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ABSTRACT
Infectious	 diseases	 have	 a	 major	 influence	 on	 the	 demography	 of	 human,	
animal and agricultural populations. However, we rarely see extensive disease 
epidemics in the nature, where pathogens play an important role in maintaining 
biodiversity. Coevolution has the potential to drive the genetic composition of 
hosts and pathogens by linking their genomes through adaptation and counter- 
adaptation, often leading to evolutionary arms race dynamics. Moreover, 
predicting the emergence, spread and evolution of pathogens within and 
among host populations requires understanding of how resistance diversity 
is maintained through varying migration rates in spatially structured systems.

The main goal of this thesis is to understand how pathogen-imposed natural 
selection maintains diversity in host resistance, from genes to metapopulation. 
Theoretical and experimental evolution studies predict that migration 
influences	 coevolution	 between	 hosts	 and	 their	 pathogens,	 yet	 evidence	
of this phenomenon occurring in natural populations is scarce. Using the 
Plantago lanceolata – Podosphaera plantaginis model system, I revealed the 
evolutionary trajectories of resistance in spatially isolated and well-connected 
populations within a metapopulation framework. I then asked if pathogens 
may	also	shape	host	fitness	and	resistance	traits	through	transgenerationally	
induced maternal priming mechanism. Finally, we characterized the resistance 
gene repertoire in P. lanceolata and tested whether any particular genes show 
signs of pathogen-imposed selection.

I found that well-connected host populations support higher resistance and 
phenotypic resistance diversity than isolated host populations. In contrast to 
isolated populations, hosts in well- connected populations do not show local 
adaption to their own pathogens. Local adaptation patterns varied considerably 
among	 well-connected	 host	 populations,	 and	 resistance	 levels	 fluctuated	
over	 years.	 These	 fluctuations	 may	 result	 from	 either	 pathogen-imposed	
selection	 or	 from	 transgenerational	maternal	 effects,	 as	 results	 suggest	 that	
pathogen infection may transcend to subsequent generation and hence create 
an additional layer determining phenotypic resistance. Finally, we found 
that	different	host	genotypes	activate	unique	genetic	defense	mechanisms	in	
response to the same pathogen.

Jointly, these results highlight that maintaining high levels of diversity in 
resistance is the key for hosts to cope with their pathogens. Once pathogens have 
successfully established, they have the upper hand in the coevolutionary arms 
race, especially in isolated host populations. In well-connected populations 
hosts may be better able to respond to pathogen-imposed selection. Altogether, 
this study brings the new perception into how landscape fragmentation and 
biodiversity loss may dramatically change host survival and the intensity of 
selection	for	host	resistance	in	nature	and	offers	insights	for	resistance	studies	
in both natural and managed plant populations.
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TIIVISTELMÄ
Tartuntatautien  vaikutus  ihmis-, eläin- ja muokattuihin kasvipopu-
laatioihin on kiistämätön. Luonnon populaatioissa vakavia tautiepidemioita 
kuitenkin tavataan vain harvoin ja toisaalta loisilla on tärkeä tehtävä 
luonnon monimuotoisuuden ylläpitämisessä. Isännän ja taudinaiheuttajan 
yhteisevoluutio muovaa molempien osapuolten genomeja sopeutumisen ja 
vasta-sopeutumisen kautta, usein johtaen evolutiiviseen kilpavarusteluun. 
Jotta taudinaiheuttajien esiintymistä, leviämistä ja evoluutiota voidaan 
ymmärtää isäntäpopulaatioiden sisällä ja välillä, on tiedettävä, kuinka 
vastustuskyvyn monimuotoisuutta määrittävä migraatio vaihtelee ympäristön 
rakenteen perusteella.

Väitöskirjani päätavoite on ymmärtää, kuinka taudinaiheuttajien 
valintapaine ylläpitää monimuotoista vastustuskykyä isännissä, 
geeneistä metapopulaatiotasolle. Teoreettiset ja kokeelliset  
evoluutiotutkimukset ennustavat migraation vaikuttavan isäntien ja 
taudinaiheuttajien yhteisevoluutioon, mutta tästä ilmiöstä on vain niukasti 
näyttöä luonnollisissa populaatioissa. Käyttäen Plantago lanceolata - 
Podosphaera plantaginis mallisysteemiä, tutkin ja vertailin vastustuskyvyn 
evoluutiota; sekä alueellisesti eristäytyneissä, että hyvin kytkeytyneissä 
isäntäpopulaatioissa. Tutkin myös, voiko äitikasvin loistartunta vaikuttaa 
jälkeläisten kelpoisuuteen ja virittää vastustuskykyä sukupolven yli 
siirtyvien mekanismien kautta. Lopuksi määritimme vastustuskykygeenien 
monimuotoisuutta P. lanceolata-kasveissa ja tutkimme merkkejä mahdollisista 
geeneistä, jotka ovat kehittyneet taudinaiheuttajan valintapaineen alla.

 Tulosteni mukaan hyvin kytkeytyneissä populaatioissa vastustuskyky on 
korkeaa ja niistä löytyy monimuotoisesti erilaisia fenotyyppejä, mutta toisin 
kuin eristäytyneissä populaatioissa, isännät eivät ole sopeutuneet paikallisiin 
taudinaiheuttajiinsa. Sen sijaan hyvin kytkeytyneissä populaatioissa 
isäntien sopeutuminen taudinaiheuttajiinsa vaihteli populaatioiden välillä 
ja vastustuskyvyn taso heilahteli yli vuosien. Nämä heilahtelut voivat olla 
seurausta taudinaiheuttajien valintapaineen muovaamasta sopeutumisesta, 
tai äitikasvien loistartunnan aiheuttamista vaikutuksista, sillä huomasin, että 
myös äidin infektio voi osaltaan lisätä vastustuskyvyn monimuotoisuutta. 
Lopuksi havaitsimme, että eri kasvigenotyypit aktivoivat erilaisia 
puolustusmekanismeja vasteena samaan taudinaiheuttajaan.

Yhdessä nämä tulokset korostavat kuinka vastustuskyvyn monimuotoisuuden 
ylläpitäminen isäntäpopulaatioissa on keskiössä tauteja vastaan taisteltaessa. 
Kun taudinaiheuttajat ovat onnistuneesti levinneet populaatioon, niillä on 
sopeutumisessa etulyöntiasema, etenkin eristäytyneissä populaatioissa. Hyvin 
kytkeytyneissä populaatioissa isännät voivat paremmin vastata patogeenien 
valintapaineeseen. Kaiken kaikkiaan nämä tulokset vahvistavat käsitystä siitä, 
kuinka maiseman pirstoutuminen voi dramaattisesti vaikuttaa isäntäkasvien 
selviytymiseen ja vastustuskyvyn kehittymiseen, ja tarjoavat näkemyksiä 
vastustuskyvyn tutkimiseen niin luonnollisissa kuin ihmisen muokkaamissa 
kasvipopulaatioissa.
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1  INTRODUCTION
1.1  Coevolution of hosts   
 and pathogens

All living organisms are constantly 
interacting with other species. 
Reciprocal evolutionary change in 
interacting species, coevolution 
(Haldane, 1949), is driven by natural 
selection	and	has	a	fundamental	effect	
on the biodiversity of Earth. The 
coevolving species pairs ranges from 
mutualistic relationships, e.g. plants 
and their pollinators (Bronstein et 
al., 2006), to antagonisms such as 
host–pathogen interactions (Gibson 
et al., 2015). Given the threats that 
diseases impose on the health of 
humans, livestock and crops, the 
need to predict when and where 
infectious pathogens occur have 
received considerable attention in 
biological research. In host-pathogen 
interactions, the key question is 
how host resistance and pathogen 
infectivity evolves. In this thesis I 
focus on revealing this interaction 
on	 the	host	 side,	and	specifically	ask	
how resistance diversity – at multiple 
levels – is maintained.

