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1. Synopsis

1.1.Overview on plant community ecology apldnt-soil feedback.

Plant communities are dynamic biological entities. Their formation, decline and succession take place
over a wide rangef time scales in different bioggraphical area@Vatt, 1947) A large body of literature has
been published in the last century of research with the attempt to describe plant community dynamics in ter-
restrial ecosystems, showing that the magnification of thesermttdies on the interplay betweenviron-
mental drivers and plant evolutionary strated@saran & Bartha, 1992; Cadogeal, 2009; Pavoinet al,
2011; Ji metrale2016)AThd peocesses brmation, transformation and successional substitution
in plant communities are described in a disparate number of ecosystems such as woodlands, grasslands, ripat-
ian and coastal areas and involve interactions changing at different spatial scales, fromcwiagical gra-
dients to sitespecific environmental shiffazzaz & Pickett, 1980; VAN ANDEEt al, 1993; Cesaranet
al., 2017b) Accordingly, the objects of community dynamic assessment can range from the irietplagn
micro-environmental factors and seed germination or propagule establishment, to the envirortiatad
feedback dects of a plant species presence on the structure and diversity of a plant ass@ivitado47;
Mazzoleniet al, 2010) Several theories explaining plant community diversity were previously proposed
(Chesson, 2000Among the most cited, shared and criticized theories, i) the intermediate disturbance hypoth-
esis (IDH) states that dynamics in plant community are dependent by intermediate level of pertpirbation
moting the estalishment of a species that otherwise would normally be outcompeted by dominaffmges
1981; Wilkinson, 1999; Bongerst al, 2009; Catfordet al, 2012) ii) niche partitioningtheory (Finke &
Snyder, 2008)relies on the principle of competitive exclus{dtardin, 1960)in whichspeciesre more likely
to coexist wherhey tend to compete less stronghereby differentiating their niches by ecgcupyng dif-
ferent favourable laationsor exploiting differentresourcesavoiding overlap with other speciéSox, 1981,
Ashtonet al, 2010) iii ) thenegative densitgependece (NDD) hypothesis predicts thaigh local diversity
such as e.g. itropical forestsis maintained by negative interacticaisincreasing density of conspecifics or
between closely related plant spedigstonovics & Levin, 1980; Comitat al,, 2010) The secalledJarzen
Conrell distribution, independently proposed haltentury ago by D.H Janzen (1970) and J.H. Connell
(1971) is a classic example of NDD, showingdexrease of recruitment near fruiting conspediges in
tropical forest, traditionally attributed tastspecific microbial pathogens or herbivor@lark & Clark, 1984;
Hyattet al, 2003; Petermanet al, 2008; Mangaret al, 2010) iv) autotoxicity hypothesis relating the occur-
rence of plarsoil negative feedback the accumulation of organic c@ounds released by the decomposition
of plant litter(Mazzoleniet al, 2007)
Over the last decades, the application of these theoretical frameworks to the variations observed in plant com-
munities has repeatedly induced diverging points of view and reeigrclusion between different@ogical
thoughtySilvertown & Law, 1987; Fox2013; Huston, 2014)

More recently, the needs of a solid and unitary concept explaining patterns of plant species distribution
brough ecologists to the formulation of new conceptual frameworks, where plants are considered at different

levels of biological organization and tkeil as an interactive matrix in which vegetal communities develops.
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Moreover, the need to explain patternglaint establishment beyond the limitations imposed by differences

in ecosystem characteristics led to the formulation of the-glsihfeedbackramework(Beveret al, 1997)
According to such conceptualization, a plant is capable to induce changes in the soil, at bothdiédsiiatian

levels, which in turn affect the plant progeny and hence the community to which it béMagsier Putten

et al, 2013) The feedback interactions can favour the establishmdratefospecifiplantsin the same soil

space, or being favoable for a conspecific. The two cases, as explained, are known as negative plant soil
feedback (as being detrimental for the future generatidhe conditioning species) and positive plant soil
feedback (as favouring the propagation of the conditiosperies), respectively. Accordingly, a negative
direction of the feedback promotes establishment of different species and hence the fornsatoieaich

plant communitie§Bonanomiet al, 2005; Mazzolenét al, 2010) On the other &nd, positive feedback en-
hances the proliferation of conspecific seedlings, leading to communities dominated by one or few species.
This is alsdhe case if the negative feedback is continuously removed as happening in riparian vegetation such
as mangrovéorests (Mazzoleni et al. 2010)

