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Chapter 1. General introduction



Soil quality is one of the key factors controlling crop yield and health iagaoecosystem
(Larkin, 2015). Soil quality is defined as the ability of soil to function within ecosystem
boundaries to maintain biological productivity, preserve environmental quality, and promote
plant and animal health (DoranRarkin, 1994). Agricultwal practices such as crop rotations,
application of mineral fertilizers and organic amendments, tillage and use of agrochemicals
significantly affect soil quality (Bastida at. 2008; Wang et a014). Soil quality results from

the interplay of physicalgchemical and microbiological factors, which in turn control water
retention, soil structure and aggregate stability, organic matter dynamics, nutrient
mineralization and soil pathogemgpression (Abiven et al. 20P® recent decades, the spread

of intensive agriculture worldwide has led to a significant decline in primary productivity,
which has been associated with soil degriadaBennett et aR012). Soil erasn, salinization
(Naidu et al.1995), soil compaction (Drewry et al. 20P8pollution by heavy metls and
xenobiotics (Shen et a2005), decline in soil organic carbon (Johnston, 1986) and loss of
benefcial microbiomes (Ibekwe et &2001) are all factors affecting soil quality. In this broad

context, a special case of soil quality degramfais negative plardoil feedback (NPSF).

As plants grow, they alter their soil environment, including nutrient availabitysoil
biota (Bennett et al. 2017; Fujii et &018). These effects caifect seedling survival and
growth as part of a process called plaoil feedback (PSF), thus altering plant population and
community dynamics (Bennett et al., 2017). NPSF is defined as the rise of negative conditions
for plant vegetative and reproductive merhance introduced into the soil byet plant itself
(Bennett et al2012; Huanget al., 2013; Mazzoleni et &007). This phenomenon is known in
agronomy a "soil fatigue" (Schreiner &ullivan, 1908).The NPSF has been shown to be
strongly speciespecfic, i.e. it mainly affects individuals of the same species. In particular,
sensitivity to NPSF decreases with increasing phylogenetic distangeedretspecies
Moreover, in the last three decades, researchers have recognized the importance of NPSF for
the structure of natural plant communities and for the conservation of their biodiversity (Van
der Putten et al. 2013). Adverse effects of NPSF have been described for several aspects of a
plant's life cycle, including seed germination (Rit884, seedlingsurvival Packer & Clay,
2000),growth (Miller, 1996), vegetative reproduction (OIff et al. 2000) and seed production.
Most studies concerned the performance of indeddpecieswhile only a few addressed the

indirect effects of NPSF on interspecificngpetitive inteactions (Bonanomi et a&2005).

NPSF is a complex, multifactorial phenomenon influenced by plant species, crop

rotation, and soil management practices. In addition, environmental factors such as climate and
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soil type can increase the comptg»of the phenomenon. Three main hypotheses have been
proposed to explain the mechanisms causing NPSF: soil nutrient depletion or imbalance
(Howeler, 1991; Xiang et al. 2009); builgh of soitborne pathogen and parasite populations
(Manici et al. 2013; &cker & Clay, 2000), associated with a shift in soil microbial community
composition Klironomos, 2002 Kardol et al. 200y, and release of phytotoxic and autotoxic
compounds during demposition of crop residuesgn de Voorde et al. 2012) or plant litter
(Mazzoleni et al. 2015).

1.1 Soil nutrient depletion

The first hypothesis proposed to explain the NPSF and the resulting decline in plant production
is that depletion or immobilization of nutrients in thel saiuses deficiency in plants (Borner,
1960;Ehrenfeld et al2005). Plants can alter nutrient availability through nutrient depletion or
changes in litter quality and nutrient cycling. Nutrient depletion usually leads to NPSF by
limiting plant growth and can be exacerbated by a decrease in liiktycqand thus nutrient

input to the soil (Fujii et al. 2018). However, the effect of litter quality on PSF is complex.
Slow-growing species with lower nutrient requirements can trigger a positive PSF by
producing loweiguality litter, thereby reducing mignt availability below the requirements of
fastergrowing species. Conversely, fastgowing species can trigger a positive PSF by
producing highguality litter that decomposes quickly, increasing nutrient availability and their
competitive advantage ev slowergrowing species (Hobbie, 2015; Kulmaiisk al. 2017.
However, most evidence from agroecosystems and natural plant communities does not support

the nutrient depletion hypothesis.

A number of agronomic studies investigated the ability of nuirfertilization to
overcome NPSF, but most experiments showed that mineral fertilizers did not restore normal
growth in diseased soilsFor example, Zhou & Wu (2015) found that the content of
macronutrients such as nitrogen, phosphorus and potassiumintszased with the number
of cucumber monoculture cycles. However, NPSF increased over timenia croppingand
the effects were particularly dramatic after five production cycles. Moreover, Stinca et al.
(2015) reported that the legume shfabnistaaetnensiscolonizing the bare lava flow of the
Vesuvius Grand Cone was able, was able to establish an island of fertility under its canopy in
a relatively short time by accumulating stocks of organic carbon, nitrogen, phosphorus,
potassium, calcium, andagnesium, and improving soil hydrological properties. On the other

hand,G. aetnensiseedlings were absent from the field under the canopy of conspecifics, and
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bioassays in the greenhouse showed that seedling growth was inhibited in their own soil
compare to the nutrienpoor substrate collected far from the canopy of conspecifics.
Remarkably, coexisting phylogenetically unrelated plants thrived in the soil enriched with
nutrients byG. aetnensigStinca et al., 2015)vidence from both agricultural andhtural
ecosystems shows that the nutrient depletion hypothesis cannot be a satisfactory explanation
for the development of NPSF.

1.2 Natural enemies and microbial shift

Natural enemies are widespread in soils and can contribute greatly to NPSFR&Emitsh &
Reynolds, 2017), with effects that can overwhelm nutieetliated PSF (Ke et al. 2015).
NPSF was hypothesised to be due to the accumulation of pathogens in soil following the
observation that soil sterilisation restores plant productivityils subjeted to monoculture
(Savory, 1966). In natural ecosystems, Packer & Clay (2000) provided clear evidence of NPSF
driving the Janze€onnell recruitment pattern for black cher@rgnus serotingin temperate

forests of the USA. They observed widespread ssgdbilure among adult conspecifics,
identifying Pythiumsp. as the primary causal agent. Pathogens cause NPSF by reducing plant
performance at different life stages, although they tend to affect younger, more susceptibl
plants (Sarmiento et al. 201l Therefore, they are generally believed to be the cause of NPSF
driven by soil biota (Kempel et al. 2018). It is notable, from the aforementioned studies, that
most of the pathogens associated with NPSF are polyphagous fungi and oomycetes. Root
herbivores, sch as rooteeding nematodes, have received less attention but can also cause
NPSF by feeding on the roots of young plants (Dias et al. 2018). However, species that use
their resources for defence rather than growth should be less susceptible to NRSFRgaus
natural enemies (Cortois et al. 2016). Evidence that soilborne pathogens are consistently
isolated from symptomatic plants supports the pathogenicity hypothesis, but the polyphagous
nature of these pathogens does not fit the paradigm, as NPSHysspigtiesspecific. In fact,

NPSF has been associated with spespeific pathogens in very few cases (Cesarano et al.
2017).

For a better understanding of the role of soil biota in NPSF, assessing the composition
and changes of theompletelymicrobialcommunity is a necessary step. Recent studies have
shown that the net effect of plaswil feedback is the balance between beneficial and harmful
microbes. Bennett et al. (2017), using 55 populations of North American trees, reported that

soil collected kneath conspecifics showed NPSF for most of the species studied. In particular,
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the type of mycorrhizal association with the plant species explained much of the variation in
NPSF, with arbuscular mycorrhizal trees suffering a more intense NPSF than extbimgat

trees. The authors suggest that ectomycorrhizal trees protect plant roots frdoarrseil
pathogens that accumulate under conspecifics. It is interesting to note that many crops suffering

from severe NPSF are associated with arbuscular mycorfarmzil

1.3 Phytotoxicity and autotoxicity

Many secondarghemicals either releasedby root exudates or by decomposition of plant
debris, can inhibit plant and microbial growth. Their production can have either negative or
positive PSF, depending on whether these chemicals primarily affect conspecific (autotoxicity)
or heterospecific (&lopathy) individuals. By definition, autotoxicity causes NPSF by
inhibiting the growth of conspecifics. In some cases, autotoxic chemicals also inhibit
mutualistic microbes and neatize positive PSF (Zhou et &018). Autotoxicity is common

in agricutural systems andanoccur in ratural systems (Vincenot et &017). Allelopathy
inhibits the growth or mutualists of heterospecific plants and caseqgaasitive PSF (da Silva
etal.2017). Allelopathy is more commonly studied in natural systems, gthiois of growing
interest for weed control in agritural systems (Mariotte et a2018). The idea that NPSF
might be caused by actively released toxins has been heavily criticized because such
compounds are rapidly degraded by soil microbes into manioolecules and therefore have
limited effect under field conditions (Fitter, 2003).

In general, two nomxclusive hypotheses have been proposed to explain the inhibitory
effect of plant residues on root growth: nitrogen immobilization by microbial ctitiope
(Hodge, 2004) and phytotoxicity by labile, low molecular weight organic compounds (Rice,
1984). The first hypothesis states that in the presence of decaying plant residues with a high
C/N ratio, saprophytic microbes would compete with plants foogén, resulting in temporary
immobilization of this nutrient (Hodge et a000). The second hypothesis assumes a direct
negative impact on root growth caused by a broad spectrum of inhibitory compounds released
early by the decomposing litter. In thisntext, microbial decomposition is of paramount
importance as it influences the impact of plant residues on plant growth by modulating the
relative abundance and activity of phytotoxic compounds (Cesarano et al. 2017). However, two
main criticisms of the aotoxicity hypothesis have been raised. The first states that toxins from
plant residues are rapidly degraded by microbial activity in the soil and become ineffective

after a few weeks, whereas NPSF can persist in the field for months or even yearxyride se
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states that many, if not all, organic compounds extracted from dissatsednd plant residues
(Huang et al2013;Chen et al2015) exhibited general phytotoxicity, whichin contrast to
the speciespecificity of NPSF.

Alternatively, and in a me recent study, Mazzoleni et al. (2015) reported that
fragmented extracellular seliNA accumulated in litter during decomposition of conspecific
residues in soil has speciggecific inhibitory effects on various wild plants. These results not
only provide a chemical basis for autotoxicity that must be considered in explaining NPSF, but
also suggest an unexpected new functional role for exDNA in-iatrd interspecific plant
interactions at the ecosystem level (Carteni et al. 2016). Because exDNA@ye@sturing
soil sterilization by autoclaving or gamma irradiation, the known efficacy of this treatment to
overcome NPSF cannot be used to distinguish exDNA toxicity from the pathogenic hypotheses.
For this reason, the authors concluded that seDNA is a good potential candidate to explain
NPSF (Mazzoleni et al. 2015). The hypothesis that exDNA may be involved in NPSF is
intriguing, but further work is needed to validate this idea. Specifically, quantitative data on
exDNA accumulation under field cottidns and specific experiments are needed to confirm
the inhibitory effect of purified conspecific DNA on seed germination and crop root growth
(Barbero et al. 2016).

1.4 Aims & Scope

In this first chapter, i.e., the general introduction, | have providedarview of the current
knowledge on the mechanisms behind the negative-ptanteedback processes, and | have
given perspectives on the quantitative assessment of conspecific exDNA in order to assess its
distribution and persistence in the soil.

This PID thesis aims to increase the knowledge of ptmiltfeedback processes in both
agricultural and natural ecosystems. Specific objectives were investigated in the following

chapters:

Secondchapter: We investigated the phytotoxicity dynamics of litter deposition of
different plant species on the growth ®fifolium repensand Triticum durum We then
evaluated the impact of seadsociated endophytic fungi on the target species to different litter
species with variable chemical properties. The hypothesis tested was that fungal endophytes
would increase plant resistance to inhibitory effeétstier, based on their known beneficial

effects on host plants. In this chapter, we first wanted to confirm the theory of phytotoxicity
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from litter decomposition in soil and, in the meantime, test an underappreciated group of

microbes, namely endophyftigngi, for plant response to released phytotoxicity.

Third chapter: Knowing that simultaneous colonization of a common host plant by
endophytes and arbuscular mycorrhizal fungi (AMF) can affect not only the plant itself but
also the next generation of thest plant via changes in the soil through pkoit feedback
processes, we investigated whether the interaction between fungal and bacterial endophytes in
seeds and AMF affects the next generation of plants. Fungal seed endophytes have been
reported tomduce NPSF, and their association with AMF has been described as antagonistic.
Therefore, we hypothesized that such association would increase the intensity of NPSF due to
the reported antagonism on the host. However, we hypothesized that the assddatiterial
endophytes in the seed with AMF would produce a positive PSF because each of these

microbes has been shown to have multiple benefits for the host plant.

Fourth chapter: Before investigating the effect of the soil microbial community, including
soil-borne pathogens and mutualists, on the generation of NPSF, we wanted to provide
evidence that each plant species produces a specific microbial fingerprint under its canopy due
to its specific litter decomposition and root exudates in the soil. Owtlhgpis is that the
chemistry of litter varies from plant to plant, resulting in a specific microbial fingerprint. It is
hypothesised that this specific effect is due to the specific chemical properties of the shrubs'
litter as it falls and decomposes,addition to the plants' root exudates, resulting in different
changes in soil chemistandmicrobial composition. Therefore, the objective of this chapter
was to provide basic information and novel insights into the environmental selection of soil
microbial communities by each of the most abundant spapiesific plants in a Mediterranean

ecosystem.

Fifth chapter: In the context of this chapter, we observed an NPSF result in the field in the
form of a Janzei€onnell (JC) distribution pattern. The JC hypothesis states that seeds are most
likely to disperse at sites near their parent trees, where they are alsckelggsblbe attacked

by hostspecific enemies such as insects and soilborne pathogens. Our initial field observations
suggest thaEuphorbia dendroidesa deciduous shrub, has a recruitment pattern consistent
with JC distribution in a Mediterranean shruleain southern Italy (Cape of Palinuro). For

this reason, we first quantified whether JC distribution recruitment effectively occurs. In
addition, becauseuphorbiacoexists with five woody species, we quantified recruitment under

heterospecific shrubs asgell. We then investigated the ecological causes for the observed
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pattern. Specifically, we investigated whether soil chemistry and/or soil microbiota explained
the observed pattern of seedling recruitment. We also explored differences in microclimate
amorg shrub species by monitoring air temperature and light availability at different times of
the year. We expecteuphorbiarecruitment density to be positively correlated with soil
fertility, light, temperature buffer effect, and beneficial soil microbskjle negatively

correlated with soilborne pathogens.

Sixth chapter: In this chapter, we transferred the challenge this time from natural to
agricultural ecosystems. Specifically, we examined how eight crops promote or inhibit
conspeciyc amgowthterdughcharsgeséndhie god. The exclusivity of the work

is becauseve used a large number of plants with a high combination number during the second
round of growth, i.e., the reaction phase. More importantly, we used the entire soil history for
the response phase and not just 10% conditioned soil inoculum as most studies did. We
assumed that plant communities in the conditioning phase would influence soil chemical
properties and soil biotic composition, and we expected that soil biota would oltlea
establishment of future plant communities in the response phase.drbetbe objective of

this chaptewas to test the effects of the different soil legacies established by each plant species
during the conditioning phase on the chemical and ohiel properties of the soil and,

consequently, on the growth of conspecifics and heterospecifics during the response phase.

Seventh chapter:In this chapter, we conditionerabidopsis thalianaver a longperiodto

affect soil biotic and abiotic properties through both root exudates and litter decomposition.
After the conditioning phase, the plants were removed and the soil was subjected to four
different treatments, namely sterilization by autoclaving, washitiy tap water, addition of

10% activated carbon and untreated control. Then, another growth cycle was started. After the
response phase, the plant biomass grown in each of the four treatments was recorded, as well
as the soil chemical properties and micotdn, using Shotgun sequencing. In addition, for the
first time, we quantifiedA. thalianasel-DNA in each of the treated soils as well as in the
preconditioned soil using chloroplast rbcL DNA primers. The purpose of this study was to
detect the accumuian of selfDNA in the soil during the conditioning phase and to show that
this exDNA is associated with the increase in NPSF. In addition, we wanted to test whether
soil sterilization leads to confounding in clarifying the mechanisms behind the NP3i5 as t
treatment affects both soil microbial communities, particularly soil pathogens, and soil exDNA.
Furthermore, we wanted to test the theory that activated carbon accumulates exDNA in the
soil, thus amplifying the effects of the NPSF.
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2 Chapter 2. Fungal endophytes affect
Trifolium repensand Triticum durum
plant response to different leaf litter with

contrasting chemical traits
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2.1 Abstract

Plant litter decomposition is a crucial process of nutrient cycling within ecosystems. However,
many sudies have shown that, apart from its several beneficial effects, organic matter
decomposition can be disadvantageous to seed germination, seedling growth, and physiological
activity of plants. Litter decomposition was reported to affect both plantshairdassociated

soil microbial communities. The aim of this work was to test the relationships between seed
associated endophytic fungi on the either po
types. Leaf material of four species was cotecand used in a decomposition experiment
inside a growth chamber for 120 days. The plant growth experiment was set in a greenhouse
usingTrifolium repensandTriticum durumwith and without their associated endophytic fungi

in the presence of the different litter species at two decay levels (fresh litter and after 120 days
of decomposition). Results demonstrated that fresh litter exerted a strong inhibition effect on
the plant total biomass when compared to decomposed litter. Moreoversassediated
endophytic fungi enhanced the inhibitory effect of litter in the observed experimental
conditions. Theemoval of see@ssociated enghytic fungi improved the capacity of tedte

plants to resist to litter inhibitory effect.

Keywords: Endophytic fungi; Inhibition effect; Litter decomposition; Seedling growth; Soil

microbial communities.
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2.2 Introduction

Litter decomposition is a fundamental ecological profmssustainingife on earth, as it is
maintaining ecosystenfanctions and nutrient cycling (Berg and Laskowski 20@padly
defined,decompositiortonsistf thebreakingdown of organic matter into G@nd nutrients

via physicalbiological and chemicalmeans(Aerts 1997, Krishna andviohan2017).During
theseprocessesa large fraction of caibon is released into the atmosphere while a smaller
fractionis transformed into humus substances, which accunsufatée soil for alongtime
andreused by microbes amdants (Berg and McClaugherty 2014).

The rate of the organimatter decay is affected by litter quality (Meentemeyer 1978,
Manzoni et al. 2010, Bonanomi et al. 2013), and climaticofac{Aerts 1997). Litter
deconposition is responsible for genéray avital part of the nutent budget on the scale of
ecosystems and the whole biosphere (Vesterdal 1999, Krishna and Mohan 2017). However,
many studies have demonstrateddetrimental effect of decompog litter on seed
germination, seedlingurvival, and @nt growth (Van der Putten et al. 1997, Bonanomi et al.
2005, Zhang et al. 2015). Allelochama | s |, mo st | yo rrded reyr arbd tea bt ool i6tse
been reported to affect neighbdng plant individuals and sbimicrobial communities
including bacteria, amatodes, pathogens and mycorrhizal fungi (Schenk et al. 1999, Souto et
al. 2000, Shaukat et al. 2002). Litter decomposition produces various organic compounds that
are subjected to sevemiysical, chemical, and biologigadocesses in the soil, suchsasption
and polymerization by soil organic matter and clay minerals (Makino et al. 1996), and chemical
transformation by microorganisms (Blum et al. 1999). These changes Aafidttthe
composition and quaity of allelochemicals, which may either increasr decrease the
phytotoxicity of decomposing plant litter (An et al. 2001). Investigations aboubfaxjcity
dynamics have demstrated that, generally, most severe inhibition effects have been observed
in early stages of decomposition, followed by @ases in phytotoxicity (Cochrane 1948,
Jaderlund et al. 1996, Bonanomi et al. 2006). Recently, Mazzoleni et al (2015) showed that
while the early litter phytotoxicity, mostly acting on heterospecific plants, is typically related
to labile compoundghe lbngterm selftoxicity might build-up during decomposition due to

accumulating of selDNA of the same plant species in the decaying organic materials.

