 
V). Fungal material was maintained in Petri dishes in 
a growth chamber and transferred to fresh susceptible 
leaves every two weeks (I, II, IV, V). Prior to the 
experiments fungal material was purified with three 
cycles of single colony inoculations (Nicot, Bardin and 
Dik 2002). To produce adequate stocks of sporulating 
fungal material, repeated cycles of inoculations were 
performed.

INOCULATION EXPERIMENT TO 
CHARACTERIZE PLANT RESISTANCE AND 
PATHOGEN INFECTIVITY

Laboratory inoculation trials were the backbone of the 
studies, yielding a direct measure of the outcome of 
the plant-pathogen interaction (I, II). These laboratory 
trials were prerequisites for multiyear common 
garden experiments with known phenotypes of host 
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and pathogen (II, IV, V). To account for the spatial 
structure of the pathosystem, the plant genotype-
pathogen strain combinations were selected to 
be sympatric (host and pathogen from the same 
population) and allopatric (host and pathogen from 
distinct populations) to detect the effect of local 
adaptation on pathogen life history trade-offs (I) 
and allopatric to avoid confounding the results with 
potential local adaptation when plant resistance 
types were characterized (II, IV). The laboratory 
experimental protocol with detached leaves allows 
challenging multiple host genotypes with multiple 
pathogen strains within a time scale of 12 days (Bevan 
et al. 1993). Leaves from greenhouse maintained host 
plants were placed on Petri dishes and inoculated 
with pathogen strains using a fine paintbrush. As the P. 
plantaginis life cycle takes typically 7-9 days to develop 
from inoculation to sporulation, monitoring of the 
development is done daily from 4 days post inoculation 
(DPI) until 12 DPI. Time to germination was defined 
as the first day when germination was observed, and 
time to sporulation was the first day when spores were 

observed. Bevan’s scaling 0 to 4 for pathogen lesion 
size and development was used. Time to germination, 
time to sporulation and Bevan’s rate at 12 DPI were 
used to measure the quantitative interaction between 
the host and the pathogen, components of quantitative 
resistance (II, IV) and the pathogen life history traits 
(I). The infection success at day 12 was measured 
qualitatively as infected (no resistance) or not infected 
(resistance; I, II, IV). 

Based on the results of the inoculation trials, 17 
plant genotypes were selected for the common 
garden experiment and divided into three resistance 
categories: qualitatively resistant, quantitatively 
resistant and susceptible (Figure 3). A host was 
considered qualitatively resistant when it showed 
qualitative resistance against at least two pathogen 
strains used in the laboratory trial but showed 
qualitative susceptibility on at least one of two strains 
used in the common garden experiment. Previous 
studies have shown that annually, the majority of 
populations in the Åland islands are not colonized by 

0 10 20 30 km

Figure 2. The locations of the study populations in Åland islands. The sympatric populations used as source 
of plants (I, II, IV,V) and pathogens (I) are shown in black. Allopatric plant populations used for examining pathogen 
life history trade-offs are shown in white (I) and allopatric pathogen populations for studying plant resistance and 
coinfection shown in red (II, IV; map courtesy of Torsti Schulz).
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P. plantaginis, and that infection prevalence is linked to 
resistance (Jousimo et al. 2014). Therefore, the aim 
was to measure the burden of ‘unnecessary’ resistance 
genes. In order to generate infection pressure, some 
susceptibility was allowed in qualitative populations. 
For quantitatively resistant and susceptible populations, 
plants that showed less qualitative resistance than the 
qualitatively resistant plants (resistance against none 
or one strain) were selected. They differed from 
each other in the quantitative part of resistance: 
quantitatively resistant plants had a maximum Bevan’s 
score of 2.5 and susceptible plants’ Bevan’s score 
ranged 2.7-3.6. Out of the seven pathogen strains 
used in the inoculation study, two strains - strain 3 and 
strain 10 - were chosen for the field experiment based 
on their infectivity profiles. As infection and resistance 
are strain-specific in this system (Laine 2004), 
pathogen strains that were infective on the most of the 
plant material were chosen.