Theory predicts that hosts 
constantly evolve resistance to 
escape parasites that can infect them 
while parasites tend to overcome the 
resistance (Hamilton et al., 1990; 
Gandon et al., 2008; Boots et al., 2009; 
Best et al., 2017). The coevolutionary 
cycles translate into host and 
pathogen phenotypes through costly 
resistance and infectivity (Tellier 
& Brown, 2007; Best et al., 2017). 
Selection favors parasite genotypes 
capable of infecting common host 

genotypes, hence generating negative 
frequency-dependent selection 
(NFDS), which may be the “most 
intuitively obvious explanation” of 
polymorphisms in nature (Trotter 
& Spencer, 2007). Coevolution 
may also lead to distinct outcomes, 
including stable strategies for both 
host and pathogens (Baalen, 1998; 
Best et al., 2017), static dimorphism 
or polymorphism within population 
(Tellier & Brown, 2007), or arms-race 
dynamics (Gandon et al., 2008). For 
example, gene-for-gene interactions 
often produce arms-race dynamics, 
where directional selection favors in-
creasing resistance and infectivity 
ranges (Flor, 1956; Jayakar, 1970; 
Best et al., 2017). There are numer-
ous examples of pathogens overcom-
ing host resistance mechanisms, both 
from agriculture and from the wild 
(e.g. Kiyosawa, 1982; Palloix et al., 
2009; Koskella, 2018), yet only a few 
studies from natural systems have 
demonstrated the fluctuations in
resistance and infectivity to match 
the predictions of coevolutionary se-
lection (Decaestecker et al., 2007; 
Gómez & Buckling, 2011; Thrall et al., 
2012).

The mode of reciprocal adaptation 
(e.g. frequency depended selection 
or arms race dynamics) maintaining 
host-parasite interactions can 
only be revealed by studying these 
interactions through time (Gaba & 
Ebert, 2009). When hosts (e.g seeds) 
and parasites (e.g. spores or eggs) can 
be resurrected from the past, time 
shift experiments can be performed in 
which	hosts	from	different	time	points
can be challenged against parasites
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from future and past (Gaba & Ebert, 
2009; Brockhurst & Koskella, 2013). 
Such	 time	 shift	 experiments	 offer	 a	
powerful approach to uncovering the 
mode of coevolutionary selection.

1.2 Diversity in host resistance

Pathogens can only occur when 
susceptible hosts are available, and 
hence, resistance diversity in host 
resistance is the key determinant of 
disease dynamics. (Zhu et al., 2000; 
Mundt, 2002; Laine et al., 2011). In the 
wild, non-managed host populations 
naturally support extensive variation 
in disease resistance (Laine, 2004; 
Roslin et al., 2007; Antonovicset al., 
2011; Laine et al., 2011; Lebeda et al., 
2014), which has a direct negative 
impact on pathogen spread (Jousimo 
et al., 2014; Reiss & Drinkwater, 2018). 
Thus, the ability to understand how 
diversity in resistance is maintained 
may underlie the ability to predict 
and prevent disease emergence and 
occurrence. Theoretical models 
and laboratory experiments have 
demonstrated that host genetic 
diversity is overall a robust defense 
against infection regardless of host 
reproduction, parasite host range, 
parasite diversity and infectivity 
(Gandon et al., 1996; Gandon & 
Michalakis, 2002; Salvaudon et al., 
2008; Laine et al., 2011; Ekroth et 
al., 2019), for example, moving from 
a crop monoculture to a mixture of 
cultivars has been shown to reduce 
disease	 levels	 significantly	 (Zhu	 et 
al., 2000; Mundt, 2002). The current 
key	 challenge	 in	 finding	 sustainable	

means to battle diseases is to 
understand what processes maintain 
the diversity in host–pathogen 
interactions, in particular in the host 
resistance diversity.

1.3 Effects of migration on local 
adaptation

In the coevolutionary dynamics 
between hosts and their pathogens, 
the	 first	 general	 assumption	 is	 that
pathogens with short generation 
times, high mutation rates and large 
population sizes evolve faster than 
their hosts and may overcome host 
resistance (Hamilton et al. 1990; 
Gandon & Michalakis, 2002), yet the 
results from experimental studies are 
contradictory. Pathogen have been 
found to be adapted (Lively & Jokela, 
1996; Thrall et al., 2002; Kawecki & 
Ebert, 2004; Laine, 2007; Roslin et 
al., 2007; Koskella, 2014) and 
maladapted (Kaltz et al., 1999; 
Oppliger et al., 1999; Kniskern et al., 
2011), and the level of local adapta-
tion has varied among host and 
pathogen populations (Morand et al., 
1996; Imhoof & Schmid-Hempel, 
1998; Koskela et al., 2000). Second, 
theory predicts that the relative rates 
of host and parasite migration may 
determine which one is ahead in the 
coevolutionary arms race (Gandon, 
2002; Gandon & Michalakis, 2002). 
Parasites have been found to be 
adapted only when their rates of gene 
flow is higher than their hosts, and
hence the relative rates of gene flow
in hosts vs. parasites is the strongest 
predictor of local adaptation at the
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species level (Hoeksema & Forde, 
2008). As long as rates of migration are 
low enough not to homogenize local 
populations, increasing immigration 
is expected to increase the diversity 
and evolutionary potential of local 
populations (Gandon et al., 1996, 
1998; Lively, 1999; Gandon, 2002; 
Lenormand, 2002; Morgan et al., 
2005).

The best empirical evidence of 
the importance of migration on 
antagonistic coevolution comes 
from experimental evolution studies 
conducted in the laboratory with 
bacteria – phage metapopulation 
(Morgan et al., 2005; Vogwill et al., 
2008) and local adaptation studies 
from natural host-pathogen systems 
support these predictions (e.g. Laine, 
2005). Measuring migration rates 
in	 natural	 populations	 is	 difficult,	
yet population connectivity can be 
measuredas the Euclidean distances 
separating populations. When 
calibrated by the species dispersal 
capacity, connectivity provides a 
powerful proxy for migration rates 
(Hanski, 1999). To what extent 
the key features of host-pathogen 
coevolutionary dynamics, including 
the strength of selection and 
evolutionary potential, depend on 
population connectivity in the wild 
remains poorly understood.