Since the 1980s, an increasing number of studies have demonstrated that soil
microorganisms are the malecom posers by consuming over ~95% of plant detritus, leaving

the slight proportion of ~5% to soil animals (Berg and Laskowski 2005, McGroddy et al. 2004,
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Cleveland and Liptzin 2007). Among the soil microbial population, fungi are the leading
decomposer and have more than 75% greater potential to crumble organic matter than other
microorganisms (Kjoller and Struwe 1992, Krishna and Mohan 2017). One notable subgroup
in the fungal kingdom is the endophytic fungi.

Fungal endophytes have beeall studiedover the past few decades (HydeSwytong
2008). Endophytic fungi are defined as plant associategl that colonize and live, dung a
specific phase of their life cycle, within a part of a plant without causing any apparent damage
or disease to their Isb (Hardoim et al. 2015, Puri et al. 2016). Endophytic fungi have been
reported as natural residents within several host plants (Saikkonen et al. 1998, Suryanarayanan
2013, Bamisile et al. 2018). Different species of endophytes can be enclosed in pasingfie
the plant (leaf, stem, seed or root) (Cherry et al. 1999, Vega et al. 2008, Bamisile et al. 2018).
In general, fungal endophytes are known to be beneficial, protecting their host plants from
pathogensGampanile et al. 2007), by piocing secondargnetabolites (Schulz et al. 1999),
and cell walldegrading enzymes (Cao et al. 2009), or by inducing systemic resistance (Vu et
al. 2006). Moeover, they are capke of protecting their host against several abiotic stresses as
well, such as drought (EImind West 1995), salinity, nutrient depletion (Malinowski et al.
2000), flooding (Giordano et al. 2009), and thermal stress (Redman et al. 2002). On the other
hand, few species have been reported as pathogens, causing disease to the host, after a period
of latency (Mayerhofer et al. 2012, Kia et al. 2017, Sikora et al. 2007). Other species are
considered neutral without implying benefits nor damages (Sikora et al. 2008). In addition to
their role within plants, many endophytes can survive and grow as saf@sjmgoils (Peay
et al. 2016), and include species that are degmsers of plant material (Sorg al. 2017).
However, the eact conditions under which most endophyte species funotimain largely
unknown (Newsham 2011).

Research on the interamt between allelopathy and éophytic fungi has been
sufficiently explored. Yue et al (1998) revealed, for instance, the detoxification of the
allelochemicals Benzoxazol2rone (BOA) and é@nethoxybenzoxazolin2-one (MBOA)
produced by corn to X2-hydroxyphemyl) and N(2-hydroxy-4-methoxymenyl) malonamic
acids, respdwvely by the endophytic fungus of coffusarium moniliformel. Afterwards,
Zikmundova et al (2002) studied the bitransformation and detoxification of two
allelochemicals BOA and HBOA by fouendophytic fungi isolated fromAphelandra
tetragona However, the effect of these ermuytic fungi on the response of plants to litter

decomposition and associated phytotoxic compounds has never been tested. Moreover, litter
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having different chemical traf depending on plant type and decomposition age, could have
variable effects on plants and seed endophytic fungi. Therefore, the aim of this work is, firstly,
to test the effect ofiterent litter type on the sponse of two target specidsifolium repens

L. and Triticum durumL. Secondly, we assessed the impact of seswciated endophytic

fungi on the target species response to four litter species having variable chemical traits. The
tested hypothesis was that fungal endophytes would enhance the resistance of plants to litte

inhibitory effect, based on their known beneficial effects reported on the host plants.

2.3 Material & Methods

2.3.1Plant litter collection

Litter of four species of different functional groups werdected including a forlHgdera

helix L.), a deciduous tre@raxinus ornusL.), an evergreen tree€(ercus ilexL.), and a
deciduous, nitrogen fixing treeAlpus glutinosalL.). The species, belonging to diféert
functional groups, were xted to evaluate the effect of a range of chemical traits on the target
plant response vilh and without associated enhytic fungi. Litter samples were taken from
vegetation types of both Mediterrane&h fhielixandQ. ileX) and temperate environmenss. (
glutinosaandF. ornug (Campania region, Southern lItaly). For each spetheslitter was
collected by placing nets under the canople fallen leaves were periadily collected,
transferred to laboratory, dried in a ventilated chamber (40°C for 10 days), chopped with

scissors (size < 3 cm), and stored at room temperatura(®mi et al. 2011).

2.3.2 Decomposition experiment

In open fields, litter decomposition essentially relies upon organic matter quality, water
availability and temperature (Berg &cClaugherty 2014).In order to focus only on tir

quality effects, the decompition experiment was carried out under controlled conditions. The
litter decompogion experiment was performed in a growth chamber with optimal conditions

of water availability and temperature, since the litter was watered every 7 days with sterile
distilled water at holding capacity, and the temperature was 18 + 2°C at night and 24 + 2°C
during the day. Dry leaf litter (100 g for each species in 3 replicates) was placed inside plastic
trays (size 30 cm x 50 cm x 50 cm). A microbial inoculum, obtainechiging 10 g of soil

from the fields of litter collection (top 10 cm) and 90 g of water was added improve the outset
and the maintenance of the decomposition process (Bonanomi et al. 2011). The microbial
inoculum was sprinkled over the litter trays. Decosgib litter wa collected 120 days of

incubaion. Eight samples were obtained-litter species x 2 sampling dates, 0 and 120 days
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of incubation). Litter was air dried in paper bags in a ventilated chamber at 40°C until a constant

weight was reached.

2.3.3Litter chemical analyses

All litter samples were characterized for total C and N content by flash combustion of micro
samples (5 mg of lier) using an elemental analyser (Flash EA2000 Thermo). The relative
content of aciedetergent hydrolysable fraction (theftea indicated as labile C) was
determined by mild acid hydroligs with 0.5M HSQw and the detergent cetyimethyl-
ammonium (20 g I11). Proximate cell ul ose wa
extreme sulphuric acid treatment (loss due to F2&Q, for 3 hours), and proximate lignin as

the unhydrolyzable fraction (loss upon ignition after the alsalphuric treatment (Gessner

2005). All carbon fractions are presented asfest dry mass.

2.3.4 Effects of the fungal endophytes on plant response fitter

To test the effect of seeabsociated endophytic fungi tfo target plantsT. repensandT.

durum) in response to litteof different species and agewe conducted a greenhouse
experiment in the period between March and June 2018. Target species used in this experiment
were chosen due to their shdife span being agricultural annual, and because belong to
different functional types, i.e., a grass and a nitrogen fixing speca®adVer, test plants are

well known to suffering from soil sickness caused by litter phytotoxicity (Cesarano et al. 2017).
Therefore, the aim was to test the effect of seed associated fungi in modulating the soil sickness

problem for agricultural plants.

T. repensandT. durumplants were grown in 54 pots with 2 plants in each. A total7of
pots were planted with sdetys containing endophytic fungi (hereafter indicated as EF+) and
other 27 without their natal fungal endophytes (heréaf indicated as ), in the presence
of litter of four speciesH. helix A. glutinosaF. ornusandQ. ilex) at two ages (fresh 0 d and
decomposed for 120 d). Thentrol was without litter adton while in the litter treatments
the organic matter was incorporated ateraf 1% by weight. Overall, we obtained 18
experimental treatments (8 litter types plus untreated control, with EF+ and witheut EF

endophytic fungi) for a total of 108 pots (Fig. 1).
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Litter Species Alnus glutinosa Hedera helix Quercus ilex Fraxinus ornus Control
Litter Age 0d 120d 0od 120d 0d 120d 0d 120d
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Fig. 1.Schematic view of the experimental design: 3 replicates macke of each endophytic status, 4

litter species were testedlfus glutinosaHedera helix Quercus ilexand Fraxinus ornu$ at two
different ages (0 d as undecomposed litter and after 120 days of decomposition); thus, 8 types of
experimental units were obtained. + refers to the presence of fungal endophytesetard to the
fungicide treated seeds and therefore their atesefhe total number of the pots is 54 including the 6

of the control without litter. This experimental design applie&rtmlium repengshown in the picture)

andTriticum durun therefore 108 pots were used.

To obtain EF, the seedgpurchased from aomercial seured sources without any
previous treatments) were treated with the fungicide Propiconazole (TILT ® 25 EC; 0.25 ml
per 100 g of seeds, with a dilutiafi 1 ml/L) to eliminate the endophyte. Seeds wadipgped
for 30 min in the fungiide solutionand, thereafter, washed three time in distilled water to
eliminate treatment residues. Subsequently, seeds were dried in microbiologicalithoaid w
laminar flux for 20 min Fungicidetreatedand untreated seeds were cultivated in adjacent 1
m? trays inthe laboratory for a prgrowth phase to avoid the litter shock due to seed direct
contact with litter, and the seedlings were gently pulled to preserve the roots and put back into
the experiment corresponding pots as &fd EF+ seedlings, respectiveljhe isolation test
on 2% malt extract (Difco) agar medium, as reported by Hatd €t998), confirmed the
absence of endophytic fungi in the treated seeds. The isolation test was assessed as follow: after
removing the basal sheath, seeds were dipped%& éthanol for 1 min to wet the surface,
surface sterilized for 15 min in a solution of 15% hydrogen peroxide, dipped again for 1 min
in 70% ethanol, and then rinsed in sterilized distilled water. From the ssitldeed seeds,
several segments approxately 5 mm long were aseptically cut off with a sterile scalpel. The
segmats were then placed on 2% maktract agar medium in a 9 cm diametkate, incubated

at 20°C for 21 daysind then checked for presence of fungal colonies.
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The experimental potsere filled with soil (23.48% sand, 40.14% sil6.38% clay, total
C: 10.2 g.Kd', total N: 3.10 g.Kg with an electical conductivity of 0.29 dS.r) previously
coll ected (upper 10 cm) from a farm | ocated
N: 40A51Nj; 4 m a. s. befojethe skant of the expetéent by agoclavinge r i | i z
at 1 atm pressure, 120°C, for 1 h, three times with 24 h interval. Pots were kept in a greenhouse
and wereperiodically wateredd field capacity. To avoidantamination among different pots
through kaching or splashg when watering, each pot was located inside an individual plastic
container. After 90 days, plants were harvested, the shoots were clipped at soil surface and
roots were washed from the soihd®ts and roots were dried at 70°C inemttated chamber
for 3 days, and their dry weight recorded.

2.3.5 Statistical analysis

Data obtained from the pot experiments were evaluated using a factorial ANOVA tests to
determine the main and interactive effect of the fixed factors: target disattéifter species,
decomposition age and endophytic fungi status. Fiueae ANOVA was doe for each target

species testing the effect of litter specigterdage and presenceofepdoy t i ¢ f ungi . Dt
pairwise comparisons test was used to compare individual means. Levels of significant
differenceswere assessed ak@05. All analyses wre performed with STATISTICA 13.3

software.

2.4 Results

2.4.1Litter chemical traits

Leaf litter chemical traits displayed a broad variability with C/N and lignin/N ratios being
higher forQ. ilex and lower forH. helixand A. glutinosa(Table 1). Expectedly, C/N ratio
decreased with litter age bt ornusandQ. ilexwhile for A. glutinosaandH. helixit remained
almost unchanged. However, lignin/N ratio caeteintly increased along theadenposition in

all litter species with a sighicant increase for thel. helixandQ. ilex Lignin concentration
changed during decomposition and with litter species, generally increasing with litter age.
Litter N content, on the other hand, has barely varied during decomposition with a slight
decreas in the case A. glutinosaandH. helix, and a slight increase fét ornusandQ. ilex
Differently, cellulose content increased with litter age Aorglutinosawhile it has highly
decreased in the casetbfhelixandQ. ilex ForF. ornus cellulosecontent showed no changes

with litter age.
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Table 1.Litter chemical traits of the four tested plant species at two decomposition stages assessed by
elemental and proximate analyses. Different letters indicate significifidyent groups (Duncan test,
p < 0.05).

Litter Age Labile C (%) Cellulose (%) Lignin (%) N (%) CI/N Lignin/N
0 79.38a 8.46a 10.55a 2.07a 21.73a 5.09a
A. glutinosa

120 46.64b 26.43b 18.71b 2.02a 22.27a 9.28a
0 70.46a 23.36a 5.77a 2.00a 22.5a 2.89a

H. helix
120 60.52a 10.91b 26.49b 1.82a 24.72a 14.55b
0 74.08a 15.54a 10.02a 1.65a 27.27a 6.09a

F.ornus
120 62.12a 15.35a 20.13b 2.05a 21.95b 9.82a
0 58.74a 22.74a 18.39a 1.39a 32.37a 13.23a

Q.ilex

120 41.13a 7.79b 50.13b 2.22a  20.27b 22.58b

2.4.2 Plant response to litter amendment and presence of endophytic fungi

The total biomass of botlh. durumandT. repenswas affected significantly by leaf litter
species, decomposition age, and saggbciated endophytic fungi (Tables 2 and 3). Without
endophytic @ingi, litter from different species showed variable effects before and after
decomposion processes. In general, a significanhibitory effect on total bimass was
evident for undecomposed leaf material of fords i{elix) and woody specieg); ilexandF.

ornug (Fig. 2). However, the undecomposed litter of the nitrogen fiRinglutinosashowed

no inhibitory effects oM. repengFig. 2). Nevertheless, the decompbditer has shown less
inhibition, no inhibition or in som cases, a growth promotiefject. For example, the litter of

A. glutinosa H. helixand Q. ilex showed a growth promoting effect dn repensafter the
decomposition process. Statistical analyses showed that the interactive effect of leaf litter
species and decomposition age a#ecsignificantly total biomass df. rependut not ofT.
durum(Tables 2 and 3). Thus, fér durum thefresh litter encloses more inhibitory effect than

the decomposed one for all tested litter species. Whil@ foepensthe same patteris not
confirmed, because both fresh and decomposed litter can exhibit a high inhibition effect on

plant total biomass.
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Table 2. Summary of the Factorial ANOVA testing for main and interactive effects of EIRiboum
durumtotal biomass in the presence of different litter species at different ages of decomposition. *: The

mean difference is significant at the 0.05 level.

Categorical predictor < c?tljjairr]es f%%%rgﬁq Slé]/ll?a%r)as F-value p-value
Litter species 2.28 3 0.76 7.9 0.000*
Decompositiorage 31.10 1 31.10 323.1  0.000*
EF status 1.30 1 1.30 135 0.001*
Litter species Decompositiorage 0.28 3 0.09 1.0 0.415
Litter species EF status 0.19 3 0.06 0.7 0.580
Decompositiorage* EF status 0,62 1 0.62 6.4 0.017*
Litter species Decompositiorage 0.09 3 0.03 0.3 0.813

* EF status

Table 3. Summary of the Factorial ANOVA testing for main and interactive effects of BFifaium
repengotal biomass in the presence of different litter species at different ages of decomposition. *: The

mean difference is significant at the 0.05 level.

Categorical predictor S qSLlngr‘ < f%%%rgﬁq Slglga?rré < F-value p-value
Litter species 114.9 3 38.31 252.3  0.000*
Decompositiorage 39.6 1 39.62 260.9  0.000*
EF status 5.0 1 4.96 32.7 0.000*
Litter species Decompositiorage 10.8 3 3.60 23.7 0.000*
Litter species EF status 2.3 3 0.78 5.1 0.005*
Decompositiorage* EF status 1.3 1 1.28 8.4 0.007*
Litter species Decompositiorage 6.1 3 2.03 134 0.000*
* EF status

Endophyte free plants showed an improvement of the seedlings capacity te toéestat
undecomposed litter imbitory effect when compared to untreated pldhtg. 2). This applies
to all undecomposed tested litter species; the total biomass was higher without endophytic fungi
and the seedlings showed more sevigitio litter with their preence. However, in the control,
seed associated endophytic fungi exiith a beneficial effet by increasing the total iwass
(Fig. 2). After 120 days of decomposition, the inhibitory effect of litter decreased in all litter
species tested, although the effect was not completely disappeared as in thelTcaspeanfs
in presence oF. ornusandH. helixlitter. It has been observed, in this case, that as long as the
litter stress remains, the presence of endopffiytigi enhances the disadvagémus effect of

litter, while in the absence of litter inhibitory effect the gmese of fungi increase the total
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biomass (Fig. 2). However, fét. helixandQ. ilexdecomposed litter, the absence of fungal
endophytes promoted the total biomasd ofepens Meanwhile inT. durum results showed
that deomposed litter demonstrated eect on the plant total broass, both in the absence

and the presence of seassociated endophytic fungi.
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Fig. 2.Mean of total biomass (g.plahtof Trifolium repengA) andTriticum durum(B) in the presence
of four litter speciesA. glutinosaF. ornus H. helixandQ. ilex at two ages: before (0 d) and after 120
days of laboratory deoaposition (120 d), in the presce or absence of seaslsociated endophytic
fungi (- and +, respectively). Data are represented as means SD (n = 3). Differenst ilaticate

significant differences among treatntefor each plot (Duncan test<p0.05).

2.5 Discussion

Our results confirmed that undecomposed litter had broad inhibitory effects on plant growth

(Bonanomi et al. 2017). The phytotoxicity of ledfdr seens to be a general phemenon, not
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limited to some allelopathic species, since all the fresh undecomposedpiiaes tested
produce signiftant inhibitory effects on the total biomass, with exceptio. @futinosafresh

litter on T. repens Moreover,the present study indicates that the inhibitdifea of litter is
significanty influenced by both litter species and age of decomposition (Chou et al. 1976,
Bonanomi et al. 2006, Zhang et al. 2015).

