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Annotation

This thesis focuses on the transgenerational sffeggered by plant biotic
interactions and explores their relavance on edodbgand evolutionary
processes. The following sections document novsulte that show their
important consequences on different aspects. Phymawe stablished the
necessary methodology to be able to explore thesstigns and to disentangle
the mechanisms originating the transgenerationastigity by validating a
demethylation method. Then, we checked wether ithteclinteractions alter the
phenotype via within-generation and transgeneratiplasticity, examining the
magnitude and direction of the response on eachifgpéresponse traits”.
Lastly, the potencial role of transgenerationakftaty for adaptation, species
coexistence, creating biodiversity and populatiod acosystem functioning is
tested.
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General I ntroduction

Understanding the processes involved in the asseoibhatural communities

and what promotes species coexistence and biodivessone of the oldest

questions in ecological research (Diamond 1975hénast decades, a growing
concern about the loss and homogeneization of sliyean the potential impacts
on the ecosystem functioning due to global chamgefirther ignited an interest
on the consequences of community assembly on thetifms and services
provided by ecosystems (Hooptial. 2005).

Plant community composition is the result of thiefing of species from
a regional species pool, so that only those spdbiaisare able to disperse
(Hubbell 2001), and tolerate the prevailing abioticvironment (Weiher &
Keddy 1999) and biotic interactions (Ackerly 20Q8rtie et al. 2004; Mitchell
et al. 2009; Fortet al. 2014) are found in a site. Such filtering impligst
different factors (dispersal, abiotic and biotittefis) influence the chance of
species to establish, grow and reproduce in a dogation. The major effects of
these three mechanisms are expected to be prewlidgferent spatial scales:
from dispersal acting on broader scales (e.g. nedjiscale) to biotic interactions
on the very fine local scales (Bekbal. 2013). Hence it is expected that these
processes act as a series of hierarchical “filtdrg3ugh which only individuals



General Introduction

with suitable abilities and characteristics (sdexhfunctional traits; Viollest al.
2007), are filtered into locally coexisting commigs (de Belloet al. 2012;
Vellend 2016). Since variation in traits happenhbat the between-species and
the within-species levels, the trait-based filtgriprocess occurs at these two
levels, selecting the individuals which better addpgraits. Thus, functional traits
determine organisms’ abilities to live in given gcal conditions and coexist
with other organisms (Goétzenbergeal. 2012; Kraftet al. 2015) both between
but also within species (Viollet al. 2012). The general aim of this thesis is
assessing the importance of local filters, paréidylbiotic interactions, on trait
filtering within species, and their potential coggences for the functioning of
local communities (Fig. 1).

1. Intraspecific phenotypic variation: why isimportant in
community ecology?

Individuals in natural settings are not identiddlis is so regardless of whether
they belong to the same population of the sameepand undergo exactly the
same environmental conditions. In other words, viddials from the same
species present variable phenotypes; differencesbgervable traits between
organisms, such as colour, shape, sex, etc., emgefgbm the differential
expression of their genes. Sometimes, traits can eary subindividually within
the same organism (Herrera 2017). Despite of tiggnoof these trait differences
(see below), recent work is increasingly acknowiegdhe importance of this
intraspecific variability, suggesting its signifitae for ecology and evolution
(Bolnick et al. 2011; Violleet al. 2012).

Despite this, theoretical and applied ecology higpécally focused on
predicting the dynamics of communities and specesundances without
considering the variation in individual phenotypé&bis approach, referred as
“mean fiel theory”, assumes that all individuald¢hwn a species are identical, or
rather that intraspecific trait variability is negble compared to interspecific
one (Bolnicket al. 2011; Violleet al. 2012). This approach overlooks the exist
ence of individuals with different traits and cafesis only the mean trait values
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Figure 1: Community assembly theorya)der the classical approach where only mean
trait values are considered for species of theorei pool; and b) incorporating
intraspecific variability. Each leaf shape représenspecies and each color represents a
given trait value within a species. Dashed lingsrasent abiotic and biotic filters.
Species enter in the community if their trait valueatch with the abiotic conditions
(environmental filtering excluding red, pink ancatk phenotypes). Then, the biotic
filters exludes organisms that possess trait vahatsare too similar (limiting similarity
hypothesis). Models that incorporate intraspeaificiability are better able to predict
the species that will pass biotic and abiotic fdteFigured modified from Viollet al.
(2012).

of each species (Fig. 1). In doing so, estimatmfinspecies’ realized niches and
ecological strategies are reduced, which in tumresult into underestimations
of the ability of species to endure different egidal conditions, use different
niches and overlap between coexisting individugisshort, using mean traits
may lead to critical misinterpretations and redulce predictive ability of
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community ecology. Indeed, phenotypic variationhivitspecies is generally
lower than among species. However, the extenttadspecific trait variability is
non-negligible and critically affects community essly at local scales (Siefert
et al. 2015; Des Rochegt al. 2018), specially in communities where within
species phenotypic variation is as large or latfggn the observed among species
(Hugheset al. 2008; Junget al. 2010; Messieet al. 2010).

Further, ecological theory has ignored that thétgluf species to adapt
to a particular environment does not only operate selection of the fittest
phenotypes (Barrett & Schluter 2008), but it alep&hds on species’ phenotypic
plasticity (Priceet al. 2003). Phenotypic plasticity is the ability of arganism
to adjust its traits in response to the environmrice et al. 2003). Trait
adjustments to the environment can in turn affexdlagical interactions by
altering their strength and outcome (Gretsal. 2009; Kraftet al. 2015; Carmona
et al. 2019). In case of high heritability of the trafiéered by selection, trait
plasticity can promote rapid adaptive evolutiontioe population.

As we have seen, since environmental factors fipercies as a function
of their traits, some functional traits seem to dssociated and respond to
environmental conditions. Some examples of thesspgwnse traits” are the
typical characteristics of xerophytic or fire-taet plantsHowever, functional
traits could also be “effect traits” if they impaoh ecosystem processes and
functioning (Cornelissen & Thompson 1997; de Bedoal. 2010). Some
example of those are the ones found in fire-prongosipecies or nitrogen fixing
plants. The “response—effect” frameworkleveloped byLavorel & Garnier
(2002) brings these two concepts together, aedognizes that traits can
simultaneously explain responses to biotic and tebfactors and effects on
ecosystems (Fig. 2). Under this framework, plang aespond to the
environmental factors and potentially affect ecteysproperties and services.
Thus, trait plasticity could promote the ability ofganisms to shape the
environment where they live in, affecting ecologjicéeractions and ecosystem
functioning (van der Puttest al. 2013; Semchenket al. 2017).
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Figure 2. Representation of the conceptual framework praposelavorel & Garnier
(2002) for the effects of environmental changesptemt community structure or
biodiversity and ecosystem functioning recognizihg overlap between response and
effect traits.

1.1 Sources of variation

Although this thesis is mainly focused on the dfeaxf phenotypic variation and
not on the mechanisms responsible of this variatios important to understand
the different origins of intraspecific variation.hdre are two sources of
intraspecific phenotypic variation: genetic and/epigenetic, wich have
alternative ecological and evolutionary importance.

Genetic variation refers to the diversity in gen@ypf the organisms (i.e.
differences in the DNA sequence). Genetic variasdniggered, fundamentally,
by mutations, but also by genetic recombinationsdpced during sexual
reproduction (Fousét al. 2016). These changes are frequently neutral, but in
some instances the new alleles can be favouredatuyat selection or genetic
drift, leading to the evolution of the species. dod example of this process is
the well-known Darwin’s finches (Darwin 1858ecause gnetic variation has
been more thoroughly studied for its relevance @olagical genetics and
evolutionary processewijthin-species phenotypic variation has been mtisho
attributed to genetic variation, overlooking thentibution of epigenetic
variation until very recently (Hughesal. 2008; Latzekt al. 2013).
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Although partially genetically controllecgpigenetic variation is any
difference in the DNA expression caused whitout ifyoty the underlying
sequence (Richards 2006; Bird 2007; Zhangl. 2013). This is produced by
means of various mechanisms that affect the chiomatructure; including
histone modification, RNA interference and DNA mg#tion (Bird 2007,
Bossdorfet al. 2010; Amoalet al. 2012). Among them, DNA methylation is the
most studied, best understood and possibly evenmtbst significant one
(Akimoto et al. 2007; Reinderst al. 2009; Bossdorét al. 2010; Zhanget al.
2013; Kanchanaketu & Hongtrakul 2015). Although DN&thylation appears
to be relatively stable within an individual, it lekits predictable plastic
responses to environmental stimuli (Tadral. 2000; Bond & Baulcombe 2014;
Preiteet al. 2018), which, together with its transgeneratidmetitable potential
(Richards 2006; Hausest al. 2011), makes DNA methylation a excelent
mediator for transgenerational inheritance (Chianug & Zhu 2009; Hermaet
al. 2014; Colicchicet al. 2015a).

Epigenetic variation is known to occur in respomgeenvironmental
factors (Herman & Sultan 2016; Richamdsal. 2017), and to cause phenotypic
variability (Cubaset al. 1999; Latzelet al. 2012; Zhanget al. 2013). Thus, it
provides a plastic response of the organism t@tiveronment during plant life,
that could also be potentially transmitted to tle&trgeneration (Akimotet al.
2007; Bossdorét al. 2008; Jablonka & Raz 2009; Johanseeal. 2009; Amoah
et al. 2012). Whereas within-generation variation is eauswhen the
environment triggers phenotype modifications on thdividual (normally
referred as “plasticity” or “acclimatation”; Fig.),3transgenerational plasticity
(explained in more depth in the following sectiatcurs when the individual
phenotype of the progeny is affected by the palremaronment via heritable
epigenetic modifications (denominated as “transgdial” or “parental
effect”; Fig. 3) (Jablonka & Raz 2009; Herman & taul 2011; Herrerat al.
2012; Hermaret al. 2014).
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1.2 Transgenerational effects

Transgenerational effects can be defined as matiifics of offspring phenotype
induced by environmental conditions experienced thg parents, without
changes in DNA sequence (Roach & Wulff 1987; Jatdo& Lamb 1995;
Mousseau & Fox 1998; Galloway 2005). In plantgchanisms underlying
transgenerational effects can mainly be categomsesked modification (Roach
& Wulff 1987) or epigenetic variation (Fig. 3) (Beyet al. 2010).
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In the past, it was thought thaeed modification often referred as
“maternal effect” or “seed mass effect”, was solelgdiating the phenotypic
variation of the offspring by creating differencies seed provisioning, seed
quality (i.e nutritional quality), or hormonal balee stocked up by the maternal
plants or the in embryos (Roach & Wulff 1987; Herm& Sultan 2011).
Transgenerational effects originated by embryo fication could play a
significant role during early stages of the develept, but tend to fade away
with time when ongoing environmental factors outweigh theratzel et al.
2010).In contrast, the effects originated by mechanisimspamenetic variation
could have more substantial impagince the modification could last the
individuals’ entire lives and be transmitted to es& generationgHerman &
Sultan 2011; Dechairet al. 2015; Germairet al. 2019)

The role of epigenetic transgenerational effecta pessible mechanism
for stress “memory” in plants due to its potentalaptive environmental
response has received increasing attention sirc8@ls (Roach & Wulff 1987;
Mousseau & Fox 1998). Epigenetic variation can &ngilants to store
information about their past environmental inteiatd for several generations,
and to modify their development according to expéaonditions (Shemesh
al. 2010; Novoplansky 2016) maximizing the progenyitmess, especially
during the juvenile stage (Mousseau & Fox 1998)xdRré research, especially
focused on the response to abiotic conditions, tea®gnized the role of
epigenetic transgenerational effects in adaptaiBoach & Wulff 1987,
Mousseau & Fox 1998; Sultahal. 2009; Latzekt al. 2010, 2014; Dechairst
al. 2015), opening up the possibility of directed ra@rolution, resonating with
Lamarckian notions of evolution which had previguseemed inconceivable
from the genetical point of view.

1.3 Methodological approaches

Heritable epigenetic variation has been studiedhgugiighly sophisticated
molecular methods ( e.g. Pecindétaal. 2009a; Beckeet al. 2011; Colicchicet

al. 2015b). Consequently, research on ecological epiges remains somehow
inaccessible to most biologists, which obviousons the process of unravelling

8
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the full ecological and evolutionary aspects ofgepietic variation in plants.
Alternative approaches, such as the alteratiom®fepigenetic status of plants,
can be applied to indirectly test the ecologicdk rof epigenetic variation
(Johannest al. 2009; Bossdorét al. 2010).

Typically, the alteration of the epigenetic statuss been based on
reducing DNA methylation. This reduction can beiaetd either by working
with plants derived from mutants (like in epiRIUshannest al. 2009; Reinders
et al. 2009; Latzekt al. 2012, 2013; Zhang al. 2013) or by using demethylating
agents such as 5-azacytidine or zebularine (Cabak 1999; Bossdortt al.
2010; Liu et al. 2015). Demethylating agents inhibite the methykfarase
enzyme during DNA replications, which results int@h demethylation of the
genome (e.g. Jones 1985; Buwtral. 1993; Tatraet al. 2000). In other words,
demethylation ‘removes’ the epigenetic “memory” tbe abiotic and biotic
conditions in which plants originated. Experimerdamethylation of DNA has
greatly helped to discover that epigenetic varmatis involved in plant
phenotypic plasticity (Bossdost al. 2010) such as flowering phenology of
plants (Fieldes & Amyot 1999; Kondet al. 2007), and transgenerational
adaptation of plants to stress (Boyko & KovalchOR 2, Herreraet al. 2012).

Despite the potential of demethylation to reveabepetic effects on
plant development, existing methods might fail teetnthe requirements of
researchers applying them. The main limitationhaf tlemethylation agents is
their toxicity on seedlings even under low concatidns (Akimotoet al. 2007).
Consequent growth of such treated plants oftenessprarious aberrations, with
treated plants being usually smaller (Koretaal. 2007; Amoahet al. 2008;
Bossdorfet al. 2010) and with reduced survival than controls (Adio et al.
2007; Amoalet al. 2012). Hence, the ecological relevance and realisstudies
using demethylation agents can be questioned.

Other important point to remark under the methogiolal section is the
election of species to work with. The selectionmafdel plants likeArabidopsis
thaliana, Oryza sativa and Zea mays is necessary for understanding the
mechanisms and dynamics of epigenetic variationrevhather molecular and
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genetic analysis need to be made (Verhoetaeh 2016; Richardst al. 2017).
However, to test the ecological role of epigen&aciation, other non-model
plants can, and probably should, be selected. @wercattempt to minimize the
possibilities for genetic control and reduce gengtriability of the study, is
working with clonal or completely inbred study sg@s¢ or alternatively, using
statistical approaches to uncover patterns of egige variation that are not
predictable from patterns of genetic variation ($taatl al. 2016; Herrerat al.
2016; Verhoevest al. 2016). To study the effects of epigenetic varraiiothe
nonmodel systems, experimental DNA demethylatiorthes only currently
available tool in order to have the proper confv@rhoeveret al. 2016), despite
the potential undesired side effects.

In this thesis, the role of epigenetic transgemnanat effects was tested
by means of a series of pot experiments where svnegtions were grown. In
the first generation (i.e. parental generationg filants were grown under
different conditions to trigger potential transgext®nal effects in the offspring.
Thus, seeds from this first generation were cadi@cand then used for the
experiment of the second generation. Two altereadiesigns were used in the
second-generation experiments. In the first desige, collected seeds were
grown under identical control conditions, so thay @ifferences between the
offspring’s phenotype should be due to transgeiwralt effects. In the second
design, the different seeds were grown undergdiegame or distinct conditions
than the parental generation. This last factoesigh is needed in order to test if
the transgenerational effects are adaptive. Fynphier to the parental generation
experiments, plants were grown for one generati@amdommon environment, to
even out possible unknown transgenerational effettgrevious cultivations
(Latzel 2015).

Two different species were used in the differergeziments composing
this thesis: the non-model speciks axacum brevicorniculatum Korol., which
is an obligate apomictic polycarpic perennial plg€tschneret al. 2013), and
the model speciegrabidopsis thaliana L. which is a predominantly self-
fertilizating annual (rarely biennial) plant. Sinde brevicorniculatum is an
obligate apomictic species (i.e. all seeds produned plant are effectively

10
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clones) andh. thaliana’ s outcrossing rate is very low, genetic variatiobazen
progeny could be assumed to be negligible. Theasacteristics of the selected
species enable to focus on the study of the eftdqtasticity within and across
generations. Since transgenerational plasticitgides the epigenetic origin,
could be also ascribed to seed modifications, ffexteof seed characteristics
was experimentally controlled by incorporiatingniio the statistical models, and
when possible, by altering the epigenetic statusthef plants byin vivo
experimental DNA demethylation.

2. Biotic interactions controls on species coexistence and
biodiversity maintenance

Species coexistence is determined by many procéisaesperate on different
scales: from evolutionary scales, like speciatiod &istorical constraints, to
ecological scales, like dispersal influences (Ches2000; Wilson 2011;
HilleRisLamberset al. 2012). This thesis focuses on the processes iedalv
the coexistence at the local scale where prevaliiogjc interactions are the
leading factors driving assembly, biodiversity ntaimance and ecosystem
functioning (van der Puttest al. 2013; Kraftet al. 2015; Valladarest al. 2015).

2.1 Competition and coexistence

The role of competition in plant communities’ asdims based on the common
assumption that competitive interactions increasle lwcreasing trait similarity
between interacting individuals (Fig. 4). This me#mat species with similar and
overlapping ecological niches (i.e. generally pessg more similar traits), will
compete more intensely for resources (Darwin 1&®jse 2003; Cahibt al.
2008; Rosindelét al. 2011). Consequently, according to the “limitingngarity”
principle (Macarthur & Levins 1967), it is expectédat competition for
resources would lead to co-occuring species hagiffigrent ecological niches
and therefore more different traits. This is usuadisted by assessing if trait
differences between organisms are greater (divegjanr smaller (convergence)

11
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than expected by chance using null-models (Masdtil&on 2006; Masoset al.
2008).

Although limiting similarity should lead to divergee, it is increasingly
acknowledged that competition can also lead to lsarnative convergence
pattern, which can be produced depending on theeaf the trait(s) considered
(Grimeet al. 1997; Cabhillet al. 2008; Kraftet al. 2008, 2014; Viollest al. 2012;
Adler et al. 2013). When the trait is related to the compatditability (i.e. there
is a specific phenotypmmpetitively superioon fithess or on the ability to obtain
the limiting resource), the intensity of competitiocreases with increasing trait
dissimilarity. This is stated by the “limiting disslarity” principle (Fig. 4), and
it leads to a phenotypic convergence of the indiald in the community as result
of the exclusion of the species with lower compegitibility (Mayfield & Levine
2010; Kunstleet al. 2012). Thus, there are two limits for coexistera®e limit
to similarity in resource utilization, i.e. nicheaffdrences; and one limit to
dissimilarity in competitive ability, i.e. fitnesdifferences (Fig. 4). In other
words, species can avoid exclusion either by besiufficiently different in their
demands for a resource or, if they have similar aleas, by being sufficiently
similar in their skills to compete for this resoai@dleret al. 2010; Mayfield &
Levine 2010).

Contemporary coexistence theory emphasizes thaisteece depends
on niche and fithess differences between co-ocgurimdividuals. The
mechanisms that allow coexistence can be dividevintypes depending on
how they affect to the competitive-dominance relahips between species
(Chesson 2000). First, equalizing mechanisms areettthat reduce the fitness
differences between the most abundant specieshentess competitive ones,
making competition less assymmetric. If we expriags mechanism based in
functional traits, when equalizing mechanisms piteiradividuals would tend to
have similar trait values that minimize fitness feliénces (i.e. limiting
dissimilarity) in the community. Some examples gfualizing mechanisms
include the intermediate disturbance hypothesisif@th 1978), and temporal or
spatial heterogenity (Adlest al. 2013).
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Figure 4. Regions of coexistence and exclusion dependinghemiche differences
(resource utilization) and fitness differences (petitive ability) between co-occuring
individuals.While height variation is presented as a competigibility difference, root
structure variation is presented as a niche diffegeThe area of the middle indicates
where exclusion was predicted from classical thebnt by including stochasticity,
Agren & Fagerstrom (1984) predicted coexistencdaiing the special case where
ecologically identical species can coexist stalriglividuals can coexist when they are
relatively similar and little niche differences oweme small competitive ability
differences, and when large niche differences @rmec large competitive ability
differencesCombining Agren & Fagerstrom (1984) and Mayfield_&vine (2010).

Second, stabilizing mechanisms are those that faa@ species by
reducing competition intensity when they are ramd @ncreasing the spatial-
temporal niche differences with the most abundapécies. Stabilizing
mechanisms will lead to a limiting similarity, withdividuals having different
trait values (Mayfield & Levine 2010; Le Bagoussegriet et al. 2014).
Examples of stabilizing mechanisms include difféisgion in resource use and
frequency/density dependent predation (also herpioo pathogen infection),
known as the Janzen-Connel hypothesis (Janzen, G3thell 1971). While
only stabilizing mechanisms can lead to permantaitles species coexistence,
equalizing mechanisms just delay competitive exatus
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These hypotheses are further complicated when tegriate intraspecific
variability. It should be recalled that altough tbeginal paper on limiting
similarity of Macarthur & Levins (1967) considergriaspecific trait variability,
many following studied did not. This is particujljarmportant because trait
plasticity mediated by biotic interactions can umnt feedback the strength and
outcome of the interactions by changing trait Inenges and species
dissimilarities (Gros&t al. 2009; McGill 2010; Violleet al. 2012; Kraftet al.
2015; Bennetét al. 2016; Haret al. 2016; Carmonat al. 2019). Trait plasticity
could theoretically promote species coexistence stabilizing mechanisms
(Clark 2010), but it very much depends on the redpw trait as well as the
direction of the change (Kradt al. 2015). There is the possibility that intrasecific
plasticity can reduce competitive hierarchies prongospecies coexistence via
equalizing mechanism (Kraft al. 2015; Carmonaet al. 2019). However,
theoretical studies also suggest that plasticity ozake coexistence more
difficult (Hart et al. 2016). One example where trait variability witlspecies
could be important is intraspecific competition,esa the competitive ability and
the niche between the two individuals are the satieough other factors like
kin recognition can also reduce competition and petitive exclusion (Dudley
& File 2007; Cahillet al. 2010; Cabhill & McNickle 2011). Yet, very little is
known on the importance of the intraspecific défeces on the coexistence of
species, and the effect of transgenerational adjitstments have not yet been
teased apart (Zuppinger-Dingletyal. 2014).