Traditionally the host-pathogen 
interactions have been studied in 
laboratory or in agricultural settings, 
where populations have been mostly 
seen as homogeneous entities. In 
nature, species are spatially structured 
across landscapes at some scale or 
another. It was Wright’s shifting 

balance theory (Wright, 1932) that 
first	 recognized	 the	 importance	 of	
spatial structure for local evolutionary 
dynamics. The importance of spatial 
population structure on the ecology 
and evolution of species was then 
conceptualized by the metapopulation 
theory (Hanski, 1999). According to 
the metapopulation theory, regional 
persistence of species can only be 
understood by accounting for the 
extinction and (re)colonization 
dynamics of local populations that 
are connected by varying degrees 
of migration (Levins, 1970; Hanski 
&	 Gaggiotti,	 2004).	 It	 was	 finally	
the theory of geographic mosaic 
of coevolution (Thompson, 1994, 
1999) which revealed that the spatial 
structure indeed generates variation 
in the outcome of coevolutionary 
selection among populations, 
manifested by continual mixing of 
traits, selection mosaic, coevolutionary 
hot-	 and	 coldspots,	 gene	 flow,	
random genetic drift and population 
turnovers. As a consequence, selection 
may act on pathogen infectivity in 
one population and host resistance 
in another population, or both the 
pathogen and host may be selected 
reciprocally in coevolutionary 
hotspots. In coevolutionary coldspots 
neither species is evolving in response 
to the interaction (Thompson, 2013).
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1.4 Plants and their pathogens

Studies on plant-pathogen associations 
have the potential to shed 
unprecedented insight on spatially 
variable coevolutionary dynamics. In 
plants, documenting host population 
dynamics through time is feasible, 
and pathogen-caused symptoms 
are often visually conspicuous in 
the	 field	 (Burdon	 &	 Thrall,	 2014).	
Furthermore, the genetic factors 
important for the interaction have 
been characterized (Dodds & Rathjen, 
2010, Box 1). However, mechanistic 
and eco- evolutionary research on 
plant-pathogen interactions have 
traditionally been conducted in 
isolation – with few notable ex- 
ceptions reviewed in Burdon and 
Laine (2019) – despite the potential 
discoveries that could be made by 
merging these approaches.

Although disease impacts on 
economically important plants are 
relatively well-known through decades 
of extensive research, direct evidence 
of pathogen-driven ecological and 
evolutionary change in the wild 
remains scarce and mixed (Alexander 
& Antonovics, 1988; Alexander, 2010; 
Prendeville et al., 2014; Susi et al. 
2017). However, studying natural 
systems where resistance prevails in 
a highly durable manner and where 
devastating pathogen epidemics are 
rare (Burdon & Laine, 2019), could 
yield insights into how to best deploy 
resistance genes also in agricultural 
systems. Resistance in agricultural 
crops is highly prone to breakdown 
following pathogen adaptation 
(McDonald, 2010; Rimbaud et 

al., 2018). Moreover, for many 
commercially important pathogens, 
the	 known	 effective	 resistance	
genes are becoming limited. Results 
generated by studies of natural 
plant-pathogen interactions have 
the potential to yield unprecedented 
insight into durable resistance gene 
repertoires,	 as	 well	 as	 identification	
of novel resistance genes. Wild plant 
populations	 are	 currently	 identified	
as the most promising source of 
genes required for development of 
sustainable agriculture (Fu et al., 
2019). 

1.5 Diversity of resistance 
mechanisms in plants

In their defense against pathogens, 
plants rely on a diverse set of resistance 
mechanisms (Box 1). Nucleotide-
binding domain and leucine-rich 
repeat (NLR) genes are involved in 
detection of the pathogen infection 
and signaling for the defense response 
(Chisholm et al., 2006) and they play 
an important role in local adaptation 
and habitat expansion of plants (Stam 
et al., 2017). One of the current key 
challenges is to understand the role 
of pathogen imposed selection on 
generating resistance gene (R-gene) 
diversity. The gene-for-gene nature 
of the antagonistic interaction 
between plant NLRs and pathogen 
effector	 proteins	 is	 considered	
to	 have	 profoundly	 affected	 the	
evolution of both organisms, shaping 
their genomes and gene repertoire 
(Upson et al., 2018). Exploring 
the natural variation of NLR genes 
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Box 1. Plant resistance 
As sessile organisms, plants cannot move to escape disease epidemics and have 

developed a defense system with several layers. Resistance can be constitutive 
(mechanic) or alerted upon attack by pathogens. Constitutive defense mechanisms 
include e.g. thick cell walls, waxy epidermal cuticles, and bark. When this mechanic 
layer of defense fails to prevent infection, the subsequent layers of defense can either 
block the infection or mitigate pathogen growth and reproduction 1.

The second layer in the plant immune system corresponds to recognition of 
conserved pathogen-associated molecular patterns (PAMPs), or microbe-associated 
molecular patterns (MAMPs) 2 by plant pathogen recognition receptors (PRRs) 2. 
The recognition of PAMPs by the plant hence induces the PAMP-triggered immunity 
(PTI) 2, a complex set of responses intended for resisting a pathogen attack. Upon 
pathogen recognition, the induction of subsequent defense mechanisms relies on a 
complex network of signaling including salicylic acid (SA), jasmonic acid (JA) and 
ethylene (ET) hormone pathways 3. Once the recognition of a pathogen has occurred, 
the SA and JA/ET pathways may systemically spread the defense signal, leading to 
systemic defense activation at distant non-challenged sites, termed systemic acquired 
resistance (SAR) 3.

If PTI layer of defense is defeated, plant resistance initiates another mechanism 
of	defense	known	as	the	effector	triggered	immunity	(ETI) 2.	Pathogen	effectors	are	
molecules synthesized by the pathogens and delivered in the extracellular matrix, or 
into	 the	plant	cell	 to	enhance	pathogen	fitness	by	e.g.	 counteracting	 the	 induction	
of PTI 4.	Plants	 that	are	not	able	 to	detect	pathogen	effectors	are	 susceptible	 to	a	
pathogen	(effector	triggered	susceptibility,	ETS),	while	plants	that	can	recognize	the	
effectors	via	disease	resistance	genes	(R-gene	 induced	proteins)	can	 implement	an	
immune response 4. The coevolutionary dynamics, such as arms race and negative 
frequency- dependent selection (NFDS) result from the evolution of ETI 5,6 .

After pathogen detection (due PTI and/or ETI), plants are able to induce a 
number of defense mechanisms 4. These include e.g. stomatal closure to limit entry 
of bacteria, restriction of nutrient transfer from the cytosol to the apoplast, secretion 
of antimicrobial compounds and defense-related proteins/peptides, generation 
of reactive oxygen species (ROS), and a programmed cell death (hypersensitive 
response), at the site of infection to limit pathogen spread 4.