In contrast to allelochemitsadirectly extracted fnm living organs or plant tissues, the
activity of organic compounds released from decomposing leaf litter is highly affected by the
soil, thus their concentration, composition, structure, and effect might be remarkably different
(Yenish et al. 1995, Blumteal. 1998, Walker eal. 2003). The necessary cotains for the
appearance of inhitory effects occur when l@lochemicals reach the receiver plant in their
active structure and at an effecta@ncentrationthereby undecomposed and decomposed litter
often displays different level of inhibition (Zhang et al. 2015). In this study, undecomposed
leaf litter of all species exhibited a strong inhibition of the growth. The intensity of
phytotoxicity was high in the case bf. helixand F. ornus followed by Q. ilex while A.
glutinosaproved to be the least toxic. Bonanomi et al (2011) have demonstrated the existence
of a weak but positive correlation between N release and root growth iimjl@kcluding that
the inhibtion exhibited byH. helixandF. ornusis due to N immbilization, given the large N
release by these litter materialaring decay. However, after 120 d of decomposition, the
phytotoxicity is known to deease significantly, with a casponding increase of the seedlings
total biomass. Indeedn the case ofA. glutinosa the decomposed leaf litter has even
demonstrated a biomass imasing effect instead of phytxicity for T. repens
Correspondingly, Zhang et al (2015) have demonstrated that an extract of decomposed leaf
litter of Eucommiaulmoideshas accelerated the growth of roots, whilst an extract of
undecomposed litter had resulted in significant inhibition. Accordingly, Inderjit (2005) stated
that soil microbes were able to break down litter allelochemicals into inactive substances.
Moreover, litter after decomposition is considered a source of different nutrients. It has been
proven that these nutrients $es the allelopathy and thesasiated production of stable
organic matter helps in the sdrption of allelochemical compounds Buas caffeic acids,
ferulic acid and salicylic acid, which fen their phytotoxitty (Loffredo et al. 2005).
Therefore, all of these interactions can antagonize the negative effects of allelochemicals
(Zzhang et al. 2015). On the other Harhe inhibitioncaused by #&lochemicals may be
increased by soil biogmical condions. For instance, Pollock et al (2009) reported that when

catechins are combined with raktions, their allelopathic hibitory effect is strongly
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accelerated. These results indiciat tunder the biochemical and microbial conditions of saill,
allelochemical compounds that inhibit the growth can diffuse, decompose or accumulate in the

soil and their structure or activities may be altered.

Interestingly and unexpectedly, our stugiyveakd that in the presence of litter stress,
seedassociated endophytic fungi have strengthened the inhibitory effect since the total biomass
was significantly reduced in their presence. On the contrary, in the control as well after the
disappearance of thahibitory effect because of decomposition, endophytic fungi increased
total biomass. This could mean that sesdociated fungal endophytes exhibit their negative
effect in the presence of litter allelopathy regardless of the host plant. Omacini et4)l (200
found, by measuring litter decomposition rate, that litter decompositibnoof i um mul t i po
was 17% slower with theeotyphodiunendophyteusing microcosms placed outdoors and by
nearly 8% under field conditions. However, in the casé&.afepensthe absence of fungal
endophytes in presence@f ilexdecomposed litter has improved the total biomass. This could
result from the presence of litter itself rather than its phytotoxicityngikiat this litter species

displayed large difference coraped toothers in terms of ckilose and lignin contents.

The findings of this study havo be seen in light of a litation regarding the molecular
identification of the naturally seeaksociated fungal endophytes of tfweo focal plants.
However, the main goal of the study is to evaluate primarily the general effect of endophytic
fungi on the plant response to litter stress. Previous studies have reportéd réyaenss
commonly colonized mostly by dark septate endoghyLi et al. 2005, Sieber and Grinig
2013), whileT. durumis mostly colonized by fungal endophytes belonging to the Ascomycetes
phylum (Sadrati et al. 2013). Moreover, we lack an integrated understanding of the mechanisms
by which endophytic fungi respd differently in the pesence and the absence ofatént
litter species. Previous works have suggested vaarpianations. First, it could be that these
fungi affect the planaissociated microbiota in the soil directly by secreting toxic alkaloids as
a response to allelopathic stress. For example, some studies have reported negative interactions
between fungal endophytes and @medtary decomposer fungal sapophs (Dowson et al.

1988, Fukasawa et al. 2009). Moreover, the reason could be the comntook ekudate by
endophytic fungi, these latter may alter some metabolic pathways of their host plant, resulting
in several changes in litter components and in an increase in toxic substances (Schmidt et al.
1982, Lyons et al. 1990, Purahong and Hyde 2(rthermore, endophytic fungi live inside

the plant tissues in a continuum lifestyle, ranging from mutualistic to pathogenic depending on

the outside conditions (Saikkonen et al. 1998). Therefore, these results may besdxXpjain

29



the modulation of the &eity of associated endophgtifungi that shift from mutugdtic to
opportunistic pathogenic under the allelopathy stress, which has reinforced the inhibitory effect
of allelochemicals. It will be very interesting to look at interactions between the teytaop
microbiome and the occurrence of the inhibitory effect due te¥¢A& (Mazzoleni et al.
2015). Also in the case of autotoxicity, the dynamics of decomposition could have different

outcomes medited by plantnicrobes interaoons so far neglected.

The negative effect of seebsociated endophytic fungi on the total biomass in the
presence of litter demonstrates that theserobes have an indireeffect on the planlitter
interaction. Our data suggest that sasdociated endophytic fungi may haveraportantole
in the plant community dyamics by affecting plartlantinteraction and possibly mathting
species coexistence. Along this line, a recent study demonstrateQethi@urea stoebe.
cannot only expand, but can perform better in new ranges indirectly by escaping their

associated endophytes (Geisen et al. 2017).

2.6 Conclusion

In this study, we found that, aside from the important role of leaf litter decomposition in
biogeochemical cyels, litter also has a strong effect on plplaint interaction that depend on
presence of endophytic fungi. In detail, sesdociated endophytic fungi demonstdate
enhance the inhibitory fct of litter and could affectlant coexistence. Further stad are
required to understand the exact mechanism by which fungal endophyte exhibit their role in
affecting plarditter interaction and in structuringant communities. Specialtahtion should

be given as well to the effect of these microbes on th gtawth and toleance in the presence

of conspeific litter.
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3 Chapter 3: Contrasting effects of
Rhizophagus irregularisrersus bacterial
and fungal seed endophytes ofrifolium

repensplant-soil feedback
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3.1 Abstract

Interactions between plants and soil affect plplaint interaions and community composition

by modifying soil conditionsluringplantsoil feedbackn whichassociated microbdsvethe

most importantole. Both arbuscular mycorrhizal fungi (AMF) andaenobial seed endophytes

have been demonstrated to influence, directly or indirdaitbfic or abiotic soil propertiesnd

thus to affecsubsequent plant growéimd community structure. Howevéttle is known about

how plant endophyte communitjgadividually or in interaction with AMF, affect plasgoil
feedback processes. Here, we investigatealigh a manipulative experimehte behavioof
endophytefree and endophytassociatedrifolium repensplants grown insoils previously
conditioned byconspecificendophytefree andendophyteassociated plantgioculated or not

by Rhizophagus intraradicegurthermore, w identified microbial endophytedirectly from

the inner tissues aeeddy high-throughput sequencintp compareseedungaland kacterial
endophyte compositiofResults demonstrated ththe outcome of simultaneous occurrente

seed endophytes and AMF on plant behavior dependdbe endophytic status.e. either
presence or absence of seed microbial endophgtag;h between theonditioning and
response phases. Seed fungal endophytes generated strong conspecific negative feedback,
while seed bacterial endophytes shifted the feedback from negative to positive. Moreover, the
simultaneousccurrence of both seed endophytes with AddEId either generate or intensify
negative plansoil feedback effect®©ur resultsshow that seednd root symbionts cgplay a
significant roleinfluencing conspecifiplantsoil feedback.

Keywords: arbuscular mycorrhizal fungsoilborne pathogen®Rhizophagus intraradices

fungalendophyts, bacteriaendophyts
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3.2 Introduction

It is known that soil microorganisms may differ in their relataeundancewithin the
rhizospheren relation to soil types and plant spediBsver et al. 2020 This soilmicrodome

can negatively or positively influence plant performance and competitiveness in a way that
may directlyor indirectly shift plant community composition, under a sum of interactions
called@lantsoil feedback process®@/an der Puttertal. 1993 Beveretal. 1997 Van der
Putten & Peters 199B a r t e | dtal. Qs Tehe direct influence of skanicrobes is shown
throughunequivocalnteractions between plant roots and pathogens (Bruehl 1987), mutualists
(Smith and Read 1997andparasites, whiclexhibit aspectrum of effects on thienhostplant,
ranging from benefit to damagsuch as ycorrhizal fungi wherheirnet cost of the symbiosis
exceedghe benefits(Johnson et al. 1997)ndirect impact of soil microbes relies upon their
interactions with decomposing and mineralizing soil organisms (Bardgett and Shine 1999,
Wardle et al. 200F1attenschwiler et al. 2005) aponbelowground trophicascades (Strong

et al. 1996)Plantsoil feedback is defined as the interaction between plants and their biotic and
abiotic soilenvironmentwhichsubsequently influensghe performancef thesame or other
plant speciesn following generationgBeveretal. 1997 Ehrenfeldetal. 2009. In addition

plants mayinfluencethe performancef conspecifics and heterospecifiog affecting the
chemical composition of the organic substrate and inducingtaxiity by extracellular DNA
(Mazzoleni et al. 208). Both the magnitude and the direction of plaail feedback represent
major factors driving plant communiguccession, whichave been predicted theoretically to
switch in parallel with environmentalhanges Reynoldsetal. 2003. Typically, dantsoil
feedbacks are investigateding a two-phaseexperiment(Bonanomi and Mazzoleni, 2005;
Kulmatiski et al., 2008; Bnkman et al., 2010).

Plant performance andisease resiliencean beimproved markedly by different
microbial communitiesuch as bacteria and fungi. Th®jorclasses of ubiquitous microbial
symbionts associated with plantstarrestrial ecosystems aagbuscular mycorrhizal fungi
(AMF) and microbial endophytesin particular, fungal and bacterial endophyte@rdithan
80% ofterrestrial plant rootare colonized by AMF (Smith and Read 200/)ese offer the
host plant several benefits in exchangepliartosynthesiproducts such as hexoses and lipids
(Keymeret al. 2017). They increase tlielume of exploitedsoil andherce increase mineral
nutrientuptake (Smith and Read 199they improvetoleranceof water stress (Porcel and
Ruiz Lozano 2004)and soil salinity (Daei et al. 2009)and they are involved ipathogen
suppressior(Cordier et al. 1998) and toxic metakssistancgTurnau et al. 2006)Several
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recent studiesuggestthat AMF symbiosis moderatethe competitivenessgcommunity
structure, ad thediversity of plant species (Lin et aR015; Bennett et al. 201 Teste and
Dickie, 2017 which consequently contributésthe success/failuref plant invasion (Gerz et
al. 2018). Contemporary studies based on molecular identification of fungaupgoredthe
hypothesighat AMF abundanceompositionand traits may affect theurvival, establishment
andinvasion of host plants inew habitat (Yang et al. 2014Neuenkamp et al. 2018)

During the past decades, microbial communities ofhimsphere and the phyllosphere
have receivedxensive attentionegarding their roles and developmeétbwever, microbiota
inhabiting other nichessuch as seeds, have been poorly studied and underStexts form
an important habitat for microbes, fising a diverse array of botrmarmful and beneficial
ones(Nelson, 2004). Recently, research has revealedsésat endophytdsave the ability to
promote seed germination and enhance plant growth during both abiotic and biotic stress
(Truyens et al.,, 21b). Therefore, it is reasonable to hypothesthat seedssociated
endophyteplay a more important role in modulating their host plant than previously thought.

Microbial endophytes are bacteria and fungi that asymptomatically inhabit host plant
tissue br a portion of their life cycl€Stone et al. 2000)n some cases, they exhibit mutualistic
interactions byroteding the hostagainst biotic and abiotic stresses and pgaestxchange for
their own protection and nutritioiardoimet al. 2015). The elution of endophytedias been
occurring along wth that of plants,thus they have developed different functional and survival
strategiesn closerelaionship with their host plan{¥&rings et al. 2007; Yu et al. 2010; Selim
et al.2012; Goyal et al. 20}7Evidencesuggestshat the presence ohicrobialendophyts
may not onlyaffect plant growth fithess and diversity but also population dynasyiplant
competitivenessand ecosystem functioning (Saikkonen et al. 1998; Hardoim et al. 2015).
Impacts upon the competitive ability of their host plant by endophytes can be due to the direct
impact of their products which induce many changes for the host sshb@sand root growth
adjustmeniTakaiet al.201Q Craigetal., 2011), physiologicalresponses to abiotic stresses
(Saari & Faeth, 2012; Wet al., 2016), resistance to hexry (Clay et al2005),or production
of allelopathic substances (Rudgers & CI2§07 Bao etal., 2015) Endophyte8interactions
with other symbionts, such as AMIRd rhizobacteria, can have indirect effects on plant growth
and fitnessas well(Omacini et al2006).

Endophytes and AMF are distinguishiey differenttraits and lifestylesendophytes do
not form any obvious physical interaction structuséhin plantswhile mycorrhiz fungi do.
Moreover, according to Brundrett (2002), the development of fungal endophytes in contrast to

mycorrhizal fungi is not synchronized with the development of their hosts. Thus, fungal

35



endophytes may complete thefetiycle outside the host organism aadhre able to grow on
artificial media (Petrini, 1996). Furthermore, mycorrhizangi are restricted to the roots of
plants, while endophytes also can color@bevegrounargans such asdees, stems, flowers,
and ®eds Despite these differences, endophytes and AbMEh can establish strong
mutualistic associations withe host planand receiveroper habitat, protectioandorganic
carbonsupply(Binet et al., 2013; Mac& Rudgers, 2008). Several investigatidras/e reported
interactions ofhost plants with either of these types of microld€ggnomos 2002;Bever
2002 Matthews and Clay 2001; Cripps et al. 211t studiesof the simultaneous intaction
betweenendophytes and AMBn the same host plaate uncommon (Liu et al., 2011)[o
date, most studies (CHtihou et al., 1992; Muller, 2003; Mack & Rudgers, 2008; Liu et al.,
2011; Larimer et al. 2012) have primarily investigated the effect of the interactions between
endophytes and AMF on plant performanieggely ignoring investigation of possible other
interactions between the symbionts @nelsoil environment

Simultaneous association with botigppes of symbiontscan be positive, negative or
neutral for host growtbepending upon the plant spec¢i@MF and endophyte genotypesd
depending omthe environmental context (Omacini et aD06; Mack and Rudgers 20@hou
et al. 2016 GarciaParisi& Omacini, 2017. Simultaneouscolonization byboth endophytes
and AMF on a common host plant may affect ndy time plant itselbutadditionallymay alter
the next generation of thieost plant via changes irthe soil through plansoil feedback
processesA recentstudy byGarciaParisi& Omacini (2017) showed tha&&MF could shift
feedback effects betwednngal endophytecolonizedand fungal endophyt@bsentplants
from negative to positiveHowever, whether the interaction between seed bacterial endophytes
and AMF affect the next generation of plants never has been studied. Indeed, fungal seed
endophytes haveeen reported to induce negative ptaail feedback Matthews and Clay
2001, and their association with AMF has been described as antagonistic, negatively affecting
host growth and survival (Larimer et al. 2012). Therefore, we hypothesized that such an
association would increase the intensity of plantl negative feedback due to its reported
antagonism on the host. Additionally, our work investigated the simultaneous effects of
bacterial seed endophytes in association with an arbuscular mycorrhizad famgpuantsoil
feedback processed/e hypothesized that seed bacterial endophytes associations with AMF
would generate a positive plaswil feedback, because each of these microbes has been shown
to have multiple benefits for the host plant (Smith anddRE9Q97 Cordier et al. 1998Porcel
and Ruiz Lozano 2004Turnau et al. 200@aei et al. 2009Hardoimet al. 2015%.
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3.3 Material and Methods

The experiment was carried out in a greenhouse betWwekruaryand August2018. The
experiment was divided into two phases: the conditioning and the responseTpleabeget
speces used in this experiment,. repens was chosen for itshort life span beingan
agricultural annual, and becauses anitrogen fixing specieCertain endophytic bacterae
among Nfixing bacteria, so using an-fiking plant species would help to make clear their
effect The seeds used in this experiment were collected after growing plants derived from
commercially purchased seeds with no prasidgreatment@e Corato semert), for three

successive reproductive cycles.

3.3.1 Soil conditioning phase
In this phaseplants weregrown in thesoil long enough to condition &indalter the local soll
biotic and abioticonditions (Ehrenfeld et al., 2005a% der Putten et al., 2013).

Here, mts(19 cm top diameter * 17 cm height * 14 cm base diametergfilled with
sterile soil £3.48% sand, 40.14% silt, 36.38% cltal C:10.2 g. Kg', total N:3.10g. Kg?,
C/N ratio: 3.29, POs: 241.74mg kg*, with an electrical conductivity of 0.29 dS¥ncollected

(upper 10 cmjrom a farm located in th€ampaniaRegion southernltaly E: 14 A1 8 Nj, N:

4 m a.s.). The soil wa sterilized before the stawf the experiment by autoclavingt 1 atm
pressure, 120 °C, for 1 h, three times with 24 h interval

To obtain endophytic fungree seeds, seeds were treatgith Propiconazole fungicide
(TILT ® 25 EC, 0.25 ml per 100 geeds, with a dilution of 1 ml. 1) to eliminate the
endophyts. Seeds were dipped for 30 min in the fungicide solution and, thereafter, washed
three timain distilled water to eliminate treatment residues. Subsequently, seeds were dried
in microbiological hood vih air laminar flow for 20 min. Asolation test on 2%nalt extract
(Difco) agar medium, asmplementedby Hata et al (1998), confirmed the absence of
endophytic fungi in the treated seeds. The isolation test was assessed asdtbowemoving
the basal sheath, seeds were dipped in 70% ethanol for lomwettthe surface, surface
sterilized for 15 min in a solution of 15% hydrogen peroxide, dipped again for 1 min in 70%
ethanol, and then rinsed in sterilized distilled water. From the susfaoézed seeds, several
segments approximately 5 mm long werseptically cut with a sterile scalpel. The segments
were placed on 2% malt extract agar in a 9 cm diameter plate incubated at 20°C for 21 days
and thenwerechecked for presence of fungal colonidfier the incubation period, no fungi

culture was obtairge while many cultures were obtained from the untreated seeds. Moreover,
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a germination test on Petri dishéemonstratedhe absence of an inhibitory effect of the
fungicide on the growth of seedlings congudtio contros.

To obtain seeds withowndophytic bacteria, seeds were soaked for 20 minutes in an
antibiotic solution containing a combination of chloramphenicol (500 p).axid tetracycline
(12 pg. miY) (Puente et al. 2009An isolation test orLB agar medium, asnplementedoy
Herreraetal. (2016) confirmed tlat nobacteria culture was obtain&@m the treated seedls
contrast to untreated seeds where evident cultures were obtamalgermination test on
Petri disheslemonstratethe absence of an inhibitory effect of t#uetibioic combinationon
the growth of seedlings compalto controk without treatment.

Thearbuscular mycorrhizal (AM) fungusoculum consisted dkhizophagusregularis
gpores (commerciatulture: Mykos XtremeR300-propagulesg-1). Plants ofT. repensvere
grown in 36 pots (ten plants per pot). 12 pots were seitmuntreated seeds i.e. control, 12
with EB- i.e. bacteridree seeds, and 12 with EFe. fungifree seedsThis conditioning
prepared for two subsequent independent response experimaitgnig bacterial or fungal
seed endophytes. Moreovéf) g of AMfungusinoculum was added to half the patseach
treatment (6 pots of each 1Zhereby, & treatments each replicated six tinvesre obtained.

On 15th June 201&iter 3 months), shootssues were cut and the soil was sieved to be used

in theresponse phasEor each seeds treatment, one type of the endophytes is confirmed to be
absent while the other type is still present (bacterial endophytes are still presensaefs

and fungal adophytes are still present in EBeeds). However, because the comparison is
done against the control in which both seed endophytes are present, the observed effect is
assumed to be resulted from each seed endophytes absence.