COMMON GARDEN POPULATIONS

A multi-year common garden experiment was 
established to test the effects of plant resistance 
strategy and coinfection on pathogen epidemics and to 
measure the stability, costs and benefits of the plant 
resistance strategies (II, IV). The experiment was set 
up in a field side location in Lammi biological station 

where neither the plant nor its pathogen occurs 
naturally, making contamination from the wild highly 
unlikely. To obtain homogenous growing media, the 
topsoil layer was removed and replaced with a mixture 
of garden soil and sand. The plant material belonging 
to different resistance categories were planted into 
three types of populations: qualitatively resistant, 
quantitatively resistant and susceptible (Figure 4). 
These populations consisted of 20 plants of 4-7 
different genotypes (Figure 5). In the first year of the 
study, each plot was divided into two subplots of 10 
plants. Later, when the replicate plots were established, 
two subplots were merged to one plot. The first set 
of 12 populations was planted in June 2011, and the 
second set of 12 populations in June 2012. These 
populations consisted of 480 plants in total, and within 
the plots the locations of the plants were randomized. 
To mimic natural epidemics, the pathogen inoculation 
was given in mid-July. Four pathogen treatments 
were used: pathogen strain 3 singly, pathogen strain 
10 singly, strains 3 and 10 together as coinfection 
and no pathogen inoculation as a control (Figure 4). 
Each pathogen treatment was separated using plastic 
fences in order to prevent cross-contamination. 
The growth of the plants and the prevalence of the 
pathogen were monitored over the growing seasons. 
Disease prevalence was monitored in the experimental 
populations by counting the number of infected leaves 
in each plant at four time points during the growing 
season (II, IV). In addition, at the end of the season 
samples were collected and genotyped from the 
coinfected population to determine the prevalence 
of the two strains. To measure the costs of resistance 
and infection (II), plant performance was measured 
by counting the number of leaves and flower stalks in 
each plant, and by measuring the length and width of 
the longest leaf and height of longest flower stalk of 
each plant in June and September each year. In 2011, 
five seed stalks per plant were collected and the seeds 
were counted and weighed in laboratory. In addition, 
the overwintering of the plant and the fungus were 
monitored in the early summer every year.

SPORE TRAPPING EXPERIMENT

A spore trapping experiment was set up using 
single plants to disentangle the factors that generate 
variability in transmission in P. plantaginis (V, Figure 6). 
A temporal scale of 60 days was applied starting from 

Figure 3. The responses of P. lanceolata plants with 
different resistance strategies on P. plantaginis 
infection (II, IV). A = Qualitative resistance, no 
infection establishment, B = quantitative resistance, 
small lesions and sparse sporulation; C = susceptible, 
large lesions and abundant sporulation.

A

B

C
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inoculation in mid-July. Five 24-hour spore trapping 
sessions were performed at 10 day intervals. To be 
able to compare the results in single plants and the 
common garden populations, four plant genotypes 
with quantitative resistance and four genotypes 
of susceptible plants were used. The inoculation 
treatments were the same as in the common garden 
experiment - strains 3 and 10 singly and together, 
and no pathogen as a control treatment. To be able to 
disentangle spore release and the actual transmission 
ability, I used two types of 
spore traps: Vaseline 
coated microscope slides 
to capture the released 
spores (Ostry et al. 1982) 
and susceptible live 
leaves to measure disease 
establishment rate. The 
number of captured spores 
on the slides was counted 
under a microscope. The 
leaves were placed on Petri 
dishes and maintained 
in a growth chamber for 14 days, at which time the 
infection status (0/1) of each leaf was checked. 

STATISTICAL ANALYSES

The data from the experiments were analyzed within 
the Generalized Linear Mixed Models framework in 
SAS Proc Mixed procedure (SAS Institute Inc., Cary, 
NC, USA; I, II, IV, V). Principal component analysis 
performed in JMP software (SAS Institute Inc., Cary, 
NC, USA) was used to reduce the number of variables 
used to estimate plant performance in Chapter IV.