Recent evidence has indicated that plants can defend themselves against pathogen 
infections also via non-genetic mechanisms 7,8. Gene expression may be regulated 
by epigenetic mechanisms, such as post-transcriptional gene silencing mediated 
by small RNAs, chromatin remodeling controlling transcriptional gene silencing, 
histon	modifications	and	DNA	methylation	9. These epigenetic mechanisms provide 
an alternative option for organisms to expand the variation in resistance at the 
phenotypic level, and potential to the extent of plasticity that can be achieved under 
pathogen attack 10. By promoting homologous recombination and/or transposition 
in DNA, epigenetic changes also can lead to stably inherited genetic changes 11. 
Indeed,	recent	evidence	indicates	that	epigenetic	modifications	can	generate	longer-
term defense priming responses that can be inherited across generations, therefore 
representing a type of immunological memory in plants 7,8.

References: 
1. Andersen, E. J., Ali, S., Byamukama, E., Yen, Y. & Nepal, M. P. Disease Resistance 
Mechanisms in Plants. Genes (Basel) 9, (2018). 
2. Ausubel, F. M. Are innate immune signaling pathways in plants and animals 
conserved? Nat. Immunol. 6, 973–979 (2005).
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has the potential to increase our 
understanding of how NLR diversity 
is generated and maintained, and 
to provide a valuable resource for 
rational engineering of plant immunity 
in future (Monteiro & Nishimura, 
2018). In natural populations neither 
pathogen epidemiology, nor host 
resistance is under management, and 
hence	they	offer	unique	opportunities	
to study the processes generating 
NLR diversity.

Increasing evidence has shown 
that pathogen infection can enhance 
induction of defense mechanisms 
through non- genetic mechanisms 
via pathogen priming (Martinez-
Medina et al., 2016; Mauch-Mani et 
al.,	2017),	 and	 the	effects	of	priming	
can be passed on to subsequent 
generations through the embryo via 
non- genetic mechanisms including 
DNA methylation, chromatin 

remodeling and small RNA signaling 
(Singh & Roberts, 2015; Mauch-
Mani et al., 2017, Box 1). Increased 
resistance through transgenerational 
priming against virus infection 
was already shown decades ago in 
tobacco (Roberts, 1983), and later 
studies mostly performed with short-
living annuals and model species 
have indeed described how maternal 
(or parental) infection may prime 
defense	 responses	 in	 offspring	 via	
epigenetic mechanisms (reviewed 
by Holeski et al., 2012; Martinez-
Medina et al., 2016; Mauch-Mani et 
al., 2017). Hence, pathogen infection 
may create a layer of phenotypic 
diversity in resistance via maternal 
effects,	 although	 the	 relevance	
of transgenerational priming in 
generating such diversity, especially 
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1.6 Plantago – Podosphaera study 
system 

Here, I study the host resistance 
diversity in the well-studied Plantago 
lanceolata - Podosphaera plantaginis 
model system (e.g. Laine & Hanski, 
2006; Jousimo et al., 2014).  Plantago 
lanceolata L. is a perennial monoecious 
ribwort plantain (Sagar & Harper, 
1964), capable of both sexual and 
asexual reproduction. Seeds usually 
form a long-term seed bank (Bos, 1992). 
The obligate biotroph Podosphaera 
plantaginis (Castagne; U. Braun 
and S. Takamatsu) (Erysiphales, 
Ascomycota), is a powdery mildew 
specialized to infect only P. lanceolata. 
P. plantaginis requires living host 
tissue throughout its life cycle 
(Bushnell, 2002), and completes its 
life cycle as localized lesions on host 
surface. Only the haustorial feeding 
roots penetrate the leaf tissue to 
feed on nutrients. As a consequence, 
the	 host	 is	 assumed	 to	 suffer	 a	 loss	
of nutrients (Jarvis et al., 2002). P. 
plantaginis	infection	causes	significant	
stress for host plant, decreases growth 
and increases mortality (Laine, 2004; 
Susi & Laine, 2015). The pathogen 
survives between epidemic seasons 
as resting structures (chasmothecia) 
that are produced by both haploid 
selfing	 and	 outcrossing	 (Tollenaere	 &	
Laine, 2013). The interaction between 
P. lanceolata and P. plantaginis is 
strain-specific,	 whereby	 the	 same	
host genotype may be susceptible to 
some pathogen genotypes while being 
resistant to others (Laine, 2004, 2007).

Powdery mildew causing fungi 
are considered to be among the most 
scientifically	important	pathogens,	and	
the most devastating plant pathogens 
threatening food security (Dean et 
al., 2012). Hence, the Plantago –
Podosphaera metapopulation in 

Åland islands, SW Finland, where 
the host populations form a network 
covering an area of approximately 
50 × 70 km, has become one of the 
largest model systems to study host-
pathogen interactions in the wild 
(e.g. Laine & Hanski, 2006; Jousimo 
et al., 2014). The epidemiological 
dynamics (P. plantaginis disease 
incidence and prevalence) have 
been followed since year 2001 as 
some 4000 host populations are 
visited	 by	 approximately	 40	 field	
assistants in early September. Other 
data, including the size of the host 
population (estimated as m2) is also 
acquired as the local populations are 
visited annually. P. lanceolata seeds 
from infected populations have been 
collected and stored into a seed archive 
since beginning, and detected pathogen 
populations have been genotyped 
between 2010-2016.  

These survey data have 
demonstrated that P. plantaginis 
infects annually 2–16% of the ~4000 
host populations  (Jousimo  et al., 2014). 
A large proportion of the pathogen 
populations (20-90%) go extinct every 
year during the overwintering stage, 
and therefore, recolonization events 
play important role in maintaining 
the disease regionally (Jousimo et al., 
2014).  Previous studies have detected 
considerable phenotypic variation in 
resistance in P. lanceolata against 
P. plantaginis (Laine, 2004) and 
resistance diversity has a direct negative 
impact on disease dynamics (Jousimo 
et al., 2014). Collected epidemiological 
data have revealed that the parasite 
is less likely to establish or persist in 
highly connected host populations, and 
an	 inoculation	 experiment	 confirmed	
that resistance at the population level 
is higher in dense host population 
networks than in the isolated host 
populations (Jousimo et al., 2014). 
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2  AIMS OF THE STUDY
The	 first	 aim	 of	 this	 thesis	 is	
to understand how migration 
between spatially structured host 
populations generates variation in 
resistance diversity as predicted 
by coevolutionary theory. For this 
purpose, I conducted two studies at 
the metapopulation, assessing how 
resistance varies among populations 
depending on their degree of 
connectivity, and history of infection 
(I, II). I then asked if maternal 
pathogen infection can shape the 
variation	 in	 progeny	 fitness	 and	
resistance through transgenerational 
(maternal)	priming	effects	(III).
 Finally, we aimed to investigate 
the repertoire of host resistance 
genes possibly under pathogen-
imposed selection by sequencing 

the transcriptome of susceptible 
and resistant host phenotypes (IV). 
The ultimate goal of this thesis is 
to uncover how the evolutionary 
trajectories translate to disease 
resistance or vulnerability at the 
genotype, phenotype and population 
level (Fig. 1). To achieve these goals, 
I combined long-term data from the 
field	surveys	with	experimental	trials,	
molecular methods, and statistical 
analysis.	More	specifically	my	aim	was	
to answer to the following questions:
 

(I)	 Does	spatial	fragmentation	affect	host	growth,	resistance	diversity	and		
 the strength of pathogen imposed selection in a natural pathosystem?