3.3.2Response phase

During the reponse phase, nine small pots (17 cm top diameter * 15 cm height * 12,3 cm base
diameter) were filled from the six large pots of each conditioned treatment. 5 seeds were sown
in each response pot, with the same seed treatments as those applied foitibeiogmhase.
Accordingly, and during this phase, we obtainesponse plants growing in soils conditioned

by plants with their samendophytic status (i.e.B2-/EF+ plants growing in soils conditioned

by EB+/EF+ controlplants and BB- or EF plants in sils conditionediy EB- or EF plants,

and additionally response plantgrowing in soils conditionedy plants with different
endophyte symbiotistatus from their own (i.&ontrolplants growing in soilsonditioned by

EB- or EF plants and BB- or EF plants in soils conditionebly control plants) (Fig 1).
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The responsghase was carried out for three monfinem mid-June to August 2018)
in a greenhouse. Eagiot was located insidan individualpot sauceto avoid contamination
among plants throughaehing or splashing whewatering. Pots were watered to field capacity,
whennecessary, by adding distilled watetthe individualpots.

After three monthsand before of the end of the plant cyctesponseplants were
harvested Shoots were clippedoots were washedind rhizobia nodules were countddhe
origin of the nodules ithoughtto be fromthe fact that rhizobia are a common greenhouse
contaminant or from th@revious cultivation of legumeis the field soil and rhizobia that
survived autoclavig by forming heatesistant spore#ll shoots and rootwere dried at 70 °C
for 72 hoursand their dry weightecorded. Moreover, the roots were analyzed for the presence
or absence ofR. irregularis colonization by microscopic observation. However, no
guantification of the AM fungus was conducted.
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Fig 1. Representative schema of the two phases of the experiment design. The initial phase was
conditioning of the soil by endophyte and endoptisee seeds with or without inoculation of the
arbuscular mycorrhizal fungus (AMF+ and AMFespectively)The potsin the subsequent response
phase are shown with the color of the seed treatment during the conditioning phase, thus, this phase

consistsof the growth ofthe same seed types, i.eUntreated, EB and EF in each type of the
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conditioned soll, resulting ik- and E+ plants growing in soil conditioned by plants with the same
bacterial or fungateedendophytic status or soil conditioned by plants with diffebacterial or fungal
seedendophytic status, along with or withabe AM fungus The total nurberof response phase pots

is 54pots (3 response seed treatments * 3 types of conditioned soils * 2 AMF status * 3 rgplicates

3.3.3 Microbiological analyses
The microbiome of seednicrobial endophytecommunities was analyzed by lllumina high
throughputsequencing.The analyzed seeds were those used for the conditioning phase
controls.A PowerSoil DNA Isolation kit (Mo Bio Laboratories Inc., Carlsbad, CA) was used
to isolate théDNA from 2 g of surfacesterilized seeds for each of three replicafesd arface
sterilization prior to DNA isolation was performed by serial washes u&#g ethanol for 5
min, 1.5% sodium hypochlorite for 15 min and several rinses with distilled water over a 20 min
period(LopezLbpezet al 2010). The surface sterilizesgedsvere crushed ia sterile mortar
and pestle and suspended in sterile saline soluti8B¥®NacCl) for2 h at 28°C under shaking
Two grams of crushed suspended seeds were then transferred, aseptically, into each of three
Eppendorf tubes for DNA extraction

Bacterial and fungal diversity was assessed by -thgbughput sequencing of the
amplified V3V4 regions of the 16S rRNA gene (~460 bp) and FRS+300 bp). PCR was
carried out with primer&-D-Bact0341-b- S 17/SD-Bact0785a-A-21 (Berni Canani et al.,
2017) and BITS1fw/ B58S3TS2rev (Bokulich & Mills, 2013) using conditions reported in
the original studies. For bacterial primers -5-Bact0341b-S-1 7 (-GCTACG
GGNGGCWGCAG3 6 ) -B-BattO®B5a-A-2 1 -GACOTACHVGGGTATCTAATCG
36) , PCR ere B5cycles 0b96°€ fomB8 min, 95°C for 30 s, 55°C for 30 s, 72°C for
30 S, 72AC for 5 mi n and hel d at - 4AC.
ACCTGCGGARGGATCA3 6) and TB2 38 SAGATERTTGYTRAAAGTT-3 0)
PCR conditions were: 35 cycles of 95°C fors3®5°C for 30 s, and 72°C for 60 s, and a final
extension of 72°C for 5 milRCR products were purified with the Agencourt AMPure beads
(Beckman Coulter, Milan, IT) and quantified using an AF2200 Plate Reader (Eppendorf,
Milan, IT). Equimolar pools were bdained prior to further processingnd were pyro-

sequenced oan lllumina MiSeq platform, yieldingx2250 bp, pairegnd reads.

3.3.4Bioinformatics and statistical analyses
Raw reads were filtered and analyzed with the QIIME 1.9.1 soft{@aporaso et al. 2010)
Reads shorter than 300 bp or 150 bp (for bacteria and fungi, respectively), with more than one

primer mismatch and with an average quality score lower than 25, were discarded. OTUs were
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picked through a de novo approach and the UCLUST method, and taxassignment was
obtained by the RDP Classifier and the GreengévieBonald et al. 20129r the UNITE v.8
databasgQuas et al. 2012) Contamination by chloroplasts and Streptophyta, as well as
singleton OTUs, were removed and the relative abundances of other taxa were recalculated. To
avoid biases due to different sequencing depth, OTU tables were rarefied to thenlowesr

of sequences per sample (77038 for ITS and 115888 for 16S). Raw sequences are available at
the Sequence Read Archive (SRA) of the National Center ifmie&hnology Information

(NCBI) under the accession number PRINA587416.

Statistical significancef biomass data obtained from th&perimentsvas evaluated
using threeway, factorial ANOVAs (analysis of variance) in orderdetermine the main and
interactive effects of the fixed factors for prokaryotic and fungal seed endophytes separately:
AM fungus statusendophytic status afonditioning phaseand endophytic status of response
phaseAf t er ANOVA, means were sedgstar@uredahed & hp D
test was used because of its pavaard applicabilityregardless of whether a significant F
resulted frontheanalysis of variance

A plantsoil feedback effect was calculated as the ratio betwetal biomass in
conditioned and response soil accordiBgrikman et al. 2010 In the present experimentet
feedback effect was calculated as(tatal biomassof response plants growing in soils
conditioned by plants with their san@ndophytic status total biomassf response plants
growing in soils contioned by plants with differenéndophytic statys To test significant
changes in the feedback effect in the presence of the AM fungus and endophytes, feedback data
were analyzedthrough generalized linear models (GLM) including AM fungus staiu
endophytic status @ghe conditioning plants as fixed facsor

Levels of significant differencesere assessed at P8D. All analyses were performed
with STATISTICA 13.3 software.

3.4 Results

3.4.1 Seed microbiome

In regards to bacterial richness and diversity of sestciated endophyteRroteobacteria

were the most abundant showing a value greater than 60% of all the bacterial endophytes. In
particular, members belonged to thaterobacteriaceatamily (>35%), followed by members

that belonged to th&®xalobacteraceadamily (>7%). On the other hand, vio relative

abundance was observed for thetinobacteriaphylum (<8.4%),Firmicutes (<7.7%) and
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Bacteroideteq<5.9%). While the rest (<17%) were allocated to the unassigned bacterial
community (Fig2, A). With respect to fungal richness and diversitygla talative abundance
was observed for thescomycotphylum (93.62%), especial§temphyliuni28.4%), followed

by members belonging tlternaria (14.7%),Epicoccum(14.7%) and both thBlectriaceae
family (10.8%) and the gen@adosporiun(9.8%), while ¢her classes represented abundance
of more than 10%. HowevdBasidiomycotahylum was observed to be present the least with
an extreme low abundance of 1.52%. Only 3.7% of the fungal community was unidentified
(Fig 2, B).

3.4.2T. repensperformance in the reponse phase

3.4.2.1Seed fungal endophytes

The total biomass of. repenswas significantly affected by the AM fungus:(l=16.48,
P=<0.01), conditioning phases(l=114.8, P=<0.01), and the interaction between the three
factors i.e. AM fungus statusesponse and conditioning endophytes statusi{E11.04,
P=<0.01) (STable 1). In both cases of AMF+ and AMEhigher total biomass was recorded
when soil was conditioned with EEompared to EF+ regardless of the response endophytic
status. However, significant increase in the total biomass for AMF+ was recorded when saoill
was previously conditioned with EEompared to EF+, especially for Efesponse plants.
Moreover, the conditioning with EF+ results always with a dramatic low growth regardless of

both the AM fungus status and the response endophytic status (Fig. 3, A).
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Fig 2. Relative abundance of bacter{@) and fungal(B) endophytes inside the tissuesTaffolium
repensconditioningseedsg_ in the key refers to genus level and f_to family level in case of an

unidentified genus.

3.4.2.2Seed bacterial endophytes

The total biomass df. repensvas significantly affected by the conditioning phasgg=7.48,
P=0.01), the interaction between th® fungus and the conditioning seed endophytes status
(Fs, 16=60.37, P=<0.01), the interaction between AM fungus and the response seed endophytes
status (k 16=29.83, P=<0.01), and the interaction between the conditioning and the response
seed endophysestatus (5 16=10.48, P=<0.01) (STable 2). For AMHigher total biomass

was recorded when conditioning with EB+ in comparison te. BBhile for AMF+, soil
conditioning with EB+ decreased the total biomass compared to-ANd¥ EB+ in the
response phas the total biomass improved in the case of conditioning with AMF+dBd

decreased in the case of conditioning with ANEB+ (Fig. 3, B).
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Fig 3. Average of totalbiomass (g. plaht) of response endophyfeee andendophyteassociated
Trifolium repensplants @A: response plants with (EF+) and without ¢(Efheir seeeassociated fungal
endophytes; B: response plants with (EB+) and without-YBBeir seeehssociated bacterial
endophytes)growing in soils conditioned by planwith the same or diffrent endopytic status
(indicated on the absciss®ajth or without arbuscular mycorrhizal fuaginoculation (AMF+ and

AMF-, respectively)Grey and black bar colors represent the status during the response phase. The error
bars represent the standard idéen. Bars topped by the same letter do not differ significantly by

Duncan test.

3.4.2.3Rhizobia nodules number
For AMF, conditioning the soil with EF+ resulted in the absence of rhizobia nodules regardless

of the response endophytic status, while conditiottiegsoil with EF resulted in the presence

of rhizobia, especially for EF+ response plants. However, in the presence of the AM fungus,
regardless of the conditioning endophytic status; iBRhe response phase tremendously
increased nodules number (Hg.A). On the other hand, when conditioning the soil with EB

, rhizobia nodules were absent for AM&nd were low for AMF+ regardless of the response
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endophytic status. However, when conditioning the soil with EB+, rhizobia nodules were
present only EB+ ithe response phase, with a significant increase when the AM fungus was
absent (Fig. 4, B).
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Fig 4. Number of rhizbia nodules of endophyfieee andendophyteassociatedTrifolium repens
responseplants (A:fungal endophytes abserER-), fungal endophytes presenEF+); B: bacterial
endophytes absenEB-) or bacterial endophytes presei@B+) plants) with or without arbuscular
mycorrhizal fungisinoculation (AMF+ and AMF, respectively)Grey and black bar colors represent
the status during theesponse phase. The error bars represent the standard deviat®tofped by

the same letter do not differ significantly Byincan test.

3.4.3T. repensplant-soil feedback

The absence of EF always creates positive plant soil feedback<E10.071 P=<0.001)

which gets stronger with the simultaneous presence of the AM fungus. However, the presence
of EF always generates negative feedback conditioning of the soil regardless of the AM fungus
status (&, 30=3.657 P=0.0659 (Fig. 5, A, STable 3) On the other handhe absence of EB
created a strong negative feedback conditioning24E8.836 P=0.007), which shifted to
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positive with the presence of the AM fungus. Nevertheless, the presence of EB creates a strong
positive feedback, which shifted tegative in the presence of the AM fungus, §F=65.583
P=<0.001) (Fig. 5, B, STable.3)

A — Endophytic fungi o EE.

mEF+
1.5 1

0.5 1

0.5

-1.5 +
2

B — Endophytic bacteria
2 O EB-

. m EB+
1 4

0.5 - b

0.5

4

1.5 AMF- AMF+
32

Feedback effect

Fig 5. Feedback effeadvf fungal endophyts (A: fungal endophytes abserER-); fungal endophytes
present EF+)) and bacterialendophyte (B: bacterial endophytesbsent EB-); bacterial endophytes
present EB+)) on Trifolium repensresponselants.Grey and black bar colors represent the status
during the response phase. The error bars represent the standard devéaidopped by the same

letter do not differ ignificantly by Duncan test.
3.5 Discussion

Our investigations have shown that conditioning the soil with the presence of fungal
endophytes generated negative feedback, while their absence caused [esdback
regardless of the absence or presence of Mdutigus On the contrary, conditioning the soil
with the absence of bacterial endophytesn seedsdeveloped strong negative feedback
conditionsin the absence of the AM fungu#/hereas in the presence of bacterial endophytes
in the response plant seedong positive feedback wabserved in the absence of the AM

fungus. For each endophyte type, with endophyte removal from the response plant seeds the

46



AM fungus showed positive feedback, while its interaction with the seed endophytes resulted
in negatie feedback. Therefore, AMF may have a key role in modulating conspecifie plant
soil feedback processes.

The individual effects of AMF and fungal endophytes, along with their interactions on
plantsoil feedback processes have been extensively investigatedg the past decade
(Hardoim et al. 2015Zhou et al. 2016Gerz et al2018). AMF have been shown to be capable
of affecting, positively or negatively, plasbil feedback depending on the host plant and the
mycorrhizal fungus species (Bever, 2002, 2003; Bennett et al. 2017). On the othehband, t
role of fungal endophytes plant physiology and therossible utilization as growth promotion
and stress protectiomgents recently has been a popular subjdctvever, previous studies
have found that seed fungal endophytes generate a strong conspecific negative feedback
(Geisen et al. 2017Idbella et al. 2019), which aligns with our findings.

For example, Matthews and Clay (2001) found that-matiated inhibition of EF+
Festucaby previous conditioning with EFFestucarepresents a direct negative feedback that
couldlimit the growth of EF#estucarelative to other speciethereby reducing or preventing
domination by EF+ Festuca However, GarciaParisi et al. (2017 demonstrated that
conditioning soil with an annualgrass and its foliaffungal endophyts impaired the
belowground symbiotic potentiddutdid not necessarily result in negative ptantl feedback
on legume performanceOur findings highlight that fungal seed endophytes individually
generate negative plasbil feedback foil. repenswhile an AM fungus helpeith developing
positive feedback. However, with the combinecsence of AM fungus and fungal seed
endophytes, the negative feedback generated by the endophytes remained undteesged
findings were supported by many previous investigations repottiagthe simultaneous
association withfungal endophytesand AMF can produce antagonistéffects on host
performance depending oM fungus or endophyte species, and/or nutrient availability
(Mueller, 2003;Novas et al2005; Mack and Rudger2008; Liu & al. 201). For instance,
Larimer et al. (2012) have stated that fungal endophyte infecticereiiffially altered hyphal
colonizationby AMF species and the identity tife coinfecting AMF species affected fungal
endophyte tiness traitsNonetheless ahdistinctively, a recent study b@arciaParisiand
Omacini (2017) has showthat symbiosis with AMF can be posititer both endophytéree
and endophyt@ssociateglants depending on matchibgtweerthe endophytistatus of both
grass generations$Se\eral possible mechanisms were suggested to explain the antagonistic
effects of seed fungal endophytes upon AMF, whether directly through chemical inhibition by
the strong production of alkaloids (Spiering et al. 20R&smussen et al. 2000r indirectly
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by alteing the nutritional requirements of the host platiterebyaffecting mycorrhizae
(Rahman and Saig2005 Blanke et al. 2005 or by competition overesource allocation
between symbion{@Brundrett 2002).Moreover,endophytes havengoralpriority relative to

AMF becausesndophytes are present in seeds (vertical transmission) prior to germination,
while AMF are transmitted horizontally. Like spatial priority, temporal priority could generate
the observed asymmetric and negative relationsefpreen endophyseand AMF(Mack and
Rudgers, 2008)

Generally, the literature isenteredon the effect of fungal endophytes and their
interaction with AMF in plansoil feedback process@idack and Rudger2008 GarciaParisi
and Omacini, 2017Geisenet al. 2017 Idbella et al. 2019)Here for the first time, the effect
of bacterialseedendophytes was investigated both indivijuand in association with an AM
fungus. We found that these seed endophytes alone succeeded in generating a strong positive
feedback while their absence caused a clear shift of the feedback from positive to negative.
However, their interaction with the AM fungus unexpectegiinerated negative plasoil
feedback. In contrast, previous studies have found that the associatiweeb bacterial
endophytes and AMIS beneficial for mycorrhizatigrpathogen contrand eventually leads
to health andgrowth improvements for host plant®ffre et al., 2007 Pivato et al., 2009
Sundram et al. 2011). In fact, Hashem et al. 2016 fthatohdophytic bacteria and AMF that
live within the plant tissues oAcacia gerrardii are ceordinately involved in the plant's
adaptation totsess tolerancencreased plant growth and nutrient acquisition and improved
symbiotic performance oA. gerrardii. In addition, endophytic bacteria have shown a
synergistic effect upon AMF by increasing thgermination and root colonizati. Yet,
antagonistic effect in the interaction between seed bacterial endophytes and AMF has not been
reported in theiterature so far. However, similarly to fungal endophytes, competition over
resources allocation and temporal priority could explain the negative effect generated by the
interaction of seed bacterial endophytes and an AM fungus.

Our results indicated thathen the AM fungus was absent and both seed bacterial and
fungal endophytes were present, the number of rhizobacteria nodules increased significantly,
while in the presence of the AM fungus, EF absence had a positive effect of nodulation while
the effect & EB presence was almost negligible. Generally, many stutbe® cleay
demonstrated that when legume hdstth rhizobia andMF, plant growth, yield, and nitrogen
nutrition generally are much greatdanfor plants inoculateeither with rhizobia or MF
alone (Antunes and Goss 2005; de Varennes and Goss 2007; Meghvansi et &a2€0&k
et al. 2009. In fact, it has beesuggested that mycorrhizage a necessary precondition for
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effective nodulatiorof many legumegCrush, 1974). However, the highearboncosts to
plants of maintaining both fungal and bacterial symbionts may result in indirect antagonistic
interactions between the two symbionts (Bethlenfalvay et al. 19883 competition over
plant carbon could explain the minimal effect on natdoh when all three microbes co
occurred e.g. the AM fungus, rhizobacteria and endophytes. However, a positive effect was
reported when two out of three microbes remained especially in the absence of EF, perhaps
because endophytic fungi have been repateeixhibit an extra antagonistic effect on AMF
besides the antagonistic effect caused by carbon limitation. In this contéxey fstudyshould
focuson the role of nutrient fertility and endopleyble in plant soil feedback processes in the
presence ftAMF.