4. MAIN RESULTS AND
DISCUSSION

LOCAL ADAPTATION MEDIATING 
PATHOGEN LIFE-HISTORY TRADE-OFFS

Trade-offs in life-history traits is a central paradigm 
in evolutionary biology, though their existence and 
relevance to fitness in natural populations remains 
in question. To understand whether trade-offs have 
the potential to shape epidemiological dynamics, I 
examined pathogen life history traits of P. plantaginis 
strains on their sympatric and allopatric hosts. I 
found that on the sympatric hosts high performance 
in infectivity was positively correlated with high 
performance in the subsequent life history traits. 
Conversely, in allopatry the shape of the relationship 
changed. The performance of the same pathogen 
strains on allopatric hosts showed that the positive 
relationship became weaker or sometimes even 
negative, suggesting that trade-offs can be seen in 
allopatry.

Figure 4. Schematic presentation of the study 
design for common garden populations used 
to study the effects coinfection and resistance 
strategy on epidemiology (II, IV) and on the 
effects and stability of the resistance strategies 
(II). Qualitative resistance strategy is shown as red, 
quantitative resistance strategy is shown as orange 
and susceptible strategy is shown as green. Pathogen 
treatments are indicated as 3 = inoculation with strain 
3; 10 = inoculation with strain 10. In coinfection both 
strains were inoculated in equal proportions and in 
control populations no pathogen treatment was applied.

Figure 5. A common garden population of 
Plantago lanceolata (II, IV).
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The results obtained in sympatry are in line with 
many studies that have reported positive relationships 
between pathogen life-history traits (Salvaudon et al. 
2005, Pariaud et al. 2012), and it has been proposed 
that when resources are abundant the organisms are  
not limited in their allocation of resources (Reznick et 
al. 2000). The observed trade-offs in allopatry showed 
that when strains were infecting allopatric hosts, high 
infectivity may have come at the cost of subsequent 
life history traits. A pathogen strain emerging into 
a new host population is similar to an allopatric 
pathogen encountering novel host genotypes. High 
infectivity enables the frequent colonization of new 
host populations (Laine and Hanski 2006) but might 
be followed by slowed transmission during subsequent 

growth and reproduction of the strain. This prediction 
was tested by comparing the disease prevalence in 
old and newly colonized P. plantaginis populations. 
The newly established pathogen populations were 
shown to be smaller than older pathogen populations, 
confirming that the high infectivity that is required 
for colonizing new populations may come at a cost to 
subsequent growth of the population. These results 
demonstrate the context dependency of trade-offs and 
are the first reported on epidemiological dynamics of 
trade-offs.

THE STABILITY, COSTS AND BENEFITS OF 
PLANT RESISTANCE STRATEGIES

A plant possesses various means of defenses, and 
large variation in investment on resistance has been 
detected in the wild. Despite abundant theoretical 
literature assuming a cost of resistance, empirical 
evidence for costs maintaining polymorphism is 
rare (Bergelson and Purrington 1996). I examined 
three resistance strategies of P. lanceolata: qualitative 
resistance, quantitative resistance and susceptibility 
(II). Based on laboratory inoculation trials I found that 
high levels of qualitative resistance were rare across 
the plant genotypes. The majority of plant genotypes 
(53.6%) possessed no qualitative resistance against 
the seven pathogen strains used in the study, and only 
12.2% of the plants were resistant against four or 
more strains. The efficiency of resistance strategies 
were then examined in a common garden study. The 
qualitative resistance strategy was efficient throughout 
the three year study; that is, disease levels remained 
low over the three year study in the qualitatively 
resistant populations. This resistance strategy was 
costly in relation to susceptibility but not when 
compared with quantitative resistance. The benefits of 
resistance are expected to arise from the assumption 
that healthy plants have higher performance in contrast 
to diseased plants. In this study the effects of disease 
were age-dependent, with qualitative resistance 
becoming beneficial through time. This result suggests 
that selection for resistance operates over multiple 
growing seasons.