(II)	 What	is	the	effect	of	migration	on	host	resistance	diversity	and		 	
 adaptation?

(III) Do the consequences of pathogen infection on the host act through   
	 transgenerational	(maternal)	priming	effects	and	generate	variation	in		
	 progeny	growth,	fitness	and	resistance?

(IV) How diverse is the resistance gene repertoire in P. lanceolata and is  
 there evidence of pathogen-imposed selection on these loci?



SUMMARY18

Figure 1. Studied dimensions of host resistance diversity.	 The	 effects	 of	
pathogen imposed selection on host resistance diversity was studied within Plantago 
lanceolata – Podosphaera plantaginis (ribwort plantain and powdery mildew, plant 
and a microscope image) model system in four Chapters: at the metapopulation level 
focusing	 on	host	 populations	 that	 differed	 in	 their	 connectivity	 (blue	 arrows)	 and	
disease history (I), and through time detecting the local adaptation patterns in the 
differently	connected,	previously	infected	host	populations	(II).	Variance	in	resistance	
diversity at the phenotypic level was studied in populations (I), and by detecting 
transgenerational	 induced	 maternal	 priming	 effects	 (III).	 The	 repertoire	 of	 host	
resistance genes possibly under pathogen imposed selection, generating diversity at 
the	phenotypic	level,	was	studied	by	determining	the	NLR-gene	diversity	in	five	host	
genotypes (IV). Green color in the map indicates the density of host populations in 
the Åland islands, SW Finland. Selected host populations studied in the inoculation 
experiments (I, II) are shown.
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3  METHODS
3.1 Host and pathogen 
populations in Åland islands

To	 assess	 the	 effects	 of	 pathogen
infection on host population growth 
rate changes (I), and to study the 
effects	 of	 spatial	 structure	 on	 these
changes (I), we used P. lanceolata 
host coverage and infection data 
collected in Åland metapopulation 
surveys (2001-2008). This data was 
combined with the weather data 
obtained by Finnish Meteorological 
Institute	 to	 determine	 the	 effects	 	 	 of
environmental   conditions to host 
population		growth		fluctuations.		To
assess how strongly host populations 
are connected through immigration 
(I & II), I calculated the connectivity 
value (S H) (Hanski, 1999; Jousimo et 
al. 2014) for each host population by 
using an equation that takes into ac-
count the host coverage in       each 
population,       and       the Euclidean 
mean dispersal distance between all 
populations (I,II).

Based on the calculated SH values 
and infection history, I selected ten 
well-connected and ten isolated host 
populations for an inoculation studies 
(I, II). P. plantaginis pathogens oc-
curred in half of the selected popula-
tions (in five isolated and in five
connected populations) in years
2011-2014, and P. lanceolata seeds 
collected in 2011-2013 from these in-
fected populations were stored into 
seed archive. The rest of the selected 
populations (n=10) were healthy since 
the metapopulation surveys started in 
2001. Seeds collected from individual

plant genotypes (n=200) in 2014 and 
fetched from the seed archive (ten 
infected populations, years 2011-
2013, n=268 plant genotypes), were 
then grown in the greenhouse.

3.2 Inoculation experiments to 
characterize host resistance 
responses

Inoculation trials conducted in the 
laboratory provide a direct measure 
of host resistance and they form 
the backbone of this thesis. In every 
inoculation experiment, one detached 
leaf from each test plant was exposed 
to a single pathogen strain by brushing 
spores	 with	 a	 fine	 paintbrush	 onto	
the test leaf. Inoculated leaves were 
placed	 on	moist	 filter	 paper	 in	 Petri	
dishes (Fig. 2) and incubated in 
growth chambers. The experimental 
protocol with detached leaves allows 
the evaluation of host resistance and 
pathogen strain infectivity within 12 
day time scale (Bevan et al., 1993, 
Fig.	2).	A	plant	genotype	was	defined	
resistant if there was only mycelium 
growing or if the test plant showed 
rapid cell death around inoculum 
source in both replicates, and 
susceptible when developing powdery 
mildew spores were detected.

To determine how the host 
resistance phenotype composition 
varies in both healthy and infected 
study populations, individual plant 
resistance phenotype (n=190, one 
population of selected 20 was left 
out from the analysis due the low 
germination rate of collected seeds) 
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was	 profiled	 as	 response	 to	 four	
allopatric P. plantaginis strains 
(I). The abundance and evenness 
of detected phenotypes (n=16) 
within the study populations was 
then estimated using the Shannon 
diversity index. In Chapter II, plant 
genotypes, collected as seeds from 
infected populations in 2014, and 
from seed archive (seeds from same 
infected populations collected in 
years 2011-2013) were challenged 
against allopatric pathogen strains, 
and against sympatric pathogen 
strains collected in 2014 (hence 

Figure 2. Inoculation assay. Freshly inoculated Plantago lanceolata leaves 
on a Petri dish (top panel). Host resistance or susceptibility against Podosphaera 
plantaginis pathogen was detected based on pathogen development on the leaf: 
susceptible and resistant host leaves 12 days post inoculation (lower panel).

presenting contemporary and future 
sympatric strains). In Chapter III, 
the resistance responses of progeny 
of healthy and infected mother plants 
were examined against four allopatric 
P. plantaginis strains. In Chapter IV, 
the whole plants were exposed to a 
single allopatric P. plantaginis strain, 
or mock inoculated without mildew 
spores. In total 9166 inoculations 
were	performed	to	answer	the	specific	
study questions.
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3.3 Common garden populations

To	 evaluate	 the	 effects	 of	 maternal
powdery mildew infection on progeny 
growth and resistance patterns (III) 
I used archived seed material from 
a previous experiment (Susi et al., 
2015), where cloned P. lanceolata 
genotypes were grown in common 
garden populations over years 
2011-2013 at the Lammi biological 
station (Hämeenlinna, Finland) 
with and without the pathogen, P.
plantaginis. Infection levels, growth 
and reproduction patterns of these 
mother plants were monitored annu-
ally to detect costs of resistance and 
infection (see Susi et al., 2015 for 
more details). After three consecutive 
growing seasons, seeds were collected 
from maternal genotypes, two clones 
of each, where one was heavily in-
fected throughout the three years, 
while the other clone was healthy in 
this same time period.

Seeds originating from healthy 
and infected mother clones were 
grouped into fertilized and non-
fertilized treatments to test the 
maternal	 effects	 in	 varying	 nutrient
conditions. After early-life automated 
phenotyping platform measurements 
(see the following chapter ‘The 
characterization of growth patterns 
by automated plant phenotyping’), 
I established a common garden 
experiment in the Viikki campus 
experimental	field	 (Helsinki,	Finland,
Fig.	 3)	 to	 determine	 the	 effects	 of
maternal infection and nutrient 
treatment	on	progeny	fitness	over	the
entire growing season (III). Progeny 
plants were measured monthly to

detect their growth and reproduction 
patterns. Data collected at the end of 
growing	season	was	used	for	the	final	
analyses.