Our hghthroughput sequencinglentified a high frequency oAscomycotagphylum
inside T. repensseeds especiallyStemphylium(28.4%), Alternaria (14.7%), Epicoccum
(14.7%), ancCladosporiun(9.8%). In fact, all of these abundant genera are considered as plant
pathogens because they cause several diseases of crops depending on the species and the host
plant specificity Medinaet al. 2019;Wolterset al. 2018,Chenet al. 2020;Griffiths et 4d.
2018). Yet, one of these common pathogens identified inside our ségrsascumwhichis
known as a genotypically anghenotypically highly variable speci€érend et al. 2002).
Moreover, several studies have demonstrdtedintagonistic effect ahembers oEpicoccum
against plant pathogenic agefuas different crops l(arenaet al. 2005Koutb and Ali, 2010;
Favaroet al. 2012, Kosawanget al. 2018) due to the higlelease of secondametabolites,
some of which have antifungal and antibactea@ivities Brown et al. 1987 Dzoyemet al.
2017) In fact, these results suggest a potential explanation for the increase of negative plant
soil feedback by soil conditioning with fungaéedendophytes. This could be due to the
accumulation of soiborne pathogens, some of whiakereidentified in the fungal endophytic
microbiota of seeds. It is possible that such pathogens would move from the seeds into the soil
during the conditioning phase and, thereafter, exhibited their negative effect on theseespon
phase These results align well with several previous studies suggesting thasqlamggative
feedback iglue to the accumulation phthogens in the sqiCesarano et al. 201 Bankhurst
et al. (2005) suggestithat the poor growth and yield dew of sugarcanes@ccharum spp
grown in continuousnonoculture is due to the presence of deleteriousosgénisms. When
the soil was treated, mainly by fungicideése growth and yield of sugarcan&reasedn
comparison withthat inthe untreated sbiHowever, for a better understanding of thée of
soil biota innegativeplant soil feedbackhe evaluation of compositioand changes in the

entire soil and rhizospheranicrobial community is a necessary stép.our study, the

49



application of an AM fungus along with the fungal endophytes during the conditioning phase
did not help in shifting the plassoil feedback. Similarly, Du Toit et al. (2018)ported no
effect of G. intraradicesasan AM fungusinoculant applied in furrowat seedingn pink rot

in onions Moreover,no effect oftwo commercially available AMF inoculants on the severity

of Stemphyliumleaf blight of two onion cultivars on mineral soWwas found during the
investigations of llyas, (2019). On the other haregarding bacterial endophytes, in our
experiments high-throughput sequencingidentified a high relative abundance of
Proteobacteriaand in particular, members of tBaterobacteriaceatamily (>35%). Previous
identifications have reported that mdstterolacteriaceaefamily members belong to plant
growth-promoting rhizobacteria (Sivasakthi et al. 2013; Khalifa et al. 2016; Melo et al. 2016;
Barrao et al. 2017Most combined applications pfant growthpromoting rhizobacteriand

AMF are used to increase the yields of crops (Mader et al. 2011), fruit quality (Ordookhani et
al. 2010) to improve the nutrient use efficiency of fertilizers, taradlow reduced application

of chemical fertilizers (Adesemoye et al. 2009pwever,and as stated previoustie higher

C costs to plants of maintaining both fungal and bacterial symbionts may result in indirect
antagonistic interactions between the two symbionts (Bethlenfalvay et al., ¥988h could

be the explanation for the generdtnegative feedback when these bacteria coexisted with
AMF during the response phase.

3.6 Conclusion

Our study demonstrated that the seed microbiome plays a role in determining the direction of
plantsoil feedback. While seed fungal endophytes generatewbrgstonspecific negative
feedback, seed bacterial endophytes proved to shift feedback from negative to positive or vice
versa. he simultaneous occurrence of bdypes ofseed endophytes with the AM fungus
generated negatiy@ant soil feedback. To ounkwledge, this is the first timbat therole of

seed bacterial endophytes in conspecgiantsoil feedbackwas investigated, andk
demonstrated thahe AM funguscompletely revesedthe direction of the feedbaaifect on
bacterialendophyteassociatd plants Furthermore high-throughput sequencing illustrated

that the negative plaisil feedback generated by seed fungal endophytes may be due to the
presence of abundant pathogens ingbeds, whichwvould likely have emerged into the soil
andescapd the AM funguscontrol However, the positive feedback created by seed bacterial
endophytes in the absence of the AM fungus likely was due to abundance of plant growth

promoting rhizobacteria among the seed endophytes. Their negative interaction with the AM
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fungus may have bearaused by their competition with seed fungal endophytes and the AM
fungus for the limited organic carbon offered by the host plant. Subsequent studies are needed
to understand fully the mechanisms of interaction between both types of seed endophytes, as
well as their interactions with AMF in the control of conspecific pkoit feedback processes.
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4 Chapter 4. Specific microbiome
sighatures depend mainly on the
chemical properties

within a Mediterranean shrubland
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4.1 Abstract

Shrub encroachment (SE) is a phenomenon in which grasses and herbaceous vegetation are
replaced by woody shrubs. Many previous studies have highlighted the effects of SE on soil
respiration rates and nutrient storage, but little is known aipgpécts on &il microbiota

While previous work considered shrubs to be-spacies specific or as a single intervening
species, we selected Ampelodemsoauritanicusgrassland and six coexisting shrubs (i.e.
Pistacia lentiscus., Juniperus phoenicela, Myrtus canmunisL., Rosmarinus officinalig.,

Olea europaealL., and Euphorbia dendroided..) to investigate the effects of their
encroachment on soil microbiota. We used higloughputsequencing, coupled with soil
chemical analyses and litter usifi@ CPMAS NMRspectroscopyResults showed strong
influence of shrub species bacterial and fungal community diversity, species richness and
overall community composition in the soil. Litter chemistry was dominated-alk@-C, with

the highest content ilmpelodemosandE. dendroidesbut richer of aromatic C iR. lentiscus

andR. officinalis. Bacterial diversity was highest undephoeniceandE. dendroideswhile

lowest undeR. officinalis and grassland. Conversely, fungal diversity was highest ubder
europaeaandE. dendroideswhile lowest undeM. communisand grassland. Moreover, soll

C and N contents were highest un@ereuropaeaP. lentiscusandM. communi€ompared to

the other shrub specids addition, grassland ari. officinalis had the highest Fe content
Structural equation model (SEM) analysis ascertained that the shifts of baaterihingal
community composition and diversity were closetlated with the changes of litter and soil
chemical propertie®©ur results suggethat the individual effect of each shrub on the grassland
matrix depends mainly on the chemical properties of the shrub litter, which alters the chemical

profile of the soil and, in cascade, shapes the associated microbiota.

Keywords: shrub encroachmengrassland, Mediterranean, microbial community, litter
chemistry 3C CPMAS NMR spectroscopy
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4.2 Introduction

Grassland ecosystems occupy approximately 41% of the Earth's land surface (Reynolds et al.,
2007) and play an important role in global biogeochemical, hydrological, and energy cycles
(Huang et al., 2018However, in 10 20% of theseecosystemsshrub encroachmer(GE) is
occurring (Reynolds et a).2007. SE isa phenomenon in which grasses and aegbus
vegetation areeplacedoy woody shrubs(Sankararet al.,2004) SE is a form of land cover
changethat is widespread in arid and seanid grassland ecosystertisdridgeet al., 2011)

This phenomenon has been shotus,to alter the landscape, microclimate, and abarel
below-ground biological processéPong et al., 2014) Several studies have suggested many
possible causes for SE, includitngincreag inatmospheric Ce(Wigley et al, 2010), climate
change (D'Odoricet al, 2010), nitrogen deposition (Kochy &/ilson, 2001),changes itire
regime {an Auken 2000, and overgrazing (Briggs et @2005).

The global encroachment at the expense of grasses is predicted to increaseext the
years as woody plants havaultiplied, in many parts of the worJdver the past 100 years
(Kulmatiski & Beard 2013).Woody plant encroachment is often a conservation concern (Van
Auken, 2000) becausealters functions and processes of grassland ecosysighsas total
primary productivity, decomposition rates, nutrient availability, and soil carbon dynamics
(Eldridge et al. 2000 The resulting resource distributio
(Schlesingeet al., 1990)could favour tle growth of other woody speciesdagise of thehrub
nurse effect (Callaway 2007, thus creating a positive feedback that could lead to an
irreversible woody encroachment process (Du e28[16).The formation of fertility islands
under woody plant canopies involves several ecologicatgssesFirst, the extensiveroot
system of woody plants is able to extract nutrients ftbmdepth of the subsoibnd the
interspaceshat are deposited under the canopy through litter@tllefardi et al.2013).The
formation of island of fertilityis especially evident under nitrogéiming woody species that
accumulatdarge amount of nitrogen (N) aqdhosphorugP) insoil through litterfall(Facelli
& Brock, 2000. The formation of island of fertility islependent on litterfall amount, litter
chemical traits, litter decay rate and associated accumulation of soil organic carbon. For
example, Stinca et al. (2015 reportedthat colonisation ofthe nitrogerfixing Genista
aetnensi®ver bare volcanic soil resulted in a sharp increase in orgariorcéOC) N and P
stocks in the topsoih few decadesOn the other hand, invasion &iiniperus virginiananto
lower-lying grasslands in the western USA has been shown to alter the amount and distribution

of C and N stocks in soil and plantddKinley & Blair, 2008. As a result, the soil under the
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canopy ofwoody plants becoas thepreferred site for plantanimalsand microorganisms,
whosemetabolismincreases solDC and N and further enriches soils in the understioga
et al, 1999. In addition, shrulzanopyreduceswvind speed, allowing atmospheric dust, wind
and watettransported nutrients, detritus, and sdezlag accumulatelleneath woody canopies
(Eldridge et al.2017). As a resultin further fertile island effeatnhancemer(Reynolds et a].
1999.

Understanding the consequences of SE is important. However, most studies on the effects
of SE have focused mainly on vegetat{étu et al., 2015)soil chemical cyclingEldridgeet
al., 2015) and microbiabiomass and enzymatctivities(Eldridgeet al., 2015). Insteadiitle
attention has been paid tiee effects on soimicrobiotacompositionand diversity Yannarell
et al.,, 2014) Plants are known to influence soil microbial communitieugh both the
guantity and qualityf their aboveground litter and through root exudates released into the soil
that feed heterotrophic soil microorganisms, leading to overall shifts in the community
composition of soil (Wallenstein et al2007). In this context, SE has been shown to
significantly increase bacterial biomass (Yannarell et2014) and alter fungal community
composition (Bragazza et a2015). Therefore, dynamic and complex feedback mechanisms
exist between aboveground vegetation and the belowground microbial commuaitg ¢
al.,, 2014). Moreover, microbial species are actors in the {gaihfeedback that can alter the
outcome of plant competition and drive the process of plant community succédbrlia(et
al., 2021). For this reasoi§E may have lasting consequen for grassland ecosystem
restoration and management, as shiftsnigrobiota composition may facilitate loagerm
succession from grassland to shrub/forest ecosystems (YannarelR6i d).

As for the study of the influence of SE on the composittbrthe soil microbial
community, very little evidence was found in the literature, since they alldmnshrubs as
non-speciesspecific or as a singlencroached plant typ&or example, Xiang et a2019
showed that the encroachment @aragana micrphylla into a grassland dominated by
Cleistogenes songoridaduced significant changes in soil bacterial community composition.
Similarly, Ding et al, (2020 showed that the encroachment Ygccinium fragileinto a
grassland dominated IBulalia pallenssignificantly restructured the diversity and composition
of soil bacterial and fungal communities. On the other hand, Yannarel| &Ci4 showed
that the encroachment by four different species on the grassland Remnant Hill Prairies
significantly alteed both bacterial and fungal communities withseliectingspeciesspecific
signature under the canopy of each woody pladbwever, most of the previous studies

compared only a single woody species with the surrounding vggtation Here, our study
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aimed to investigate the influence of stwexisting Mediterraneashrubs(i.e. Pistacia
lentiscusL., Juniperusphoeniceal., Myrtus communid.., Rosmarinus officinalid.., Olea
europaeal., andEuphorbia dendroidek.), over AmpelodemsosiauritanicusL. grassland
on the soil microbiota. Specifically, we combined soil and litter chemistry analyses with next
generation sequencing techniques to determine how the soil microbiota is shaped by the canopy
of Mediterranean shrub®ur hypothesis states thatdittchemistrys different between shrubs,
resulting in a specific microbial fingerprint. This specific effect is thought to be difriomn
the specific chemical characteristics of the litter of the shrubs as it falls and deconimses (
Marco et al., 2011 in addition to the plants' root exudates (Shi et al. 20&44dling to different
changes in soil chemistry and also microbial composition. The aim of this study was therefore
to provide basic information and novel insights into the environmental seleaticolil
microbial communities by each of the most abundant spsepiesfic shrubs in a
Mediterranean SE ecosyste8pecific aimsvere:

i.toassessheii sl and of fertilityo effect under

shrubs;

ii. to describethe bacterial and fungal microbiot@ssociatedvith the different shrub

species

lii. to explorethelink betweensoil chemistryandbacterial and fungal microbiata

4.3 Material and Methods

4.3.1 Study site description

The study was conducted in Cape Palinuro shrubééed40°01'35 "N 15°16'30 "E), located
in southwestern Italy, about 40 miles southwest of the city of Salgigo1) This area is
located in a Mediterranean climate characterised by mifder and hotand dry summer
Vegetation is adapted to dry summers dnsl fragrant and oily, making it susceptible to fire.
The elevation of the study area is 18%rm.l.,and the average annual temperature is°05.7
In winter, temperatures averaigel 3.3C during the day and drop @ 9°C overnight; in spring,
temperatures reach7.6°C, mostly in the afternoon, mle during thenight-time it dropsto
11.2°C; in summer, averageaximumtemperatures 27.FC and averaganinimumis 19.7C.
The average annugptecipitation is 789.8 mnirhe site is characterized wilimestone rocks

overlying clay sds with abundant rock outcrops.
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? Rosmarinus officinalis i

Fig 1. Sampling site of Capo Palinuro located in Southern Italy in Campania region (blackgithke
map on the grassland matrix, at the top of the figure, dominate@inpyelodesmos mauritanicus
which the studied shrubs have encroached; followed by the six encroached shrubs studied at the

shrubland.

4.3.2 Soil sampling
Within the study area, six shrudpecieswere selected for soil samplingncluding five

evergreensPistacia lentiscud.., Juniperusphoenicea.., Myrtus communid.., Rosmarinus
officinalisL. andOlea europaeé ., and onaleciduousEuphorbia dendroidek. (Fig. 1) Soil
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samples were also collected in the grassland soil dominat@enpglodesmos mauritanicus

L., a perennial, firgprone tall grass that dominates in the matrix between shindestf et al,

2013. In April 2019, or each shruspeciesthreeindividual shrubsvere randomly selected.

Under each individual, four soil samples were collected from different positions located
between the shrub trunk and the periphery of the canopy and pooled. Overall, 21 samples were
collected: 7 plant types (6 s@ies for 6 shrub species + one sample for the grassland) with 3
replicates for each plant type. Sh22ehfors si ze
E. dendroides163+ 74 cm forO. europaea 173+ 59 cm forP. lentiscus 126+ 9 cm forJ.
phoencea 164+ 8 cm forR. officinalis, and 114 11 cm forM. communis Soil samples were
collected by & cm diameter soil corer, attepth of 10 cnafter removal ohbovegrounditter.
Subsequently, soil was pooled and sieved (2mmesh) on site resulting in a singlemposite

sample for eackhrub replicateThe samples were stored in sterile plastic bags and labelled.
Before sampling operation, the soil corer was thorougtiganed and sterilised to avoid
between samples contamiiwat. After collection,samples were then divided into two fractions:

one fraction was kept at 4°C to investigate soil chemical properties; the other fraction was

stored at T20AC and used for molecular analy

4.3.3 Litter collection and chemical analysis

Under each shrub speciésaf litter was collected with net traps during the period of maximum
leaf fall from three randomly selected individuals of each shrub spédies.was collected

from the same individuals under which the soil was colledtesshly collected litterswere

dried in a ventilated chamber at 30°C until they reached a constant weight and then stored at
room temperature. itters were then characterized for total C and N content by flash
combustion of microsamples (5 mg of litter) ussn@N soil elemental analyser (Flash EA2000
Thermo). Proximate cellulose and lignin content were quantified ashgdrdlysable fraction

and acidunhydrolyzable materials, respectively (Gessner, 2005). In addition, leaf materials
were characterized ByC crosspolarization magic angle spinning (CPMAS) nuclear magnetic
resonance (NMR) (Kogeéknabner, 2002) obtained in the sefithte and under the same
conditions, which allowed a comparative analysis of the resulting spectra. The spectrometer
used was a Biker AV -300 equipped with a 4 mm widere MAS probe (Bonanomi et al.,
2013). The spectral ranges and corresponding C types were identified as described by
Bonanomi et a)(2013): 045 ppm = alkylC (characteristic of lipid waxes, cutins and microbial
products); 4660 ppm = methoxyland Nalkyl-C (characteristic of amino acids and lignin

components); 690 ppm = Galkyl-C (characteristic of carbohydrates and polysaccharides);
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91-110 ppm = diO-alkyl-C (anomeric C1 of celluloses, tannin and lignin compts)e 111
140 ppm = Hand Csubstituted aromatic C (mainly associated with polyphenols, lignin and
tannin components); 14160 ppm Gsubstituted aromatic C (phenolic anda@l-C,
characteristic of phenols, lignin and tannin components);-1B&1 ppm carbwyl-C

(characteristic of organic acids, amides, esters).

4.3.4 Soil chemical analyses

Soil samples werdried in a ventilated chamber at room temperature until a constant weight
was reached. The soil was analyzed for 16 parameters i.e., total organic(€efhqrH, total
nitrogen, and macr@nd micronutrients important for plant growth. Specifically, the following
parametersvere measured: soil electrical conductivity (EC) and wklkedetermined in 1.5

and 1:2.5 soilvater suspensions, using a condutgivheter and a pH meter, respectively

( Cz e k a Ral6)eTotanarbgenwasd et er mi ned by t he Kjel dhal
2016) while phosphorusvas assessed lilge molybdovanadatghosphate method (AOAC
1990). Water content and organic matentent were determined by weight loss at 105°C for

24 h and 550°C for 8 h, respectively (Silva et @D14). Potassium, magnesium, iron,
manganese, calcium, sodium, copper and zinc were determined by flame atomic absorption
spectroscopy (Peters et,@003). Total limestone is determined by the weight method against

a strong acid, the attack of the limestone leads to a gas release, th€@lume of which is
measured (LANO: NF ISO 10693). Finally, the chloride content (Cl) in the soil was determined
by the volumetric method described by Meldrum and Fo(b828.

4.3.5 Soil DNA extraction and amplification

The microbiome of homogenizesbil samples under each shrub speeias analyzed by
lllumina highthroughput sequencinghe DNeasy PowerSokit (Qiager wasused taextract

the microbial DNA from 2 g of each homogenized soil. Bacterial and fungal diverssnew
assessed by higihroughput sequencing of the amplified-V& regions of the 16S rRNA gene
(~460 bp) and ITS2 (~300 bp). PCR was carried outhvprimers 8D-Bact0341b- S-17/S
D-Bact0785a-A-21 (Berni Canani et al., 2017) and BITS1fw/ B5883S2rev (Bokulich &

Mills, 2013) using conditions reported in the original studies. For bacterial priri@fB&t
034%:b-S1 7 {CE6TACG GGNGGCWGCAE 6and SD-Bact0785a-A-2 1 {GB®
TACHVGGGTATCTAATCC-3 06 ) , PCR conditions were: 25 cy
for 30 s, 55°C for 30 s, 72°C for 30 s, 72°C for 5 min and held at 4°C. For fungal primers
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Bl TS1f w -ACCTGE@GGARGGATCA3 6 ) and -ITSBe¥8SHO
GAGATCCRTTGYTRAAAGTT-36) PCR conditions were: 35 cy
for 30 s, and 72°C for 60 s, and a final extension of 72°C for 5 min. PCR products were purified

with the Agencourt AMPure beads (Beckman Coulter, Milan, IT) and quantiBad) @an

AF2200 Plate Reader (Eppendorf, Milan, IT). Equimolar pools were obtairgsbquening

was carried oubn an lllumina MiSeq platform, yielding 2x 250 bp, paire@nd reads.