In the frame of plant diversity theories, the axiomatization of such interaction loops provides clear exglanati

for some previously observed patterns of plant community organization, consistent with niche partitioning as
well as negative density dependence princigkadmatiski et al, 2008; Van der Putteet al, 2013) For
instance, plant soil negative feedback can explain plant community successional pattamestatished

plant species or assemblages can progressively lose competitive ability as a consequence of their conditioning
effects on the soil substrate, leading to several species replacements along the successiona(ldgragohics

et al, 2006; van de Voordet d., 2011) As such, the establishment of a new plant community would be the
emergent property of a dynamic system undergoing negative feedback effects (Mazzallét10). More-

over, considering a plant community as a set ofrbmunities, plant sbhegative feedback can explain the
cyclic disappearance and reappraisal of annual species in grasslantkr Maarel & Sykes, 1993; Vincenot

et al, 2017) Such process is known as carousel distribution modgbrdlicts that the negative conditioning
locally built-up by plants to the underlying soil, acts at short time scale leading to the spatial displacement of
the future community within zones characterized byimunity replacement. Finally, the plantl$eed-

back concept consistently explains different plant distributional patterns at population and individual scale,
such as the characteristic ritige configurations of different clonal plang€arteniet al, 2012; Bonanomgt

al., 2014) These plants generally form rilige patterns after central diack and incapability to recolonize

the already conditioned soil. Preferably, the newly formed vegetative portion of thegtarze uncondi-

tioned soil resulting in an outward migration from the older central fgGageniet al, 2012; Bonanomét

al., 2014) The concept at individual level indicate ttimegative plant soil feedback involves seleractive
processes that determine the spatial organization of the plants themselves. This was finely proposed in agri-
cultural context (where specigpecific plat-soil negative feedback conceptually corregpao the weH

known soitsickness in agronomy) suggesting that root proliferation in soil is-segrlfsive proces&ucconi,

2003) This rationale proposed Eyicconi is particularly suggestive within the conceptual framework of-plant

soil negative feedback in different contexts. First, it suggests importantestmiomical implications in crop
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productivity, with ppomising ecefriendly applications to agricultal crops; second, under an evolutionary
perspective, it suggests that negative ptanit feedback was not positively selected, but rather intrinsically
constitutive of the plarsoil system, as still holdingotwithstanding the plumillennial selective pessure of
agricultural practices aimed to increase crop yield; third, it may also explain thiemdHive organization of

plant organs in the surrounding environment that is widespread in plant kingdtms. prerspective, obser-
vations and conceptuaditions derived from the agricultural research field, fits well to interpret negative plant
soil feedback effects in natural plant communities. Indeed, the need for a transdisciplinary conceptual frame-
work for plantsoil feedback research has been recquulgted out by Mariottet al. (2018)

In this context, the discovery that fragmented extracellulasl¥eh (i.e. DNA originating from con-
specifics) produces specispecific nhibitory effects recently demonstrated by Maieni et al. (2015) pro-
vided a new frame for the mechanism of plsoil negative feedback in both agricultural and natural ecosys-
tems. Indeed, laboratory experiments reported that the inhibitory effectifeéghaonspecific DNA was evi-
dent on seed gefimation and root growth in both vitr@and soil grown plant{Mazzoleniet al, 2014) Sec-
ond, the seDNA inhibitory effect was found to be a generalized biological phenomenon by testing on several

taxa including bacteria, protozoa, algae, fungi, anccisgl®lazzoleniet al, 2015b)
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Figurel.1 Conceptualized contribution of plasail feedbacks to plant community organization. From: van der Putten et al. (2013).
Central panel: plant direeind indirect feedback effects to themselves and neighbours, respectively; (a) species replacerbent contri
uting to (primary or secondary) succession. (b) plant species coexistence; (¢) combination of positive and negativmcbitdeed
sulting in speciesbundance and rarity; (d) invasive species changing from negative to positivesqlafieiedbacks movin from