3.4 The characterization of 
growth patterns by automated 
plant phenotyping

In order to evaluate how maternal P.
plantaginis infection affects progeny
phenotype and early growth patterns 
(III), I used the National Plant 
Phenotyping Infrastructure (NaPPI) 
located at the University of Helsinki, 
Viikki campus (http://blogs.helsinki. 
fi/nappi-blog/), for the phenotypic
characterization. After germination, 
progeny of healthy and infected 
mother clones originating from the 
seeds collected for an earlier common 
garden experiment (Susi et al., 2015), 
were imaged every 72 h by an over-
head camera for Red Green Blue 
(RGB) images over an eight- week pe-
riod and transferred into binary data 
(Fig. 4). Obtained binary images were 
then used to calculate growth param-
eters, and to observe the bolting day 
and number of developing
flowers.

3.5 Molecular assessments and 
transcriptome assembly

In order to characterize the NLR 
repertoire in P. lanceolata, to test 
whether any particular NLRs show 
signs of pathogen imposed selection, 
and to test whether particular 
expression pathways are associated 
with resistance at the phenotype level, 
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we sequenced the transcriptome 
of	 five	 P. lanceolata genotypes in 
response to inoculation by a single 
strain of P. plantaginis (IV). These 
five	 genotypes	 were	 selected	 among
the collected 200 plant genotypes 
(I), based on their varying resistance 
profiles.	 For	 sequencing,	 I	 first
conducted an inoculation experiment, 
where Plantago clones were either 
inoculated or mock-inoculated, and 
samples were extracted at different
time points for subsequent analysis 
of gene expression analysis of se-
lected five marker genes using quan-
titative polymerase chain reaction 
(qPCR). The inoculated and mock-in-
oculated samples from time point 72 
hours post inoculation were se-
quenced using Illumina NextSeq 500 
platform in the Institute of Biotech-
nology of the University of Helsinki, 
using paired end sequencing.

For transcriptome assembly (IV), 
the sequenced reads from Illumina 
platform were cleaned and all libraries 
were then combined and assembled 
(Grabherr et al., 2011). Samples were 
analyzed at genotype and phenotype 
level	for	differentially	expressed	genes.
The averages of all bootstrap replicates 
were	 used	 as	 counts	 for	 differential
gene expression analysis. To provide 
functional annotation of the genes, we 
used blastp (Camacho et al., 2009) 
to search for the best match among 
Arabidopsis thaliana representative 
set of proteins (Berardini et al., 2015). 
We then predicted the candidate 
NLR genes by applying NLR-Parser 
pipeline (Steuernagel et al., 2015). 
Evolutionary analysis of NLR genes 
was carried out using Antirrhinum

majus L. (snapdragon) proteins and 
coding sequences (Li et al., 2019) 
as an outgroup. The ratio between 
non-synonymous mutations and 
synonymous mutations (dN/dS) 
within each of the clusters were used 
as an indicator of putative positive 
selective pressure.

3.6 Statistical analyses

I analyzed the data in the R 
programming language and 
environment (R Core Team, 2016) by 
using linear- (LM), generalized linear 
mixed- (GLMM), and polynomial 
linear mixed (PLMM) models to 
determine	 the	 statistical	 significance	
of data obtained from inoculation-, 
common garden-, NaPPI- and 
qPCR experiments (I, II, III, IV). 
Dependencies in the data sets were 
accounted for by adding random 
effects	 into	 the	 models	 and	 Aikaike	
Information Criterion (AIC) was 
used for model selection (I, II, III, 
IV). To test whether isolated and 
well-connected	 populations	 differed	
in the extent to which allopatric 
and sympatric resistance varied 
through years 2011-2014 and across 
populations (II), we analyzed the 
annual variation in resistance using a 
Bayesian logit model with population-
specific	intercept	and	a	random	term	
with	common	standard	deviation	(σ).	
To assess how the host population 
growth	 is	 affected	 by	 infection	 in	
different	host	 connectivity	 categories	
across landscape (I), an Integrated 
Nested Laplace Approximation 
with	 Stochastic	 Partial	 Differential	
Equations (INLA- SPDE), a Bayesian 
model with a spatiotemporal random 
effect,	was	applied.
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Figure 3. Common garden  populations  in  the  Viikki  experimental  field. 
Top  soil was removed and replaced to control nutrient levels, and the experimental 
plots were covered with plastic to prevent weeds. Progeny of infected and healthy 
mother clones (n=216) were grown in nutrient rich and poor treatments and 
measured monthly.

Figure 4. Plantago lanceolata plants in the NaPPI phenotyping facility. 
Progeny (n=216) of infected and healthy mother plants were imaged every 72 hours 
over an eight week period by top RGB imaging in the plant phenotyping infrastructure. 
Obtained images were transferred into binary data (black and white photo). 
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4 MAIN RESULTS 
AND DISCUSSION
I show that P. plantaginis pathogen 
infection	 has	 negative	 effects	 on	 P.	
lanceolata host growth at both the 
phenotypic (III) and population 
(I)	 levels.	 The	 negative	 effect	 is	
especially pronounced in isolated 
host populations (I). The detected 
resistance levels were highest in 
the well-connected P. lanceolata 
populations (I, II), and I discovered 
greater	 variation	 on	 different	
resistance phenotypes in the well- 
connected populations than in the 
isolated populations (I). In contrast to 
isolated populations, no evidence of 
host local adaption to their sympatric 
pathogens emerged in well-connected 
populations (II). 

Furthermore, I found that 
phenotypic resistance variation 
within a generation stems not only 
from genetic variation, but can also 
be	 mediated	 by	 maternal	 effects	
in response to pathogen infection 
(III).	 These	 maternal	 effects	 varied	
considerably across host genotypes 
and	 in	 the	 different	 nutrient	
environment encountered by the 
progeny (III). Finally, the results 
from transcriptome sequencing 
revealed that host genotypes have 
different	 defense	 pathways	 in	 their	
encounter with the same pathogen 
strain (IV). We also detected a set of 
loci showing signatures of selective 
evolutionary pressure (IV). Jointly 
these results propose that in isolated 
host populations, pathogens have the 
strongest	ecological	effect	because	the	
host evolutionary potential is limited 

(I, II). The overall level of resistance 
against infection at the population 
level is linked to host phenotypic 
resistance diversity (I, II), which may 
be generated by both genetic variation 
(IV) as well as maternal infection 
effects	(III).	Environmental	variation	
may further increase phenotypic 
variation	through	direct	effects	on	the	
phenotype as well as those mediated 
by the genotype (I, III). Below I 
discuss these results and interpret 
their	significance	in	more	detail.

4.1 Powdery mildew effects on 
host growth and reproduction

The spatio-temporal model, 
considering also environmental 
variation in P. lanceolata host 
populations (I), revealed that P. 
plantaginis infection in previous 
year	 significantly	 reduces	 population
growth	 rate.	 The	 negative	 effects	 of
infection on host reproduction at the 
phenotype	 level	 was	 confirmed	 in
common garden experiments (III), as 
infected	plants	produced	significantly
less	flowers	 than	healthy	 individuals.
It is previously known that pathogen 
infection	may	 reduce	 host	 fitness	 via
the quantity and quality of produced 
seeds (Argyris et al., 2003; Agrios, 
2005),	 yet	 the	 effects	 of	 powdery
mildew infection on P. lanceolata 
growth and reproduction has re-
mained scarce (but see Susi & Laine, 
2015). Furthermore, I found that the 
effects of powdery mildew infection
transcend to impact the growth and 
reproduction patterns also in the next 
generation through maternal effects
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(III). This could partly explain the 
detected decrease in host coverage in 
the year following a disease epidemic 
(I).