4.3.6 Sequence data analysis

Demultiplexed fastq files were processed using the DADA2 package (version 1.16.0 pipeline)
(Callahan et al., 2016) in R software (4.0.4) (Team, 2016). DADA2 provides better taxonomic
resolution than other methods because it retains unique sequencescaladesatequencing

error rates rather than clustering to 97% simildftygerth& Andersson2017) The resulting
taxonomic units are referred to as amplicon sequence variants (ASVs) rather than operational
taxonomic units (OTUSs). For bacterial sequent&syard and reverse reads were trimmed to

250 bp, primer sequences were removed from all reads, and filter paransetéwsere the
following: maxN = 0, maxEE for both reads = 2, truncQ = 2 (MaxEE corresponds to the
maximum expected errors, TruncQ reprasehe parameter that truncates reads on the first
occurrence of a quality score less than or equal to two, and MaxN is the maximum number of
'‘N' bases accepted). Error rates were estimated by learnErrors using nearly 4 million reads.
Sequences were defigjated using derepFastq with default parameters and exact sequence
variants were resolved using the dada algorithm. The RemoveBimeraDenovo function was then
used to remove chimeric sequences. For fungal sequences, the pipeline-eaptect by a
preliminary step of trimming adapter sequences anddaality endg<Q20)using Cutadapt
software(Martin, 2011) For both the bacterial and fungal datasets, reads with more than three
errors in the forward reads and five errors in the reverse reads were reifax@aomy was

then assigned using assignTaxonomy based on the SILVA (v132) and UNITE (v7) databases
for bacterial and fungatommunities respectively(Quastet al., 2013Nilssonet al., 2019)
Chloroplastand Streptophytacontaminants and singleton ASM&re removedand relative

abundances dheother taxa were recalculated.

4.3.7 Statistical analysisand data visualization
Plotting was performed using PRIMER 7 software (PruBertd, Plymouth; UK). Alpha

diversity metricsi.e. Margalef species richnessgdexand Shannon indexyere calculated.
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Heatmaps were created to assess variation in community composition at taxemomic

levels. Heatplots were usddr clusteringvariables according to the results of an index of
association similaritgnd for clugsering samples according to Be@urtisdissimilarity. The 50

most abundant taxa in the fungal and bacterial communities are shown in the heatplots. A
resemblance matrix calculated based on Braytis dissimilarity was used to perform non
metric multidimensional scaling (nMDS) to assess variation in species composition under the
different investigatedpeciesfor the bacterial and fungal communiti@he significance of
changes in compositidretweerthe twvo microbialcommunities wastestecoy PERMANOVA

(999 permutations), using tlslirub specieas fixed factorThe significance of variation in the
alpha diversity metrics of thievo microbialcommunities was assessed along with the soil and
litter chemical characteristics using the ANOVA test, and the meame pairwise separated
using theposthoc Tukey testfor more details about the significance level between samples
The level of significant differences was assessed at P< 0.05. All statistical analyses were
performed using STATISTICA 13.3 software.

Furthermore, we analysed functional group variation for the fungal community,
identifying putative fungal functional groups as well as their trophic modes using FUNGuild
(Nguyen et al., 2016 he core microbiome was identified by constructing Venn diagr@m
7 setdi.e., 6 shrub species + the grafss)bacterial and fungadlommunitesusing Rsoftware
andthe VennDiagram package (CherB&utros, 2011)Structural equation model (SEM) was
constructed to investigate the direct and indirect effectstef Bind soil chemical properties
on microbial diversity and composition. Diversity was characterized by the Shannon index and
composition by the first axis of the PCoA using the BCaytis dissimilarity matrix. Based on
a priori and theoretical knowledgee assumed a conceptual model that differences in litter
chemistry affect soil chemical parameters, which affects in cascade the microbial diversity and
composition. Maximum likelihood estimation method was used to compare the SEM with
observations. Modehdequacy was determined by -sluare tests, goodnestfit index
(GFI), Akaike Information Criteria (AIC) and root square mean errors of approximation
(RMSEA). Adequate model fits were indicated by a-s@nificant chisquare test (P > 0.05),
high GFI, low AIC, and low RMSEA Grace, 2006 SEM analysis was performed using
AMOS 26.0 (Amos Development Corporation, Meadville, PA, USA).

4.4 Results
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4.4.1 Litter and soilchemistry

Leaf litter chemistry varied largely among shrub speciestamdrass\. mauritanicus(Table

1). A. mauritanicushad the highest cellulose content and C/N and lignin/N ratios, while it had
the lowest N content and relatively low lignin content. On the other hand, the highest lignin
content was found iR. officinalislitter, which also hatiigh N content and the lowest cellulose
contentP. lentiscushad relatively high contents of all proximate parameters except N content,
which was relatively lowJ. phoeniceahad very low N content, and thus the highest C/N and
lignin/N ratios.E. dendradesleaf litter, on the other hand, had the highest N content and the
lowest C/N and lignin/N ratios. Finallyyl. communideaf litter recorded the lowest lignin
contentamong all other shrub specigsd thus a very low lignin/N ratio.

The*C-CPMAS NMR data showed thd. dendroidedeaf litter had the highest content
of carboxylic C, followed byR. officinalis and M. communis while the others, including.
mauritanicus had significantly low values. The-§ubstituted aromatic C fraction was highest
in P. lentiscusand lowest irA. mauritanicusandE. dendroidesMoreover P. lentiscusandR.
officinalis showed the highest-8B substituted aromatic C content while the lowest was found
in E. dendroidesHowever A. mauritanicusandR. officinalis had the fghest diO-alkyl C and
O-alkyl C fractions, while the lowest methoxyl C and alkyl C fractions were recordesl for
mauritanicusalone. In additionE. dendroidesand O. europaeahad the highest methoxyl C
fraction, andJ. phoeniceawas the one thatontained the highest alkyl C fraction content
instead.

Soil chemical parametershowed significant variation among shrub spe¢iexble 2).
Clustering of the shrubd®y D1 Euclidean distance, based on chemical parameters resulted in
five clusters fothesix studied shrubs and the graSsmauritanicus separating:. dendroides
M. communisJ. phoeniceaGrasslandR. officinalis andP. lentiscus- O. europaegFig. S1).

In details E. dendroidesandM. communishowed thénighestsoil pH comparedo grassland
and other shrub$n addition,E. dendroidesoil had the highest total limestonedynaximum

of 4.11% and soil potassium Bymaximum of 1.2 g/kg. Electrical conductivity, chlorides and
sodiumwere highemunderO. europaeaand M. communiswhile significantly lower values
were measurkunder the rest of the shrulvgth an exception for sodium und&rphoenicea
The soil GC andtotal N conterdwere higher unddvl. communisP. lentiscusandO. europaea
than under the rest of the shrulhs addition, the highe®tand Mg contents were found in the
soils underkE. dendroidesand M. communisspecies The distribution of Ca, Cu, Zn and Mn

was different among the shrub species content was found to be significantly kegbnly in
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the grastand and undelR. officinalis compared to other shrubs, while the lowest value was

found undelE. dendroides

Table 1. Chemical traits of leaf litter of different plant specigalues are mean of three replicates.

Different letters within each column indicate significant difference (Duncanpte315).

dendroides phoenicea communis europaea lentiscus officinalis  mauritanicu:
& Cellulose (%) 14.2b 13.0c 15.8bc 10.6d 17.9b 8.6d 27.3a
§ Lignin (%) 13.2d 23.8b 10.6e 16.3c 23.9b 41.4a 18.1c
g o
; £ N®) 2.1a 0.7d 1.2¢ 1.7b 1.1c 1.9a 0.5d
g £
IS % C/N 20.5d 69.3a 41.1b 31.2c 45.4b 22.8d 77.6a
c o
£ Lignin / N 6.3d 33.0a 8.7d 16.3c 21.7b 21.6b 34.5a
Q
W
Carboxylic C 9.8a 4.4¢c 6.2b 5.6C 5.3c 6.9b 4.8c
3
2 O-aroma C 4.4d 4.8cd 5.7¢ 3.6e 9.3a 7.4b 4.0d
g
D: S
S £ di-O-alkyl C 10.8bc 9.7cd 11.4b 8.9d 12.6b 11.1a 14.9a
pd
0 &
<§t g O-alkylC 44.8b 38.4c 42.4b 39.1c 34.7c 37.5¢c 55.7a
o
8 Methoxyl C 8.1a 6.2b 6.2b 8.3a 4.5¢ 5.6bc 4.6¢
Alkyl C 17.4d 27.5a 19.2c 24.9b 21.5bc 19.9¢ 6.7e

4.4.2 Microbial diversity

Significant variation inShannondiversity and species richnes&s found for bacterial and

fungal diversity. Bacterial species richneswas significantly higher irthe soil underk.

dendroidescompared to the soil und&. officinalis, while slight althoughnot significant

variations were observddr the other shrub speciéBig. 28). The Shannon index of bacteria

was significantly higher in the soil undel. phoeniceaand E. dendroidescompared tdR.

officinalis and the grassland. On the other hand, no significant variation wasifotunthal

species richneswhile theO. europaeahowed the highe§hannordiversityindexof the soll

fungi, which showeda statistical significant differenceompared toM. communisand

grassland soiléFig. 2b).
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Table 2. Chemical analysis of the soils collected under the canopy of plant species in the studied
shrubland as well as the grasslamifferent letters within each parameter indicate sigaifit

differences (Duncan test,0.05).

Parameters Grassland phoenicea officinalis lentiscus europaea communis dendroides
pH 5.6 6.00c 5.8 6.3 6.3% 6.74 6.93%
Water content (%) 5.8% 11.1% 6.31c 9.1 9.4 10.46 16.9%
Total limestone (%) 0.8™ 1.75b 1.3% 0.8 0.6 1.11b 4.11a
Electrical conductivitymS/cm) 0.31b 0.26b 0.21b 0.30 0.42a 0.47a 0.31b
ChloridesCl (g/KQ) 0.21a 0.15bc 0.1%c 0.1& 0.27& 0.30a 0.08t
Sodium NaO (g/Kg) 0.2% 0.40a 0.19¢c 0.3 0.43a 0.4 0.2b
OrganicCarbon(%o) 1248 1190b 1153 16.6a 16.27 16.17 9.80b
Total Nitrogen(%o) 0.50b 0.4 0.420 0.77a 0.8: 0.9% 0.70a
P (mg/Kg) 20.4D 21.73b 12.5% 20.60 20.8% 35.0a 39.8%
K (g/kg) 0.3% 0.65b 0.44bc 0.51b 0.5 0.5% 1.27a
Mg (g/KQg) 0.57 0.91a 0.46 0.89ab 0.97a 1.20m 1.32a
Ca (g/KQ) 3.760 3.91b 2.6 9.0la 8.6%a 10.@a 8.4
Cu (mg/Kg) 1.3M 1.62b 1.4 2.04a 2.52a 1.87a 2.0m
Zn (mg/KQ) 8.0& 3.9%d 5.5 17.9% 18.6&b 22.5% 4.6
Mn (mg/Kg) 26.66 30.84ab 25.48 43.9& 39.8 27.7b 13.2%
Fe (mg/Kg) 56.7& 2980b 4457 23.2% 30.00b 23.2D 5.21c

4.4.3 Bacterial community composition

At the phylum level, considerablgignificant variation was found amonghrubs and the
grassland soils the bacterial communitfFig. 3a, Fig. S2, Table S1, S2)he soil under la
shrubs harboured mainActinobacteria ranging from 3Q.% in R. officinalis to 403% in O.
europaeaexcept forP. lentiscus which harboured equalActinobacterieandProteobacteria
with a proportion of 23% each. On the other hand, the lowest abundanBeocdéobacteria
was found in the grassland soil at 2% compared to 20%71 25.4% among the othesoils
Acidobacteria on the other hand, was most abundant in the grassland soib% fBlowed
by P. lentiscusat 158% and less than 10% among titkersoils In addition thehighest levels
of Verrucomicorbiawere found irVl. communisoil (13.2%), followed byP. lentiscuy8.7%)
and the remainingoils with less than 5%0n the contrarylPlanctomycetewas higher irR.

officinalis soil (20.2%) compared to the otheoils (< 13%).
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Fig 2.Box plots showing the variation in the Shannon diversity and species richness indices for bacterial
(A) and fungal (B) communities under each plant species across the shrubland of Capo Palinuro.
Differentletters indicate significant (g 0.05) differences in the indices under different shrub species.
The lower and upper bounds of the boxplots show the first and third quartiles (the 25th and 75th
percentiles); the middle line shows the median, whiskerseabod below the boxplot indicate inter

quartile range.

The Venn diagram (Figta) confirmed that theoil underk. dendroidesJ. phoenicea
andP. lentiscusare the ones that include the highest number of unique ABNare they
attained47, 34, and 31ASVs, respectively While the lowest number of unique ASVs was
found in the soil undeR. officinalisandO. europaeaHowever,219 ASVs were determined

asthe core bacterial microkia of the studied microbiomes
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At the lowest taxonomic level (Figh), the clustering of the shrub spegiessed on the
50 most frequent ASVs, is highly distinct using the B@ytis similarity indexacross
different shrubs and the grasslasdils (p = 0.001; Table 2, where it revealed three main
different clusters for #asix shrubs and the grasslarA first group (cluster A) includeP.
lentiscussoil characterized by a high abundanceAoidobacteriasubgroup_6The second
group (cluster B) include#!. communisJ. phoenicea O. europaeaE. dendroidesand
grassland The maindriving ASVs of cluster Bwere Rulrobacter which was abundanih
grassland an@®. europaeasoils, and CandidatusUdaeobacter which was abundant only in
M. communissoil, followed by grassland. Finally, a group (cluster C) that incluBed
officinalisandcharacterized bRRulrobacter which was highlyabundant, antsosphaeraceae

The nMDS analysis of theacterialcommunityin relationto the chemical parameters
(Fig. S4a) showed strong positive correlation between Fe andbtidénationof the grassland
samplesHowever R. officinalisandO. europaeavere positively correlated with Cu, Na, total
N, Mg, and CI and negatively correlated with OC, total limestone, P, Mn, Ca, and Zn; with an
opposite pattern for theamples ordinatiomf P. lentiscusand M. communis which was
positively correlated with OC, P, and total limestone and negatively correlated with total N,
Na, and Mg. Finally,). phoeniceaandE. dendroideshowed a high negative correlation with
Fe, which was the main reason for treamples ordination.

4.4.4 Fungal community composition

The fungal community showed a clehfferenceamongthe shrub specieandin comparison
with the grassland (FigBb, Fig. S3 Table S1, Sp Specifically, all the soils studied were
dominated by th@hylum Ascomycotawith abundance ranging from 6% in the grassland
soil to 803% inM. communigndR.officinalis. However, the highest proportion of fhieylum
Basidiomycotawas found in the grassland soil (2%), followed by J. phoenicea E.
dendroidesand M. communiswith ~ 16%, while in the othesoils their abundance did not
exceed 10%. On the other hand, phglum Chytridiomycotavas found with an abundance of
5.7% in the soil unde. europaeaand less than 2% in the rest of gwls In addition,P.
lentiscusshowed exclusivity in harbouring tiMortierellomycotaphylum (154%), followed
by E. dendroideg10.9%), while it was almost absent under Refficinalis soil. Finally, the
phylumZoopagomycotavas present in only.2% of theP. lentiscussoil.
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Fig 3. The relative abundance of various bacterial (A) and fungal (B) phyla in the soil of each plant

across the shrubland and grassland.

The Venn diagranshowed thaall the soils have enclosed a high amount of exclusive
fungal ASVs compared to the bacteria (Fig. 4b). The highest number of unique ASVs was
found under the grassland (i.e., 46) and the lowest was found Eirdimdroideg21) andM.
communig22). Howeverthe core microhiota, responsible for the most frequent ASVi&s
represented by 115 ASVs
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At the lowest taxonomic level (Fig. 6)lustering of thespeciesbased on the 50 most
abundantungal ASVs, using théBray-Curtis similarity indexshowedclear representation of
variation among the fungal communégross differenshrubs and grasslaigpl= 0.001; Table
S2). This clusteringresulted in 7separatecclusters. The first clustefA) representsvi.
communiswhich was characterized laygroup of generancluding Penicillium Gibberellg
Helicoma andPilidium. The secondluster(B) whereJ. phoeniceavas characterizedith a
group of ASVs that includeSitemphyliumAgaricomycetesMortierella and otheAscomycota
genera. The cluster C includdl officinalis and characterized byhe generaDidymellg
Sarocladium Phaeosphaeria Xylariales and Russoella all belonging to thephylum
AscomycotaMoreover, cluster D included grassland and characterized mair@Gfawyceps
genus belonging to théscomycotaCluster E, ofO. europaeawas characterized by a group
includingPyrenochaetandVerrucocladosporiumrFinally, cluster G that includd. lentiscus

was characterized lByronemataceaeArthrinium, andDidymellaceae

69



60

70
0
100

m J. phoenicea

ﬁ ﬁ ﬂ?‘ﬁ ﬁ ﬁ o E. dendroides

e P lentiscus

@

Bray-Curtis

©
=)

Index of association

9 2040 60 80 100 e a0 OB OO OO R ED A A A&+ + 4N .
— versiiz O M. communis
— Pseudomonas -
——  Candidatus_Udaeobacter ]
Sandarac naceoe A O. europaea
T Bacillus
— Actinoplanes A H
Mycobacterim A R. officinalis
<’_’E Streptomyces G | d
Singulisphaera
Nocardioides + rassian
it Xanthobacteraceae
Pedosphaeraceas
H SC--84
Subgroup_6 I
Pirellula .
H MB-A2-108 Relative
M E e e abundance
Gaiellales
Gemmatimonas 20
Microtrichales
E Planctomycefales
thoniobacter
Burkholderiaceae
Gemmaia
6714 15
Gaiella
Sphingomonas
Solirubrobacter
llumaiobacieraceae
JG30-KF-CM45
— Pseudonocardia 10
— Gemmataceae
E— — bacteriap25
— Blastococcus
Skermanella
Candidatus_Alysiosphagra
I50sphaeraceae 5
Microvirga
WD2101_soil_group
E Bryobacter
Entotheonellaceae
Actinobacteria
= Rubrobacter | 0
RB41
L Archangium
— Subgroup_7
_ Craurococcus
B Acidibacter

Pseudarthrobacter

Fig 5. Heatmap showing relative abundance of the 50 most frequent Amplicon Sequence Variants
(ASVSs) in the bacterial community in the soil of each plant across the shrubland and grassland. The
hierarchical clustering of samples is done by dissimilarity Bray @uodis measure whereas the

grouping of wvariables is based on Whittaker o6s

clusters discussed in the text.

As for thesample ordination based on fli@gal communityP. lentiscushad the highest
positive correlation with CqFig. S4b) However, Fe was responsible for thelination of
grassland andR. officinalis with the highest positive correlation obseryvadile the large
negative correlation between Fe and the fungal communi®. @fommunisvas responsible
for their ordination In addition, P, Zn and OC were negatively correlated with grassfand,
officinalisandO. europaeand positively correlated witkl. communisFinally, theordination
based orthe fungal community al. phoeniceavasdue to its strong negative correlation with
Ca.