native to introduced range; (e) over time, plaoil feedbacks in the introduced range may become increasingly negative; (f) mild
plant soil feedbacks in mixed plant communities opposite to monocultures; (g)-sdnoddelowground feedback throudterbivory
induced changes in the soil, influencing the subsequent plants, their aboveground herbivores, and the enemies of thiese herbiv
More detds in the cited paper.
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Figure2.2: Overview of the plansoil feedback framewrk integrating rhizospherand littermediated effects, driven by direct
interactions between living plant roots and pathogens or mutualists, gotiy$igal (e.g., litter layer thickness, litter physical
traits), chemical (e.g., nutrient availabilitgcondary metabolites, allelopathy) or biotic (e.g., soil community composition, biotic
interactions, homéield advantage) pathways. From: Veen e{2019). More details in the cited paper.
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Figure 1.3 Conceptual representation of the d8NIA inhibitory effect as mechanism of species specific ptaiitnegative feed-
back. From Carteni et al. (2016)

1.2. Mechanisms oplant-soil negativefeedback.

The theoretial framework of plansoil feedback has proven to be a jgoful tool for scientists involved in

the study of plant ecology worldwide. On the other hand, when focusing on negative feedback, that is appar-

ently more common than the positifkulmatiskiet al, 2008; Cesaranet al, 2017b) the conditioning effect

of the plant on soil can produce substantially the same results despite originated by different mechanisms, as

related to the manifolds interactive processes ocwtvelowground. Indeed, such interactions imgahot

only a wide variety of abiotic factors, but also multiple scales of biological organization. Different underlying

mechanisms of plargoil negative feedback have been proposed, but their relative anperin different

contexts has not yet beenrifizd (Mazzoleniet al 2015a(Bennett & Klironomos, 2019; Veest al, 2019)

Therefore, three main mechanisms are hereafter overviewed, with awareness that they are not the only ones
One mechanism speculate that plant soil feedbamfgmated bynutrient limitationand niche dgle-

2008; t h Ra me.sThe p&cesR evgllnirelluddssthe ni2he 1 7 )

patritioning theory and suggests that a focal plant species exploits nutrients available in the trophic niches it

tion (Bonanomiet al, S mi
occupies. Te nutrient immobilization in plant biomass bears twain consequences: first, nutrients are
unavailable for plant species sharing the same trophic niche (including conspecific), which may be
competitively excluded; second, the conditioning effect offdleal plant species modified the extant trophic
niche,being potentially beneficial for heterospecifics with different nutritive requirements.

Another documented mechanism of plant soil negative feedback is that inyawimagen accumula-
tion (Mills & Bever, 1998; Packer & Clay, 20005uch process acts at both spatial and temporal scales and
intermixes with species accumulation theories. Concerning spatial scale, a continuous monospecific spread
correspond to a metrical increase in the area occupied by engépecies. Such trend leads to an increased
probability for the species to encounter a natural enemy in its pattern of expansion or attracted from contiguous
soil. In analogy to pathogen accumulatioittvgpatial scale, the probability to accumulate ersrin the soil
increases with plant age during its lifetime. The pathogen accumulation effect makes the conditioned soil in-

hospitable for the future generations or the extant population of conspetif@sonsequence, the bottleneck

12
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created by the seborne enemy on the targeted population opens the possibility for specissnsitive to
that specific pathogens to colonize free soil spaces or induces competitive advantages for heterospecifics.