Quantitative resistance has been suggested to be 
a more durable resistance strategy for disease 
management (McDonald and Linde 2002, Poland et 
al. 2009), but empirical data on its efficiency, stability 

A

B

Figure 6. Spore trapping experiment used in 
the transmission heterogeneity study (V). Single 
P. lanceolata plants were placed on 1 m distance and 
inoculated with P. plantaginis in Lammi Biological Station 
(A). Spores from each focal plant are trapped with two 
types of spore traps, vaseline coated microscope slides 
attached to wooden sticks and live leaves attached on a 
floral sponge (B).



21

HANNA SUSI

and costs are rare. Extreme high and low levels 
of quantitative resistance were rare in P. lanceolata 
against P. palantaginis, and the majority of the plant 
material showed some quantitative resistance (II). In 
field conditions, quantitative resistance was found to 
be both costly and inefficient. The plants possessing 
quantitative resistance strategy became as infected as 
the susceptible plants over the three year study. The 
ability to hinder epidemic growth was detected only 
in the early steps of the epidemics and the efficiency of 
resistance was also dependent on the pathogen genetic 
background (IV; Figure 7). This resistance strategy was 
the costliest of the three resistance strategies examined, 
and the costs were detected in two PC axes explaining 
both plant size and leaf width. Empirical data on the 
costs of quantitative resistance have been lacking, 
but it has been postulated that due to its polygenic 
inheritance, net costs of quantitative resistance 
should be low (Brown and Rant 2013). However, 
others suggest quantitative resistance to have large 
pleiotrophic effects on plant development (Poland 
et al. 2009). Some studies have shown that resource 
allocation may change in plants under infection to 
generate more seeds (Shykoff and Kaltz 1998, Korves 

and Bergelson 2004). I compared the performance of 
quantitatively resistant and susceptible plants under 
increasing pathogen loads and observed contrasting 
trajectories. The resource allocation of quantitatively 
resistant plants turned to greater flower production 
with the increasing pathogen loads, while the 
susceptible plants responded to the growing pathogen 
load by increasing vegetative growth. The shift in 
resource allocation between growth and reproduction 
suggests that the resistance strategy can be maintained 
in populations by high reproduction under heavy 
pathogen load. As the ability of quantitative resistance 
to hinder epidemics was shown to be weak, and 
observed only in the early phase of epidemics of the 
first year of study, one may question the success of the 
resistance characterization. However, quantitatively 
resistant plants differed in their performance from the 
both of the other two resistance categories, supporting 
the relevance of the initial classification.

Other studies have found trade-offs between different 
resistance mechanisms (Fineblum and Rausher 1995, 
Moreira et al. 2014), and between resistances against 
different enemies (Felton and Korth 2000, Sasu 

Figure 7. The effect of plant resistance strategy and coinfection on Podosphaera plantaginis 
epidemics (II, IV). Coinfection (solid lines) increased the disease load at the peak of the epidemics 
compared to singe infection of strains 3 (dotted line) and 10 (dashed line). The plant resistance types differed 
in their response on pathogen treatments in time (Resistance type × Pathogen treatment × Days d.f. = 
12,468, F = 5.57, P < 0.0001). Standard errors of the mean are shown.
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et al. 2009). I examined whether trade-offs arise 
between qualitative resistance and components of 
quantitative resistance measured in the laboratory. 
There were no trade-offs detected in the laboratory 
study between resistance traits, but significant positive 
correlations between qualitative resistance and one 
of the quantitative components, sporulation time. 
There were significant positive correlations between 
all components of quantitative resistance that affect 
the pathogen traits: lesion development, germination 
time and sporulation time. One possible explanation 
for a lack of trade-offs could be condition dependency 
which was demonstrated in Chapter I. On the other 
hand, there is increasing evidence that these resistance 
strategies are conditioned by the same genetic 
mechanisms (reviewed in Poland et al. 2009).