As revealed by FUNGuild analysis (Fig. }$3he distribution patterns of dominant
ecological guild functions were more similar betweenlentiscus R. officinalis and the
grassland. However, each plaspiecieswas found to host one aeveralguilds whether
exclusively orin more abundanceompared to the others. For example, algal parasites are
present onlyn the soil undeE. dendroidesandP. lentiscus however, bryophyte parasites are
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more abundantinder thesoil of E. dendroideswhile they are almost absent in thal of R.
officinalis and the grassland. In addition, ectomycorrhizal fungi were present undeilsll

with low abundance except in grasslands where they were almost absent.
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Fig 6. Heatmap showing relative abundance of the 50 most frequent Amplicon Sequence Variants
(ASVs) in the fungal community in the soil of each plant across the shrubland and grassland. The
hierarchical clustering of samples is done by dissimilarity Bray andisCoreasure whereas the

grouping of wvariables is based on Whittaker os

clusters of the different plant communities discussed in the text.

4.4.5 Structural equation modeling

Hypothetical relationshipbetween litter chemistry, soil chemical parameters and microbial
diversity and composition were tested using structural equation modelling (SEM) across the
shrubland (Fig. 7). This model showed thaelitthemical parameters showleath positive

and negavte correlationswith soil chemical properties. For example, lignin content of litter
showed a negative relationship with soil P and organic carbon content with correlation
coefficients 0f-0.738 and-0.350, respectively. In addition, N content of litterpositively
related to soil pH, N content and soil organic carbon content with correlation coefficients of
0.718, 0.648 and 0.895, respectively, while it is strongly negatively correlated with soil N
content with a coefficient 0f0.999. On the other hanthis model showed that only pH
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significantly negatively affected soil bacterial composition with a correlation coefficient of
0.977. On the other hand, fungal composition and diversity were affected by most of the soill
parameters teste@pecifically pH showed a negative correlation with both fungal diversity
and fungal composition with coefficients ed.958 and-0.937, respectively. In addition,
organic carbon and P content showed a significant positive relationship with both fungal
parameters, whildN content showed a strong negative relationship with fungal diversity.
Moreover, only cellulose content of litter showed a direct relationship with microbial
parameters as it showed a positive correlation with bacterial and fungal composition and fungal
diversity.

(A)

N

Bacteria diversity

€600

Bacterial composition

Fungal diversity
/
N )
\\
N
\
| Celuiose % N\
Cellulose >
\\
\
\\

Fungal composition

S8T°0

780°0

Methoxyl C

Nitrogen

Chi-square= 31.002, p= 0.228, GFI=0.762, AIC= 161.002, RMSEA= 0.000
Fig 7. Structural equation model (SEM) shows influential factors of litter properties on the soll

chemistry and on bacterial (A) and fungal (B) diversity and composition. Green and red arrows indicate
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positive and negative relationships, respety. Solid and dotted lines represent significant and
insignificant differences, respectively. The thickness of the arrow represents the strength of the
relationship. The low cksquare, nonsignificant probability level (p > 0.05), high goodonés$s i ndex

(GFI), and low rooimeansquare errors of approximation (RMSEA) listed below the SEMs indicate

that our data matches the hypothetical models.

4.5 Discussion

4.5.1 Grassland matrix
Our proximate and*C CPMAS NMR analygs shoved that litter of Ampelodesmosthe
dominant perennial grass in the monitored grassland, contained the highest levels of cellulose,
di-O-alkyl-C, and Qalkyl-C compounds, while the levels of lignin, N, carbe&yl O
substituted aromatic C, methox@| and alkylC were the lowest. This litteéype decomposes
relatively quickly on the ground (Bonanomi et,&019), but is also highly flammable and
most of it remains in the plant tussock, a condition that promotes the occurrence of fire events
in this grassland (Incerti et aR013) Since liter input could affect soil ecological processes,
including soil C and N cycling via litter decomposition, we observed that soil under
Ampelodesmobad correspondingly lower levels OC, total nitrogen, and P, while soil Fe
content was highest. This pgobably due to the occurrencereturredsummer fires, which
allow low accumulation of litter and Oi@ the soil profileln addition, we found low bacterial
and fungal taxonomic diversity in grassland soil. These results coakkbeiateavith specifc
litter chemistry i.e. low C/N ratio and labile C formsand the lowlitterfall caused by the
tussock structure that maintains standing litter until a fire event

Overall we found high abundance Atidobacteriaand Actinobacteriaat the phylum
level, whereas the abundance Pfoteobacteriawas low comparedio the soil under shrub
speciesProteobacteriaare generally conderedmore copiotrophi¢ while Acidobacteriaare
considered oligotrophic in soffierer et al., (2007) describéaidobacteriaas oigotrophs that
prefer poor soils with lower carbon availability. Therefore, their high proportion in grassland
couldbe explained by the Yo C and N contents in the sadn the other handh grasslandwe
found he higherabundance oBasidiomycotaand the lowenf Ascomycota@omparedo the
soil under shrub specieslthough the oligotrophieopiotrophic theory has been intensively
discussed in the field of bacteria, it is less frequently applied to soil fungal taxa (Yao et al.
2017).Basidiomycotdungi are known to be oligotrophic and generally capable to colonize
and exploit recalcitrant carbon sources like lignin, suberin and otherddamed compounds
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(Lindahl et al., 2007; McGuire et al., 2013). Instead, saprotrophic fungi that belong to
Ascomycotagenerally exhibit copiotrophic tendencies as they utilize freshly fallen plant litter
rich in labile carbon forms (Lindahl et al., 2007; Crowtherlet2z012; Banonami et al. 2019).

At low taxonomic level, w recoded a high abundance of the geavicepsn the grassland

soil, whereas it was almoabsent under all shrub speci&his result suggests a rather specific
association betweeAmpelodesmoand Claviceps which are known for the ergot disease
infecting ~200 species of wild and cultted grasses (Boestfleisch et aD15).

4.5.2 Are shrubs' signatures specifi@

We hypothesized that the diversity and composition of the microbial community Wweuld
altered by each shrub specig®ssibly due to the higher amount and/or diversity of litter
trapped under the shrub cangpyhich would enter the soil C and N &8 (Hooper et al.,
2000). Ourt3C CPMASNMR analysis shows high diversity within the litter characteristics of
the shrubs studied compared to the grassland. We found that the litter of the evergreen,
scherofillusR. officinalis had a high content of ligniandN while it had the lowest cellules
content. On the other harfé, lentiscushad the lowest N content. Moreover, europaedad

the highest value of methox@, while M. communiditter had the lowest lignin conteriE.
dendroidesa deciduous species that sheds its leaves in sumraeoithb drough period, had

high N content associated with high carbe&yland methoxylC content. As a result.
dendroidesaccumulated little OC in the soil compared to other shrubs sueHeasiscusand

O. europaeaMoreover, our SEM analysis showdtht litter properties exhibited significant
direct effects on soil chemical properties and that these soil chemical parameters have shown
both direct and indirect effects on bacterial composition and fungal composition and diversity.
Previous studies sugsfethat litter decomposition in soil can alter microbial biomass,
composition and community structure by increasing substrate variability and diversity of
chemical compounds and that this can vary depending on litter quality (ChapmaBGt3)l.
Accordingly, the evergreerB. lentiscus O. europaeandM. communidave highOC levels

and low N levels in their soils, while the coniferolisphoeniceaand the scherofillusR.
officinalisenclose lowOC and N levels. Our results, at microbiota scale, showed that bacterial
diversity was significantly higher undel. phoeniceaand E. dendroidesthan underR.
officinalis, while fungal diversity was significantly higher und@r europaeghan undeiM.
communis Collins et al. (2020) found thashrub encroachmertid not assign a "global
signature" but was associated with increased, decreased, or no change in alpha microbial

diversity when compared to soils from nearby herbaceous plant commungiead, ar data
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indicate based on the PERMANOVA tedhat the microbiota signature among coexisting
shrub species speciesspecific.

Previous work has shown thsltirub encroachmeinicreases oxygenation and nutrient
content in surface soil (Bragazza kbt 2015), suggesting that SE may influence the distribution
of bacterial life strategies in the soil, i.e. enrichment of copiotrophic and depletion of
oligotrophic bacteriaThe increase ifProteobacteriaa copiotrophic pylumin shrub soils is
consistenh with the findings of Wallenstein et al(2007), who found an increase in
Proteobacterian Arctic nutrientrich shrub soils Moreover, all shrubs harbored a significant
amount of Actinobacteriain their soils In particular, theStreptomycegents wasmore
abundant undavl. communicompared to the other shrutsd the grassland. In this context,
Qiao et al. (2017) studied microbial communities in nutrigitth soils and found that
Actinobacteriawere more abundant than other microbes. It is now widetepted that the
establishment of bacterial communities in soils is not random but is controlled by specific
compositional rules including plant species (Edwards ef8ll5).Although different plant
groups do not necessarily differ in the size of ithx@icterial populations, aromatic plants.
J. phoeniceaandR. officinalis, are generally more colonized than other species (Yadav et al.,
2005). A wide range of secondary metabolites, including nitroged sulfurcontaining
compounds, benzoids, phenylpropanoids, and terpenes, are emittenladlke organic
compounddrom belav- and abovegroundaromaticplant tissues, where they act over both
short and long distances on a variety of soil microbial communities (Junker & Tholl, 2013).
Interestingly, we found high abundance of fli@éng N-fixing bacteria, including the genera
Allorhizobium BradyrhizobiumMesorhizobiumandNeorhizobiumunderE. dendroidesand
P. lentiscus while it was lower undeR. officinalis. Surprisingly, the abundance of these free
living N-fixing bacteria was positively correlated with soil pH, phosphorus content and cations,
while it was negatively correlated with soil Fe content, which could partially explain their
distribution. Our redis also showed thaR. officinalis had the highest Fe content, which
assigns for it an intermedial&e level to grassland, whilE. dendroideshad a very low soil
Fe content. Fe plays a fundamental role in all isozymes of nitrogenase, the ubiquiyons enz
involved in biological N fixation (Raymond, 2003). This contradicts the negative correlation
between Fe and the abundance dfiX\ig bacteria undeR. officinalis and grassland soils,
which contain high amounts of mineral Fe. In this regard, it isiplesthat Fe is immobilized
in the grasslandoil and thus become unavailable to microbes, as well as to plants.

The abundance of fungal phyla showed a néankariation among shrub specie€3ur

findings are in line with earlier studies showing thatAlksomycotawhich are early colonisers
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of litter and the major decomposers, are littertgppe ci fi ¢ ( Gt ur sov§ et
highly abundant under shrub¥he phylumBasidiomycotas generally better equipped for
lignin degradation (Lundell et aR010); our results confirm that the highest amount of lignin
was found in the litter oR. officinalis, so the abundance &asidiomycotais positively
correlated with the lignin content the litter of shrub specieMoreover,Mortierellomycota

are know to be saprobic and ubiquitous, and several studies show that they have the ability to
solubilize P and are associated with incredyields and establishing symbioses with plants

( Gr z Nd z 20&9).0ueresulta showed thad. communisvas charactésed by a group of

fungi, composed mainly dPenicillium which are among the common producers of secondary
metabolites in soil and haydayed a role in the early stage of littewcompositia (Frisvad &
Samson, 2004). Park et,a2020) found that mod®enicillium species from soil are highly
selective and unique to each plant.

E. dendroideswas characterised by the presence of a significant amount of weak
saprophytes, includingAspergillus Alternaria and Cladosporium while R. officinalis
exclusively hosted the genDsdymellg which are opportunistic parasitic microorganisms that
often exploit special conditions to colonise on plants and occasionally cause severe damage
(Blancard, 2012)E. dendroidesalso exclusively harbours the gerAilgeobasidiuma typical
phyllospheric endophyte that is mainly found insfielitter and rapidly disappearpon
decomposition (Bonanomi et @019). According to previous cultubmsed studies conducted
on different tree species, the persistenc&wedasidiumin decomposed litter is unusual due
to its limited conp et i t i ve ab i Baldtiap, 2Q1%8).0Cke figdinghatsdiffeent
functional groups of litter stimulated different fungal tastaggests that fungi have a preference
litter types, probbly because the ability to degrade specific organic compounds varies among
taxa (yan der Wal et al., 2013).

In our study,no shrubs form symbiosis with ectomycorrhiza, excépiphoenicea
(Mejstrik & Cudlin, 1983), therefore, tlrepresence under shrgpeciess in the form of free
living spores. The fact of the presence of these mycorrhizal fungi confirms the formation of
islands of fetility under the shruhsndicating that the soil is ready for vegetation succession.

Our results suggest that thengposition of the fungal microbiota converges in part by
the types of litter functional group enclosed ach shrub species (Reinhart@Gallaway,

2006). This could be due to differences in chemical composition between litter types, with plant
functional goups often playing an important role in explaining differencdgtar chemical
traits (Diaz et al., 2004). In contrast to our results for fungal communities, we did not find

strong shifts in the community composition of bacteTiaese results were finer confirmed
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by our SEM analysis, which showed that soil chemical parameters had rather insignificant
indirect effects on bacterial composition and diversity, with the exception of pH, which showed
a negative direct effect on bacterial compositiimat he effects were particularly pronounced

for fungal communities may not be surprising, considering that fungi play a key role in the
degradation of more recalcitrant organic compounds (van der Wal et al., 2013). It could be that
fungi are more specialised tertain litter types, while bacteria use simpler carbon compounds

from litter and fungal degradation products and are therefore less saesptmdifferent litter

types.

4.6 Conclusion

Our study was able to verify the effect of "islands of fertility" caused by the shrub
encroachment over the grassland matrix. Indeed, soils under shrub species enclosed higher
levels of OC, total nitrogen and P. Moreover, our study discovered that uredsare
Mediterranean climate and limestone rock, coexisting shrubs generate specific signatures of
bacterial and fungal microbiota in the soil. However, fungal community composition was the
best indicator of the impact of different shrub species on thé/#eifound that shrubs differed

not only from the matrix of th&. mauritanicugyrassland, but also between shrubs belonging

to different functional groups, i.e. deciduous, coniferous evergreen and sclerophyllous
evergreen. Bacterial diversity was sigo#ntly higher under deciduols dendroideghan

under coniferouR. officinalis Moreover, fungal diversity was different even among the two
evergreerD. europaeandM. communisDifferences in litter chemistry likely play a key role

in changing soithemistry and, in a cascade, shaping the soil microbiota. However, according
to the results of our SEM analysis, the fungal community was more dependent on soil chemical
characteristics than the bacteria. The observation that shrub signatures areispetitrovial

and highlights the limitations of the common approach that generalises the effect of shrubs
compared to open vegetation habitats. Moreover, the presence of a specific microbiota under
shrub species is likely the rdsof a speciespecific plantsoil feedback that probably took
decades to develop. Indeed, this raises new questions about the functional consequences and
direction of such feedback for seedling recruitment and species coexistence, as well as for litter

decomposition in the conteof home field advantage's framework.
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5 Chapter 5. What drives distance
dependency recruitment ofEuphorbia
dendroidegn a Mediterranean
shrubland: Microclimate, soil chemistry

or microbiota?
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5.1 Abstract

Species coexistence in plant communities is enhanced by disturbance, pathogens, and
predators. Pathogen activity can cause density and distance effects leading teCasmesh

(JC) distribution. The JC hypothesis states that there is a low probakality thkead tree will

be replaced by a conspecific, which promotes species coexistence and prevents
monodominance. Early studies identified insects and predatory mammals as major causes of
JC. However, later studies also identified the activity of soil gghs and harmful soil
microbes as possible causes. In this study, we first investigated and quantified whether JC
occurs forEuphorbia dendroidesn a mixed shrubland and quantified recruitment under
heterospecific plantas well We then investigated thecological causes of the observed
pattern. Specifically, we investigated whether soil chemistry and/or soil microbiota,
characterized for both bacterial and fungal communities by-geExération sequencing,
explained the observed pattern of seedling rémemt. We also investigated differences in
microclimate among shrub species by measuring air temperature and light at different times of
the year. The results showed tRatphorbiaseedlings are almost absent under the canopy of
conspecifics, but are moebundant at the edge of the canopy and increase thereafter, which
fits perfectly with the JC model. Interestingly, we also found a high densiBuphorbia
seedlings under heterospecific canopiesQleaandJuniperus but a very low density under

othea heterospecific canopies, e.Bosmarinusand Pistacia Remarkably, all of the few
seedlings found undé&uphorbiaconspecific canopiesere less than 2 years old, while those
found outside the canopy reached an age of more than 10 years. In our studge tbf
Euphorbiarecruits peaks at a distance of 1 to 2 m from the adult tree and decreases with
increasing distance. Moreover, our results showed that the observed JC pdfgpharbia

could not be explained by the accumulation of spegpesific pghogens in the soil or by
changes in soil chemical and microbial properties. Moreover, the observed JC pattern cannot
be explained by the air microclimate under the canopy of conspecifics and heterospecifics
either. For this reason, further analyses aszlad to better explore the mechanisms behind the
observed JC pattern, probably exploiting the autotoxicity theory, which states that during the
decomposition of conspecific litter, some allelochemicals, including>¥¢h, are released in

the soil and cawsspecific autanhibition.

Keywords: JanzerConnelldistribution soil pathogensconspecifis, Euphorbia dendroides

nextgeneration sequencinseedling recruitment

80



5.2 Introduction

Species coexistence in plant communitiealiswedby disturbance, pathogens, and predators
(Kim & Ohr, 2019).Negative distancedependent mortality could lead theso-calledJanzen
Connell (JC) distribution (Janzeh970; Connell1971). ThelC hypothesis states that seeds
are most likely to disperse sites near their parent treeghere they are also most likely to be
attacked by hos$pecific enemies such as insects aoittbornepathogens. In contrast, seeds
and seedlings dispeséurther from the parent tree are more likely to survive as thegpes
natural enemieslanzen, 1970). The Jypothesis predicts that there is a low probability that
a tree will be replaced by a conspecific, a process that promotes species coexistence and
prevents monodominance (Bagchi et al. 2010; Murphy et al. 20d72en (1970) summarized
his hypothesis in a simple graphical model consisting of two curves. The first describes seed
dispersal around a focal tree and the second gives the probability of seed survival as a function
of distance from the focal tree. Accordly, despite the high density of dispersed seeds,
recruitment density near adult trees is relatively low due to the strong effect of seed predators;
it increases to a peak at a certain distance and then decreases at greater distances due to the low
dersity of seeds awaffom the sourceThe formation of such exclusion zohg conspecifics
gives rare species an advantage and promotes species coexistence and community diversity
maintenance (Jia et al. 2020).