Findly, a third mechanism producing plant soil negatieedback is the release of allelopathic com-
pounds in soil. Release of allelopathic compounds has multifunctional aspects for plants. Primarily, phytotoxic
compounds are waste products of internal cai@bold metabolic pathways, hence discarded in thiewsul-
ing environment, and, secondarily, the different forms by which these compounds are released modulates cues
and competitive relations in the external soil environr{iBake, 2003; Rice, 2012T he release of allelopathic
compounds can produce different effects on plant communities, dagemaéther targeting at heterospecific
or conspecific level the neighbouring plants. For example, the release of allelopathic compounds increases the
compettive ability of the releasing species when the chemical compounds are directly toxic or abkéiein
the activities of competitorgkoseet al, 1984; Mallik, 1998)In other cases, the toxicity expressed by a plant
can act at conspecific level in the surrounding environsn(&ingh, Het al, 1999; Mazzolenet al, 2007;
Mazzolei et al, 2015a)

All three mechanismare identified as fundamental drivers of negative plant soil feedback. The at-
tempt to establish their relative importance in different contexts is still matter of debate between plant ecol-
ogist. However, the onsef one of these processes is likely to enhance the appearance of another one, thus
resulting in a cumulative effe@Bonanomiet al,, 2007)

1.3.Induction of phytotoxicity by litter decomposition

One of the most frequent mechanisms of plant soil negative feedback is connected to the release of allelopathic
compounds in soflRice, 2012) As already mentioned, allelopathic interactions are originated from the depo-
sition of organic matter in soil in form of root exudates and litter. In some case, these products shewed non
specific and generalized impairmeritgpowth for plants in their ximity. Posing the attention deaf litter,

inhibitory effects hae been reported by a number of studi®ng & Nilsson, 1999and are caused because

litter acs asa physical barrie(Scarpa & Valio, 2008pr, more commonly, by a chemical interference effect
(Rice 2012) In this latter case, plant inhibition is the results of a combination of nutrient starvation and chem-
ical toxicity due to allelopathic compounds. Nutrient starvation mainly involve nitrogen (N) and is caused by
microbial competition when decomging organic matter had a C/N ratio above the threshold values of ~30
(Hodgeet al, 2000) In presence of N poor plant leéfer, large root or wood debris, microbe outcompete
plants for mineral N uptakehysically mdilizing nitrogeninto the organic mattdt.ummeret al, 2012)and,

as a consequence, cause a deprivation of mineral N in the surrounding soil that may impair plant growth. The
intensity and duration of N immobilization depsrmh the amountrad C/N ratio of the considerdidter, and

may last from few week as in case of leaf litteto several years when large amount of wood is invglasd
observedafter disturbanc&Zimmermanret d., 1995) Direct litter phytotoxicity is also widespread, with three
studies that reported an inhibitory effect for(2bpezIglesiaset al, 2014) 64 (Bonanomiet al, 2011)and

65 (Meiners, 2014Jitter types intemperateand Mediterranean ecosystems. A wide arrgyhgtotoxiccom-
poundshavebeen isolated and identified, especially in water leachate of fresh litter and ttheremyly phases

of decompositior{Rice, 2012) The most common phytotoxic compounds in litter include stimain organic

13
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acids as propionic and butyric aciggrmstrong & Armstrong, 1999fannins(Krauset al, 2003) and low
molecular weght phenolgLi et al, 2010) In this regard, previous studies also clarified that litter phytotoxicity
is largely affected by plant functional type and the stage ofndeasition. In detailleaf litter is usually more
phytotoxic than root debris apndmong plant functional tygetissues of nitrogefixing species aregn aver-
age, more inhibitory than forbs, woody species and gréBsesnomietal., 2017b) Moreo\er, it is also well
established that a rapid transformation and degradation of most labile allelochemical canipoundr
toxic molecules causes a ragiidappearancaisually in the timdrame of weeks or few months, of the litter
phytotoxic effec{Chou & Patrick, 1976; Bonanorat al, 2006a; Dorrepaal, 20Q7)

A notable exception to this general pattisrthe inhibitory effecexertedby litter of conspecifis. In
this caseplant debrishave a speciespecific autotoxic effecfSingh, Het al, 1999) with inhibition that is
long-lasting, up to several yes(Cesaranet al, 2017b) Such speciespecific and persistent autotoxicity has
been associated to tipersistenceand accumulation of extrabddar DNA (exDNA) in the litter layer and
underlying soil during decompositigiazzoleniet al, 2015a)

Overly, thesestudes provided evidencéitter mediates plant community structuratiffFacelli &
Pickett, 1991)The effect on plant community is widely described dubaé¢aélease of phytotoxic compound
acting at species specific level during litter decompaosition. In light of this, is intriguing to understand the way
in whichsome communities can magnify in a monodominated pattern and which is the contribution of litter i
originating plant soil positive feedback.