PREVALENCE OF COINFECTION IN P. 
PLANTAGINIS POPULATIONS IN ÅLAND

The 27 SNP panel proved to be an efficient genotyping 
method with a call rate of 98.8% (III). Validation of 
the method for detecting coinfections by using mixed 

samples with known proportions of the strains also 
verified it to be a reliable method; in most cases 
(82.3% of samples) both alleles were identified 
with correlation in allele intensity to the known 
proportions. In 2010, genotyping of 80 P. plantaginis 
populations revealed a highly diverse metapopulation 
(III). After the coinfected samples were excluded, 
the genotyping detected 85 strains with uneven 
distributions (III). There were 44 populations (55%) in 
the metapopulation that contained no genetic diversity 
(i.e. only one multilocus genotype was detected). SNP 
genotyping was efficient in detecting coinfections, 
but the hindrance of this method is that once there 
are several polymorphic loci detected in the sample 
the method cannot unravel the number of coinfecting 
strains.

Although coinfection is assumed to be common in 
natural systems, the empirical data has been limited to 
a few systems e.g. Mycosphaerella graminicola (Linde et 
al. 2002) Microbotryum violaceum (Lopez-Villavicencio 
et al. 2007) and Teratosphaeria nubilosa (Perez et al. 
2010). I examined the prevalence of coinfection 
by different strains of P. plantaginis in the Åland 

Figure 8. The amount of autoinfection (amount of diseased leaves in the focal plant) and spore release in 
Plantago lanceolata plants infected with Podosphaera plantaginis strains 3 and 10 singly and together over an 
epidemic time scale.
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metapopulation by genotyping up to ten infected leaf 
samples per population. The prevalence of coinfection 
was high across the metapopulation in both study 
years. (III, IV). Between 2010 and 2012, the number 
of coinfected populations has increased and the level 
of coinfection within populations has decreased 
slightly. In 2010, coinfection was detected in 29.8% 
of the samples and in 45% of the populations. In 
populations where coinfection was detected, 20-
100% of the infected plants sampled were coinfected, 
with an average coinfection rate of 40% (III). In 2012, 
coinfection was detected in 19.2% of the samples and 
in 53% of the populations, and within population rates 
of coinfection ranged between 10-100%, the average 
rate being 32.4% (IV). The distribution was uneven 
among the regions in the metapopulation. Specifically, 
well-connected pathogen populations were more likely 
to support coinfection, demonstrating the importance 
of spatial structure for disease dynamics (IV). 

THE EFFECT OF COINFECTION AND 
PLANT RESISTANCE STRATEGY ON 
DISEASE DYNAMICS

Theoretically, coinfection of pathogens is expected 
to play a critical role on the within- and between-
host dynamics of pathogens (Mideo et al. 2008), but 
these effects have never been verified with realized 
epidemiological dynamics. I examined the effect 
of the coinfection and plant resistance strategy on 
disease dynamics by following pathogen prevalence 
in singly and coinfected common garden populations 
representing three resistance strategies (IV). I found 
a strong effect of coinfection on disease prevalence 
(measured as the fraction of leaves infected) and the 
effect of coinfection on disease dynamics was mediated 
by host resistance with variation in time (Figure 7). 
Across all resistance types, disease prevalence was 
highest in coinfected populations but under single 
infection the performance of the two pathogen strains 
differed as well (strain 10 outperformed strain 3). The 
same pattern was shown at the plant genotype level 
of quantitatively resistant and susceptible populations: 
plants were the most heavily infected under 
coinfection, and single infection strain 10 caused 
higher disease loads.  