The automated p h e n o t y p i c 
characterization revealed that the 
progeny of infected mothers initially 
grew	 faster	 and	 produced	 flowers	
earlier than the progeny of healthy 
mothers,	 yet	 the	 negative	 fitness	
consequences (decreased number 
of	 produced	 flowers	 and	 leaves)	 of	
maternal infection on host growth 
became visible at the end of growing 
season	(III).	The	differences	in	progeny	
growth	 and	 flowering	 patterns	 due	
the maternal infection were highly 
genotype	 specific	 and	 most	 evident	
in the nutrient poor conditions 
(III). These results suggest that the 
offspring	of	disease-stressed	mothers	
may have opted a life-history strategy 
that favors early reproduction, which 
may allow individuals to maximize 
their	 fitness	 when	 risk	 of	 infection	
is expected to be high. In Åland, the 
epidemic of P. plantaginis does not 
peak until August (Ovaskainen & 
Laine,	 2006),	 while	 host	 flowering	
starts already in early June.

4.2 Resistance diversity across 
scale

Plantago lanceolata populations 
included to studies (I & II) were 
highly variable in their resistance 
against P. plantaginis. As the plants 
used in the inoculation experiments 
(I & II) were grown from seeds under 
greenhouse conditions that exclude 
most environmental variation, and 

were inoculated in controlled labora- 
tory	conditions	with	purified	pathogen	
strains, the measured variation in 
resis- tance is most likely based on 
transgenerational	 priming	 effects	
(III) and genetic (IV) variation.

I was able to link the detected 
patterns in host resistance level and 
phenotypic diversity with the spatial 
distribution of host populations, 
as both traits were higher in 
well-connected than in isolated 
populations (I, II). Supporting the 
coevolutionary theory I found a higher 
number of resistance phenotypes if 
the host population had been infected 
in the past (I), yet this phenomenon 
occurred only in the isolated host 
populations. Interestingly, in 
the well-connected populations, 
resistance diversity was highest in the 
healthy populations (I). In spatially 
structured systems, it can take many 
generations for resistance to be lost, 
even if disease has been absent for a 
long time (Thrall & Antonovics, 1995). 
Another explanation could be that the 
rate	 of	 pathogen	 gene	 flow	 may	 be	
sufficiently	high	to	prevent	host	local	
adaptation (Gandon et al., 1996), 
or	 the	 rates	 of	 host	 gene	flow	are	 so	
high that local adaptation is swamped       
(Lenormand,     2002).

The measured higher variation 
in resistance diversity (I) and the 
greater variation in resistance against 
sympatric pathogen strains in the 
well-connected host populations 
through years (II) suggests that 
the ability of host populations 
to respond to pathogen imposed 
selection is greater in those parts of 
the landscape that support higher 
rates of host migration (detected as 
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pathogen maladaptation in connected 
host populations) (Hoeksema & 
Forde, 2008). In support of this, the 
host local adaptation to sympatric 
pathogens varied considerably 
among populations and through time 
with	 greater	 fluctuations	 observed	
in the well-connected populations, 
suggesting possible responses 
to selection (II). In isolated host 
populations, resistance against 
sympatric pathogens remained 
nearly unchanged through time (II) 
(Fig.5). A spatio- temporal analysis 
(I)	 showed	 that	 disease	 effects	 on	
host population growth were the most 

negative in isolated host populations, 
which could be explained by the 
low resistance levels detected in the 
isolated host populations (I, II).

The SNP genotyping of pathogen 
strains from study populations in 
2011–2013 revealed that many of 
the sympatric strains used in the 
inoculation experiment (II) were also 
found in these populations in earlier 
years. Podosphaera plantaginis is 
capable	 of	 both	 haploid	 selfing	 and	
outcrossing, and hence, pure strains 
may persist for multiple seasons 
(Tollenaere & Laine, 2013). The 
pathogen populations included in 

Figure 5. Posterior distributions of annual variation in resistance among 
different combinations of host population connectivity and pathogen 
strain origin. Each violin plot shows the posterior distribution of sigma for one 
combination, with the thicker line indicating median and the thinner lines 25% and 
75% quantiles. © 2018 The Authors. Journal of Evolutionary Biology published by 
John Wiley & Sons Ltd on behalf of European Society for Evolutionary Biology.
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this study (II) may be more stable 
than most pathogen populations in 
this system, as they had persisted 
for several years, whereas most host 
populations are typically infected for 
only 1–2 years at a time (Jousimo et 
al., 2014).

4.3 Transgenerationally induced 
resistance diversity

I found that the maternal P. 
plantaginis infection increases 
resistance in the progeny (III) (Fig. 
5). Increasing evidence has shown that 
pathogens can prime defense plasticity 
in plants, and the enhanced resistance 
may be transgenerational (Holeski et 
al., 2012; Mauch-Mani et al., 2017). 
The duration of transgenerational 
defense priming may increase or 
persist over stress-free generations 
(Luna et al., 2012; Rasmann et 
al., 2012; Singh & Roberts, 2015), 
especially when mothers encounter 
high stress levels, or when the stress 
is repeatedly applied.

In Chapter III, I tested priming 
effects	 after	 three	 consecutive	 years	
of maternal infection, which may 
have strengthened the detected 
resistance responses in the progeny. 
Because my study spanned only one 
growing season, I cannot determine 
the durability of increased resistance 
over multiple seasons or generations. 
However, a previous study conducted 
in Plantago-Podosphaera system 
revealed that resistance is higher in 
areas where disease encounter rates 
have been high compared to areas 
where it has been low (Laine, 2006). 

Results from Chapter III suggest that 
this phenomenon could have arisen 
both via direct genetic changes in these 
populations or via transgenerational 
priming.

I	 also	 discovered	 that	 the	 effects
of maternal infection on progeny 
resistance varied across genotypes 
and the nutrient environment the 
progeny encountered, as the strongest 
responses were detected in nutrient 
poor treatment (Fig.6). This is in line 
with	previous	findings	with	Gáspár	and
colleagues (2019), as authors found 
that	 putative	 epigenetic	 differences
across P. lanceolata populations are 
consistently related to genetic and 
environmental variation. Although 
the mechanistic underpinning of 
maternal effects of infection in P.
lanceolata are not known, the strong 
phenotypic responses I found proves 
the role of maternal effects generat-
ing phenotypic diversity in P. 
lanceolata host plants. Furthermore 
these results suggest that the
genotype-specific advantage of 
transgenerational defense priming 
occurs when environmental condi-
tions become more challenging 
(Kuijper & Hoyle, 2015).
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Figure 6. Mean resistance of progeny of six Plantago lanceolata mater-
nal genotypes in nutrient poor and nutrient rich treatments. Reaction 
norms for resistance in the progeny of healthy and infected mothers in A) Nutrient 
poor and in B) Nutrient rich treatment. Resistance was tested against four 
Podosphaera plantaginis strains. The mean values for reaction norms in each nutri-
ent treatment – maternal infection groups are shown by black lines. Standard errors 
for each genotype are shown.