A thoughtprovoking example of is that of plant community in acquatic ecosystems. In these kinds of
assemblages mommon to find monospecific communiti€$oating plants Eichornia crassipes, Lemna spp.,
Pistia spp), perennial species in wetlands and marsheksragmites australis, Spartina spp., Typha Xpp.
gallery (Mora spp., Tabebuia sppand mangrove fores{éwvicennia spp., Nypa fruticans, Rhizophora §pp.
and also seagrasBdsidonia spp., Thalass&pp., Zoostera spp.seaweed and kelp foresBi€us spp.Lam-
inaria spp, Macrocystis pyrifera elcare low diversity phytocoenosis find limth salt and feshwater condi-
tion andlatitudinal level.ln these cases, despite the absence or limiesence of soil, the conditioning effect
of the plant on its own substrate appear to be undefective, maybe because removed by the motility of water
that is able to diplace phytotoxic agenfsom the proximity of plant or dilute them until ineffective cemn-
trations (already proposed by Mazzoleni at al. 2007).

Another useful example is that of monodominated forests in boreal, temperate and sporadically in
tropical bets (Hart et al, 1989;Corraleset al, 2018) These community are normally dominated by a single
plant specie and are characteristic of the majority of the forested lands of theBromttirett, 2004)The low
diversity of this community indicated that dominafdrt species provide a positive conditioning of soil for
conspecific renewal increasinigeir probability of survival. On the other side, classic negative feedback ex-
periment demonstrated that seedlings of that trees growing in soils conditioned by ificrisgesuppressed
growth(Wurstet al, 2015) This because thosgmeriment scrutinized the effect of a conspecific conditioned
soil on plant considering it as a singular biological entity, but not considering it as an holobmobampbsed

by more than one organism. As in parallel, actual insight in biomedical ssieansider that human organisms

14



Plantlitter feedback dynamics in terrestrial and aquatic ecosystem Maurizio Zotti

are composed also by the microbiome hosted in the gastrointestinal tract, the missing piece for consideration
of plant as a holobionts the presence of their elective symbionts in plant root sy&s&monet al, 2019;
Thomashowet al, 2019) Indeed, monodominated forests are all characterized by the ability to form ectomy-
corrhizal symbiosigCorrales et al, 2018) In this kind of relationship a mutualistic exchange of nutrients
between the two counterparts modify the competitive relations between plant in community, favouring plants
able to forms symbiotic relationshifBrundrett, 2004)The ability of ectomycorrhizal plants to persist to the
effect of negative feedback was clearly described in experiment including ectomycorrhizal(Batnettet

al., 2017; Testeet al, 2017) However, evidence that the recurrence of these symbiotic partner allows plants

to exploit some fungal strategy to escape from autotoxicity released bynititenis not present in literature.

1.4. Litter decomposition mediate microbial dependent psailtfeedback

In the cases observed, the release of phytotoxic compound from litter induce effects of variable inten-
sity and direction for plants and this ispdadent by the decomposition stage of the organic matter. These
effects could take place and affect plant growth: i) with fresh litter being generalized detrimental; ii) with
decomposed litter, that could be detrimental as well as in the case of ausetbKiblA; iii) again with de-
composed litter, but positive for heterospecific plant.