2.2 Arbuscular Mycorrhizas

Relentless and fierce competition for resources/éen and within species is a
widely observed phenomenon in nature but it istnetonly existing strategy for
survival. Cooperation and beneficial interactioesA®en contrasting organisms
are also prevalent in nature and influence coexcgteHowever they are often
overlooked (Grosst al. 2015; Peay 2016). Plants interact with a multitofie
organisms, but one of the most important interastioes with arbuscular
mycorrhizal fungi.
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Arbuscular mycorrhizal symbiosis is a widespreadualistic association
between plant roots and fungi from the subphylurmn@romycotina (Smith &
Read 2008; Spataforet al. 2016). This association is considered mutually
beneficial, since, in exchange for photosynthetarbon, the arbuscular
mycorrhizal fungi provide host plants with soil nehts (mainly phosphates),
mitigate abiotic stress (e.g. drought) and increaséstance to biotic stress,
including pathogens (Lu & Koide 1994; Smith & Rez@D8). Thus, AM fungi
determine and potentially expand the realized obiethe plant species by
enabling plants to access otherwise unavailableemis (van der Heijded al.
2003; Peay 2016; Gemt al. 2018). In this case, mycorrhiza could act as a
stabilizing mechanism (Chesson 2000). Due to thipgrty, mycorrhizas are
known to provide ecosystem resistance and resdieagainst stresses or
disturbances (Martinez-Garagal. 2017).

Beyond the advantage that this symbiosis impliegpfants, arbuscular
mycorrhizal fungi are known to alter plant-plantrgaetition (Grimeet al. 1987,
O’Connor et al. 2002; Veresoglowet al. 2017). Mycorrhiza influence plant
coexistence by altering fitness differences acpdant species. The symbiosis
could act as an equalizing mechanism if they rediticess differences between
species (Chesson 2000; Waggal. 2011). Conversely, the symbiosis could
promote exclusion by exhacerbating the dominanceoohe species. Thus,
mycorrhizas play a key role in ecosystem processdgproperties by controlling
the establishment and successional change ofgdaminunities (Garcia de Leodn
et al. 2016), and by promoting plant biodiversity andnplaroductivity (van der
Heijdenet al. 1998; Smith & Read 2008)

The fitness benefits of plants with arbuscular nigiu@aal symbiosis are
well known (Lu & Koide 1994; Smith & Read 2008). Wever it is unclear
whether these benefits could partly operate throinghphenotypic plasticity
that mycorrhizas mediate, such as root archite¢thuertilaet al. 2004; Gohet
al. 2013; Fusconi 2014). Moreover, it remains unclaaether AM symbiosis of
the parental generation triggers phenotypic charigetheir offspring (i.e.
transgenerational effects) that provide benefithéooffspring generation (Koide
2010; Vargeaet al. 2013). Most of the existing evidence demonstrétashaving
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mycorrhizal parents can be beneficial during thiyestages of development of
the offspring (Heppelét al. 1998; Koide 2010). However, the relative effect of
epigenetic mechanisms on these transgeneratiofiattefhas been rarely
considered (with the exception of Vargaal., 2013).

2.3 Diversity and ecosystem functioning

As we have seen, species interact in multiple whgsy negative interactions
when one species reduces the performance of antat@ositive ones where the
presence of a species facilitates others throughigioning of resources or
amelioration of stresses (Chesson 2000; Mayfielde&ine 2010; Grosst al.
2015; Peay 2016). Such interactions significan#yednine the identity and
abundance of the species present in the commumtidsthus also alter the
resulting biodiversity patterns (Diaz & Cabido 208taujo & Luoto 2007).

It is generally recognised that biodiversity — whincludes taxonomical,
functional, and genetic and epigenetic diversitgl{@neraet al. 2006; Hughes
et al. 2008; Marquardet al. 2009; Latzelet al. 2013) — drives ecosystems
functioning and processes, which ultimately prosidecosystem services
(Tilmanet al. 1997; Hoopeket al. 2005). It is important to note that biodiversity
includes different components, i.e. taxonomicahctional, and genetic and
epigenetic diversity (Balvaneghal. 2006; Hughest al. 2008; Marquardtt al.
2009; Latzelet al. 2013). The positive relationship between diversatyd
functioning has been demonstrategbeatedlyin many observational and
experimental studies. This body of research hasrgéiy found that more diverse
communities are generally more productive, morblstand more resistant to
disturbances/stresses than less diverse ones (Baae al. 2006; Marquarat
al. 2009).

The positive biodiversity effectsn ecosystem processes could be driven
by two not mutually exclusive mechanismsomplementarity and selection
(Loreau & Hector 2001; Marquaret al. 2009; Tobneset al. 2016). Selection
operates when a specific competitively superiorcigseis dominant in the
mixtures and drives disproportionately the fundtigrof the communityLoreau
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& Hector 2001) By contrast, complementarity takes place whenhaic
differences between coexisting species resulinmee efficient use of resources
by the communityLoreau & Hector 2001 Because fitness and niche differences
can be directly measured and explained with plamictional traits, both
mechanisms can be also approximated from a tragdbperspectivén this case,
when selection is the main mechanism, we shouldaxp observe a dominance
of particular traits or less trait variance in theit associated to the
competitivefitness advantag@Cadotte 2017). On the other hand divergence in
traits related to resource foraging between indiald of the community would
reflect that complementarity is the main mechardsiving the positive effect of
diversity (Loreau & Hector 2001; Cadotte 2017).

While most research has commonly measured biodiyeet the
community level asnterspecific diversity(taxonomic or functional diversity)
(Marquardet al. 2009; Hectoet al. 2010), the effect of intraspecific diversity at
the population level has been overlooked. Howertagspecific diversity effects
on population and ecosystem functioning can beoofiparable magnitude to
those of intraspecific diversity (Crutsinggal. 2006; Hughest al. 2008; Latzel
etal. 2013). me studies have reported a positive effeattohspecific diversity
in ecosystems functioning (Hughetsal. 2008; Latzelet al. 2013; Zuppinger-
Dingleyet al. 2014). However this effect has been most ofteibated to genetic
variation (Zhuet al. 2000; Booth & Grime 2003; Reusehal. 2005; Crutsinger
et al. 2006; Hughest al. 2008; Kotowskaet al. 2010; Moore 2015; Cook-Patton
et al. 2016), overlooking the relative effect of epigenetariation (Latzekt al.
2013), both within and across generations, degigiienportance for responding
to the environment. While existing phenotypic vaoia of the community should
promote positive biodiversity effectdy increasing complementarity (Clark
2010; Roscheat al. 2015), phenotypic plasticity could either decremsacrease
trait dissimilarities. Depending on the trait ahe direction of the change, this
could enhance or decrease selection and complantgrmffects (Roschest al.
2015). Thus, it is necessary to disentangle ttagivel effect of genetic diversity
from that of epigenetic diversity on population dtioning, as well testing for
within- and transgenerational plasticity separately
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Thesis scope and framework

In this thesis, | focused on exploring the exiseent transgenerational effects
triggered by plant biotic interaction and the relese of their role on plant
adaptation, species coexistence, and populatioreaoslystem functioning. To
face these aims | used a general conceptual framkgWwigy. 5), in which starting
from the environmental induced phenotypic variaticmused by heritable
epigenetic modifications, | evaluated all the pblesconsequences relevant from
an ecological and evolutionary perspective.

First, inChapter I, | aimed to validate the demethylation efficieraryd
suitability for ecological research of a novel nogthof experimental plant
demethylation. This method, because of its potiytiawer disturbing effects
on plant development, could overcome the traditionethodology and could
discriminatethe phenotypic changes caused by the DNA-methyldtiom the
side effects of the demethylation agent. In caseabflation, this methodology
will be used in the following research question aniicheck for the epigenetic
basis of the transgenerational effects.

Then, | explored the transgenerational effectsgaigd by biotic
interactions. First, inChapter II, | examined the transgenerational effects
triggered by plant—plant competition as a repredem of a negative interaction.
With the four coordinated experiments presentethis chapter, | tested the
existence of transgenerational effects and, alsar feedback on offspring’s
competitive interactions, and their possible conseges on adaptation,
promoting coexistence and affecting ecosystem gemEse

Similarly, in Chapter 111, | investigated the transgenerational effects
triggered by arbuscular mycorrhizas, as a repratieatof positive interactions
across trophic levels. Since arbuscular mycorrhazasknown to benefit plants
by mitigating drought stress, | focused on the fiene¢hat could be partly
explained by the plant phenotypic plasticity tha¢yt mediate, with especial
attention on the heritable plasticity.
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Last, inChapter 1V, the focus is on the effects of intraspecific phtgpic
variability, rather than on the causes. In thisptlg | assesed the role of genetic
diversity and environmentally induced heritable gepietic diversity on
generating phenotypic variability and on affectgductivity and resistance
against stress of plant populations.
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Figure5: Research framework followed in the thesis.
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Abstract

Experimental demethylation of plant DNA enablegitgsfor epigenetic effects
in a simple and straightforward way without the osexpensive and laborious
DNA sequencing. Plants are commonly demethylatethguheir germination
with the application of agents such as 5-azacwidirazaC). However, this
approach can cause unwanted effects such as umdkrped root systems and
high mortality of treated plants, hindering a fatbmparison with untreated
plants, and can be applied only on plant reprodubyn seeds. Here we test a
simple alternative method of plant demethylatiorsigieed to overcome the
shortcomings of the germinating method. We comparedbovel method of
demethylating plants, based on periodical spragin§-azaC aqueous solution
on established seedlings, with the previous methodvhich seeds were
germinated directly in 5-azaC solution. We quaetifthe amount of methylated
DNA and measured various aspects of plant perfoceakiso, we demonstrated
its applicability in ecological epigenetic experime by testing transgenerational
effects of plant-plant competition. We found thhe tspray application had
similar DNA-demethylating efficiency than the germaiion method, particularly
in the earlier phases of plant development, bubhaut unwanted effects. The
spray application method did not reduce plant ghcavid performance compared
to untreated plants, as opposed to the traditiorehod which showed reduced
growth. Also, the spray application method equalizbe epigenetically-
modified plant features of seedlings coming fromanpgé grown under
competition and plants growing without competitiodemonstrating its
application in ecological epigenetic experimentse \Bbnclude that regular
spraying of 5-azaC solution onto established segslli surpassed the
germination-in-solution method in terms of vigordafitness of treated plants.
This novel method could thus be better suited kpeemental studies seeking
valuable insights into ecological epigenetics. Remnore, the spray method can
be suitable for clonal species reproducing asexuatid, most importantly, it
opens the possibility of community-level experinamtemethylation of plants.
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| ntroduction

A growing body of evidence suggests that heritageenetic variation is of
crucial importance for the ecological and evoludion processes of plants
(Bossdorf et al. 2008). Epigenetic variation is caused by variouslAD
modifications, including DNA methylation, whichksiown to occur in response
to environmental factors (Gonzalezal. 2016; Herman & Sultan 2016). Direct
quantification of epigenetic variation often re@grusing highly sophisticated
and computationally demanding molecular methodduding real-time PCR
(Pecinka et al. 2009b), methylation-sensitive amplified fragmermndth
polymorphism (MS-AFLP; Herrera & Bazaga 2010; Patal. 2010; Preitest
al. 2015; Foustet al. 2016), whole-genome bisulphite sequencing (WGBS;
Becker et al. 2011; Colicchioet al. 2015; Kelleret al. 2016), or reduced
representation bisulphite sequencing (RRBS; Truetcdli 2016; van Gurpgt al.
2016). Except for RRBS, a full reference genomehef study plant is a pre-
requisite for analysing the obtained DNA methylatjorofiles. However, full
genome information is scarce for non-model plantenf natural ecosystems
(Ellegren 2014). Consequently, research on ecabgipigenetics remains
daunting to most plant ecologists, which hinders gnocess of unravelling
ecological and evolutionary consequences of eptgewariation in plants.

An alternative approach to test the ecological oblepigenetic variation
is to alter the epigenetic status of the study tslda.g. Johannes al. 2009;
Bossdorf et al. 2010). Altering their epigenetic status generalthyolves
changing the level of cytosine methylation of DNBytosine methylation can be
experimentally reduced via the application of déwleiting agents such as 5-
azacytidine (5-azaC) or zebularine (Bossa@bdl. 2010; Verhoeven & van Gurp
2012; Liuet al. 2015; Herman & Sultan 2016). Demethylating aganéssmall
biomolecules which interfere with gene expression ibhibiting DNA
methyltransferase — an enzyme responsible for jporating methyl groups into
DNA. The result is partial demethylation or hemivdgthylation of the genome.
Experimental demethylation represents a simplelggtant technique for testing
the ecological role of epigenetic variation, sintes designed to remove
epigenetic marks related to abiotic or biotic fastexperienced by the offspring
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or previous parental generations (Bossabidl. 2010; Verhoevert al. 2010;
Herman & Sultan 2016) Therefore, comparing treated untreated plants
enables testing of the importance of past envirariatenteractions, or the so-
called “epigenetic memory”, on plant performanceoiri@lezet al. 2016;
Herman & Sultan 2016) As a result, experimental el&wylation of DNA has
advanced our knowledge on the effect of epigemneati@tion in plant phenotypic
plasticity (Bossdorfet al. 2010), including flowering phenology (Fieldes &
Amyot 1999; Kondaet al. 2007), the importance of transgenerational adaptat
to stress (Boyket al. 2010; Herrerat al. 2012; Herman & Sultan 2016), and in
the control of plant inbreeding depression (Vergetat. 2012).

Despite the potential of experimental demethylatmneveal epigenetic
effects on plant development and adaptation, exgjsthethods have critical
limitations. Experimental demethylation of plantsstbeen achieved mostly by
the germination of seeds in water solution withawas concentrations of 5-azaC
(e.g. Ruiz-Garciaet al. 2005). Although this approach is very efficient in
inhibiting DNA methylation, it also has some fundamtal disadvantages, which
negatively affect its applicability and the ecolmi conclusions derived from
those experiments. The main limitation of the 5ezeeatment is its known
toxicity on germinating seeds, even at low con@rns (Akimotoet al. 2007,
Amoahet al. 2012). Plants grown from seeds germinated in &a&odution often
express various aberrations, such as dwarfism (8taet al. 2007; Kondaet al.
2007; Bossdorfet al. 2010), and reduced vigour and survival compared to
untreated individuals (Akimotet al. 2007; Amoahet al. 2012). The reduced
performance of plants germinated in 5-azaC soluteombe partly explained by
the limited development of their root system (Kaantdiketu & Hongtrakul 2015).
Due to the confounding effects of 5-azaC treatmestimating the net effect of
epigenetic change on plant performance is comglitabecause changes in
phenotypes might not be only due to demethylatisnalso to the side effect of
its application. Moreover, the method can only pplied to plants establishing
from seeds. Thus, already establishedlonalplants cannot be considered using
this approach. Hence, the application of 5-azaGtiswl to germinating seeds is
guestionable in terms of ecological relevance aadlsm.
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Recently, a study by Gonzalegt al. (2016) applied a different
demethylation method that consists in periodicaagmwf 5-azaC solution onto
plants leaves of clonal offspring @fifolium repens. This promising approach
could potentially solve problems with germinatiregeds on 5-azaC and it could
be applied also to already establislmechon-commonly reproducing by seeds
plants like clonal species, which was the primaotivation of Gonzalezt al.
(2016). Unfortunately, while these authors applieis method they do not
compare it to the traditional approach of germimaseeds on 5-azaC, nor they
test whether the approach has some side effegonhgrowth as the traditional
approach has. Although they demonstrate a 4.5%dserin global methylation,
the extent of demethylation was not compared todhe obtained with the
germinating approach, which is considered as argefe. This promising
approach therefore lacks a proper validation, $igadly testing if the foliar
application method has similar DNA-demethylatingfiogdncy than the
traditional method, and if the differences betwémated and untreated plants
are not result of the toxic and unwanted effectthef5-azaC.

Here, we test a demethylation-by-spraying methataims to overcome
the limits of the demethylation by germinating seed the solution, while
maintaining demethylation efficiency. In order twngpare the spraying method
to the previous method of germinating seeds diyentb-azaC solution on filter
paper, we quantified genome-wide DNA methylatiowadl as various aspects
of plant performance. Also, we demonstrated itsliegion for ecological
epigenetic experiments, by testing transgenerdti@fiiects of plant-plant
competition applying it to seedlings coming fromrgrgtal plants that either
experienced competition or not.

Material and methods
Sudy species and seed material

To test the method, we chose a clon&araxacum brevicorniculatum Korol. as
our model specieq.. brevicorniculatum s a triploid obligate apomictic species
(Kirschneret al. 2013). Genetically identical seeds (collected gadetically
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identified by Kirschnert al. 2013) were collected from a greenhouse-grown
population of plants experiencing equal conditidos five generations. This
strategy reduces the effect of genetic and epigevatiation in the experimental
samples.

Growth chamber experiment
The spray application was tested by means of type/xents.

Experiment 1. The aim of this experiment was to compare the deyfaion
efficiency and possible deleterious effects of speay application versus the
germination method. SeedsTofbrevicorniculatum were thoroughly mixed, and
300 seeds were randomly selected and divided imt@ettreatment groups:
germination, spraying and control treatments. Omedhed seeds received the
germinating treatment (G treatment), where seeds germinated on filter paper
with 5-azaC solution in Petri dishes of 8 cm diaanéBossdorét al. 2010; Yang
et al. 2010; Vergeeet al. 2012). The filter paper was saturated daily witb0a
uM aqueous solution of 5-azaC (Sigma-Aldrich, Pragieech Republic) for 10
days. Thirty-three successfully germinated seedee vpicked randomly and
subsequently grown in individual pots (square-stgpats of 7 x 7 cm and 18
cm depth) without further 5-azaC addition. For thgraying approach (S
treatment), 100 seeds were first germinated oerfigaper in Petri dishes
saturated with water for 10 days. Thirty-three lbége seedlings were then
transferred into individual pots, where they reedithe demethylation treatment
in which 5-azaC solution was sprayed onto the leaSpecifically, each seedling
in the S treatment was sprayed with auB0 aqueous solution of 5-azaC on a
daily basis until the end of the experiment. Fa ¢lontrol group (C treatment)
100 seeds were germinated in water for 10 daydgssribed for the S treatment)
and then 33 seedlings were transplanted into iddalipots and grown without
any application of the demethylation solution. &@zaddition.

It should be noted that a drop of surfactant (i fibrm of liquid soap)
was added to the 5-azaC solution in the sprayinthodefor lowering surface
tension, ensuring an even layer of the demethylaigent on the leaf surface.
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The same amount of surfactant and water solutiom also sprayed daily onto
the plants of the other two treatments (G and @xtdude possible confounding
effects of the surfactant. The daily addition cdiZaC is required due to the fast
degradation of the 5-azaC at room temperature (¥vatkal. 2012). Sand was
used as the potting substrate in all cases toittdeilroot removal during the
harvest. Plants were grown in a growth chambethi@e weeks with a 12 h (20
°C) /12 h (10 °C) light/darkness and temperataggme, and watered regularly
to keep the substrate moist. The position of allp@® in the chamber was
randomized to ensure uniform growing conditions.

Experiment 2. The aim of this experiment was to test if sprayifcp-
azaC affected plant morphology and methylationomgér-term basis, as well as
to demonstrate its applicability in ecological egngtic research. For this
experiment seeds @f brevicorniculatum of two different originsvere used. The
origin of the first set of seeds was the same akarprevious experiment, i.e.
seeds coming from plants experiencing no competitduring previous
generations. The second set of seeds came frorts gjeown under competition
with Plantago media L. for one generation. Seeds coming from plarasvgrwith
competition could develop different phenotypes &ravironmentally-induced
transgenerational changes.

Twenty plants of each origin were grown under samdonditions as in
Experiment 1 but for six weeks. Half of these pdanetceived the spraying method
(i.e. 5-azaC solution daily sprayed onto the legwekile the other half received
the control treatment as explained above. The egpdn of the demethylation
agent should remove potential transgenerationadcedf derived from the
competition experienced by the parental plantss Tvay, demethylated plants
should be similar in their traits, regardless @tlorigin.

Plant mor phological measurements

In Experiment 1, the effect of the G treatment ifgeation on filter paper
saturated with 5-azaC solution) on seedling momulin early stages of
development was assessed by measuring total negthleand leaf area of 25
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randomly selected 10-day-old seedlings (out oBthaot used for transplanting,
see above). These seedlings were compared to Bsé¢ germinated in pure
water (25 from the S and 25 from the C treatmertticlv were virtually
equivalent up to that point because they had nenh lsprayed yet). Total root
length (cm) and leaf area (Mwere estimated based on scanned images of the
seedlings. The seedlings used for these measuremwent not transplanted to
pots afterwards. The seedlings transplanted inte (88 per treatments) were
harvested after three weeks. The plant materialdsiasl at 60 °C and the total
biomass weighted.