Genotyping of the coinfected populations at the end of 
the season revealed the prevalence of the two strains 

used in the experiment (IV). I found that the outcome 
of the coinfection depended on the resistance strategy 
of the plant, with strain 10 outperforming strain 3 
in quantitatively resistant populations, while strain 3 
was more successful in susceptible host populations. 
In other studies the more aggressive strains have 
outcompeted weaker ones (de Roode et al. 2005, 
Ben-Ami et al. 2011), but in this study the outcome 
of coinfection was mediated by host resistance strategy 
and there was no consistent benefit for either of the 
pathogen strains used. Both pathogens seemed to 
benefit from the competition while the disease burden 
of the host increased, suggesting that the mode of 
competition is host mediated competition (IV). The 
strong role of host resistance in the outcome shows that 
pathogen virulence evolves through host resistance, 
and the evolutionary trajectories are translated to 
ecological dynamics (Ellner 2013). 

To test whether coinfection affects disease epidemics 
in natural populations, disease abundance in 135 P. 
plantaginis populations was surveyed in the beginning 
of the epidemics (July) and again at the end of the 
epidemic (September). Genotyping these populations 
showed that coinfection levels of the populations 
were highly variable. The level of coinfection in the 
populations strongly affected the growth of the pathogen 
populations, leading to rapid escalation of disease 
when prevalence of coinfection was high. The effect of 
coinfection on epidemics has rarely been documented 
in previous studies, but in malaria parasites a decrease 
in coinfection reduced disease at the population level 
(Nkhoma et al. 2013). The high levels of disease in 
coinfected common garden populations as well as in 
individual plant genotypes suggest that the changes 
in transmission may explain altered dynamics (IV). To 
test this prediction, transmission and spore loads of 
singly infected plants in common garden setting were 
followed. I found that both disease establishment rate 
on live trap leaves and the spore number on trap slides 
was higher in coinfected than in singly infected plants. 
Moreover, spore production was higher already at the 
very early stages of infection (at 30 DPI) in coinfected 
plants, explaining the rapid escalation of epidemics. 
These results are in line with previous studies where 
coinfection led to higher transmission. In mice, 
coinfection of helminths and bacteria leads to higher 
abundance of bacteria and release of helminth eggs 
(Lass et al. 2013). On bumble bees, it was shown that 
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coinfected hosts may spread the trypanosome parasite 
further (Schmid-Hempel and Funk 2004).

The effects of co-transmission on disease epidemics 
have been approached theoretically (Alizon 2013b) 
but empirical studies on how coinfection translates to 
transmission of the coinfecting strains are rare (Wille et 
al. 2002). In vector transmitted pathogens (i. e. viruses 
and malaria parasites) it is known that the transmission 
of multiple strains may occur simultaneously (Pirone 
and Blanc 1996) but the frequency of co-transmission 
in airborne pathogens is largely unexplored. 
Genotyping the infected trap leaves around coinfected 
plants revealed single infection of strain 3 in 40% 
of the leaves, single infection by strain 10 in 40% of 
the leaves and both strains in 20% of the leaves (V), 
suggesting that the coinfection of an aerially dispersed 
pathogen can be directly transmitted. Co-transmission 
of pathogens can have profound consequences for both 
epidemiology (Karvonen et al. 2012) and evolution 
of virulence (Alizon 2013b). It has been postulated 
that coinfection resulting from sequential arrival 
mediated by host immune system may select for higher 
virulence, but in case of co-transmission coinfection 
selects for lower virulence (Alizon 2013b). 

FACTORS AFFECTING TRANSMISSION 
HETEROGENEITY 

The first steps of an epidemic determine the fate of the 
pathogen. Due to host life span, developmental phase, 
behavior, or environmental factors there is usually 
a limited time window for infection establishment 
and spread within a population (Hartfield and Alizon 
2013). Once a pathogen has infected a susceptible 
host, the factors that determine the relationship 
between within-host colonization and between-host 
transmission are poorly understood. Theoretical 
modelling of disease epidemics has largely focused 
on between-host level of transmission but some 
studies have linked between and within-host dynamics 
(Willocquet and Savary 2004, Mideo et al. 2008). 
Empirically it has been demonstrated that there is 
variation in within-host transmission rates (Lannou 
et al. 2001), as well as between-host transmission 
rates (Woolhouse et al. 1997, Kilpatrick et al. 2006, 
Cronin et al. 2010) while understanding which factors 
affect how within-host transmission rates translate 
to between-host level is largely lacking. I examined 

transmission heterogeneity between different host 
genotypes and pathogen treatments over the epidemic 
time scale (V).