4.4 Genetic resistance diversity

The	transcriptome	analysis	of	the	five
P. lanceolata genotypes demonstrated 
that	plant	genotypes	activate	different
defense mechanisms in response to 
the same pathogen, as all sequenced 
genotypes	 had	 very	 different	 gene
expression patterns (IV). Plant 
genotypes	 also	 show	 differences	 in
the number, fold change and the 
function of the transcripts which 
were	 differentially	 expressed	 in
response to the same pathogen strain. 
In total 543 NLR isoforms were 
discovered when the NLR repertoire 
of	five	Plantago	 transcriptomes	were
combined. While these transcripts 
were	mostly	expressed	in	all	five	plant
genotypes, the NLR transcripts were

differentially	 expressed	 in	 response	
to the pathogen treatment across the 
plant genotypes. This suggest that the 
pathogen is successful in suppressing 
susceptible NLR isoforms, or that host 
genotypes	 use	 different	 strategies	 in	
response to the same challenge. We 
found 1-12 loci showing signatures of 
selective pressure in 23 of the 58 NLR 
clusters. Interestingly, the cluster 
with	the	highest	number	of	significant	
loci seems to be involved in defense 
against virus defense, detected in 
Arabidopsis thaliana (Revers et al., 
2003). Hence, this pioneer study of 
NLRs in P. lanceolata	 confirms	 the	
power of dN/dS analysis to study 
the	 significant	 loci	 which	 might	 be	
experiencing evolutionary pressure.

Healthy          Infected              Healthy            Infected

0.4

0.6

0.8

R
e

s
is

ta
n

c
e

0.3

0.4

0.5

0.6

0.7

0.8

healthy                            infected 

R
e

s
is

ta
n

c
e

Genotype

1413_20 

2220_M1 

4_13 

4_14 

511_18 

9031_190.5

0.7

0.9

No nutrients Nutrients

healthy                            infected 



29LAYLA HÖCKERSTEDT

5 CONCLUSIONS 
AND FUTURE 
PROPECTS
In this thesis, I have linked 
coevolutionary theory with 
experimental resistance studies 
within Plantago–Podosphaera 
metapopulation framework and 
combined studies of resistance 
spanning scales from genes to 
populations. Overall, these results 
indicate that maintaining a high 
level of resistance diversity is the key 
to defend against pathogens. I was 
able to demonstrate that resistance 
diversity varies at the phenotypic 
level through genetic mechanisms, 
and putative epigenetic mechanisms 
(maternal	 effects)	 may	 contribute	 to	
this variation. Furthermore, I found 
that the phenotypic diversity is highly 
influenced	by	the	spatial	configuration	
of the host populations.

The transcriptome sequencing 
showed that the NLR-gene repertoire 
in P. lanceolata, is highly diverse 
across host genotypes. NLRs play 
an important role in pathogen 
recognition, downstream defense 
responses, defense signaling and 
activation of the hyper sensitive 
response (Grund et al., 2019). The 
high diversity of NLRs detected in 
many	 plants	 is	 considered	 to	 reflect	
coevolutionary history with pathogens 
(Jones & Dangl, 2006; Grund et 
al., 2019). The performed dN/dS 
analysis	 identified	 a	 subset	 of	 the	
NLR transcripts in P. lanceolata to be 
under selection. Studies focusing on 
these	 loci	 could	 offer	 exciting	 future	

opportunities to better understand 
forces generating variation in 
disease resistance; in P. lanceolata 
populations both across space and 
over time, and in response to other 
pathogen species detected in the 
Åland islands infecting P. lanceolata 
(Susi et al., 2019).

I was able to show that maternal 
effects	 of	 infection	 may	 contribute	
to phenotypic growth, reproduction 
and resistance trait variation in 
the progeny. There was a strong 
genotype-by-maternal infection 
interaction in most of the measured 
traits,	 and	 the	 genotype-specific	
advantage of transgenerational 
defense priming occurred mostly in 
nutrient poor conditions. Results 
from	previous	studies	have	confirmed	
that transgenerational priming may 
enhance resistance in the progeny of 
plants	exposed	to	the	same	or	different	
pathogen species (Kathiria et al., 2010; 
Slaughter et al., 2012) and hence, 
maternal	 effects	 are	 often	 viewed	 as	
a form of adaptive, transgenerational 
plasticity (Agrawal et al., 1999; J. 
Marshall & Uller, 2007; Yinet al., 
2019). However, previous studies 
focusing on perennial plants have 
shown hardly any transgenerational 
responses, suggesting other strategies 
for adaptation (Yin et al., 2019). 
My results suggest this may be due 
to environmental and genotypic 
variation that need to be accounted 
for in experimental design to detect 
transgenerational	adaptive	effects.

Rather than confounding our 
understanding of coevolut ion, 
transgenerational epigenetic defense 
priming can provide a missing link 
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between genotypic and phenotypic 
variation (Holeski et al., 2012). 
In the light of these results, I 
propose transgenerational disease 
priming to add variation to within 
generational resistance, thereby 
increasing the potential of a host 
population to counter pathogen 
attack with far reaching evolutionary 
consequences. The knowledge of 
pathogen	 induced	 priming	 effects	
may become increasingly important, 
as the rapid emergence and spread 
of new pathogens, fungi in particular, 
threatens both animal and plant 
species all over the globe (Fisher et al., 
2012). These results open an exciting 
avenue for future questions both in 
agriculture and in natural populations. 
For example: can transgenerationally 
induced variation enhance the rates of 
plant evolutionary responses to rapid 
environmental change, including the 
introduction of exotic pathogens and 
pests?

Jointly, these results demonstrate 
how resistance against pathogens 
contains several layers. Phenotypic 
diversity in host resistance may 
be composed of genetically based 
resistance,	genotype-specific						expression	
pathways in response to pathogen 
attack, as well as transgenerationally-
induced mechanisms. Results from 
this	 thesis	are	among	 the	very	first	 to	
demonstrate how spatial structure 
generates variation in the strength 
of pathogen imposed selection, and 
thus provides a compelling example 
of how unprecedented fragmentation 
of landscape due the human mediated 
factors, as farming, movement and 

climate	 fluctuations	 (Crooks	 et al., 
2011) may drive epidemiological and 
coevolutionary processes in the nature. 
Here I show how decreased resistance 
diversity in isolated populations may 
also	 have	 direct	 negative	 effects	 on	
host population growth. In addition 
to food production security, these 
results	may	also	offer	tools	for	natural	
habitat conservation. Connectivity of 
protected areas is needed to ensure the 
long-term persistence of biodiversity 
and ecosystem service delivery, as 
species	 in	 isolation	 suffer	 from	 the	
risks of inbreeding, extinction debt 
and reduced opportunities to adapt to 
climate change (Saura et al., 2019).
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