In Experiment 2 the 40 plants were grown for sieleein pots. During
that time, we measured the diameter of the rosgttey two days and used these
measurements to estimate growth rate (change nmatiéa of the rosette between
the transplantation and harvest; mm x-§ayfter six weeks, two leaves from
each plant were collected, and their area, watera@d fresh mass and dry mass
estimated. We used these measurements to estiggft@lly matter content
(LDMC; the ratio of leaf dry mass to leaf fresh mamg x ¢), and specific leaf
area (SLA, the ratio of leaf area to leaf dry mamsy x mg?). Further, we
separated the aerial and root systems and meat@iethiomass after drying at
60 °C. The specific root length (SRL; the ratiototial root length to root dry
mass; m x g) was estimated based on the scanned images hy thsirimage
analysis software WinRHIZO Pro, 2008 (Regent Imstnts Inc., Quebec,
Canada).

DNA extraction and genome-wide DNA methylation

We assessed differences in genome-wide DNA methgldéetween treatments
in Experiment 1 by extracting DNA from the plantst were transplanted and
grown for three weeks. We combined both shoots mads for the DNA
extraction, as plants were still small at the towhbharvest (but we tested the effect
of this combination in Experiment 2, see belowarRimaterial was pulverized
with 2-mm stainless steel beads in a Mixer Mill MBW4(Retch GmbH, Haan,
Germany) and the DNA was extracted using the N@&pao Plant 1l Kit
(Macherey-Nagel, Diren, Germany) according to tlaaufacturer's protocol.
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The amount of DNA was evaluated using Qubit Flueten and Qubit dsDNA
BR Assay Kit (Thermo Fisher Scientific, Waltham, MASA). Finally, genome-
wide DNA methylation was quantified by measuringe tamount of 5-
methylcytosine (5-mC) from the DNA extracts usinge t Colorimetric
MethylFlash Methylated DNA Quantification Kit (Epgtek Group Inc.,
Farmingdale, NY, USA); measured on the Infinite®0B2microplate reader
(Tecan Trading AG, Mannedorf, Switzerland). We difead the absolute
amount of genome-wide methylated DNA by first gatieg a standard curve,
following the manufacturer’'s instructions (i.e. $xmC concentration points
including a zero point); the slope of that curvesvilaen used to estimate the
percentage of methylated DNA. This percentage wsismated in two
independent replicates of each sample.

In Experiment 2, we first assessed the efficienéythe spraying
application of aza-5C in older plants, as well #eknces in demethylation
efficiency between different parts of the plant.r Bbis, we only assessed
differences in genome-wide DNA methylation in thans with the same origin
as in Experiment 1, i.e. seeds coming from plarpeeencing no competition
during previous generations, and using the sameedwe as before. The
essential difference between experiments is tleagtlantification was done on
older plants and, independently, in roots and hpa#s of each plant. This last
distinction was possible in this case becauseabifiger size of the 6-week-olds
plants. For both experiments we estimated an ‘eat®’ of the quantification
technique as the difference in percentage of mathgl DNA between the two
replicates per sample divided by total number ofigarisons. This error rate was
0.13% in the first experiment and 0.03% in the selaone.

Satistical analyses

In Experiment 1, the effect of the treatments om plercentage of methylated
DNA was analysed taking into consideration the tveplicates of each
individual, by means of a generalized mixed effeatalel with binomial errors.
The identity of the individual was used as a randawctor. In addition, we
performed an ANOVA to analyse the effects of theatments on the total
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biomass of the seedlings. In both cases, we peeranpost hoc Tukey test to
see whether pairs of treatments differed signitiya(P < 0.05). Finally, the
differences between 10-day-old seedlings traidifierent treatments (G vs. C
treatments; seedling root length and leaf areag wealuated by means of t-tests
(root length was log-transformed to achieve noriyallt should be noticed that
with the G treatment a limited number of individaptovided enough amount of
DNA to meet the requirement of the Methylated DNAia@tification Kit
(Epigentek Group Inc., Farmingdale, NY, USA), threducing the number of
observation for this treatment (see Fig. 1).

For Experiment 2, the effect of the treatment dredart of the plant on
the percentage of methylated DNA were analysed escribed above for
Experiment 1, using generalized mixed effects maod#t the identity of the
individual as random factor. The difference in ttése was that we included in
the model the interaction between the demethylatieatment (Control vs. S
treatment) and plant part (aerial vs. root systawg. performed ANOVAs to
analyse the effects of the treatment and the odgithe plant traits (growth rate,
root and aerial biomass, LDMC, SLA, and SRL). Agaumenever we found a
significant result in the model we performed a gust Tukey test to see which
combinations differed significantly (P < 0.05). Alhalyses were conducted using
R v3.2.3 (R Core team 2016).

Results

Experiment 1. The treatments affected the percentage of mettuyRMA (Chi-
square =10.99, df = 2, P = 0.004). Compared tadnérol treatment (4.7 £1.9%
methylated DNA, n=61), we found significantly reédcDNA methylation in
both treatments using the 5-azaC demethylationtabeth for the germination
treatment (1.6% decrease in methylated DNA to 3 4% methylated DNA,
n=16, i.e. 34% relative reduction; Tukey post hest germinating treatment vs
control, G vs C, P = 0.005), and in the sprayireatiment (1% decrease in
methylated DNA to 3.7 £1.5% methylated DNA, n=61¢.i21% relative
reduction; spraying vs control, S vs C, P = 0.0819st importantly, we found
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no differences in the levels of DNA methylationweén the germinating and the
spraying demethylation approaches (S vs G, P =/Q0R2§. 1a).

We found no significant differences in the totahrml biomass between
the spraying treatment and the control (S vs C; HEig). The germinating
treatment (G), on the contrary, substantially desee plant performance in
terms of total biomass (P < 0.001; Fig. 1b), bathelation to the control and to
the spraying treatment. Seedlings whose seeds mg&iedi in 5-azaC solution
developed roots remarkably smaller than seedlingsdgerminated in water (C
vs. G t-test: t = 43.967, df = 65.63, P < 0.001.Ra and Fig. 3), as well as
smaller leaves (t = 2.228, df = 44.86, P = 0.034; Eb and Fig. 3).

Methylatec

S
|
|
Total biomr

0~ n=63 n=16 n=61 0~ n=33 n=30 n=33
¢ G S ¢ G S

Figure 1: Differences between experimental treatmentsarthinee-week-old seedlings.
(a) effects of the treatments (C - control, G ngjeating method, S - spraying method)
on the level of genome-wide DNA methylation andgh)the dry weight total biomass
of the plants at the end of the three-week experimihe bottom and top of the boxes
are the 28 and 7% percentiles respectively, the centred band isntedian and the
whiskers represent the maximum or minimum obseswaifferent letters within each
panel indicate significant differences betweentineats (post hoc Tukey test, P =0.05).
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Figure 2: Differences between 10-day-old seedliggigninated either in water (C/S,
which were virtually equivalent up to that pointhese they had not been sprayed yet)
or a 50uM water solution of 5-azaC (G) in (c) root lengtidgd) leaf area. The bottom
and top of the boxes are the 25th and 75th peftesntispectively, the centred band is
the median and the whiskers represent the maximumiramum observation. Different
letters within each panel indicate significant elifnces between treatments (T-test, P =
0.05).

Experiment 2. Genome-wide DNA methylation in control plants was
higher in roots than in aerial parts (roots= 5.3a#hethylated DNA, n=17; aerial
part = 3.8 £1.4% methylated DNA, n=20), althougltisdlifference was not
found to be significant. Neither were any signifitadifferences in the
demethylation effect of the spraying treatment leetw roots and aerial part
(0.9% decrease to 4.3 +1.5% methylated DNA in raotd 7, and 0.5% decrease
to 3.2 £1.3% methylated DNA in leaves, n=20; i.2ahd14% relative reduction
respectively), being in average a 0.7% methylat®bADeduction comparing
sprayed treatment and control (S treatment = 35P4Imethylated DNA, n=37;
C treatment = 4.4+2.9% methylated DNA, n=37, i.@%lrelative reduction ).
Thus, we did not detect a significant effect of afiyhe predictors in the model
(treatment, P = 0.92; plant part, P = 0.86; andt flhésraction P = 0.98) in the
percentage of methylated DNA (Fig. S1).
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lcm lcm lcm

Figure 3: Details of the differences in early developmehplants between the three

treatments (C - control, G - germinating methodsfraying method). Upper row shows
seedlings in the pots two weeks after transplantimgreas the lower row displays some
of the images of 10-day-old seedlings that weral seestimate root length and leaf
area.

Differences in competition in the parental generatiresulted in
morphological differences between seedlings. Tylest hoc tests revealed that
untreated offspring of parents from competition dibons (Competition-C
treatment) were significantly smaller than offsgriof parents from non-
competition conditions, both considering shootg(Ba; P = 0.02 for comparison
with No competition-C treatment, and P=0.03 with ddonpetition-S treatment)
and roots (Fig. 4b; P = 0.03 with No competitioir€atment, and P<0.01 with
No competition-S treatment), and had higher SLA)(Hie; P = 0.03 with No
competition-C treatment, and P<0.01 with No conijgetiS treatment).
However, these differences in offspring morphologgsed to be significant after
the application of the spraying treatment (Tukegtgmc test for Competition S
treatment vs No competition treatments in shootg, #: P = 0.08 with C
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treatment and P = 0.09 with S treatment; in robtg, 4b: P = 0.27 with C
treatment and P = 0.03 with S treatment; and in JE§. 4e: P = 1 with C
treatment and P = 0.63 with S treatment). Moreaver treatment did not have
any effect on the traits of the seedlings comiongifplants that did not experience
competition in the previous generations (Tukey posttest for No Competition
Control treatment vs No Competition Sprayed treatmB > 0.05). In other
words, the application of 5-azaC did not alter titaits in the non-competition
origin, therefore not inducing unwanted phenoty@adation in plants (Fig. 4).
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Figure 4. Effect of the demethylation treatment (C — cohtrowhite, S - spraying
method in grey) on morphological and performanceasuements of plants grown
under competition during last generation (left)d am plants with no competition in
previous generations(right). Differences (a) on #w®rial biomass, (b) on the root
biomass, (c) on the growth rate, and (c) on thEdeamatter content, (d) specific leaf
area, and (e) specific root length. The bottom tapdof the boxes are the2and 7%’
percentiles respectively, the centred band is tediam and the whiskers represent 1.5
times the length of the box further from the barits or the maximum or minimum
observation in absence of outliers. Different kstigithin each panel indicate significant
differences between treatments (post hoc TukeyRest0.05).
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Discussion

Experimental demethylation via demethylation aggglication is a simple and
affordable, yet powerful technique for gaining edsg mechanistic insights into
the relatively new field of ecological epigenetitsvivo treatment with 5-azaC
is expected to remove methylation marks of plamsluding those inherited
from previous generations, making it an ideal fooktudying various ecological
and evolutionary questions (Bossdetrel. 2010; Verhoeven & van Gurp 2012;
Herman & Sultan 2016). Nevertheless, previous appres include serious
development- and survival-related problems conmlewith the application of 5-
azaC, particularly during the germination of se@elg. Finnegaret al. 1996;
Akimoto et al. 2007; Bossdorét al. 2010). The deleterious effects of the most
common demethylation method (germination-in-sohitioon the early
development of seedlings impede a proper evaluafitire net role of epigenetic
change in the performance of demethylated plantganed to control ones. We
demonstrated these deleterious effects in our @rpaet, i.e. in terms of reduced
biomass, root length and leaf area, where the gation of seeds in 5-azaC
created unwanted phenotypic variation and generalcreased plant
performance (Fig. 1 and 2). We show that the adtera method (foliar
application of the common demethylation agent Szaaa already germinated
seedlings) does not affect plant performance, grosiding ecological insight
on transgenerational effects, and generally pragiddNA demethylation levels
comparable to those achieved by the traditionahgeation of seeds in 5-azaC
solution (21 and 16% relative reduction in methglatn our case).

Germinating seeds directly in 5-azaC solution affldche development
of the seedlings and hindered the formation of actional root system,
ultimately affecting the growth of the whole plaiiig. 2). These undesired
effects of 5-azaC have previously been reporteotbgr studies (Finnegamal.
1996; Akimotoet al. 2007; Bossdorét al. 2010; Kanchanaketu & Hongtrakul
2015). We point out that we only measured the teogith of the 10-day-old
seedlings for the germinating technique (i.e. atghint in time when the S and
C treatments were virtually identical), since diffleces were already
considerable at that stage. Our results clearlystat the G treatment was
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extremely harmful for root development, to the ektibat the roots were barely
present at the point of transplanting seedlings patts (Fig, 2). Not surprisingly,
these plants achieved a much smaller size in siégyes, as shown by the great
differences in total biomass of G vs. S and C meatts (Fig. 1). Remarkably,
this was not the case in plants sprayed by 5-apa€ian (S treatment), which
reached a final size similar to the control pladisspite the relatively intense
level of demethylation. Moreover, the lack of marfayical differences in the
non-competition origin between the sprayed plantsthe control ones after six
weeks of growing in pots (Experiment 2; Fig. 4)tlr confirms the lack of
undesirable secondary effects related to the spyayeatment on plants in the
longer term.

Differences in plant growth between the 5-azaC iappbn by
germination-in-solution and by spraying (Fig. 1anhave several explanations.
Application of a demethylation agent alters genpression, and this effect is
probably much more crucial during the initial stagd seedling development,
l.e. germination, compared to already establisheedlngs (Akimotoet al.
2007). Furthermore, morphological changes in plgatsinated in 5-azaC could
be ascribed to indirect effects of 5-azaC on othetors such as transposable
elements, which are known to alter gene expressmmhthus cause abnormal
seedling development (Kanchanaketu & Hongtrakul520Einally, we cannot
rule out the possibility that the observed morppadal changes in the G
treatment, as opposed to S treatment, were thé odsmutations caused by 5-
azaC in the primary sequence of DNA (Fieldes & Aim3@00). However, this
is highly unlikely since an absorbance-based ELIRA-assay showed notable
and comparable hypomethylation levels in both efdamethylation treatments,
not only in the G treatment where the growth altienna occurred. More in-depth
molecular methods such as AFLP and MS-AFLP could ebgloyed to
disentangle the effects of 5-azaC, both on the nlyidg DNA sequence and its
methylation patterns.

The notion that the demethylation agent altershgiation stronger
during the early stages of seedling developmentalsspartially confirmed by
the second experiment. In our second experimergyavthe duration of the 5-
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azaC spray application was applied for 6 weeksphserved an almost similar
reduction in genome-wide methylated DNA comparedht first experiment
(21% average relative reduction of 5-mC in rootsl amoots in the first
experiment and 16% in the second) but the reduetiEs not found statistically
significant. While the lack of a significant effewtight also partially be due to
the smaller number of replicates in Experimenh2, percentage reduction was
also slightly lower. This reinforces the idea thla¢ demethylation is more
effective during first stages of the plant develepin Further research is needed
to understand how methylation patterns vary dependn the plant life stage.

Despite the non-significant effect of the demethgla in the second
experiment, we demonstrate the applicability of 3k@zaC spray approach for
ecological epigenetic experiments. We showed thet #pplication of
demethylation agent generally ‘equalised’ the plgme of plants with different
parental origin. In other words, competition in fherental generation triggered
offspring with different phenotypes, and sprayinghwb-azaC deleted this
transgenerational effect, by making the sprayedpoiig whose mothers
experienced competition more similar to those thdtnot experience it. Most
importantly, this was achieved without causing ahgnge or deleterious effect
for the control plants (i.e. from no competitionigam). It is important also to
notice that, in the second experiment, the effeétazaC spraying in equalizing
phenotypic differences was effective even thougldidanot observe statistically
significant reduction of methylation with the spiray approach. The degree of
demethylation can be less marked than its actudbegical effect. This, further
reinforces the idea that even though the absoluteber of demethylation
efficacy seems to be low, it is enough to promatdolgical variations, in a
magnitude possible to discern and observe ecologievant changes. In a study
by Gonzalez et al. (2016) even 4.5% relative radoctin global DNA
methylation was enough to reset some transgeneghtivemories. As such the
spraying approach offers a feasible way to direntgnipulate the epigenetic
status of plants and is therefore useful in expenits investigating the ecological
and evolutionary potential of epigenetic variation.
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In addition, the bigger size of the plants in Expent 2 allowed us to
examine differences in methylation between aendlraot systems. Even though
the difference was not statistically significante Wound that root tissues had
more methylated DNA that aerial tissues. This défeecould account for the
slightly higher (but not statistically significantemethylation efficiency of the
G treatment observed in Experiment 1. Whereas théenmal used for the
guantification of DNA methylation in Experiment ficiuded both roots and
aerial parts in the S treatment, it did not incladeonsiderable amount of roots
in the G treatment (because roots did not deveklp f##ig. 1). Thissuggests that
the S treatment could have a higher demethylatmmep than it seems from
Experiment 1, and that the reduction reported ieegeconservative estimation.
As such the lack of significant difference in dehydition between spraying and
germination treatment provides an even strongdr deshe viability of the
spraying approach compared to the germination @gproFinally, the lack of
interaction between the part of the plant andrisa&tment shows that the spraying
treatment systematically demethylates the wholatplBoth roots and shoots
were demethylated equally (17% and 14% reductiorDMA methylation,
respectively), even thoughe spraying of 5-azaC was only appl@do the leaf
surface

To the best of our knowledge this is the first destmtion of the
ecological applicability of 5-azaC spraying usirdgrits coming from seeds and
when assessing transgenerational effestsu stricto. Also, it is a clear
demonstration that competition can cause transggaeal effects on offspring
phenotypes. In Gonzalet al. 2016, the clonal offspring ofrifolium repens
‘remembered’ drought events experienced by pargaaits, and this memory
was erased by spraying parental plants with 5-akEm@ever, such experiment
was done on a ramet of the same planfl.ofepens not undergoing sexual
reproduction and causing artificial clonal spligtirOtherwise, it is important to
stress that both these studies were conductedaadfbeaved herb species. (
brevicorniculatum and T. repens) which may absorb 5-azaC solution through
leaves more easily than species with needle-likeds and/or leaves with thick
cuticles, which may prevent absorbance of the ®wlutWe therefore
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recommend, in the case of using some potentiatplpmatic species, to verify
the most adequate demethylation technique wittoda gtudy.

Finally, a few studies indicate that the effectd@fethylation agents can
be transient since DNA methylation marks could éstared in somatic tissues
formed after cessation of the treatment (Kumpatlal&@l 1998; Baubeet al.
2009). In this case, applying 5-azaC solution aliging the germination of seeds
might not be enough to ensure the stable statidN#f demethylation in long-
lasting experiments. Even in our case the effigiasfche demethylation seems
to decrease, the method of spraying 5-azaC solotibn the plants throughout
the whole duration of the experiment will likely ayantee more stable and
potentially inheritable demethylation effects.

In conclusion, the findings of this study are esg@crelevant as this is
the first formal comparison of the foliar demethida application method
against the commonly-used germination one. The tiefation method based
on daily spraying of 5-azaC solution onto the Raface of established seedlings
reduced methylation comparably to the treatmegeominating seeds in 5-azaC
solution, but surpassed it in terms of viabilityddrealthy early development of
treated plants. Also, we demonstrated its applitgbn ecological epigenetic
experiments to remove transgenerational effectfhigicase, caused by plant-
plant competition. In cases where the use of eband frequently expensive
molecular techniques are not feasible, suchnavivo demethylation agent is
currently the only tool readily available for exjpeental manipulation of non-
model species (Verhoevehal. 2016). Its application is easy and fast; however,
as in the case of the germinating method, handiiagaC following adequate
safety procedures is recommended due to its patemgks to human health
(Doerksen & Trasler 1996; Doerksenal. 2000; Gaudeét al. 2003; Tunc &
Tremellen 2009). Although the novel spraying metpossented here should be
tested on more plant species and on differenttdges, it allows more credible
ecological epigenetic studies to be conducted wigitoper control. Up to now,
demethylation approaches has been applied withdear cstandardized
approaches, causing heterogeneity even in thecapipl of the ‘traditional’
approach of germinating seeds in 5-azaC solutiod possibly adding
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uncertainly in the results. It is thus premature pgovide a universal
methodological framework without further large-scalalidation. Our study
shows, however, that the alternative approach, dgular spraying 5-azaC
solution, can provide a feasible approach whichosaapplied, and further tested,
on a broad-scale. Experiments using this metholdpetentially create a better
and ecologically more robust link between epigeneériation and changes in
plant phenotype, behaviour, or response to enviesnah stress. Furthermore,
the sprayed method can be applied directly to segglor established plants,
making it suitable for clonal species reproducingexaially. And, most
importantly, it opens the possibility of communigrel experimental
demethylation of plants.
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Figure S1: Differences between experimental treatments & dix-week-old
seedlings (C — control in white, S - spraying mdtim grey) on the level of
genome-wide DNA methylation in aerial part (leétihd roots (right) of the plant.
The bottom and top of the boxes are th€ &8d 7%' percentiles respectively, the
centred band is the median and the whiskers raprésetimes the length of the
box further from the box limits or the maximum ommum observation in

absence of outliers.
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Abstract

Phenotypic adjustments resulting from epigenetiasiptity can drive the
adaptive responses of organisms to the environmgéhbut modifying the
underlying DNA. These adjustments can be heritalie transgenerational
effects, thus promoting fast adaptation of popafeti Empirical studies have, so
far, mainly focused on transgenerational effectegponse to abiotic factors, but
the response to species competition is still unkmowe tested for within- and
across-generational plant plasticity triggered iffgcent plant—plant competition
intensities, using the perennial apomictic h&baxacum brevicorniculatum in
four coordinated experiments. Also, we tested tile of phenotypic plasticity
on promoting rapid adaptation and feedbacks ondhepetitive interactions, and
on affecting ecosystem processes such decomposkan found that, by
promoting differences in DNA methylation, offsprifrgm plants under stronger
competition developed faster and presented moreures-conservative
phenotypes. Further, these adjustments associatdd avless degradable
phenotypes that, in turn, might favour plants witfore conservative traits
creating a positive plant—soil feedback. Competitio the parental generation
can thus reduce the intensity of competition andluce changes in
decomposition, subsequently affecting competitiméeriactions. Our results
demonstrate that competition-induced transgenerd@tieffects can promote
rapid adaptations and species coexistence, anddekdn biodiversity assembly
and nutrient cycling.
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| ntroduction

Phenotypic adjustments resulting from epigenetiasiptity can drive the
adaptive responses of organisms to the environméhbut modifying the
underlying DNA. These adjustments can be heritalide transgenerational
effects, thus promoting fast adaptation of popatati facing environmental
change. Empirical studies have, so far, mainly $eduon transgenerational
effects in response to abiotic factors, but th@ease to species competition is
still unknown. Here we show, for the first timearisgenerational effects
triggered by plant—plant competition with feedbackcompetitive interactions
and ecosystem processes such decomposition. Wel finat, by promoting
differences in DNA methylation, stronger parentampetition induced more
competitive, resource-conservative, and less datptadoffspring phenotypes.
Competition in the parental generation can thusucedthe intensity of
competition and induce changes in decompositiomseguently affecting
competitive interactions. Our results demonstrdtat tcompetition-induced
transgenerational effects can promote rapid adaptatand feedback on
biodiversity assembly and nutrient cycling.