The amount of spores released varied depended on 
the pathogen treatment, host genotype, time of the 
epidemics and, as expected, on the disease load in the 
plant. The magnitude of relationship between disease 
load and spore release depended on the on the pathogen 
treatment and the host genotype, and varied over time 
(Figure 8). There were more variation between host 
genotypes and pathogen treatments at the earlier time 
points, but at the end of the season transmission levels 
dropped dramatically and the differences between 
pathogen treatments and host genotypes diminished. 
The effect of pathogen treatment on transmission also 
varied through time, suggesting that different strains 
have different optimization strategies between within-
host and between-host levels coinfection changing the 
pattern (V), which may have profound consequences 
in virulence evolution (Day 2003). Furthermore, 
these results highlight the host’s role in infection 
dynamics mediating the spread of the pathogen. Over 
the course of epidemics some hosts shed more spores 
than others, and the ratio between disease load and 
spore release varied among the host genotypes. The 
differences between genotypes may stem from the 
host immunological responses to the infection. Plants 
have evolved various means to prevent the negative 
effects of the pathogens (Box 1), but is unclear how 
these mechanisms shape the relationship between 
within-host in spread and transmission to other hosts. 
For example, the initial infection may cause priming 
of the defense (i.e. induced resistance; Box 1) that 
triggers resistance against subsequent infection, but 
may not hinder production of the transmission 
propagules. On the other hand the hosts that invest 
on limiting of the transmission propagules may still 
be vulnerable for within-host spread of the pathogen. 
High within-host pathogen density is postulated to 
have effect on pathogen life history trait evolution 
(e.g. time to sporulation) that may have consequences 
in transmission rates (van den Berg et al. 2013). The 
observed stochasticity of infection establishment and 
spread in populations (Laine and Hanski 2006) may 
stem partly from host plant and pathogen genetic 
variation mediated by differences in balances between 
within-host transmission and between-host spread 
(V).
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Disease establishment rate on trap leaves depended 
on time, growing until the peak of the epidemics, 
and as expected correlated with within-host disease 
level. However, the infection establishment rate was 
not directly dependent on the spore production, 
pathogen treatments differed in their ability to cause 
infections with the same amount of sporulation. 
Moreover the relationship between spore release 
and actual transmission was altered in coinfected 
plants suggesting that the high spore shed may come 
at the cost of viability (V). These results also indicate 
that in this host-pathogen system, the growth of the 
epidemics ceases due to low viability of spores. At the 
end of the season, rates of spore release remained at 
moderate level but transmission ability was low.

5. CONCLUSIONS AND
PROSPECTS

In this thesis I have discussed the effects of trade-offs 
and coinfection on P. lanceolata-P. plantaginis coevolution 
by linking evolutionary theory with experimental 
findings and realized epidemiological dynamics. To 
meet the goal of understanding effects of coinfection 
from the within-host level to the metapopulation 
level, and to address temporal and spatial aspects of 
trade-offs, this study ranged from single nucleotide 
polymorphism and laboratory inoculations to 
metapopulation-wide surveys and multiyear common 
garden experiments. The results highlight the role 
of host resistance mediating coinfection dynamics, 
and open new insights into how context-dependent 
evolutionary trade-offs might link to metapopulation 
dynamics. 

 This thesis aimed to understand the possible trade-offs 
constraining the first steps of epidemics in a dynamic 
metapopulation. This study shows that pathogen 
life-history trade-offs may explain the difficulties 
of disease establishment in novel host populations 
and that host and pathogen genetic variation can 
shape the relationship between pathogen within-host 
transmission and between-host spread. These findings 
suggest that trade-offs may be context dependent 
and encourage the study of trade-offs within a spatial 
framework. While context dependency itself is 
important to study because the strength of species 
interactions varies spatially (Chamberlain et al. 
2014), linking disease prevalence and metapopulation 

dynamics suggest that these context-dependent life-
history trait relationships may have strong impacts on 
disease epidemiology. 