Intriguingly, the results of the litter deposed by plants, and successive decomposition, could provoke
the formation of particular microbiomes that in turn modify the stinecof a stable plant community. During
the process of litter decomposition, a esrdf microbial communities succeed according to the variation, de-
pletion and formation of different trophic niches in a time seffegahonget al, 2016; Bonanomet al,
2019) Whether at the beginning of litter decomposition the microbial community increasing in abundance is
specidized on the depletion of labile and firstly available compounds, the successive communitiegheplace
first because of the rise of a new resource and because the first community suffer the exploitation of resources
in the former niche. This process igntinually repeated until the complete exhaustion of the decomposed
substrate. Moreover, the sucdessl series of communities will follow an increased gradient of recalcitrant
property of the resources. Within the set of community formed has been dgbas$kose occurring at later
stages evolved a wider set of strategies in order to scavengecessdline most commonly example is that
described for communities of Basidiomycetes fufgankland, 1998 Most of Basidiomycetes are-€elected
species with respect to other fungal phyla that are mainly composeddigdied and Selected taxéHiscox
et al, 2018) The selective strategies for fungi suggests thatl€cted species are characterized by slow
growth rate, ability to adapt to diversrophic resources and combative behavior with respect to competitors
(Dix, 2012; Boddy & Hiscox, 2016)n physiological terms, the description of thes€lectedstrategies among
fungi means that the specissable to defend itself and its resources throughsimthesis of complex mole-
cules overcornmg the disadvantages from the dependence of a single trophic resdinisas possibléy the
development of a wider arsenal of degrading enzyidaksrian, 2008 Spiteller, 2008) Presumably, the high
energetic costs of this evolutive development leads Basidiomycetes to growthowign seplicative rates
and, hence occurs in later stage of decomposition of the subgfraielland, 1998Dsono & Takeda, 2001a)

The domination of the soil microbial community operated by Basidiomycetes has effect on the extant plant
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community. In the case this process occurs in woodland floor the community is often dominated by the afore-
mentioned ectomycdrnizal guild leading to monodominated distribution of plant species (as previously
stated). In the case the process take plageaissland ecosystems, with fungi belonging to saprobic Basidio-
mycetes guilds, the whole decomposition process can lead wrthation of patterns of changing vegetation

also known as fungal fairy ringShantz & Piemeisel, 191 7#particularly, these processes are detrimental and,
successively, stimulant for the plant commuwastiMoreover, the powerful interaction produced by the domi-
nant basidiomycetes can include it in the list of the ecosystemesigipecies because reshaping the structure

of a plant communityBonanomiet al, 2012)

1.5. Aims and contents of the thesis

The present thesis hake propose t@xtend the analysis of the occurrence @ ghenomenorof
plant soil feedback derived by the litter decomposition processes. Despite the wide variety of forms in which
plantsoil feedback interaction could manifest, the wockmposing theéhesis areaddressed tehed light on
particular nechanismshat bring to low diversity plant community. Moreover, is proposed here to describe
the extent to whichmodification of the microbial communitderived from the process of litter decomposi-
tion, canaffect the structure of plant commuag In order to accomplish these challenging claims, the sci-
entific works composing the present document were conducted in different natural coaditi@sliferent

biological level The ecosystem in which thegmcesses are studigdthe present thesae:

1- The monodominated ectomycorrhizal foregthere the interplay between litter, mycorrhizal symbiosis
and the presence of a microbial decomposing comgnuméoil has been studi¢d assess thmodulation
of plantsoil feedbackThe study ohow ectomycorrhizal symbiosis produagvantagefor monodom-
inant plantshas beemealizedby a classic biomadsased approach and laterelucidate the advantages
produced by the relation between litter decompositiahthe associated autotoxicity with the ectomy-
corrhizal symbiosis by assessipattern of colonization abots in soil.

2- The grassland ecosystem to study the magnification of the effect of microbialadmmiin the later
stage of litter decomposition anklet effect on extant plant community. In particular, the relationship
between microbial dominance dynamics and vegetation was assessed in the context of occurrence of
Afairy ringso ctesefinqueesd by Basi di omyce

3- Water ecosystems to assess the directiefitlitter phytotoxicity on plants without the impediment
characterizing the complex soil matrix. This experimental setting was conceived to get insights on the
inhibitory action of extracellular selDNA inducing autotoxicity.

Additionally, the first clapter of the thesis reviews how microbial succession works according to

different litter species and the changes induced in microbial communities acting on it.
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2. Linking bacterial and eukaryotic microbiota to litter chem-
istry : Combining next generation sequencing with*C-
CPMAS-NMR spectroscopy
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