Functional traits determine organisms’ abilitiesive in given ecological
conditions and coexist with other species (Gotzegdret al. 2012; Kraftet al.
2015). Further, traits also shape the environmegdrosms live in by affecting
ecosystem processes, such as nutrient cycling é€issen & Thompson 1997;
de Belloet al. 2010). These ideas have been formalized withinfigdd of
functional ecology by the “response—effect” framekv@Lavorel & Garnier
2002). Recent studies show that adaptive respongesrganisms to the
environment do not only operate via selection effitiest genotypes (Barrett &
Schluter 2008), but also by phenotypic adjustmerdsplasticity (Priceet al.
2003; Des Rocheat al. 2018). Plasticity drives responses in traits lthke an
organism’s performance within its life cycle withaany modifications to the
underlying DNA sequence, i.e. via epigenetic meidms like DNA methylation
(Bossdorfet al. 2008; Verhoevert al. 2016; Richardst al. 2017). Furthermore,
plasticity can be transmitted to the following gexi®ns (i.e. transgenerational
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plasticity) (Bossdortt al. 2008; Jablonka & Raz 2009; Herman & Sultan 2011,
Verhoeveret al. 2016).

Transgenerational plasticity should promote fastctional adaptations
of populations towards environmental change and,dbyng this, it can
theoretically feed back to the functioning of tleegystem (Bossdod al. 2008;
Jablonka & Raz 2009; Herman & Sultan 2011; Richatds. 2017). Thus, the
response—effect framework could be theoreticallgliad also in the case of
transgenerational plasticity. However, it remaimglear if transgenerational
plasticity can feed back to key ecosystem functihadzelet al. 2013; Metzet
al. 2015b; Richardst al. 2017). Furthermore, the great majority of existing
studies focus on transgenerational responses tmi@bactors (Galloway &
Etterson 2007; Latzedt al. 2014; Augeet al. 2017; Bej & Basak 2017), have
overlooked the role of biotic interactions (Alonsb al. 2019a), such as
competition between organisms, despite being Igaéctors for controlling
species coexistence, biodiversity maintenance apndystem functioning (van
der Putteret al. 2013; Kraftet al. 2015; Valladarest al. 2015).

Phenotypic changes towards more conservative pyyee®t are
frequently found in response to plant—plant contpetinteractions (Gross al.
2009; Kraftet al. 2015; Carmonat al. 2019). In the plant economics spectrum,
a conservative phenotype is characterized by lovA,Shigh LDMC, high
allocation to the roots and low SRL; and is asgediavith longer lifespan and
better nutrient-use conservation (D&ial. 2016).

We thus hypothesize that coexistence-driven pldattpnteractions can
(1) cause phenotypic plasticity toward more coretre strategies, which can
also (2) be transmitted to the following generaidine. transgenerational
plasticity), and both plasticity, in turn, can €ject the competitive interactions
and decomposition processes, therefore creatingeatal feedback-loop on the
communities. Here, we summarize the results of tmardinated experiments
(for one parental generation, two offspring generet, and one decomposition
experiment; Fig. 1) using genetically identical iinduals of Taraxacum
brevicorniculatum Korol. to fully test the existence of transgenieradl effects

52



Competition induced transgenerational plasticity

triggered by plant—plant competition and their fe@mtk on ecosystem
functioning.

Material and methods

Sudy material

Taraxacum brevicorniculatum Korol. is an obligate apomictic polycarpic
perennial species (Kirschnet al. 2013), ecologically similar to any other
Taraxacum sect. Ruderalia. The genetically identical seeds used in thisystud
were collected from a greenhouse-grown populatigriamts experiencing equal
conditions for several generations (collected amshegjcally identified by
Kirschner et al. (2013). This strategy ensured homogeneous geretit
epigenetic variation in the plant material. We faor experiments using.
brevicorniculatum: a parental generation, two offspring generaticersgd a
decomposition experiment (Fig. 1). Sin€ebrevicorniculatum is an obligate
apomictic species, all plants in all experimentsemgenetically identical, and
after experiencing different competition levelsidgrthe parental generations,
the offspring only differed in non-genetic infornwat they inherited. Thus, any
differences in the offspring generation must be doaecompetition-related
transgenerational effects.

Experimental setup

Parental generation. To induce competition-related transgenerationada$f,
we conducted a two-month greenhouse-pot experighéay—July 2015) where
genetically identical individuals of. brevicorniculatum were grown with or
without competition until flowering. For pots wittompetition we planted one
individual of the focal species surrounded by sikeo individuals. The six
surrounding individuals could be either monospecite. only one species from
eitherT. brevicorniculatum itself or other ten different species, replicatéght
times per combination; see Table S1) or a mixtéishodifferent species (eight
different combinations, replicated five times, Jable S1). This resulted in 19
competition levels. Further, a no competition tneent (replicated eight times)
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Figure 1. Schematic representation of the experiments densil.

was performed, where only the fodabrevicorniculatumwas planted in the pot;

this gave a total of 20 different competition lesvédll combinations were planted

after germinating the seeds separately in Petniedi@nd then transplanting the
seedlings into round pots with a volume of 2 Efillwith a 1:1 mixture of sand

and commercial soil. Throughout the entire expenimelants were watered

regularly from the bottom ensuring the pot surfaes wet.
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We estimated the intensity of the competition eigrered by the focal.
brevicorniculatum with the relative interaction intensityRII) index, which
reflects the effect of competition by comparing takoveground biomass
observed when growing with competitors with thenéss achieved growing in
absence of interaction, following the formula augkl in Armast al. (2004). The
more negative the RIl value is, the stronger is thduction in biomass
experienced by the focal plant relative to the kaem without competition.
Consequently, in subsequent experiments, we useal/irage Rl across all pots
from each of the 20 competition treatments of theptal experiment to express
the competition intensities experienced by the maigeneration as a continuous
variable (see Table S1).

At the end of the parental generation experimeggs of each focal plant
were collected. After measuring the average seeskrpar competition level,
seeds were stored in the cold (2—4 °C).

Offspring experiment 1. The aims of this experiment were to test for
transgenerational effects on the performance ofnie offspring, and to test
whether these effects were transmitted via DNA wlation. For this purpose,
we used seeds coming from individuals that expeednmonospecific
competition during the previous competition expenmn Seedlings from these
seeds were grown individually, and without compatit in a growth chamber
until they reached the juvenile stage. Plants wyeogvn with a 12 h (20°C) / 12
h (10°C) light/darkness and temperature regime \wsatkred regularly. From
each monospecific parental competition level, waldshed 20 pots (7 X 7 cm
square-shaped and 18 cm depth), and for half of tive altered the epigenetic
status by DNA-demethylation with 5-azacytidine ¢&@&). Experimental
demethylation is a well-established method thatésyoving, heritable or not,
epigenetic marks; allows to test whether the viamain plant phenotypic traits
was mediated by epigenetic mechanisms (Richetrdls 2017; Puyet al. 2018;
Alonsoet al. 2019a).

To measure germination, six seeds were placeddn pat and after 11
days, when all the pots contained at least oneviohail with a true leaf (i.e.
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excluding cotyledons), the emerged seedlings wanaéd until only the biggest
one remained in each pot. At the same time (afteddlys), we started to apply
the demethylation treatment, which involved sprgyarbOuM aqueous solution
of 5-azaC onto the leaves daily for six weeks ¢foihg Puyet al. 2018). To
remove any potential effect of non-uniform growcanditions from our design,
we distributed the replicates in 10 blocks, eacthem including two replicates
of each of the 11 monospecific competition levels® with and one without the
demethylation treatment. Thus, the final design wased 10 blocks x 11
competition levels x 2 demethylation treatments 20 Dlants in total. The
position of the replicates for each competitiorelavas randomized between the
blocks but maintained between demethylation treatsnavithin blocks. Sand
was used as the potting substrate in all caseactlitdite root extraction during
the harvest.

Offspring experiment 2. The aims of this experiment were to test for
transgenerational effects on the offspring duringirt adult stage, meanwhile
they undergo similar or distinct competition intéyghan their parents. We
consider transgenerational effects to be adapthewhe offspring living under
the same conditions as their parents perform beitéhose conditions (e.qg.
higher biomass) than plants with a different origimthis experiment, seeds from
six of the 20 parental competition levels were cel@ to attain a manageable
experimental size — see below. The six levels ohdll two intense competition
levels (one from the monospecific and another ftbenmixture combination),
two weak competition levels (one from the monosjieand another from the
mixture combination), intraspecific competition,damo competition (see Table
S1). For this, after germinating the seeds in Restes, we transplanted and
grew the offspring under the six competition leveperienced by the parental
generation using a full factorial design. This dasiconsidered all six
competition levels (6 parental competition leve&offspring competition levels
= 36 combinations). Following the same experimes¢diup as in the parental
generation, we conducted a two-month greenhousexqmriment (May—July
2016) where 12 replicates per parental and offggrondition combination were
randomly placed in the greenhouse, for a total3# gots. The pots, substrate
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and watering regime were the same as in the parexpariment to ensure the
most similar conditions.

Decomposition experiment. We aimed to test whether transgenerational
plasticity may not only affect the life of offspgnindividuals, but also their
“afterlives”, by analysing the decomposability @&ales and litter-senescent
material. For this purpose, we incubated five czi#s per treatment of fresh
leaves from offspring experiment 2 and, as a refa¥gone replicate of senescent
material. The plant material was collected durihg tharvest of offspring
experiment 2 and oven-dried at 60°C. The samples iweubated in 18 x 18 cm
nylon bags with a 1 mm mesh on the bottom and amesh on the top to avoid
loss of litter material and, at the same time valloacrofauna access to the litter.
Each litterbag contained 0.36 g of biomass. Therbags were placed in a
purpose-built outdoor incubation bed, located inopen area of the botanical
garden of the Institute of Botany irfébai, Czech Republic (N 49°0@0", E
14°4625"). To maintain homogeneous microenvironmental doms, the
incubation bed was cleaned from vegetation andreomeith sand. For the same
reason, the litterbags were covered with 1 cm ofis&xtra samples of all the
treatments were incubated and checked every twissmeemonitor the speed of
the decomposition and terminate the experiment whersamples reached on
average 50% biomass loss (Pérez-Harguindegaly 2013). Incubation started
on 19" September and was terminated oft @ttober when the samples had lost
ca. 65% of biomass.

Measured variables

Parental generation. At the time of harvest, we measured seed outpet (.
number of seeds), total dry biomass (radicular aedal) per plant, and
aboveground vegetative traits. For each focal plava leaves were collected,
the leaf area scanned, and then they were weighdéed$h mass and dry mass
after drying at 60°C (48 h). We used these measmtnto estimate specific leaf
area (SLA; leaf area per unit dry mass, #mg) and leaf dry matter content
(LDMC; the ratio of leaf dry mass to leaf fresh masg/mg). As mentioned
above, the intensity of the competition experienogdhe focal individual was
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estimated using the RIl index based on the abowegkdiomass. Using other
indicators to measure RII (e.g. total biomass @dsgroduction) gave similar

results due to their high correlation (0.97 and90Rearson’s coefficient

respectively). We transformed the 20 competitiovele into a continuous

variable reflecting the competition gradient byigisgg to each level the average
RII of the focal plants at that same competitivelgsee Table S1). This allowed
us to characterize each plant in the offspring Brpmnts by a “parental

competition” RII.

Offspring experiment 1. The number of germinated seeds per pot was counted
five times (4, 6, 8, 10 and 11 days after sowilgiags before applying the
demethylation treatment). Total germination peragatwas calculated as the
final cumulative germination of the six sown seéddle also calculatedss, i.e.
the time at which half of the total germination gartage was reached in each
pot, following (Coolbeakt al. 1984). Every fourth day, starting four days after
the beginning of the demethylation treatment uhglend of the experiment (six
weeks), we measured the maximum diameter of thetteogcm) and the total
number of leaves. We used this information to est@rgrowth rates for the
plants; for this, in each pot, we regressed thmdtar of the rosette and number
of leaves against time (in days), using linear dPoisson regressions,
respectively. We used the slopes of these regressiceach pot as indicators of
the growth rates in these two parameters, withtgresdopes indicating faster
growth.

Epigenetic parental effects are likely to fade awii time (Dechainet
al. 2015). We checked this by estimating the growtiesralescribed above
several times in each pot; the first growth ratesenestimated considering only
the first four measurements (i.e. 4, 8,12 and & ddter the beginning of the
demethylation treatment), and then we estimatedx#ta growth rate for each
day added (each time including all the measuremartisthat time). Thus, we
had seven measurements of grovette from the first 16 days, until the™d2ay,
every four days.
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At the end of the experiment, plants were harvested above- and
belowground vegetative traits and total biomassweeasured. For each plant,
SLA and LDMC were measured. In addition, roots weaeefully extracted by
digging up the whole root system, washing it, saagit and weighing it as both
fresh mass and dry mass after drying at 60°C (48dtal root length, average
root diameter (mm), and distribution of root lengitdifferent diameter classes
were determined using the image analysis softwaieRWIZO Pro, 2008
(Regent Instruments Inc., Quebec, Canada). We theexk measurements to
estimate specific root length (SRL; root length peit dry mass, m/g), root dry
matter content (RDMC,; the ratio of root dry massowt fresh mass, mg/mg) and
percentage of fine roots (ratio of root length vattiameter < 0.5mm by the total
root length). Further, we estimated root mass fa@MF; ratio of root biomass
per total biomass, g/g) after drying the remairsegial plant parts at 60°C (48
h).

Offspring experiment 2. Seed output per plant and biomass were measured at
the time of harvest, as for the parental generatioaddition, for each plant we
measured SLA, LDMC, SRL, fine root percentage amdFRfollowing the
protocols described above. Additionally, for fiveplicates per parental and
offspring condition we measured C, N and P contélgaves, as well as storage-
carbohydrates content of taproots. Total C andi¢entrations were determined
by dry combustion using an elemental analyser (ClHMSental Analyzer vario
MICRO cube, Elementar Analysensysteme GmbH, Gerinahytal P was
determinedoby flow injection analysis (FIA), and storage-cdnpdrates content
was measured using a total starch assay proceblegagyme, Bray, Ireland)
following the amyloglucosidase/alpha-amylase method

Decomposition experiment. Biomass loss was estimated as the proportion of
initial vs. remaining biomass. Given that the samples wefedif to separate
from the sand, the remaining biomass was measttexdbarning the samples in

a specifically designed oven at 575°C for four Bolihus, the remaining biomass
after decomposition was calculated as the diffexdmetween the initial weight
before burning and the final weight after ashesewemoved in which only
inorganic material remained.
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Satistical analysis

All analyses were carried out using R v3.2.3 (ReCbeam 2016) witl. = 0.05
as the significance threshold. Because parentalpettion could generate
differences in seed quality and resources of tiigpohg that could mask the
effect of transgenerational plasticity in its penfi@ance and phenotype (Herman
& Sultan 2011; Dechainet al. 2015; Germairet al. 2019), we included seed
mass as a covariate in all analysis when significan

Offspring experiment 1. We tested the effect of the competition experidrine
the parental generation (RIl computed from the mateexperiment) on
germination (Fo and germination percentage) and growth rate feskameter
increase rate and leaf production rdtem the first 16 days until the Z2day,
every four daygin the offspring experiment. This was analyseshgisnixed
effects models where parental competition was @sefixed factor, including
seed mass as covariable, and the experimental solaska random factor.
Demethylated and control individuals were analyseparately, except for the
germination-related parameters because the deragthyltreatment had not
been applied yet.

To account for the effect on functional traits, amalysed the effect of
parental competition on single traits and alsolm dombination of traits. The
latter was approached via a principal componeniyaisa(PCA) on the different
traits, performed in order to reduce the multittsgiace to a single main axis as
in Kraftetal. (2014). We fitted a mixed effects model similattte one described
above, separating demethylated and control plataaever, we did not include
seed mass as a covariate, due to its lack of ggnife in the models.

Offspring experiment 2 and decomposition experiment. The parental and
offspring competition experienced by the plantsengnaracterized with the RII
measured in the parental competition experimer &mve, i.e. average of the
treatment level RIl values). In other words, weigrssd a competition strength
value (RIl measured in the parental generatiorgach of the identities of the
competitors (no matter they are from the parentalftspring generation). For
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example, let us consider an offspring plant confiiogn a parental plant that
competed with_eontodon in the parental experiment (parental competititin-R

-0.59; Table S1). This offspring plant could growhathe same competitor or
with a different one in offspring experiment 2tHé plant in question grows with
the same competitor, the expected offspring cortipetof the offspring would

be the same as in the parental experiment, sdahbatvo RIl values would be
the same. If the plant in question grows with dedént competitor, then the
expected offspring competition would corresponth®RlII of the corresponding
competition level measured in the parental exparinfe.g. if competing with

Plantago media during offspring experiment 2, the expected offgpr

competition would be equal to -0.24, reflecting kver competitive impact of
P. media).

The effect of parental and offspring competitionpbant traits (single traits and
also on a combination using PCA) and leaf decontiposivas analysed using
mixed effects models with parental and offspringmpetition and their
interaction (when significant) as fixed factors daking into consideration the
seed mass as a covariable (also when significdimg. location where the
individual was placed in the greenhouse was usedrasdom factor to account
for potential effects of spatial heterogeneity.

Results
Offspring experiment 1

We found that juvenile offspring coming from pareakperiencing more intense
competition had faster germination (i.e. lower Tb@; 6.76, df = 208, P = 0.010;
Fig. 2a), without differences in the overall geration percentage (z value = -
0.008, P = 0.994) and faster growth (measuredadsteation rate; F = 7.42, df
= 98.09, P = 0.008; Fig. 2b). The competition eigered by parents also
affected the phenotypic characteristics of thepoifgy.
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Figure 2: Effect of the competition experienced by the ptseon a) offspring
germination, b) growth rate over 42 days for theta treatment (top row) and
demethylated treatment (bottom row), and c¢) mudittvariation for the control
treatment (top row) and demethylated treatmentdbotow). The different colours of
the points, from green to red tones, represengithéient of competition experienced by
the parents from low to high. The significance ealwf the fixed factors included in
each model are shown in the boxes.

In the PCA based on the traits measured, the dxst which absorbed
46% of the variation reflected the resource-usatetly gradient between
individuals: from higher values reflecting plantsttwa conservative strategy
(higher LDMC, RMF and root diameter) to lower vaduer individuals with a
more acquisitive strategy (higher SLA, SRL and patage of fine roots) (Fig.
S1). Based on PCA scores, offspring’s phenotypearnecmore conservative
resource-use phenotype with stronger parental cotiope(F = 4.05, df = 98.02,
P =0.047; Fig. 2c).
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Further, we confirmed that these effects were ofiett epigenetically.
This was demonstrated by making these effects pesapvhen we removed the
epigenetic signature of the individuals by applmatof a demethylation agent
(Puyet al. 2018) (growth rate: F = 1.90, df = 98.08, P = @;JHg. 2b; phenotype:
F=0.19, df = 96.90, P = 0.663; Fig. 2c) suggestirat they were associated to
different DNA methylation patterns induced by ttegntal competition.

Offspring experiment 2

Offspring functional traits were strongly affectby the offspring competitive
environment and, towards more conservative pheestypig. 3). Additionally,
for some of the traits (SLA, RMF and storage-casfahte allocation, Fig. 3) we
found that transgenerational effects further rewdd the conservative
phenotype when the offspring came from parents repang strong
competition. These transgenerational effects wereardant with the plastic
response to the offspring competition environméwér SLA, high RMF; Fig.
3a, 3b) or operated regardless of the offspringditmms (allocating more
storage-carbohydrates; Fig. 3d). Offspring fromepés that suffered non or little
competition became smaller when growing with stroogpetition, whereas the
offspring from parents under strong competitionvedd the opposite pattern,
becoming taller when they had a competitive envirent (Fig. 3c).

Decomposition experiment

We showed that increasing levels of both offspfiag: 24.44, df = 192.44, P <
0.001) and parental competition (F = 8.35 df = 402P = 0.004) resulted in
reduced leaf decomposition rates (Fig. 4), consistégth the shift in more
conservative traits shown above. The effect of mate competition on
decomposition was mediated by changes in the te#s tthat regulate these
processes; decomposition rates were positivelyetaigd with SLA and leaf P
content, and negatively with LDMC and leaf C:N amttratio (Fig. S2). The
litter decomposed following the same decomposifpiatiern as the fresh leaves
(Table S2, Fig. S3).
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Figure 3: Effect of the offspring and parental competit@mdifferent adult phenotype
characteristics of the offspring: a) Specific lea¢a, b) root mass factor, c) vegetative
height, d) root storage-carbohydrates conteng&l snass and f) total dry biomass. The
different colours of the points, from green to rexhes, represent the gradient of
competition experienced by the parents from lohwigh. The significance values of the
fixed factors included in each model are showrhalioxes.
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Decomposition
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gradient of competition experienced by the par&ai® low to high. The significance
values of the fixed factors included in each madelshown in the boxes.