Previous studies have shown that host resistance plays 
a key role in epidemiological dynamics (Jousimo et al. 
2014), and have reported wide variation in resistance 
within and among populations (Laine 2004b) as well 
as complexity in the structure of costs of infection 
and resistance (Shykoff and Kaltz 1998, Korves and 
Bergelson 2004). The challenge of my study was to find 
costs of resistance polymorphism, and more widely, 
approach the costs of resistance and infection by an 
obligate biotroph at relevant time scales for a perennial 
host. Costs of resistance strategies were observed in a 
multiyear study, suggesting that costs might play a role 
in maintenance of resistance polymorphism of long 
lived hosts in a metapopulation context. Moreover, 
plant performance under infection and with different 
resistance strategies may differ with plant age, 
suggesting that the selection for resistance acts at a 
multiple year level. Another key question regarding 
plant resistance – and particularly quantitative 
resistance – is its stability in the field. The unexpected 
finding of this thesis was that quantitative resistance 
did not provide more protection from infection 
than susceptibility in field conditions. Moreover, 
the interaction between quantitative resistance and 
coinfection led to large epidemics. We now know 
more about the durability of resistance strategies and 
the context-dependency of plant resistance strategies 
when challenged with different pathogen strains. These 
results underline the need for careful consideration of 
the relevant time scale and relevant pathogen genetic 
variation when applying quantitative resistance to 
disease management. 

While the crucial role of coinfection for virulence 
evolution has been widely acknowledged, its effects 
on epidemics have been largely unexplored. I took an 
empirical approach to reveal the epidemiological and 
evolutionary consequences of coinfection by a natural 
plant pathogen. Different strains of microparasites 
such as P. plantaginis are indistinguishable with 
the naked eye. The first step to study coinfection 
dynamics was to develop a reliable genotyping 
method to detect coinfections from field samples. 
The SNP genotyping panel proved to be a powerful 
tool to detect coinfections and to measure genetic 
polymorphism in this system. The development of 
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genotyping method and field sampling effort for this 
pathogen may facilitate similar approaches in other 
systems. I investigated the prevalence of coinfection 
over the Åland islands at the end of the epidemics 
in two years. I found that coinfection is common yet 
spatially variable in the Plantago-Podosphaera system. 
Furthermore, coinfection can alter disease dynamics, 
as evidenced by the rapid increase of disease levels in 
coinfected field populations. The common garden study 
suggested that host immunity mediated competition 
between pathogen strains can drive the observed 
changes. In Åland metapopulation connectivity of 
hosts and pathogen populations is linked to increased 
resistance (Jousimo et al. 2014) and higher coinfection 
prevalence, respectively, highlighting the importance 
of the spatial dimension in disease dynamics. Hence, 
the interplay between host resistance and pathogen 
coinfection in natural populations is an interesting and 
important question still waiting for an answer. 

Plantago lanceolata is a host for several other 
microorganisms in addition to P. plantaginis. The long 
term studies on the herbivorous insect M. cinxia and 
its parasitoids have opened understanding of the 
complexity of the trophic interactions stemming 
from P. plantaginis (Hanski 2011). The previous (Laine 
2004a) and current studies (Karlsson Green et al. 
in prep) on the effects of P. plantaginis in the diet 
of M. cinxia as well as studies on the hyperparasite 
Ampelomyces infecting P. plantaginis (Tollenaere et 
al. 2014) indicate that the pathogenic fungus is not 
just in an interaction with its host plant but part of a 
chain of species interactions. We are only at the very 
beginning of understanding the diversity and impacts 
of viral, bacterial and fungal organisms that are present 
in P. lanceolata. How interactions with the multitude 
of these other organisms shapes ecological and 
evolutionary dimensions of the host opens exciting 
future avenues for research.
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