Discussion

To the best of our knowledge this is the first emopi evidence that demonstrate
the importance of parental competition affecting ¢bmpetition and functioning
of following generations via transgenerational ttigasticity. We found that
stronger competition triggered plastic modificasdowards a more competitive
resource-conservative phenotype. We found thadfiisering from plants under
stronger competition had also more resource-coaeevphenotypes and faster
development, affecting back the competitive intBoms. Further, we
demonstrated that these transgenerational chamgegoatrolled by DNA-
methylation mechanisms. Moreover, we test whethesd transgenerational
effects can feedback on ecosystem processes bysméaneaf decomposition
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experiment finding that stronger parental compmtitiresulted in less
decomposable leaves.

Several studies in recent years have shown the rianpre of trait
plasticity for the assembly and functioning of plgtens and communities
(Priceet al. 2003; Valladarest al. 2015; Des Rochest al. 2018). In response to
plant—plant competitive interactions, intraspeciidjustments towards more
conservative phenotypes are frequently found (Gebss. 2009; Kraftet al.
2015; Carmonat al. 2019). In our case, during the parental generati®found
the same pattern, where stronger competition tregfyglastic modifications
towards a more conservative phenotype (i.e. highC and RMF; Fig. S4).
This plasticity can lead to adaptation when therea icompetitive hierarchy
dominated by more conservative-strategy phenotfioest et al. 2015), and can
promote coexistence by reducing trait hierarchied @eompetition’s intensity
(Carmonaet al. 2019). We then hypothesized that if these phemotyipanges
were passed to the offspring through transgeneratieffects, this could in turn
modify the competitive interactions in the next gextion. This is the first work
reporting that competitive interactions triggensgenerational plasticity, which
affects not only the early performance of the affggp but also their adult life
stage and their “afterlives”.

We found that juvenile offspring coming from pareakperiencing more
intense competition achievegleater competitive performance. These benefits
included faster germination and faster growth, wWwhiprovide greater
performance and a competitive advantage (Seiwa ;28f@fhso et al. 2014,
Gioriaet al. 2018). Further, the offspring from parents undégrnse competition
displayed a more conservative resource-use pheagiygp higher LDMC, RMF
and root diameter), maintaining the same pattermhasparental generation.
Parental competition can affect offspring perforcemand phenotype through
two mechanisms: by generating differences in sedity and resources, or by
transgenerational plasticity (Herman & Sultan 20DEchaineet al. 2015;
Germainet al. 2019). In our case, stronger parental competgroduced smaller
seeds. However, the effects of parental competitgrnained significant even
after including seed mass as a covariate. Thisesigghat seed resources were
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not the only mechanism driving our observed transgational effects and points
to other mechanisms such as heritable epigenetstipky or hormonal balance
in embryos (Herman & Sultan 2011; Rottstostkal. 2017). Also, even the
parental effects are likely to fade away with tijiEechaineet al. 2015), the
effects associated to differences in seed mass deefade away faster.
Meanwhile the effect of seed mass on growth ratetauntil the 24 day (i.e.
35 days old plants), the transgenerational effpetsisted been detectable until
the end of the experiment (Fig. S5). In our caséewwe applied the
demethylation agent that removed the epigenetitasige of the plants (Pet
al. 2018), the differences in performance and phemotyp the individuals
disappeared; strongly suggesting that the obseadegbtive transgenerational
effects was controlled epigenetically, and at lgzestially enabled by DNA
cytosine methylation.

We found that the transgenerational effects alsengbed during the adult
stage. At that stage, transgenerational effectedureinforced the conservative
phenotype when the offspring came from parents repang strong
competition (Fig 3a-b). While we did not find ttadtspring that re-experienced
the exact condition as their parents had highembgs (which could reflect an
adaptive inheritance of characteristics, Fig. 8fjspring grew taller when they
had the same competitive environment as their pa(€rg. 3c). Altogether these
results confirm broad phenotypic modification due garental coexistence
conditions that are maintained in the offspringegation.

Finally, we found that these transgenerational ctffeaffect the
“afterlives” of the individuals, showing for therdt time that transgenerational
effects can extend on larger scales, affecting ystesn processes like
decomposition. Increasing levels of offspring amademtal competition resulted
in more conservative leaf traits (like LDMC andfl€aN), that are related to
more structural and slower degradable organic mattéeaves, which takes
longer to be returned to the soil (Cornelissen &mipson 1997). Interestingly,
slower degradation might in turn favor those plamith a more resource-use-
conservative phenotype, which have lower ratesutiient uptake, subsequently
affecting the plant—plant competitive interactiquan der Putteret al. 2013;
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Semchenkaet al. 2017). This opens a new field of research on thterial
positive plant—soil feedback triggered by plantapleompetition.

Thus, our results suggest that transgeneratioratipity can promote
rapid adaptation with feedback on plant—plant cadrtipe interactions (Grossat
al. 2009; Kraftet al. 2015; Carmonat al. 2019), and ecosystem functioning (van
der Putteret al. 2013; Semchenket al. 2017). In a context where the importance
of intraspecific variability for populations and ramunities is increasingly
acknowledged, our study adds transgenerationaligitgsto this as both a
consequence and a driver of coexistence betweemespe
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Supplementary material

Table S1: Summary of the competitive strength associated with each of the 20
different competition levels, measured during the parental experiment. The table
presents the competition levels that were grownnduoffspring experiment 1 (only
monospecific competition; highlighted in grey) atm# competition levels that were
grown during offspring experiment 2 (two intensanpetition levels: one from the
monospecific and another from the mixture combargtiwo weak competition levels:
one from the monospecific and another from the wné&xtcombination, intraspecific
competition, and no competition; in bold face).

Competition Competitorsidentity Associated

levels RII
No competition —_ -0.018
M onospecific: Achillea millefolium -0.586
I nter specific Alopecurus pratensis -0.431
Dianthus deltoides -0.283
Holcus lanatus -0.511
Leontodon hispidus -0.592
Lotus corniculatus -0.371
Plantago lanceolata -0.707
Plantago media -0.238
Prunella vulgaris -0.496
Trifolium pratense -0.440
M onospecific: . .
I ntr aspecific Taraxacum brevicorniculatum -0.614
Mixture A. millefolium, A. pratensis, D. deltoides, L. hispidus, P. -0.409
lanceolata, P. media :
A. pratensis, D. deltoides, P. lanceolata, P. media,
: -0.447
P. vulgaris, T. pratense
A. millefolium, A. pratensis, D. deltoides, H. lanatus, P. 0621
media, P. vulgaris :
A. millefolium, D. deltoides, L. hispidus, P. media, .0.378
P. vulgaris, T. pratense :
H. lanatus, L. hispidus, L. corniculatus, P. lanceolata, P. -0.579
media, T. pratense ’
A. millefolium, L. corniculatus, P. lanceolata, -0.603
P. media, P. vulgaris, T. pratense .
A. pratensis, L. hispidus, L. corniculatus, P. lanceolata, -0.343
P. wulgaris, T. pratense :
A. pratensis, D. deltoides, H. lanatus, L. corniculatus, -0.378

P. wulgaris, T. pratense
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Table S2: Summary of the model in which offspring and parental competition
explain litter-senescence material. Non-significant values are caused by the absence
of replicates.

Variable Estimate tvalue P (>F)
Offspring competition 14.79 1.86 0.07
Parental competition 8.70 1.09 0.28
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Figure S5: Effect of the competition
experienced by the parents on leaf production
rate from the first 16 days (upper row) until
the 42¢ day (lower row), for the control
treatment (left column) and demethylated
treatment (right column). The first P value is
the effect of seed mass, and second one is the
effect of the competition experienced by the
parents.
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Abstract

Phenotypic plasticity is essential for organismsattapt to local ecological
conditions. Little is known about how mutualistiteractions, such as arbuscular
mycorrhizal (AM) symbiosis, mediate plant phenotyplasticity and to what
extent this plasticity may be heritable (i.e. tigarserational effects). We tested
for within- and across-generational plant plastiait response to AM symbiosis
and varying water availability in a full factoriekperiment over two generations,
using the perennial apomictic héeraraxacum brevicorniculatum. We examined
changes in phenotype, performance and AM fungamiphtion of the offspring
throughout plant development. AM symbiosis and watailability triggered
phenotypic changes during the life cycle of plamsareover, AM triggered
adaptive transgenerational effects, especiallyctigée during the juvenile stage.
Drought stress and absence of AM fungi triggerattoodant plant phenotypic
modifications towards a “stress-coping phenotydesth within- and across-
generations. Additionally, transgenerational eBedbfluenced AM fungal
colonization, in turn affecting the mutualistic endction. AM symbiosis can
trigger transgenerational effects, including change the AM fungal
colonization of offspring and their functional tsairelated to resource-use
acquisition. Thus, the transgenerational effectmpforrhizal symbiosis are not
limited to plant fitness, but also improve plantability to cope with
environmental stress.
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| ntroduction

Abiotic processeand prevailing biotic interactions select for thest-adapted
individuals within and across species (de Betlal. 2012; Vellend 2016). The
ability of a species to adapt to a particular emwvinent may depend on the
pressure of natural selection, heritable genetidaldity, but also on its
phenotypic plasticity (Pricet al. 2003). Phenotypic plasticity is the ability of an
organism to modify its performance in responséntodnvironment (Pricet al.
2003). Epigenetic mechanisms have been proposelewsin phenotypic
plasticity because they lead to changes in an @wes performance within its
life cycle, without any modifications in the undgnig genomic DNA sequence
(Bossdorfet al. 2008; Verhoeveret al. 2016). These changes may also be
transmitted to the following generations via trasrsgrational plasticity, i.e. the
abiotic and biotic environment experienced by tteeptal generation can
influence the phenotype of the offspring (Jablogk&Raz 2009; Herman &
Sultan 2011). Thus, transgenerational effects cqiéyy a key role in the
adaptation of organisms, particularly during julerstages, and have proven
essential for adaptation to predictable environaleobnditions (Latzekt al.
2014; Dechainet al. 2015). However, little is known about the relateféect of
transgenerational effects triggered by biotic cbads (Alonscet al. 2019b), and
even less about how they interact with abioticdest

Together with species’ adaptations to environmectabditions in a site,
biotic interactions are considered key drivers lahpcommunity assembly (de
Bello et al. 2012). Among these, positive interactions suchmggorrhizal
symbiosis are essential in determining, and paifiytexpanding, the realized
niches of species (van der Heijdenal. 2003; Peay 2016; Gegrt al. 2018).
Arbuscular mycorrhizal (AM) symbiosis is a widespdanutualistic association
between plant roots and fungi from the subphylumn@romycotina (Smith &
Read 2008; Spataforet al. 2016). This association is considered mutually
beneficial, since, in exchange for photosynthetidoon, the AM fungi provide
host plants with soil nutrients (mainly phosphatesigate abiotic stress (e.g.,
drought) and increase resistance to biotic stress ding pathogens (Lu &
Koide 1994; Smith & Read 2008). The AM establishtnaativity, and the final
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outcome of the interaction (from positive to negaltican depend on multiple
factors (Johnsoet al. 1997; Hoeksemat al. 2010). These factors include the
genotype of both partners, plant developmentakstadgnes & Smith 2004), and
environmental factors such as soil nutrient andewavailability (Pozoet al.
2015). Phosphorus, nitrogen or water deficiencplants generally stimulates
AM symbiosis and influences the proportion of AMustures (i.e. arbuscules,
vesicles, etc.) (Martinez-Garadbal. 2012; Pozat al. 2015). However, it is not
known whether the environmental stress experiebgetie parental generation
also affects the AM symbiosis of the offspring (Denget al. 2019).

The fitness benefits of plants in AM symbiosis ame@l known (Lu &
Koide 1994; Smith & Read 2008). However it is ulacleshether these benefits
could partly operate through adaptive phenotypastitity leading to changes
in plant morphological traits, such as root arattitee (Nuortilaet al. 2004; Goh
et al. 2013; Fusconi 2014). Moreover, it remains unclelaether AM symbiosis
of the parental generation triggers phenotypic gbeann their offspring (i.e.
transgenerational effects) that provide benefiteéooffspring generation (Koide
2010; Vargaet al. 2013). Most of the existing evidence demonstrétashaving
mycorrhizal parents can be beneficial during thiyesiages of development of
the offspring, i.e. increasing biomass, survivabvgh rate, nutrient content, and
seed production (Heppaeil al. 1998; Koide 2010). These differences can be due
to epigenetic heritable phenotypic plasticity, blgo due to differences in seed
provisioning, where nutritional reserves are stdckp by the maternal plants
(Herman & Sultan 2011). However, the latter haslyabeen considered when
testing for transgenerational effects of AM symisogvith the exception of
Varga et al., 2013). Furthermore, it is not known whether tgererational
effects persist to the adult stage of the offspriagally, the relative effect of
combined biotic and abiotic drivers on transgenenal effects has been very
rarely assessed (Metz al. 2015a; Gonzaleet al. 2017), yet biotic drivers can
potentially modulate the effect of environmentaéss via phenotypic plasticity.

Here, we conducted a two-generation experimenggbfor within- and
across-generation plant plasticity (i.e. transgati@nal effects) in response to
AM symbiosis using the perennial apomictic herfFaraxacum
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brevicorniculatum. Further, in order to test whether this plasticliffers under
abiotic stress conditions, we included a drouglatssttreatment. Importantly, we
tested whether these changes were adaptive, regsultian improved ability to
cope with drought stress. We then evaluated thesigtence of the
transgenerational effects throughout offspring twaent by measuring
phenotypic traits, performance and AM fungal cataion on juvenile and adult
offspring.

Material and methods

Sudy material

Taraxacum brevicorniculatum Korol. is an obligate apomictic polycarpic
perennial plant (Kirschneet al. 2013). Like most species of the genus
Taraxacum, it has a wide ecological niche, accepting aletypf soils, pH and
moisture levels (Luo & Cardina 2012), and formsaative symbiosis with AM
fungi (J. Puy, personal obs.). In this study wedugenetically identical seeds
collected from a population of plants grown undbie tsame glasshouse
conditions for several generations (collected amshegjcally identified by
Kirschner et al. 2013). This strategy ensured homogeneous geneiic a
epigenetic variation in the plant material. SinEebrevicorniculatum is an
obligate apomictic species, all seeds produced fprat are effectively clones,
thus enabling the study of plasticity within andass generations (Pgt al.
2018). In other words, all plants in the experinsenwere genetically identical,
and after experiencing different conditions durihg parental generation, their
epigenetic status differed in the offspring gerierat

Experimental setup

Parental generation. In order to induce the potential transgenerati@ifggcts
related to mycorrhizal symbiosis and water avadlitghiwe conducted a three-
month glasshouse experiment (April-July 2017). Wewg 364 genetically
identical individuals ofT. brevicorniculatum in individual pots (7 x 7 x 18 cm),
half inoculated with AM fungi (AM) and the other Ihavithout (NM). The
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substrate consisted of 2:1 mixture of sterilizeddsand natural soil collected
from a mesic meadow 30 km southeast of Tabor, 6@0sth (Vys@ina region,
Czech Republic, 49.331N, 15.003E), whéiaaxacum sect. Ruderalia was
present. For the AM treatment the natural soil ammg indigenous AM fungi
was used,; whereas for the NM treatment the santenvss sterilized viay
irradiation (>25kGy dose) and a microbial wash ad(McNamaraet al. 2003;
Liang et al. 2015). We obtained the microbial wash by blendskg of non-
sterilized soil in 10 | water and filtering the stbn through 20um pore-size filter
paper (Whatman® quantitative filter paper, Gradefdllowing van der Heijden
et al., (1998), with slight modifications. Gamma-stealion did not change the
chemical composition of the soil compared to the-sterilized soil (Fig. S1).

Additionally, these AM and NM treatments were faetly combined
with two levels of water availability. Half of thedividuals were subjected to
cycles of drought stress (Drought stress; W-), avtiie other half were watered
regularly for creating control conditions (Contral+). The drought stress
treatment included watering only when 50% of tréividuals had wilted leaves
followed by one-week recovery in control conditiorBy the end of the
experiment, the drought stress treatment comptisedirought pulses (the first
started 12 of May and the second #®f June) that lasted three weeks each.

Prior to the establishment of the experiment, seexs surface sterilised
by immersion in 0.5% sodium hypochlorite solutieorimercial bleach) for 20
minutes to avoid inoculation via seeds, and themgeted in Petri dishes. After
10 days of germination, the seedlings were transpthindividually into the pots
specified above, with 91 replicates per treatméiiter three months we
harvested all the plants except 15 plants pernreat that were maintained for
four more months in ambient conditions (water cantondition) to promote
seed production. Then, seeds of each plant welected, and after measuring
the average seed mass per plant, were storeddr{z:dl °C).

Offspring experiment. A similar glasshouse experiment to the one desdribe
above was repeated the following year (April-Aug@tl8) with the seeds
produced by the parental generation. The aim obtfspring experiment was to
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test for adaptive transgenerational effects of Adhisiosis and water availability
on the offspring at their juvenile and the aduiggls. We tested this with a full
factorial design where the offspring plants fronclreaf the four parental
treatments were exposed again to the four possdriditions (AM W+ ,AM W-

, NM W+, NM W-). Thus, the offspring experimentagsiign resulted in 16
combinations: two parental mycorrhizal inoculatidifar. M) x two parental
water availability levels (Par. W) x two offsprimgycorrhizal inoculations (Off.
M) x two offspring water availability levels (OffV) x 40 seedlings = 640 pots
(Fig. S2) Since the seed mass of AM parents was on average than that of
NM parents (Fig. S3, Table S1), and seed provism®rs a potential mechanism
of transgenerational effects (Herman & Sultan 20 controlled for it by
classifying seeds from all parental treatments bitgize categories. Then, we
took the same number of seeds from each size-gnoggch parental treatment,
resulting in a similar distribution of seed sizesvieen parental treatments.

Plants were harvested at two different developmetages. Half of the
offspring plants were harvested 1.5 months afi@nfphg, at their juvenile stage;
and the rest of the replicants were harvestedrfisaths after planting, at their
adult stage. Pots, substrate and watering regime tlie same as in the parental
experiment to ensure the most similar conditionsweler, the first drought
stress pulse of the offspring generation lasted foeeks instead of three (first
one started the 35of April and the second one, thé df June) to ensure
comparable effects on plants response (i.e. % aftplwith wilted leaves). In
order to facilitate the application of the treatitsethe replicates were distributed
in blocks, placing four replicates of a parentahtment in parallel, one in each
offspring treatment (Fig. S2).

Measured traits

In each of the generations we measured plant.tRotseach plant in the parental
generation, at the time of harvest, we measuredvsliy seed output (i.e. number
of seeds), total dry biomass (aerial plus root laiss), and several above- and
belowground vegetative traits. For each plant, lsaves were scanned for leaf
area and weighed for fresh mass and dry massdifterg at 60° C (48h). We
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used these measurements to estimate specificreaf(8LA; leaf area per dry
mass, mfimg) and leaf dry matter content (LDMC; leaf drysaaer leaf fresh
mass, mg/mg). In addition, roots were carefullyrated, washed and a
subsample of roots (6 &rwas scanned at 600 dpi with an Epson Perfec890 4
scanner. From the scans, total root length, avexage diameter (mm),
and distribution of root length in different diareetlasses were determined by
using the image analysis software WinRHIZO Pro,8(Regent Instruments
Inc., Quebec, Canada). After scanning, the roctauiple and the rest of
the root system were dried for 48 h at 60 °C andghesl. We used these
measurements to estimate specific root length (SRt length per dry mass,
m/g), and fine roots percentage (root length witliaaneter < 0.5mm per total
root length). Further, we estimated root biomakxation (i.e. root mass factor;
RMF; root biomass per total biomass, g/g) afteiirdrythe remaining radicular
part at 60° C (48h). Additionally, we measured s€et and P content of five
randomly chosen plants per treatment. Total C arambiNent were determined
by dry combustion using an elemental analyser (ClHM®&ental Analyzer vario
MICRO cube, Elementar Analysensysteme GmbH, Gerjahgtal P was
determined by flow injection analysis.

For each plant in the offspring generation, attthree of the respective
harvest (i.e. juvenile and adult offspring harves® measured total dry biomass
(aerial plus root biomass), and the same abovebealogvground vegetative traits
as described above. Additionally, we analyzed thent of C, N and P in the
leaves of two randomly chosen plants from the jieestage and eight plants
from the adult stage per treatment, following thettmods described above. The
root subsamples were stained with Chlorazol Bladogding to the protocol by
Stajerovéet al. (2009). We quantified the AM fungal colonizatiop ineasuring
the percentage of root length colonized (%RLC) byl Aungal structures
(arbuscules, vesicles and hyphae). Magnified setgtion method (McGonigle
et al. 1990) was used with 400 x magnification usingghtlimicroscope and
observing at least 100 intersections per root samfle further calculated the
arbuscule:vesicle ratio (relative abundance of sobies per vesicles), suggested
as an indicator of the fungal activity status dmel rielative cost or benefit of the
fungus to the host plant (Braunbergeal. 1991; Titus & Leps 2000).
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Satistical analysis

All analyses were carried out using R v3.2.3 (ReCbeam 2016) with=0.05 as
significance level. In the parental generation, éfiects of the mycorrhizal
inoculation treatments, the parental water avditgbtreatment, and their
interaction were analysed by using linear effectsdets. In the offspring
generation, individuals were grouped into sixtedfeent treatments (coming
from the combination of four factors with two lesetach) depending on the
parental background and the current conditions. dfatbe factors corresponded
to parental conditions: mycorrhizal inoculationatreent (Par. M), and water
availability treatment (Par. W). The other two tastcorresponded to offspring
conditions: mycorrhizal inoculation treatment (Ofl) and water availability
treatment (Off. W). We analysed the effects of ptakand offspring conditions
on plant traits of the offspring using linear mixeiflects models (Imer, library
Imed), where the four experimental factors (two ep#al, two offspring
conditions) and all their interactions were usedfiaed effects, and the
experimental blocks as a random effect. We comtdofor differences in seed
provisioning (Herman & Sultan 2011) by includingedemass as a covariate (i.e.
in the fixed effects part of the model). For thalgsis of the effect of parental
and offspring treatments on AM fungal colonizatanmd arbuscule:vesicle ratio
of the offspring, we used identical models, but lesding the offspring
mycorrhizal inoculation factor (Off. M) from the rdel due to the lack of AM
fungal colonization in the NM plants.

Results

Parental generation

In the parental generation, AM fungal inoculatioareased'. brevicorniculatum
growth, drought tolerance, survival and produgjiyiig. S3, Table S1). Drought
stress decreased the total plant biomass and auonly in NM plants, with no
effect on AM plants (Fig. S3a,b; Table S1). Addiadly, AM plants started
flowering earlier and flowered for longer, but pooed lower average seed mass
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per plant. However, AM and NM plants did not differtotal number of seeds or
seed P content and C:N ratio (Fig. S3, Table S1).

Offspring plant traits

In the juvenile offspring, both offspring condit®n(offspring mycorrhizal
inoculation treatment, Off. M; and offspring wagenilability treatment, Off. W)
had generally strong effects on most of the measpiemnt traits, except for SRL
and average root diameter that only were affectethe water treatment (Off.
W; Fig. 1 and Table S2). In general, plants undeught stress and absence of
AM symbiosis had higher RMF, higher LDMC and lov&RL (Fig. 1b,c,f and
Table S2).

Additionally, we found transgenerational effects.(iwhere offspring
plants were affected by the conditions experienogdheir parents; parental
mycorrhizal inoculation, Par. M; and water availdpitreatments, Par. W) in
seven out of the nine traits. These effects waleedirect or, more commonly,
interacting with the offspring conditions (Table)SErom the seven offspring
traits, three (total biomass, average root diameter percentage of fine roots)
were affected by both parental conditions (TablgFs2. M and Par. W), whereas
for the other four traits only a single parental ndition triggered
transgenerational effects. Offspring of parentseundater stress (Par. W) had in
general lower SRL, whereas offspring of mycorrhigatents (Par. M) had in
general lower RMF, higher LDMC, and higher leafdhtent (Fig. 1b,c,d and
Table S2). Except for LDMC, the transgeneratiorffdats (Par. M and Par. W)
were concordant in the direction of the plasticpmse to the conditions
experienced during their life cycle (Off. M and OWNV). For example,
mycorrhizal offspring showed lower RMF, but thisluetion was even more
pronounced if the parent was mycorrhizal (Fig. &d &able S2).
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Figure 1. Effect of the offspring and parental treatments plant phenotype
characteristics of the juvenile offspring. a) tgtént biomass, b) root mass factor, c)
leaf dry matter content, d) leaf P content, e) @2 ratio, f) specific root length and g)
fine roots percentage. The significant factors afhemodel with the directionality of
each effect are shown in the boxes. The factoresponded to the offspring conditions:
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mycorrhizal inoculation treatment, Off. M; and wadailability treatment Off. W; and
the parental conditions (also highlighted in bolacd): mycorrhizal inoculation
treatment, Par. M; and water availability treatm&ar. W. Colour coding indicates the
parental treatments: red - offspring of water-steelsparents, blue - offspring of parents
that experienced water control conditions; inteoskur - offspring of mycorrhizal
parents, light colour - offspring of non-mycorrHiparents. The bottom and top of the
boxes are the 25th and 75th percentiles respegtithed centred band is the median and
the whiskers represent 1.5 times the length obthefurther from the box limits or the
maximum or minimum observation in the absence dfers.

At the adult stage of offspring plants, we did migtect significant
transgenerational effects except for LDMC (Figa2d Table S3; Off. W x Par.
M), since only the offspring rather than the paaénbnditions (Off. M and Off.
W) were the main drivers of plant plasticity (F&yand Table S3). The direction
of the plasticity in response to offspring condisqOff. M and Off. W) reversed
compared with the juvenile stage, with the exceptbleaf P content and total
biomass (Fig. 2 and Table S3). For example, offigpwith AM fungi and water
availability had lower RMF during the juvenile stadput higher RMF during the
adult stage (Fig. 1b and Fig. 2khgdditionally, in the adult stage, more traits
responded to the offspring mycorrhizal inoculati@atments (Off. M) compared
with the juvenile stage. These additional traitduded SRL and percentage of
fine roots (Fig. 2f,g and Table S3), which was éarimm non-mycorrhizal plants.

Offspring’s AM fungal colonization

In the juvenile offspring, water availability (O#V) generally had a strong effect
on AM fungal colonization: drought-stressed pldrad lower %RLC, and higher
arbuscule:vesicle ratio than control plants (Feygb3and Table S2).

Additionally, the AM fungal colonization of the affring was affected
by the conditions experienced by their parentsirFtoe two parental treatments
(Par. M and Par. W), only the water conditions eigreed by the parents
influenced the %RLC of the offspring and only ire tbase of offspring plants
under drought stress (Fig. 3a,b and Table S2,V@#.Par. W). Drought-stressed
offspring plants had higher %RLC when their parératd experienced water
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Figure 2: Effect of the offspring and parental treatments plant phenotype
characteristics of the adult offspring. a) totalmlbiomass, b) root mass factor, c) leaf
dry matter content, d) leaf P content, e) leaf @tib, f) specific root length and g) fine
roots percentage. The significant factors of eaddehwith the directionality of each
effect are shown in the boxes.
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control conditions (Fig. 3a,b, Table S2 and Fig, G#. W x Par. W). For the
arbuscule:vesicle ratio we did not detect signiftdeansgenerational effects.

During the adult stage, we found no significantfedénce in %RLC
between the water availability conditions (Off. VEljthough there was a higher
arbuscule:vesicle ratio in the plants experiencioigtrol water availability (Fig.
3c,d, Table S3 and Fig. S4). Additionally, %RLCtobé offspring in the adult
stage was affected by the parental mycorrhizaldlation treatment (Fig. 3c;
Table S3; Off. W x Par. M). Offspring of mycorrhizerents had higher %RLC
if drought-stressed, but lower %RLC in water-cohtanditions (Fig. 3c, Table
S3 and Fig. S4).
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Figure 3: Effect of the offspring and parental treatmemtsA\®/ fungal root colonisation
in juvenile stage (upper row) and adult stage (lomev): a) and c) percentage of root
length colonized by AM fungi; b) and d) arbuscuésicle ratio. The significant factors
of each model with the directionality of each effece shown in the boxes. The
nonmycorrhizal offspring treatment plants were cawibnized by AM fungi.
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Discussion

This study expands the knowledge on the importasfcAM symbiosis in
triggering phenotypic changes in plants duringrthts cycle that improve their
ability to cope with environmental stress and fkielcrease the species’ realized
niche. Earlier it was known that mycorrhizal syndisoinfluences plant fithess-
related performance. Here we show that mycorrtsgailbiosis also affects plant
functional traits related to resource use and atipm strategies. Additionally,
we demonstrate adaptive transgenerational mycairheffects in plant
performance and phenotype. Further, we provideeewid of transgenerational
effects on AM fungal colonization. Finally, we falirthat transgenerational
effects could persist through offspring developménportantly, we show that
the transgenerational effects of mycorrhizal symisicand water availability
could have been transmitted via heritable epigema&chanisms, such as DNA
methylation, because these effects were not camséifferences in the quality
and resources provided in the seed (Herman & Salidn).

Within-generational plasticity on offspring traits is devel opment—specific

The strong response of plants ®f brevicorniculatum to the conditions
experienced during their life cycle (mycorrhizalooulation and water
availability) shows the high level of plasticity this species. However, we found
that the response of the performance and phenttyihese conditions differed
in juvenile and adult phases, suggesting speci@mtpplasticity at different
developmental stages (Colenairal. 1994).

As expected, measurements of different fitnesdadlaharacteristics
suggest that AM symbiosis improved plant perforneaaod mitigated water
stress. However, the biomass increase in offsprayeven more pronounced in
adults than in juveniles (Fig. 2a vs Fig. 1a), atalp because during the juvenile
stage the cost/benefit ratio of the symbiosisilstggh (Johnsoret al. 1997).
Mycorrhizal fungal inoculation dramatically increakleaf P content (Fig. 1f and
Fig. 2f) at both developmental stages of the ofifgpplants. This result reflects
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that, even in drought-stressed conditions, AM fumgre able to mitigate water
stress and provide important nutrients, such &s #e host (Lu & Koide 1994).

In both developmental stages, mycorrhizal inocafatin combination
with water availability induced significant changasnultiple plant phenotypic
traits, including both root and aboveground trélitgortilaet al. 2004; Gotet al.
2013; Fusconi 2014). During the juvenile stage éffects on trait plasticity
triggered by water availability and by the mycozdiifungal colonization were
additive and in the same direction (Table S2). Binto findings of Shumway &
Koide (1994), plant traits shifted towards a maoeservative phenotype under
drought stress and in the absence of AM symbiasss lfigher allocation of
biomass in the roots; higher leaf dry matter coitand lower specific root
length; Fig. 1). A conservative phenotype refers twonservative resource use
and exploitation strategy of the plant, based anpglant economics spectrum
framework (Diazet al. 2016). It is associated with longer lifespan, drett
resource-use conservation, and generally is tiategly selected in plants from
resource-poor environments (Dia al. 2016). Thus, the plastic response
towards a conservative phenotype could impfbua evicor niculatum ability to
cope with drought stress.

During the adult stage, the direction of plastichanged, and more traits
plastically responded to the mycorrhizal fungalcuation treatments compared
with the juvenile stage. Plants increased theicifiperoot length and percentage
of fine roots in response to the absence of myaattfungi, reflecting an
adaptive plasticity that improved resource uptalkerebycompensating for the
lack of AM symbiosi§Gohet al. 2013; Fusconi 2014; Poab al. 2015). The
diversity of plant responses depending on developahstage could explain why
previous studies found a variable effect of mycaahfungi on plant phenotype
(Nuortilaet al. 2004; Johnsost al. 2012).

Transgenerational effects on offspring performance and phenotype
Most studies have shown that having mycorrhizaepiaris beneficial for the

performance of the offspring, reflected in highembass, survival, growth rate,
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and seed production (Hepped al. 1998; Koide 2010; Vargat al. 2013).
However, we did not observe any benefit of havingonrhizal parents in terms
of biomass, nor from growing in the same environtakecoonditions as the
parental generation (Fig. 1a). This contrastingilteis probably because we
experimentally removed the differences in qualitgd aesources provided in the
seed, aiming to identify possible underlying epien mechanisms in
transgenerational effects (Herman & Sultan 201 Dndtheless, we found that
offspring of mycorrhizal parents had higher leatdhtent than those of non-
mycorrhizal parents (Fig. 1d), suggesting thatddi@on to directly providing
soil nutrients to host plants, mycorrhizal symlsosicrease their offspring’s
nutrient uptake via epigenetic transgeneratiorfatces. One way to confirm that
these effects were epigenetically controlled wdwgdto modify the epigenetic
signature of the plants via application of a deylation agent (Pugt al. 2018).
However, it should be first tested whether the déglation application also
affects AM fungi.

Moreover, we found adaptive transgenerational &ffan offspring
phenotypes and traits linked with the resourcearsk exploitation strategy of
the plant (Diazt al. 2016). In general, offspring transgenerationasitéty had
concordant responses to the within-generationgborese to treatments. As
discussed above, plant traits shifted towards r@$stcoping phenotype” under
drought stress and absence of AM symbiosis expardeduring their life cycle
(i.e. more conservative phenotype: increased the RMF dautease SRL).
Additionally, offspring became even more conseme&atvhen their parents were
under those stressful conditions (i.e. droughtsstrand absence of AM
symbiosis; Fig. 1). Thus, the transgenerationatat$f further reinforced trait
plasticity in the same direction, reflecting ansitlee epigenetic “stress memory”
that could improve the ability of plants to copehthe predicted environment.

Even though both abiotic and biotic parental envinents seemed to
trigger transgenerational effects, we found thatonshizal inoculation affected
plant traits more than the water availability treahts (RMF, LDMC and leaf P
content, versus SRL; Fig. 1 and Table S2). Althotlgh may have changed if
we had measured another set of phenotypic traits,important to note that
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T. brevicorniculatum has a wide ecological niche, accepting all typés o
moisture conditions (Luo & Cardina 2012). Consedlyert is likely that water

is a less crucial stressor and the transgenerdgdiezts due to water were not
evolutionary relevant for this species (Rendina £abewet al. 2018). Also, it is
important to emphasize that we found that the ganerational effects on traits
were expressed early on the ontogeny (Fig. 1)ntpdiway over offspring life
development (Fig. 2). This result reinforces theaidf transgenerational effects
as an important factor promoting adaptation to aégx ecological conditions,
especially during juvenile stages and establishrmecommunities (Latzedt al.
2014; Dechainet al. 2015).

Within- and trans-generational effect on AM fungal colonization

As expected, the environmental factors experiebyaaffspring during their life
cycle affected the offspring AM fungal colonizatigMartinez-Garciaet al.
2012; Pozcet al. 2015). However, although water deficiency did stirnulate
the root AM fungal colonization (%RLC decreasede tproportion of
arbuscules:vesicles increased in water-stressegproff, showing that water
deficiency stimulated an increase in the proportbrarbuscules, that are the
structures where resource exchange takes place.

We found that AM fungal colonization and AM symbactivity could
be influenced by the conditions experienced bypduwental generation. To our
knowledge, this is the first study that shows tbpigenetic transgenerational
effects influence the AM fungal colonization. Thiéspring of parents in water-
control conditions had higher AM fungal colonizatiand proportion of
arbuscules, but only if they were under droughesstr While this appears to
contradict our initial hypothesis, relative to tbél root biomass of the plant (i.e.
root biomass x %RLC), offspring from water-stresaad NM parents had more
total root colonized and a greater number of anblescper individual than
offspring from parents under control water condiidyecause they had larger
root systems (see Fig S5). Thus, the result suppitat transgenerational effects
modify offspring towards the “stress-coping phematy stimulating the
establishment and activity of the AM symbiosis.
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Surprisingly, and contrary to the general pattenmtl in plant traits, the
conditions experienced by the parental generatitinirfluenced AM fungal
colonization during the adult stage. This suggestat epigenetic
transgenerational effects influence plant—AM furgjationship, and not only
during the establishment and early stages of thigysis. Moreover, at the adult
stage, %0RLC was affected by the parental mycortisizdus, so that offspring
from mycorrhizal parents had higher %RLC under dhitstress. These results
suggest that mycorrhizal symbiosis could be proohotehe offspring when the
parental generation has experienced mycorrhizabgsis.

Conclusions

We found transgenerational effects of mycorrhizahiosis, in combination
with water availability, on offspring performancghenotype, and root AM
fungal colonization. Importantly, we show that sganerational effects of
mycorrhizal symbiosis and water availability wereainty transmitted via
heritable epigenetic mechanisms, such as DNA matilbyl because the effects
were not related to larger seed mass or seed mEspuovisioning (Herman &
Sultan 2011). Drought stress and absence of AMifuiggered concordant plant
phenotypic plasticity (towards a “stress-coping rgitgpe”) both within- and
across generations. This reflects an adaptive pptgemechanism that promotes
rapid adaptation, and probably improves the abditghe species to cope with
drought stress. In a context where the importafdedividual and intraspecific
variation of mycorrhizal plants and fungi in ecdsyss is increasingly
acknowledged (Johnsoet al. 2012), our paper adds a new mechanism of
variation that has been ignored so far: transgéineed plasticity. These plastic
changes confer competitive advantages to the remdrgtion.
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Figure S1: N and C content of the substrate (AMF+ and AMF-).
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Figure S3: Effect of the treatmeabn parental generation: a) survival rate, b) tplaht
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The bottom and top of the boxes are the 25th anld @ércentiles respectively, the
centred band is the median and the whiskers reqpirdsg times the length of the box
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Table S1. Summary of the linear mixed-effect model for main and interaction effects of the treatments in the parental
generation. Degrees of freedom followed Wy values and P values are given for all the effantysed. Significant results are
shown in bold face, and the colour indicates theatlion of the effect (positive in green, negaiiveed)

Total Number of Seed P Seed C:N
. Seed mass .
Source of variation ~ df Pbiomass seeds content ratio
F P F P F P F P F P

Mycorrhizas

. . 19.7 <001 0.4 0.51
inoculation treatment

20.5 <0.01 0.7 0.42 0.0 0.86

Water availability
treatment

1 12 027 0.0 0.99

1.9 0.17 0.0 085 02 0.7

Mycorrhizas x Water 1 14.6 <0.01 0.0 0.92

1.9 0.17 0.1 0.75 0.0 0.95
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Table S2: Summary of the linear mixed-effect model for main and interaction effects of offspring and parental treatments
(thelatter highlighted in bold) on thejuvenile offspring. Degrees of freedom followed k2 values and P values are given for all

the effects analysed. Significant results are shimwioold, and the colour indicates the directiorited effect (positive in green,
negative in red)

Plant traits

AMF colonization
Whole-plant traits | Leaf traits |

Root traits
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Table S3: Summary of the linear mixed-effect model for main and interaction effects of offspring and parental treatments
(the latest highlighted in bold) on adult offspring. Degrees of freedom followed b2 values and P values are given for all the
effects analysed. Significant results are showoid, and the colour indicates the direction ofeffect (positive in green, negative
in red)

Plant traits

. . K AMEF colonization
Whole-plant traits Leaf traits Root traits
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negative effects of intraspecific
competition on productivity of

Arabidopsis’ populations by

Increasing phenotypic variation

Javier Puy, Hana Dwékov4, Carlos P. Carmona, Vit Latzel and Francelgco

Bello

Manuscript in preparation: Puy J., Orakova H., Carmona C.P., Latzel V., de
Bello F. Parental diversity mitigates negative effeof intraspecific competition
on productivity ofArabidopsis populations by increasing phenotypic variation.
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Abstract

The commonly founded positive diversity effect @mogystem and community
functioning it has been scarcely studied in theuytepon scale. Intraspecific
phenotypic variability, apart from expressing thelerlying genetic variability
of the population, can also be generated via eptiewariation: within- and
amonggenerations. We test the role of the role of palerdiversity
(transgenerational effects) and genetic diversitgr@ating phenotypic diversity
and on affecting assemblage and functioning optiulations, examining their
productivity and resistance against stress. Pdresmi@ironment triggered
epigenetic phenotypical differences on the offgpritranslated into more
functional diverse populations when the differengins were brought together
in mixtures. In general, the increase on diverséy null effect on populations’
productivity and resistance to stress. However,nithe epigenetic variation was
removed via demethylation, the effect of diverdigcame negative because an
increasing of the competition intensity generatgdtiie reduction of niche
differences between origins. Thus, heritable emtjendiversity seems to
ameliorate the negative effect of competition bemvalifferent origins by
increasing phenotypic differences between thems T&ithe first empirical
demonstration of the effect of parental diversitydiversity of environmentally
induced transgenerational effects on productivitgt eesistance to stress of the
populations.
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| ntroduction

Positive relationships between biodiversity andsgstem functioning have been
demonstratedepeatedlyin many observational and experimental studiess Thi
body of research has found that more diverse coritiasirare generally more
productive, more stable and more resistant to iances/stresses than less
diverse ones (Balvaneghal., 2006; Marquardt al., 2009). While most of the
research has commonly measured biodiversity atcthramunity level as
interspecific diversitytaxonomic or functional diversity) (Marquagtal ., 2009;
Hectoret al., 2010), the effect of intraspecific diversity hetpopulation level
has been overlooked. However, intraspecific divemsifects on population and
ecosystem functioning can be of comparable magaitadhose of intraspecific
diversity (Crutsingeet al., 2006; Hughest al., 2008),and phenotypic variation
within species is sometimes as large or larger thahobserved among species
(Hugheset al., 2008).

Positive biodiversity effecten ecosystem processes could be driven by
two not mutually exclusive mechanisne®@mplementarity and selection (Loreau
& Hector, 2001; Marquaret al., 2009; Tobneet al., 2016). Selection operates
when a specific competitively superior individupksies is dominant in mixtures
and drives disproportionately the functioning ot tbommunity(Loreau &
Hector, 2001) By contrast, complementarity takes place wheheifferences
between coexisting species result in a more efficiese of resources by the
community and a better functioning of the commufiitgreau & Hector, 2001).
Because fitness and niche differences can be Wiretasured and explained
with plant functional traits, both mechanisms canatso approximated from a
trait-based perspectivén this case, when selection is the main mechanign
should expect to observe a dominance of parti¢tad#tis and/or convergence to
trait values associated to the competifivedss advantagge.g. tall stature)On
the other hand divergence in traits related to ueso foraging between
individuals of the community would reflect that cplementarity is the main
mechanism driving the positive effect of divers{tyoreau & Hector, 2001,
Cadotte, 2017). While an increase in phenotypiemity should enhanaeet
biodiversity effectdy increasing complementarity, phenotypic plagticould
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either decrease or increase trait dissimilaritibsis, enhancing selection or
complementarity effect respectively (Roscheal., 2015).

Some studies have reported a positive effeshwwlspecific diversity in
productivity and stability and resistance to disances/stresses of populations
(Bolnick et al., 2011; Latzelet al., 2013; Zuppinger-Dingleyet al., 2014).
Within-species phenotypic variation has been mdésnoattributed to genetic
variation. As a result@eriments have mostly manipulated the geneticrditye
of the populations by modifying the numbeigeinotypes of the populations (Zhu
et al., 2000; Booth & Grime, 2003; Reusehal., 2005; Crutsingeet al., 2006;
Hugheset al., 2008; Kotowskaet al., 2010; Moore, 2015; Cook-Patt@hal.,
2016). However, within-species differences, andstlpotentially functional
biodiversity, can also be generated by epigenetr@tion (Zhanget al., 2013;
Richards et al., 2017). Epigenetic variation could be enabled k@rious
mechanisms, including DNA methylation that modifibe expression of the
DNA without modifying its underlying sequence. Egigtic variation is known
to occur also in response to environmental fac(pisrman & Sultan, 2016;
Richardset al., 2017), and to cause phenotypic variation (Cudtas., 1999;
Latzel et al., 2012; Zhanget al., 2013). Epigenetic variation could include
individual plasticity both within- or amonrgenerations: within-generations
variation is caused when the environment triggérsnptype modifications on
the individual; transgenerational plasticity ocowfrgen the individual phenotype
is affected by the parental environment where emge modifications
transmitted to the progeny are one of the mechanismderlying parental effects
(Herreraet al., 2012; Hermamt al., 2014).

The seminal work by Latzet al. (2013) showed that epigenetic diversity
increased the productivity and stability of plardpplations. Nevertheless,
authors suggested further steps from their progdrofciple study to improve
our general knowledge on the role of epigenetic edity in
population/ecosystem functioning. First, decompgdiodiversity effects into
its selection and complementarity components withesign that controls the
origin of all the individuals. They also proposemparing the effects of
epigenetic versus genetic diversity on populatfanstioning. Last but not least,

118



Parental diversity mitigates competition on populations' productivity

they point out on the importance of doing “mordistia studies” operating with
epigenetic variation that is realistic for natupalpulations, i.e. induced by the
environment.In case of Latzekt al. experiment, authors manipulated the
epigenetic diversity by creating populations offetihg humber of epigenetic
recombinant inbred lines (epiRILs) &rabidopsis thaliana L. with highly
variable DNA methylatiororiginated by artificial crossingsf Columbia wild
type and mutants with decreased genome-wide DNAytaton. Now, with
new and tested techniques such as experimental dglaigin of plant material
(Puy et al., 2018), the effect of “natural” epigenetic divéyson populations
could be more easily tested, and the relative eftgcwithin and trans-
generational plasticity potentially assessed.

Here, we summarize the results of a two-generatxeriment orA.
thaliana to test the role of parental diversity, i.e. p@igns consisting of
individuals with different parental origin, and gic diversity on 1) creating
phenotypic variation and on 2) affecting plant agslkage and productivity and
resistance against stress of plant populationseByerimental alterations of
DNA methylation statutes of a subset of populatioves were able linking
parental diversity effects to the effects of epejendiversity. Further we control
the role of within-generational plasticity on moalithg those effects. We
hypothesize that, compared to the effect of genltrersity, the effect of parental
diversity (further referred to as epigenetic divtg)seffects on population
functioning will be weaker, but still important, drthat within-generational
plasticity can partially compensate for both trgeserational and genetic
diversity effects. Also, we test whether traitsgiaage and variance of the trait in
the populations) explain these diversity effects.
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Material and methods

Plant material and environmental imprinting

For this experiment, four different ecotypes oremsions ofA. thaliana were
selected and provided by the Nottingham Arabidofteck Centre NASC):
Col-1, Gue-0, Mer-6 and Vav-0. Because the natpradominance of this
species for self-fertilization, ecotypes are geradly adapted to specific
environments and show unique ecologies (Alonso-&lat Koornneef, 2000).
The Col-1 ecotype was chosen because of its wigsdyin genetic studies. The
other three ecotypes were selected from populatibtie Iberian peninsula with
differing moisture and fertility preferences duetheir selection history and
phenotypic variation (Picét al., 2008; Méndez-Viget al., 2013): Gue-0 from
north and oceanic influenced part of the peninsaa, Mer-6 and Vav-0 from
southern and more continental part (NASC). Mer-6 ¥av-0 habitats differed
in their fertilization influence: while the firstopulation was located on a sandy
area, the second was on a farm (NASC).

To ensure sufficient seed stock of the ecotypesl #n maintain
homogeneous genetic variation and evening out Iplessiunknown
transgenerational effects of previous cultivationNASC, we grew all the
ecotypes in controlled conditions for one generatin populations with
conspecifics of the same ecotype. The ecotypes tinentberian Peninsula were
grown all in identical control condition to avoidyaepigenetic variation in the
seed material. However, the Col-1 ecotype was grawter three different
conditions (control, fertilization and waterlogg)ngo trigger transgenerational
effects in the offspring and potentially generatgenal with heritable epigenetic
variation. The control treatment meant wateringyamhen plants needed. The
fertilization treatment comprised the same waterregime as the control
treatment but with an addition of fertilizer (KRISBLON; NPK 15-5-
30+3Mg+5S) at the concentration of 300ppm in eadkteving day. The
waterlogging stress treatment consisted in corlgtevattered plants ensuring wet
surface of the soil. All the treatments startedaysdafter the transplanting to
ensure the good establishment of the populatioddasted until all the plants
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produced seeds. Each population was establishéchsgplanting 30 seedlings
of the same ecotype in 9 cm square plant potsavitblume of 0,5 | filled with
a 2:1 mixture of sand and commercial soil, creatiegse populations (similar to
Latzel et al., 2013) with realistic population structure, allogiinteractions
between individuals. The 30 individuals within a peere placed in a regular
distribution, covering the whole surface with 6wohs x 5 rows of plants with
equal space between individuals. Seeds were getexdina sterilized plotting
mix, after one-week stratification at 4° C.

Experimental design (Fig S1)

After collecting seeds from the different plant evédl (previous section) we run
a one-month diversity experiment where we stabtistveo different types of
populations oA. thaliana in pots. As in the previous generation, each patpn
was established by transplanting 30 seedlings wdociid have same or different
origin. Transplanting allowed us to spatially agarthe populations maximizing
interactions between dissimilar individuals in mipds (Fig. S1) and to know the
origin of each of one.

The first type of populations included varying Ievef genetic diversity
achieved by sowing individuals from one genotyperfocultures), and mixtures
of the three genotypes (Mer-6, Gue-0, Var-0). Matinces were replicated five
times, and the mixtures replicated 15 times.

The second type of populations included varyingelevof parental
diversity and/or potential epigenetic diversity iesled by sowing individuals
from single ecotype (Col-1), but either from onegmdial origin (i.e. experienced
one specific environmental condition; monocultur@siixing individuals from
the three parental origins. In this case, monocestwere replicated seven times,
and the mixtures replicated 21 times. We specibtéptial” epigenetic diversity
because, apart from epigenetic heritable modificati the parental origins could
trigger transgenerational effects through other hmasms like generating
differences in seed quality and hormonal balanagrftdn & Sultan, 2011). One
way to confirm that the parental diversity was iedepigenetic diversity was to
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modify the epigenetic status of the plants via @pgibn of a demethylation agent
(Puyet al., 2018). Thus, another set of populations withsdwme amount of pots
(3 monocultures replicated 7 times and mixturedicafed 21 times) were
demethylated with 5-azacytidine suppressing theigenetic-parental status
(Puy et al., 2018). With this approach we aimed at creatingupetion types
which did not differ in genetic diversity and haxtluced epigenetic diversity if
compared to non-demethylated populations.

All the combinations mentioned above were replidédimes, to grow
the populations under three different environmentahditions (control,
waterlogging and fertilization; described in theyous section). Thus, the final
set-up finally comprised (5+7+7) x 3 monoculturesl 45+21+21 mixtures x 3
environmental conditions = 342 experimental popoitet and 10,260 individuals
of A. thaliana. Pot size, substrate, population density and thaérenmental
conditions were the same as in the previous geoerat ensure the most similar
conditions.

Measured traits

At the time of harvest, we measured survival andltdry biomass of the 18
individuals of the edge of each pot, and survival endividual total dry biomass
(radicular and aerial) for each of the 12 centlah{s. Additionally, we estimated
the specific leaf area (SLA; leaf area per dry mass/mg) of the central plants
by scanning the area of one to three leaves pet @t weighting their dry mass
(after drying at 60° C for 48h). In each pot, wéireated the SLA of four
individuals of each origin: i.e. the twelve centratiividuals in case of the
mixtures, and four individuals in the monocultufesvays choosing the ones
situated in fixed positions to avoid subjectivecélen from the researcher).

We calculated the average value and coefficiembahtion (CV) of the
traits (biomass and SLA) per pot (i.e. all origtogether), as well the average
mean and CV of each identity/origin in each potesafely (one pair of mean and
CV per pot in monocultures, and three pairs in ores). This segmentation
allowed us to estimate the net effect of diverssty productivity and its
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components — selection effect and complementafigcts —, an analysis that
was not possible in the design by Lagtell. (2013) because they did not identify
the origins of the individuals. The calculationstibé diversity net effect were
made following the additive partitioning method (kau & Hector, 2001), based
on the difference between the observed yield imthxure compared to the yield
of the monocultures for each origin in the sameeerpental treatment.

Satistical analysis

Epigenetic diversity effect. The effects of environmental condition (control,
waterlogging, fertilization), diversity (monocules vs mixtures) and
demethylated treatment (yes vs no), and all passitteractions between these
variables (Table 1a) oArabidopsis populations’ total mortality, total biomass
and average and variation in SLA were analysed Vutbar models. When
interactions were significant, the effect of divigrsvas tested within the other
treatments.

Epigenetic diversity effect vs genetic diversity effect. The effects of
environmental condition (control, waterlogging, tileration), diversity
(monocultures vs mixtures) and source of variafgpigenetic vs genetic), and
all possible interactions between these variableblé 1b) onArabidopsis
populations’ total mortality, total biomass andage and variation in SLA were
analysed with linear models. When interactions wsgaificant, the effect of
diversity was tested within the other treatments.

Biodiversity effects on productivity. As before, differences on the biodiversity
effects were tested with separate linear modelgpagenetic vs. demethylated
treatments (Table 2a), and epigenetic vs. genetiersity (Table 2b). The
environmental conditions (control, waterlogging, rtifezation), and the
interaction were also included as fixed factordb{&&a, b). When the interaction
was significant, the effect of the source of diugraas tested within the different
environments.

123



Chapter 1V

Traits influence on biodiver sity effects. To see whether traits (i.e. average and
CV in SLA) influence the biodiversity effects (ndtversity effect and its
components: selection and complementarity efféictar models were used;
including the source of variation (genetic, epigeneand demethylated
treatments) and the environmental conditions amr timteractions as fixed
factors (Table S1a). When the interactions wenaifsagint, the effect of the trait
on biodiversity effects was tested within the diffiet treatments separately
(Table 3).

All analyses were carried out using R v3.2.3 (ReCbeam 2016) with
a=0.05 as significance level.

Results

We found no effect of diversity omrabidopsis populations’ mortality in
response to the disturbance/stress (Table 1a,i@bSE). Mortality was similar
between monocultures and mixtures, and betweemnamaental conditions (Fig.
S2). However, the sources of variation affected tality. Populations with
manipulated genetic variatioshowing lower mortality than epigenetic ones
(Table la; Fig. S2). Further, demethylated popmetihad an overall lower
mortality than populationsvith environmentally induced epigenetic variation
(Table 1b; Fig. S2)

The waterlogging treatment caused a general dexiedise productivity
of theArabidopsis populations (Table 1a, 1b; Fig. 1). Also, we detd@n overall
lower biomass of populations withanipulated epigenetic variation compared to
the demethylated populations and to the populatwitis manipulated genetic
variation(Table 1a, 1b; Fig. 1)Additionally, we detected no overall significant
effect of diversity on productivity (Table 1a andHg. 1). Total biomass was
similar between mixtures and monocultures. Howedeérersity had a more
negative effect in demethylated populations (Fig. Wnder fertilization,
demethylated mixtures produced significantly lovilkomass compared with
monocultures (Fig. 1).
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Source of diversity
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Figure 1: Productivity of experimental populations Afabidopsis: monocultures vs.
mixtures. Each column corresponds to the differsaurce of diversity: genetic,
epigenetic and demethylated; and each column tditfegent environmental conditions
waterlogging, fertilization and control. The direct and magnitude of the effect of
increasing diversity in each experimental treatna@atshown in the boxes. Asterisks in
the environmental conditions indicates the treatnségnificantly different from the
others. Asterisks in the source of variation tresita indicate significant overall
differences of the marked population compared with population with manipulated
epigenetic diversity (i.e. genetic vs. epigenatmpenetic vs. demethylated).

Populations under waterlogging stress had more qifipic variability
(i.,e. CV of SLA) than under other environmental dibions (Table 1a, 1b; Fig
2). Also, the populations with manipulated genetciation had lower CV of
SLA than ones with manipulated epigenetic variat{dable 1b; Fig 2). In
general, diversity increased phenotypic variab{litg. genetic and epigenetic
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Table 1. Effects of environmental conditions, diversity, and source of variation, and their interactions on Arabidopsis
populations mortality, total productivity, and variation and average SL A, testing separ ately the effect of sour ce of variation:
A) Epigenetic vs. Demethylated; B) Genetic vs. Epigenetic. Result of the full factorial linear models includiras fixed factors.
In bold the significant effects of the factors.

Env. condition 2 0.76 0.26 0.77 94281 14739 <0.01 0.429 6351 <0.01 45356 179.48  <0.01
Diversity 1 228 0.79 0.38 622 0.97 032 0.100 14.80 <0.01 290 1.23 0.27
Source of Variation 1 16.25 5.6 0.02 3656 5.71 0.02  0.000 0.05 0.83 2439 10.33 <0.01
ExD 2 4.33 1.49 0.23 127 0.20 0.82  0.066 9.70 <0.01 535 2.27 0.11
ExV 2 1.53 0.53 0.59 545 0.85 0.43  0.001 0.10 0.9 889 3.71 0.02
DxV 1 0.68 0.93 0.34 1608 2.51 0.11 0.008 1.18 0.27 26 0.11 0.74
ExDxV 2 22 0.76 0.47 1481 2.31 0.10  0.005  0.69 0.50 48 0.20 0.81
Racidnale 721% 7 aQ &An 'S RETS

mortality d.f.= 240

Env. condition 2 1.87 0.63 0.53 78204 13896 <0.01 0.183 28.54 <0.01 29392 188.89  <0.01
Diversity 2 4.17 1.41 0.24 8 0.01 0.91 0.093  14.54 <0.01 61 0.39 0.53

Source of Variation 41.87 14.14 <0.01 5170 9.19 <0.01 0.031 4.78 0.03 50550 324.86  <0.01

ExD 2 3.18 1.08 0.34 264 0.47 0.63  0.013 203 0.13 208 1.33 0.27
ExV 2 0.47 0.16 0.85 1165 2.07 0.13  0.049 7.67 <0.01 307 1.97 0.14
DxV 1 1.07 0.36 0.55 390 0.69 0.40  0.005 0.79 0.37 217 1.40 0.24
ExDxV 2 2.11 0.71 0.49 168 0.30 0.74  0.008 1.31 0.27 271 1.74 0.18
D oanidialn 107% A o0c ) Y 1cc

mortality d.f.= 204
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mixtures had higher CV of SLA than monocultureshl€ala, 1b), although only
in the latest (epigenetic diverse mixtures), wasificantly higher (Fig. 2). In
contrast, in the demethylated populations thiscefiesappeared, and phenotypic
variability decreased in mixtures (Fig. 2). Thel@gCV of SLA of mixtures was
explained by the differences between origins ofrtingures and no because the
different origins increased their CV of SLA from nazultures to mixtures (Fig.
S4). It suggests that phenotypic variability of thétures was explained by
transgenerational plasticity with no within-generatplasticity involved.
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Figure 2: Functional diversity measured as coefficient @fiation of SLA within each
experimental population oArabidopsis. monocultures vs. mixtures. Each column
corresponds to the differing source of diversitgnetic, epigenetic and demethylated;
and each column to the different environmental d¢ants waterlogging, fertilization
and control. The direction and magnitude of thedfbf increasing diversity in each
experimental treatment are shown in the boxes.rigkiein the source of variation
treatments indicate significant overall differencéghe marked population compared
with the population with manipulated epigeneticedsity (i.e. genetic vs. epigenetic;
epigenetic vs. demethylated).
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At the same time populations’ average values of 8lffered depending
on the environmental condition and the source oiatian (Table la, ab). We
found lower SLA in allArabidopsis populations under waterlogging stress (Fig.
3). Also, populations with manipulated genetic aaon had in general lower
SLA, and demethylated populations higher SLA thha populations with
manipulated epigenetic diversity (Fig. 3). In gehewe found no differences in
SLA values between monocultures and mixtures withexception of genetic
diverse mixtures in the fertilization treatmentiwgignificant lower SLA than
the respective monoculture. As we found with the@\8LA, the average SLA
of the different origins were no changing betweamaoculture and mixture (Fig.
S5), suggesting no within-generation phenotypicstaddy triggered by the
population structure.

In accordance to the previous results on populgtibiomass, we found
a general null net diversity effect, as well asifercomponents: selection and
complementarity on genetic and epigenetic divegaulations (Table 2a; Fig.
4). Only we detected a significantly higher selacteffect of the epigenetic
diverse mixtures compared to the genetic diversesoim the fertilization
treatment (Fig. 4b). This increase in productiafythe mixture was associated
to a greater productivity of the waterlogging amigFig. S3). Nevertheless, we
found greater differences between the diversityeadff on epigenetic and
demethylated mixtures, although they were speddic each environmental
condition (Table 2a). We found a negative net éffiacthe demethylated
population under fertilization (Table 2a; Fig. 3ahich was mostly explained by
a negative complementarity effect (Fig. 4c), megnirat all the different origins
were less productive in mixtures than in monocekufFig. S3). Although the
effect of selection compared with complementarigswelatively small (+ 3 mg
vs. + 50 mg; Fig. 4b and 4c), we found more posiselection effect of the
epigenetic diverse mixtures compared with the dbyiated ones in the
waterlogging treatment (Table 2a, Fig 4b). Thisedénce did not contribute to
generate any differences on the overall net effect.
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Figure 3: Average SLA of each experimental populatiorAodbidopsis: monocultures
vs. mixtures. Each column corresponds to the diiffesource of diversity: genetic,
epigenetic and demethylated; and each column tditfegent environmental conditions
waterlogging, fertilization and control. The direct and magnitude of the effect of
increasing diversity in each experimental treatna@atshown in the boxes. Asterisks in
the environmental conditions indicates the treatnségnificantly different from the
others. Asterisks in the source of variation tresita indicate significant overall
differences of the marked population compared with population with manipulated
epigenetic diversity (i.e. genetic vs. epigenatmipenetic vs. demethylated).
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Figure 4: A) Net biodiversity effect, and its two compore®) selection effect and C)
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Table 2: Effects of environmental conditions and sour ce of variation and their interactions on diversity net effect,
selection effect and complementarity effect on Arabidopsis populations biomass, testing separately the effect of
source of variation: A) Epigenetic vs. Demethylated; B) Genetic vs. Epigenetic. Result of the full factorial linear
models including, as fixed factors. In bold thendfigant effects of the factors.

A) Epigenetic V. Net effect Selection effect Complementarity effect
Demethylated d.f. MS Fratio P value MS Fratio P value MS F ratio P value
Env. condition 2 548 0.92 0.40 17.50 6.82 <0.01 741 1.28 0.28
Source of Variation 1 3196 5.37 0.02 7.05 2.75 0.10 2903 5.01 0.03
ExV 2 3040 5.10 <0.01 10.26 4.00 0.02 3088 5.32 <0.01
Residuals 115 595 2.56 580
B) Genetic V. Net effect Selection effect Complementarity effect
Epigenetic d.f. MS F ratio P value MS Fratio P value MS F ratio P value
Env. condition 2 591 1.22 0.30 2.70 0.70 0.50 513 1.10 0.34
Source of Variation 1 490 1.01 0.32 11.08 2.86 0.09 354 0.76 0.39
ExV 2 399 0.62 0.54 7.31 1.89 0.16 220 0.47 0.63
Residuals 97 486 3.87 466
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When we use traits to explain the net diversityeeffand its two
components, we found a general significant efféetverage SLA on increasing
net effect and complementarity, plus an effect MSCA dependent of the
environmental conditions and source of variatio. (interaction E x V X
CVSLA; Table S1a). In order to characterize the$eces correctly we explore
the relationship within the populations under taes environmental condition
(i.e. waterlogging, fertilization and control). @nih waterlogging and control
treatment, we found that traits could explain thesbity effects (Table S1b). In
mixtures undergoing waterlogging, a positive ndéeaf (i.e. more productive
mixtures beyond the predicted by the monoculturea¥y characterized by
populations with low CVSLA and high values of SLAaple S1b). In control
conditions the effect of CVSLA and SLA was deperidehthe source of
variation (i.e. interaction V x CVSLA/SLA; Table B}, so we further segmented
the treatments. By doing that, in control condisiowe found a positive effect of
SLA in the selection effect of epigenetic diversetanres, and a positive effect
of CVSLA on net effect and complementarity in delnyé&ted mixtures (Table
3)

Discussion

This study expands the knowledge on the role ofiiwiand transgenerational
plasticity as a potential mechanism of coexisterasal functioning of
communities. Specifically, this is the first empal demonstration of the effect
of “parental diversity” or diversity of environmetity induced transgenerational
effects on productivity and resistance to stregb@®@ipopulations. In general, we
found a null diversity effect on the productivitpdaresistance to stress, except
in demethylated populations where we found a negadiffect. This result
strongly suggests, first, that the transgeneraticeféects were controlled
epigenetically, and at least partially enabled INADcytosine methylation. And
second, that epigenetic diversity seems to amedioflze negative effects of
intraspecific competition on productivity 8f abidopsis populations. The higher
phenotypic variation found in the epigenetic dieemsixtures compared to the
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Table 3: Influence of average SLA and CVSLA on diversity net effect, and its additive components: selection and

complementarity effect on Arabidopsis mixtures. Regression standardized coefficients of each pradictors of the
linear models made in each experimental treatmegdrately (i.e. mixtures with different source afiation and under
different environmental condition separately). bidothe significant effects of the factors.

Source of Variation

Enviroqrpental Trait predictor Genetic variation Epi tic Variati D thylated
COIldlthIl pigenetic variation cemetnylate
Net Sel Comp Net Sel Comp Net Sel Comp
Waterlogging SLA 28.00 -0.93 2893* 1276 026 1249  13.87* 088  12.99%
CVSLA 447 047  -495 322 005 -327 124 0.65 0.59
Fertilization SLA 679 -2.57° 422 1002 -0.14 10.16 18.15 022 17.93
CVSLA 437 091 528 -19.52 -033 -19.19 249 -0.65 3.14
Control SLA 17.57  -2.81 2028 21.29° 2.69% 18.60 9.00 -0.29 9.29
CVSLA 1145 -1.19  -1026  -588 -1.08 -4.81 29.88** -020 30.08%*

Net = Net diversity effect; Sel = Selection effect; Comp = Complementarity. Significance:  (0.05< P < 0.1); * (0.01< P < 0.05); ** (P <0.01)
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demethylated suggests that the reduction of cotigretiould be partially caused
by the increase of niche differences between igin

We show that the waterlogging treatment was the stosssful condition
for the populations oArabidopsis. Although it did not cause higher mortality, it
decreased at least 50% of the biomass productiowekier, we did not find that
diversity increased population resistance agaisttess. The strong decrease on
the size of the individuals could have avoid a palsical interaction between
individuals, thus, not letting any other potentmbperty of the population to
emerge from these interactions. Similarly, therggey diversity effects founded
in the fertilization treatment compared with theetenvironmental conditions,
could be caused by the greater size of the indalgithat increased the intensity
of the interactions. The relatively low selectidfeet founded in our results could
be promoted by the low mortality/exclusion occurirethe experiment.

We show that the three different conditions (cdntfertilization and
waterlogging) imprinted on the Col-1 ecotype trigggephenotypical differences
between the offspring (i.e. transgenerational éflecwhich consequently
translated into more functional diverse populatigres higher CV SLA) when
the different origins were brought together in mangs. Interestingly, when we
applied the demethylation treatment that partiatifully removed the epigenetic
signature of the individuals, the functional diviref the mixtures disappeared.
The lack of phenotypical variation of the demethsgdh mixtures strongly
suggests that the “potential” epigenetic diversidatment was indeed reflecting
epigenetic variation, and at least partially endig DNA cytosine methylation.
If we would partition the variance; we would detdwt the higher CV of SLA
of the mixtures was due to differences betweenimgigand no because an
increase of the variation within origins from mouotiares to mixtures (Fig. S4).
So, it suggests that transgenerational ratherhgain generational phenotypic
plasticity was driving the phenotypic variabilitjthe mixtures, thus, promoting
niche/resorce partitioning and potentially increasing compéenarity.
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However, the more functional diversity of the emigec diverse
populations, did not translate in any positive effen productivity or resistance.
By increasing divergence in traits between indialdu we expected reduce
competition between origins, enhancing niche segieg and complementarity,
and thus promoting a positive diversity net effgaidley, 2001). However, we
found no positive, nor negative diversity effectsapigenetic diverse mixtures.
On the contrary, in demethylated mixtures, wherergmoved the epigenetic
diversity and its relative functional diversity, ¥aind a negative diversity effect,
due to a negative complementarity effect, only isicgnt under fertilization.
Although demethylation, by removing the epigenetad differences, could have
probably reduced niche differences between origaml increased the
competition intensity between origins; it does wooly explain the negative
values of net diversity effect. If so, it was exjgecthat the biomass produced in
demethylated mixtures was similar to the demetbkglabonocultures. However,
we found higher average biomass of the differeigiireg in monocultures than in
mixtures, meaning that the competition was lessnisé among conspecifics of
the same origin than between origins; indicatirag tither mechanism of origin-
specific cooperative behaviour should have beeamialolved for reducing the
competition between conspecifics of the same ofgiso found in Semchenko
et al.,, 2014). Anyhow, epigenetic diversity seems to @nale the negative
effect of competition between different origins.

Although we expected genetic diverse populationbaee the highest
phenotypic variability related to resource foragiogmpared to the rest of
populations, we found a lack of functional diversin the mixtures compared
with the monocultures. It surprises that the migtof the three selected ecotypes
with different selection history, which are desedto differ in phenotypic traits
like root system and flowering period (Piebal., 2008; Méndez-Vigat al.,
2013); did not differ in SLA which is a trait redat to resource foraging strategy
of the plant. Probably the absence of deep morgicdbvariability in SLA of
these ecotypes compared to Col-1 ecotype sug@pasthe low SLA is a selected
plant life-history trait that contributed to thesuccess under Mediterranean
climates (Wrighet al., 2005; Blondeet al., 2015). Nevertheless, by not finding
a negative diversity effect in these population&e(lwhat we found in
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demethylated populations), indicates that, indéeete is functional phenotypic
variability.

When we tested the relative importance of traitgaland variation for
explaining the biodiversity effects, we found tB&tA average values rather than
trait variance (i.e. CVSLA) of the populations drithe productivity of the
mixtures. We found that, in general, the net dinvgrsffects were higher when
mixtures contained individuals with high SLA (ileigher average SLA), and
were also associated with lower variation in SLAe.(inegative standard
coefficients of CVSLA; Table 3). Meaning that pogtibns of individuals with
high SLA supplied more function than more diverssemblages with lower
SLA. Although probably, measuring SLA alone couli/é be insufficient for
characterizing organisms’ niche differences (Ketfél., 2015; Kunstleset al.,
2016; Cadotte, 2017), this result suggests thatrttreased in functioning was
not driven only by niche differences and averagatdr provided better
explanation for the function (Kunstlet al., 2016). This does not surprise
because, besides being a trait related to resdaraging strategy of the plant
(i.e. niche segregation), SLA is a hierarchicaittimked to the fitness or
competitive ability of the individuals (Roscheral., 2012; Kraftet al., 2014,
2015). Species tend to achieve greater biomass hdnam higher SLA (Krafét
al., 2014). However, and interestingly only in demédbsd mixtures, we found
a more positive effect of niche differences (i.&SLA) on the functioning, in
some cases even stronger that the effect of trarage (Table 3). This suggests
that when the phenotypic variation is reduced, @rsequently the competitive
intensity increased, the importance of phenotypariation and niche
differentiation gets more important.
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Supplementary material

Experimental design

Genetic diversity Parental/epigenetic diversity Demethylated (no genetic, no epigenetic)
Population NN Water d |_Population_ Nater |_Population | _Water
Monocultures 5 El 5 Monocultures 7 7 7] Monocultures 7 7
Monocultures 5 5] 5 Monocultures 7 7 7| Monocultures 7| 7 7
Manocultures 5| 5| 5 Monocultures 7 7 7| Manocultures 7| 7 7
Mixture 15| 15 15] Mixture 21 21 21 Mixture 21 21 21

E E H Mixture populations design

Figure S1: Schematic representation of the experimentalgdesind the distribution of
the different individuals in polycultures (mixtujes
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Source of diversity
Genetic diversity & Epigenetic diversity Demethylated *
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Figure S2: Mortality within each experimental populationArfabidopsis. monocultures
vs. mixtures. Each column corresponds to the diffesource of diversity: genetic,
epigenetic and demethylated; and each column tdiffezent environmental conditions
waterlogging, fertilization and control. Asterisksthe source of variation treatments
indicate significant overall differences of the ket population compared with the
population with manipulated epigenetic diversitg.(genetic vs. epigenetic; epigenetic
vs. demethylated).
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Source of diversity
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Figure S3: Average biomass of each origin in each experialepbpulations of
Arabidopsis. monocultures vs. mixtures. Each column correspotaodthe differing
source of diversity: genetic, epigenetic and deglated; and each column to the
different environmental conditions waterloggingtifezation and control.
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Source of diversity
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Figure $4: Coefficient of variation of SLA within each origiin each experimental
populations ofArabidopsis.: monocultures vs. mixtures. Each column corredpada the
differing source of diversity: genetic, epigeneatimd demethylated; and each column to
the different environmental conditions waterloggifegtilization and control.
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Source of diversity
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Figure S5: Average of SLA of each origin in each experimémapulations of
Arabidopsis. monocultures vs. mixtures. Each column correspotadthe differing
source of diversity: genetic, epigenetic and degiated; and each column to the
different environmental conditions waterloggingtifezation and control.
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Table S1: Influence of traits. average SLA and CVSLA; plus environmental conditions and source of variation, and their
interactions on diversity net effect, and its additive components: selection and complementarity effect on Arabidopsis
mixtures. A) General model, B) Segmented by environmental condition (i.e. mixtures under different environmental coiwatit
separately)Result of the full factorial linear models. Sigodint effects of the factors are shown in bold, #redcolour indicates
the direction of the effect (positive in green, aige in red).

A) General model Net effect Selection effect Complementarity

d.f. MS Fratio P value MS F ratio P value MS F ratio P value
Environmental condition 2 426.41 0.89 0.41 11.33 3.50 0.03 564.13 1.21 0.30
Source of Variation 2 1611.33 3.36 0.04 6.2 1.91 0.15 1480.27 3.18 0.04
CVSLA 1 370.88 0.77 0.38 6.63 2.05 0.15 278.29 0.60 0.44
SLA 1 2866.72 5.97 0.02 0.59 0.18 0.67 2785.12 5.98 0.02
ExV 4  2365.74 4.63 <0.01 7.51 2.33 0.06 2422.58 5.21 <0.01
E x CVSLA 2 414.58 0.86 0.42 11.13 345 0.03 483.02 1.04 0.36
E x SLA 2 89.75 0.19 0.83 1.26 0.39 0.68 101.14 0.22 0.20
V x CVSLA 2 1581.68 33 0.04 1.92 0.59 0.55 1473.81 3.17 0.04
V x SLA 2 107.61 0.22 0.8 10.78 3.34 0.04 50.38 0.11 0.90
ExV x CVSLA 4 1210.32 2.52 0.04 1.53 0.47 0.75 1191.99 2.56 0.04
ExVxSLA 4 219.77 0.46 0.77 3.53 1.09 0.36 191.33 0.41 0.80
Residuals 139 479.9 3.23 465.36

E = Environmental condition; V = Source of variation; D = Diversity; d.f. = degrees of freedom; MS = means square; F = variance ratio; P = error probability.
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B) Segmented by Net effect Selection effect Complementarity

Environmental conditions d.f. MS Fratio Pvaluee MS  Fratio P value MS F ratio P value

Waterlogging  Source of Variation 2 273.29 1.89 0.16 8.2 4.65 0.01 374.99 2.52 0.09
CVSLA 1 686.81 4.73 0.03 3.14 1.78 0.19 780.65 5.54 0.03
SLA 1 1358.63 9.39 <0.01 2.77 1.57 0.22 1238.73 8.31 <0.01
V x CVSLA 2 121.88 0.8426 0.44 1.05 0.59 0.56 108.36 0.73 0.48
V x SLA 2 40.42 0.28 0.76 0.78 0.44 0.65 49.14 0.33 0.72
Residuals 46 144.65 1.77 149.02

Fertilization  Source of Variation 2 4051.1 4.68 0.01 12.64 3.61 0.03 3859.10 4.56 0.02
CVSLA 1 1419.7 1.64 0.2 3.81 1.09 0.30 1276.40 1.51 0.23
SLA 1 2825.1 3.27 0.08 0.25 0.07 0.79 2878.30 3.40 0.07
V x CVSLA 2 858.4 0.99 0.37 0.3 0.09 0.92 890.90 1.05 0.36
V x SLA 2 293.1 0.34 0.71 3.39 0.97 0.39 235.60 0.28 0.76
Residuals 46 865.2 3.5 845.50

Control Source of Variation 2 471.32 1.09 0.32 2.75 0.62 0.54 544.28 1.35 0.27
CVSLA 1 176.5 0.41 0.52 17.11 3.89 0.05 303.51 0.75 0.39
SLA 1 875.67 2.03 0.16 0.21 0.05 0.82 848.26 2.01 0.15
V x CVSLA 2 3101.68 7.2 <0.01 3.23 0.74 0.48 2904.79 7.21 <0.01
V xSLA 2 134.03 0.31 0.73 14.06 32 0.05 101.99 0.25 0.78
Residuals 46 430.91 4.4 402.93
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General Discussion

& Conclusions

In a context where the importance of intraspecif&ziation for community
assembly and ecosystem functioning is increasiagknowledged, this thesis
brings some light on understanding how it affebts processes involved in the
assembly of natural communities and promotes specmexistence and
biodiversity. Particularly, this thesis exploremachanism of variation that has
been generally ignored: transgenerational plagti¢ite. transgenerational
epigenetic inheritance). Although increasing resledras recognized the role of
epigenetic transgenerational effects in adaptatlmgreat majority of existing
studies have focused on transgenerational respotsesabiotic factors,
overlooking the role of biotic interactions. Thigipt of view ignores that biotic
interactions are leading factors for controllingggps coexistence, biodiversity
maintenance and ecosystem functioning. This tHélsigshe gap of knowledge
and adds empirical evidence focused on the plastitgggered by plant biotic
interaction. Moreover, besides exploring the poténadaptative role of
transgenerational plasticity, this thesis movesvéod, expanding the scope of
consequences that transgenerational plasticityddoave in ecology. Under the
“response-effect” framework, we studied how tramsgational trait plasticity
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could also promote the ability of organisms to €htlge environment where they
live in and affect ecological interactions. Theskarmges could promote
coexistence and enhance aspects of ecosystemadingtisuch as biodiversity
assembly and nutrient cycling. Therefore, thisithglsows that transgenerational
plasticity has consequences that go beyond the st#he individual plants.

Exploring the consequences in ecological and enolaty processes of
transgenerational plasticity required the examamatof different aspects.
Primarily, stablishing the necessary methodologyéoable to explore these
guestions and to disentangle the mechanisms otiginéhe transgenerational
plasticity. Then, checking wether the biotic intdrans alter the phenotype,
examining the magnitude and direction of the respoon each specific
“response traits”. And finally, dilucidating the teocial role of these
modifications as “effect traits”, checking theitexeance for adaptation, species
coexistence, creating biodiversity and populatiod acosystem functioning. In
the remaining of this section the main finding$ho$ thesis are summarised and
discussed, and some lines for future researchrapoged.

First, | have showed the strong ability of plamséspond to the biotic
and abiotic conditions experienced during thek kidycle. This response was
examined in terms of differences on fitness-relatbdracteristics, such as
individual biomass oseedproductiondepending on wether the conditions were
stressful or mild. Further, | also examined respsrsonsideringnultiple plant
phenotypic traits, including both root and abovegd systems. If the
responding traits were aggregated under the unabodlthe plant economics
spectrum framework (Diagt al. 2016), in general, the more stressful ecological
interactions presented in this thesis, i.e. higinpplant competition intensity,
absence of arbuscular mycorrhizal symbiosis, antenemging and water
drought stress, triggered a conservative phenatgpbe plants, characterized by
lower SLA, higher LDMC, higher allocation to theots and lower SRL.
Conservative phenotypes are associated with Idiigepan and better resource-
use conservation. Although | did not test the asaptole of this within-
generation plasticity, considering that consenetstrategies are generally
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selected in plants from resource-poor environm@biaz et al. 2016) and that
conservative-strategy phenotypes are normally datimg the competitive
hierarchy in pairwise competition experiments (Keafal. 2015; Carmonat al.
2019; Puy, unpublished obs.), the plastic respdoserds a conservative
phenotype seems to be adaptive and to improve srgditness by reducing the
negative intensity of ecological interactions arrgmsing the ability to cope with
stress.

Moreover, | found that also the different ecologjingeractions presented
in this thesis triggered transgenerational plasticihis was evidenced by the
fact that the phenotypes of the offspring were @éfié by the environmental
conditions that parents experienced. Despite spedtentity or the
environmental condition, transgenerational plastibiad generally concordant
responses with the within-generational plasticitgviously described. Hence,
offspring became more conservative when the pasxpsrienced more stressful
ecological interactions (high competition intensigbsence of AMF, etc.).
Therefore, in case that offspring experienced éineesconditions that the parents,
the transgenerational plasticity further reinfordeait plasticity in the same
direction. Hence, although transgenerational magthas a much lower effect
than the plasticity expressed during the life cyafla plant, its effects were far
from being negligible.

There are two types of responses between withid-agnoss-generation
plasticity: concordant that drives progeny phenesytp a distant optimum, and
opposing responses, which stabilize phenotypes intarmediate optima (Auge
et al. 2017). Concordant responses can accelerate adaptathe environment
as long as the selective environment persist$iadtie environment experienced
by the progeny matches with that of the parentsr(tdeet al. 2014). By contrast,
concordant and persistent plasticity may become ladaptive, or even
maladaptive once that optimum is achieved (Awyeal. 2017). Although
transgenerational plasticity is especially strongirdy juvenile stages of the
progeny, it can also persist during plant develammé any case, within-
generation plasticity seems to be stronger thawsaegeneration plasticity.
Therefore, although transgenerational plasticitis dike an adaptive “stress
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memory” that improves the ability of the offspribg cope with the predicted
environment, within-generation plasticity could ovwde across-generation
plasticity to let progeny respond more accurataytlie cues of its own
environment.

Along this thesis | have generally point toeritable epigenetic
mechanisms, such as DNA methylation, as respomssifie the induced
transgenerational effects. However, besides the geeptic origin,
transgenerational plasticity could have been mediddy differences in seed
provisioning, seed quality (i.e nutritional quajignd hormonal balance stocked
up by the maternal plan{fRoach & Wulff 1987). In order to disentangle both
mechanisms and to focus on the epigenetic mechaninteave tried to
experimentally control the effect of the seed cbimnastics by incorporing them
into the models. Furthewhenevemossible the epigenetic status of the plants
was altered byn vivo experimental DNA demethylatioiThe selection of the
later approach could not have been possible wittieiproper validation of the
method for suitability in ecological research preed in Chapter I. This method,
based on daily spraying onto the leaves of thetplar a solution of a
demethylation agent (i.e. azacytidine), removeshgiation marks of plants,
including those inherited from previous generatiolise new method has the
same demethylating efficiency as the traditionathodology, but without the
adverse side effects that affected plant survimdldevelopment. Thus, this tool
is ideal for ecological epigenetics since it allot@sreliably discriminate the
phenotypic changes caused by the DNA-methylatiomfthe side effects of the
demethylation agent. Furthermore, this methodolsguitable for clonal species
reproducing asexually, and opens the possibility f@mmunity-level
experimental demethylation of plants.

Besides exploring the potential adaptative roletrainsgenerational
plasticity, this thesis moves forward and expahésstcope of consequences that
transgenerational plasticity could have in ecologyarger scales. | showed that
transgenerational plasticity allows organisms tapghtheir environment, in
which their progeny will live. Paticularly, in Chigp I, | showed that
transgenerational plasticity can affect ecosystenegsses like decomposition.
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Increasing levels of parental competition resulted more conservative
phenotypes (e.g. higher LDMC and leaf C:N), thatralated to more structural
and slower degradable organic matter in leaves;iwtiakes longer to be returned
to the soil (Cornelissen & Thompson 1997). Intenggy, this slower
degradation might in turn favor those plants withmere resource-use-
conservative phenotype, which have lower ratesitrient uptake, subsequently
affecting the plant—plant competitive interactiquan der Puttergt al. 2013,
Semchenkaet al. 2017). This opens a new field of research on thenial
positive plant—soil feedback triggered by transgatenal plasticity.

Last but not least, in Chapter IV, | demostratedt thopulations of
individuals from diverse parental environmentalgots are, indeed, more
phenotypic and functional diverse, probably on aot®f heritable epigenetic
mechanims. Therefore, the different parental emwitents induced
transgenerational effects that increased traiedbfices between origins. This
increase in differences did not seem to provide @ositive consequences on
populations’ productivity or resistance against esér by increasing
complementarity between origins. However, traifed#nces seemed to increase
niche differences between origins and decreaseantieasity of intraspecific
competition, ameliorating its negative effect onoductivity. Thus,
transgenerational plasticity can play a role oncibexistence and functioning of
the communities. Probably, testing these resuli@iger experiments, in natural
communities is needed. Besides promoting rapidutioml, the accumulation of
concordant plasticity across the years, could xangle explain the increase in
complementarity founded in biodiversity experimeonsr the time (e.g. Meyer
et al. 2016).
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Conclusions

More stressful ecological interactions triggerednplplasticity towards
conservative phenotypes. These adjustments se@nptove fitness of
the organism by reducing the negative intensitytiod ecological
interactions and to increase the ability to copih wiress, thus promoting
coexistence.

The ecological interactions also triggered transgational plasticity in
the same direction that within-generation plastjcfurther reinforcing
the phenotypes towards a conservative phenotypethoddh
transgenerational plasticity is especially strongriy juvenile stages of
the progeny, it can also persist during plant dgwelent.
Transgenerational effects were generally removednmbxperimental
demethylation was applied, strongly suggestingttiatransgenerational
plasticity was controlled epigenetically, and atstepartially enabled by
DNA cytosine methylation.

Transgenerational plasticity acted like an adapt®ieess memory” that
improves the ability of the offspring to cope withe predicted
environment. As long as the selective ecologic@raction persists, the
concordant response between within and across-ggmerplasticity
could promote rapid evolution and drive speciesphges to a distant
optimum.

Transgenerational plasticity allowed organisms tbapge their
environment, and where their progeny will live tfeating ecosystem
processes like decomposition. Subsequently, traxesggonal plasticity
feedbacks on the ecological interactions.

Diversity of parental origins in a population ceshtphenotypic and
functional variation via transgenerational effabist, as any other source
of biodiversity, could have a positive effect orpptation and ecosystem
functionality.

Different parental environments increased traitfedénces between
origins. This increase of niche differences betwagins decreased the
intensity of intraspecific competition, amelioragiits negative effect on
productivity. Thus, transgenerational plasticityngalay a role on the
coexistence and functioning of the communities.
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