Early studies identified insects and mammaliaedators as major causes of JC (Clark
& Clark, 1984; Hammond & Brown, 1998). For examplanzen(1975 reported that two
species of bruchine beetles in Costa Rica aredpstific to the seeds @&uazuma ulmifolia
with one species attacking the seedghmntree before dispersal and the other attacking only
the mature seeds after they have fallen to the ground. However, later studies also identified
soil-bornepathogen activity and harmful soil microbes as possible causes of JC distribution
(Bagchi et al2010; Fricke et al. 2014). Packer & Clay (2000) reported Rnatus serotina
seedlings have high mortality in saibllected beneath conspecific adults, but low mortality in
soil collected beneath heterospecific adults. Seedling mortality was attribukeghathogenic
oomycetePythiumspp. isolated fronsoil andthe roots of dying seedlings. Despite these
particular casespnly few studies have been able to identify the species of natural enemies
involved in this process, and most studies only capttnedrecruitment pattern without
investigating the underlying mechanis(Basset et al. 2019

The JC hypothesis was originally proposed to explain the high diversity of tropical

forests. However, in contrast to the very large number of studies for trégiests (review in
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Wright, 2002; Comita et al. 2014; Song et al. 2021), few studies have investigated the
occurrence of JC distributioin temperate zones (PackeG3ay, 2000) and in Mediterranean
forests (Nathan et al. 2000) or shrublands (Bonanoral. €008; Teste & Laliber{€021).
Compared to continuous forests, shrublands have more discontinuous woody plant cover (Li
& Strahler, 1988), leading to heterogeneity and patchiness in terms of abiotic, microclimatic
conditions and resource availabilitfFacelli & Temby, 2002). The microclimate in
Mediterranean shrublands differs largely in the microsites under the canopy of shrubs and
interspace covered by herbaceous vegetation, which could have significant implications for
plant recruitmentQallaway, 07). The canopy reduces diresatlar radiation (Maestre et al.
2001) and indirectly affects air asoil temperature (Magid et @999). For example, in the
northern Chihuahuan Desert, He et al. (2015) found that the average minimum winter
temperature wher shrub canopy was abou42°C higher than under grassland cover. In
Mediterranean climates, Stinca et al. (2015) reported that the candpgnista aetnensis
buffers extremely high temperatures at #ieand in the topsoilAs a result, shrulsanopy
couldfacilitate seedling establishment lyffering extreme temperaturtsis acting as nurse
plants (Castro et al. 2004).

Landscapes in a Mediterranean ecosystem are characterised by dispersed vegetation with
higher soil fertility under plant canopiesgalding to spatial heterogeneity of soil resources and
favouring the formation of #rtile islands” (Ridolfi et al2008). The formation of fertility
islands depends on the amount of fallen litter, chemical properties, decay rate and associated
accumulatiorof soil organic carbon. The differences in leaf chemistry and decomposition rates
among tree species likely result in a different spatial pattern of soil properties associated with
the plant canopy. It is also suggested that differences in plant camopiesssociated soil
chemistrylead to differences in saihicrobiome(Kushwaha et al. 2021). For example, Idbella
et al. (2022) recently foundh a Mediterranea shrublandfertility islands under shrubs with
associatednicrobiome signatureelated todifferent plant traitsi.e. deciduous, evergreen,
coniferous and sclerophyllouddore generally, lant pathogens, epiphytes, endophytes,
saprotrophs, and mycorrhizae are associated with canopy soils at different abundances
depending on the woody perenngecies.Soil microbes have a major impact on plant
survival, population dynamics, and species distribution (Klirongra662; Schnitzer et al.
2011). Some microbes have a negative impaglants (Bagchi et al. 20),@vhile others have
a positive influeoe, e.g. microbial mutualists that can help with soil nutrient uptake anakefe
against herbivoresvén der Heijden et al. 2008). For example, the main rolartwfiscular

mycorrhizal fungi(AMF) is thought to be facilitating phosphorus uptake by plasgeaally
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in highly Plimited soils (Howeler et al. 1982). However, there is ample evidence that AMF
also have an important influence on plaathogen interactions and are able to reduce
pathogenic infectiong{ironomos, 2002Herre et al. 2007). Someuslies have found evidence
that the beneficial effects of AMBn seedlingshould also decrease with distance from the
parent tree (Beve 2002; Bidartondo et al. 2002hus leading tdhe soecalled reverse JC
pattern (Zahra et al. 2021).

Early field obserations(Bonanomi G., personal observatisyggest thaEuphorbia
dendroideghereaftefeuphorbig, a deciduous shrub, exhibits a recruitment pattensistent
with the JC distribution. Here, we first quantified whethedC distribution recruitment
effectively occurs. Moreover, becausaphorbiacoexists in a speciggch shrubland with five
woody species, nameRistacia lentiscud.., Juniperus phoeniceh., Myrtus communig..,
Rosmarinus officinalid.., and Olea europaeal., we also quantified recruitment under
heterospecifishrubs (species are indicate hereafter with genus ndkejhen inveggated
the ecological causesibie observed patter Specifically, we examinedghether soil chemistry
and/or soil microbiota, laracterized for both bacterial and fungal communities by-next
generation sequencing, explained the observed pattern of rgpedbruitment. We also
exploreddifferences in microclimate among shrub speciembyitoringair temperature and
light availabiity at different times of the year. Since the shrubs we studied belong to different
functional groups, we expect some divergence in terms of the microclimatic parameters
measured. Specifically, this work tested the following hypotheésEaphorbiarecrutment is
consistent with the JC distribution modgl; Density of Euphorbiarecruitments positively
correlatedwith solil fertility; iii. D ensity ofEuphorbiaincreases witlight and with temperature
buffering effect;iv. Recruitment density dEuphorba is positively correlated with beneficial

soi l mi crobesd i .e. mycor-banepathdbgens.ungi , and

5.3 Material & Methods

5.3.1 Study site description

The study was conducted in Cape Palinuro shrubland site (40°01'35 "N 15°16'BixdEed

in southwesternlitaly, about 64 kmsouthwest of the city of Salern&i@. S1). This area is
located in a Mediterranean climate characterised by mild winters and hot and dry summers.
The vegetation was open grassland dominatedropelodesmomauritanicusL. tussocks
(average height was 1260 cm) intermixed with herbaceous vegetation and scattered shrubs

and treegFig. 1A). The vegetation is adapted to dry summers and is fragrant and oily, making
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it susceptible to fire. The elevation of the stuahga is 185 m a.s.l. The average annual
temperature is 16.7 °C, with monthly temperatures ranging between maxima of 24.5 °C
(August) and 10.2 °C (January)jverage annual precipitation is 789.8 nwith the rainy
season extends from winter through spand autumn with a marked dry season in summer

The site is characterised by limestone rocks overlying clay soils with abundant rock outcrops.

5.3.2 Study species description

Euphorbiais a deciduous, singleemmed, sensucculent shrub up to 2m tall, common in
Mediterranean areas along the coasts and especially on rocks, cliffs and arid calcareous soils
(Traveset & Saez, 1997tuphorbiaforms spherical bushes that flower in Februlsigrch

(Fig. 1A, B). Peak flowering is usually in mMarch and lasts 2 to 3 weeks (Fig. 1D; Traveset,
1995). Flowering begins no earlier than December. The first seeds mature in late April, and the
foliage, which is often red, finally falls off in May oude. The seeds are brown, roundish,
smooth, relatively large (the weight of 1000 seeds is 6.2g) and can be propelled several metres
away from the plant by gravity. The seeds are usually $ived, but can be viable for about

five years. After fruiting, lte species exhibits summeeciduous foliage behaviour that
coincides with the summer dry season and sheds its leaves until the autumn (Fig. 1C). In
addition,Euphorbiasecretes an irritant latex when cut, which may serve as a defence for the
plant againsinsect predators and pathogens (Hua et al., 2017).

Pistaciais an evergreen perennial shrub up to 5m tall with dense foliage. It retains its
foliage throughout the year and grows slovystaciaspecies are widely distributed in the
Mediterranean region and areas around the Mediterranean Sea (lerapetritis, 2010). It thrives on
a variety of soil types and is able to tolerate and accumulate salt; it also tolerates long periods
of high sunlight andhigh temperatures (Landau et al., 20Ri$tacialeaves have been found
to contain high levels of flavonoids, phenolic acids and tannins (Remila et al., 20dipgrus
on the other hand, is a large shrub that grows up to 8m tall, with a trunk upinodZameter
and a round or irregular crowduniperusprefers a hot, arid climate with plenty of light and
grows in rocky or sandy soil. Its preferred soil is calcareous and has a moderately alkaline pH.
Myrtus however, is an evergreen, aromatic shrub ghaws up to 5m tall. The leaves are up
to 5cm long and contain a strongly fragrant essential oil. It is well adapted to water stress
conditions and can be used to revegetate arid and degraded areas. Furtfrayamoaeinuss
an evergreen shrub with lezs/that resemble hemlock needles. It is a dense, aromatic plant
with bright green leaves and is native to the Mediterranean region, but is reasonably hardy in

cool climates. It can withstand periods of drought and will survive severe water shortages for
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long periods. In some parts of the world, it is considered a potentially invasive species. The
seeds are often difficult to start, with a low germination rate and relatively slow growth, but
the plant can live up to 30 years. FinalBleais an evergreende native to the Mediterranean
region. It usually grows up to 9m tall and has a round cr@eais drought, disease and fire
resistant. Its root system is robust and capable of regenerating the tree even if the aboveground
structure is destroyed. It sheva marked preference for calcareous soils and does best on
limestone slopes and cliffs and in coastal climates. It will grow in any light soil, evenfclay, i

it is well drained. Olea species liket weather and sunny locations without shade, while

tempeatures belowl0°C can damage even a mature tree.

Fig. 1. A: Image of the Shrubland site of Capo Palinuro located in Southern Italy in Campania region.
B: Image of the studieBuphorbia dendroideadult shrub. Image of a recruitment during summer (C)

without the leaves and during spring with leaves (D).

5.3.3 Assessment oEuphorbiarecruitments
To assess theecruitmentdistribution pattern oEuphorbiawithin the shrubland, 20 mature

shrubs were selectdzhsed on their siz&runk diameer, height, and crowdiameterwere
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recorded for eachf the twentymature shrue We thencountedall seedlings that were under
the parent shruand in consecutive torus outside the canopy with a belt size of 1 meter within
a radius of 4 meters (Fig. S2). For each seedlingneasured théeight, ageanddistance

from the parent shrulin order to determine the age of the seedlings in the different torus, the
annual internodesf the main stenwere counted for each seedlirffvery year the plant
produces branchewat end ina nale, from which two or threbranches are produced the
following year with the same growth form of earlgares. Therefore, by counting the nodes in

a straight line ofjrowth, it is possible to work out the age of the pl&ithbergey2003)

5.3.4 Microclimate under shrub canopies
The microclimate under shrubss well in matrixgrasslands was characterized for air
temperaturesWe use theAgriLogger sensor thabelongs to a family of batteqyowered
sensors that can capture, store, and transmiturezagnts of two important environmental
parametersemperature and relative humidity (Idbella et al. 2020). Three sensors were
manually place@neunder each of the three replicates of each shrub studieduhorbig
Pistacia Juniperus Myrtus, Rosmainus, andOlea(Fig. S2). Each sensor collected and stored
one measurement per hour of air temperature. Data were collected in three different seasons:
summer from 06 August to 30 September 2020, autumn from 1 October to 30 November, and
winter from 1 Deember 2020 to 24 February 2021.

To obtain databoutlight availability in grassland angndershrubcanopieswe used
light metre (LI- COR LI-250A) that measure photyntheticallyactive radiatiorwavelengths
between 400 and 700 nieasurements wemmade at 1@andomly selectethdividuals for
each shrub species. Measurements were made dsumgy bright days in summer and in
winter of 202Q Sensorsvereplaced above the ground at a distance equivalent of the middle
of the shrub trunk.ight intensity data under the shrub canopies were expressed as percentages

compared to open grassland.

5.3.5 Soil sampling

Soil samples undeeach of the six shrukend in the grassland were collected using a 5 cm
diameer solil corer, at a depth of Tsn after remoal of above ground litter at four randomly
selected points under each tree canopy and three replicate canopies for each shrub species,
giving a total of 21 samples. The soil was then pooled and sieved (2 mm mesh), resulting in a

single composite sample feach tree canopy replicate. Samples were stored in sterile plastic
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bags and labelled. Prior to each sampling, the soil corer was thoroughly cleaned and sterilised
to prevent contamination between samples. After collection, the sampkediwided into tvo
fractions: me fraction was stored at 4°C to study themical properties of the soihe other
fraction was stored a0°C and used for molecular analysis.

5.3.6 Soil chemistry and microbiota
Soil chemistry and microbiotproperties of the six shrub canep and of the grassland were
previously reported imdbella et al. (2022 Here,these data were used as a referefataset
for correlating with Euphorbia recruitment Briefly, soil samples were analysed for 15
parameterssoil electrical conductivitfEC) and pH were determined in saiater suspensions
at a ratio of 1:5 and 1:2.5 using a conductivity meter and a pH meter, respectively. Total
nitrogen was determined by the Kjeldhal method, while phosphorus was determined by the
molybdovanadi-phosphag methodTotal organiccarbonwas assayelly the chromicacid
titration method Potassium, magnesium, iron, manganese, calcium, sodium, copper and zinc
were determined by flame atarabsorption spectroscopyotal limestone is determined by
the weight nethod against a strong acid. (LANO: NF ISO 10693). Finally, chloride (CI) content
in soil was determined by the volumetric method.

Concerning soil microbiomeert-generatiorsequencinglata on the bacterial and fungal
microbiota were analysed using 163\MRand ITS gene sequencasd aredeposited in the
NCBI Sequence Read Archive (SRA) under the Palinuro microbioragrbject with
accession numb&RJINA744707In our previous paper (Idbella et al. 202&% found highly
specific microbial signatures undeach shrub species. Brieflyewound that soil bacterial
species richness was significantly higher under the canofuphorbiaand significantly
lower underRosmarinughan in the open grassland. In addition, the Shannon bacterial index
was significatly higher in the soil under the canopyfniperusand Euphorbiathan under
the canopy oRosmarinusnd in the grassland. On the other hand, no significant variation was
observed in fungal species richness, whileahad the highest Shannon diversity index of soil
fungi. As far as fungal taxonomy is concerned, all the soils studied were dominated by the
phylumAscomycotaHowever, the highest proportion of the phylBasidiomycotavas found
in the grassland soil, faived byJuniperusand Euphorbia Moreover,Pistaciaexclusively
harboured thélortierellomycotaphylum, followed byEuphorbig while it was almost absent

under theRosmarinusanopy.
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5.3.7 Data analysis

Recruitment density undadultcanopies was calculated tividing the number of seedlings
under each canopy by the area of the same canapy tiie recorded crown diametém.the

case where the density within diféat torus is outside the conspecifenopy, the calculation

was done by dividing the numbersdedlings within the torus by the surface area of the torus.
Boxplots were created using the ggplot2 package in R (version 3.3.2), and statistical differences
were calculated using the ggsignif package, which calculates the significance of a difference
between groups using ongay/multrway ANOVA to determine if group means differ from

each other, and then followed up with pbet multiple comparisons to make finer
comparisons between different levels of the group.

Concerning the impact of microbiome Baphorbiarecruitment, he abundance matrices
of ASVs were rarefied once to an equal number of reads per sample to reduce the effect of
variation with respect to sequenced reads using the rrarefy funcBRIVIBGAN (Oksanen et
al., 2007). The FungiBacteia ratio was calculated based on the proportion of fungal to
bacterial metagenomic rRNA gengsnge et al., 20D4Furthermore, we analysed functional
group variation for the fungal community, identifying putative fungal functional groups as well
astheir trophic modes using FUNGuild (Nguyen et al., 20I6)generate density and ASVs
distance matrices, the Br&urtis dissimilarity between each sample pair was calculated. The
spatial autocorrelation as well as the correlation in the compositioe dlifferent guilds was
calculated using e Mantel test (R/ VEGAN Correlation networks incorporating
communities containing bacteria and fungi were based on single ASVs and generated to assess
correlations or potential interactions between single speumiesrecruitment density. The
pairwise correlations between the ASVs and density were calculated using the Spearman
correlation in R (version 3.3.2 and Hmisc packagé ¥.0Based on the statistical analysis,
only strong and s i gnpp0Ob)acarrelationg epeecansidar@ch dhe r >0
network visualization was made using Gephi (version 0.9.2, Bastian & Jacomy, 2009). Each
edge represents a robust and significant correlatimheach node represents an ASV \tlit
main central nodthatrepresets Euphorbiarecruitmentdensity.

Concerning microclimate, evtested for nonlinearity in the relationships between the
average temperatures outside the studied tree canopies (i.e., inside the grassland) and the
temperature offset throughout the seasonecbrd Temperature offset is determinedths
understory temperature minus tieenperature outside the canopggative values thus reflect
cooler temperaturebelow tree canopies while positive values reflect warmer understory

temperatureg¢De Frenne etl. 2019. We usedyeneral additive mixed models (GAMMS) for
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both stands including opdreld temperatures and daytime (as sin and cos of hours) as fixed
effects and seasons as randomaffevith the mgcv package (Wood017).Moreover, ve
evaluated thextent to which opefield temperatures predicted variation in temperature among
the studied canopies during the three different seasons, and the main differences among the six
canopies were calculated in terms of canopy buffering capacity among thengpiesa We
also determined how the season variable affected variation in canopy offset and how it
interacted with macroclimate temperatufi@sst, we conducted a separate univariate LMM for
the season variable as a fixed effect. Then, to test for intaractve also conducted LMMs
with two predictor variables each: macroclimate terapure and the season variable.

To determine theelationships between soil chemical properties and the calculated
seedl i ng®earsod e n ciotr y e | aachievedwitht tkesHmiscwpackage in R
software (Harrell &Dupont 2018.

5.4 Results

5.4.1 Assessment oEuphorbiarecruitments pattern
Average density oEuphobia recruitmentswvas lowestundercanopyof conspecific with a
density of 0.07 recruits/mwhile the highest density was recorded within the first meter torus
away from theconspecific plantith an average density of 0.33 recruit$/fRig. 2A). The
lowest recruitment agef 2.2 years was recorded undkee canopy of the conspecific plant,
whilst the highesage wadoundin the first meter torus away from thenspecifiqFig. 2B).
Significant differences amongecruits of Euphorbiawas found undedifferent shrub
specieqFig. 3). The lowest average density was fhwmder the canopy of themspecific
plant, while the highest average density was found under the can@igafndJuniperus

with intermediate values under other shrubs and in the grassland

89



(A)

o
J: o
§ 1.0
g
g o
o
= o
'9"3 o
v o
E‘ 0.5 o o o o
‘B - © o
=} o O
8 OO o) ©
O L
o © B oo o
o S iv L
0.0 A o T)o
(B)
S
10.0 - 5 <
o 90
7.5 1
> © &
= o
2 o c ©
qc.)D }
< o eINe!
5.0 1 o5 o . 9 8 o
(0] [8]) @] Ie)
= P g o)
& oo~ ol @s
®Oﬂ Ooo o o] 5 (o]
2.5 &) - G & BY @SO%@
- © O O g OO @gj m,% (@\
o ﬁ o O % 00
50 O &O % % R S
Under [0-1m] [1-2m] [2-3m] [3-4m]
canopy
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canopy and within different torus of 1 m away from the conspecific adult plant. The lower and upper
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the boxplot indicate intequartile rang.

5.4.2 Microclimate under shrub canopies

Mean temperatures undgiirub canopiewere on averagg.1°C, 1.1°C, 0.9°().8°C,0.7°C,

and 0.5°C cooler than temperatures outsitie canopyfor Myrtus Pistacia Juniperus
Euphorbig Rosmarinusand Oleg respectively.Overall maximum temperatures undére
canopies were on average 6.2°C°6,%.4C, 4.5C, and 1.0C cooler than the temperatures
outside forJuniperus Myrtus, Olea, Pistacia andEuphorbig respectively, while theverall
maximum temperate under the canopy &tosmarinusvas 2.2C warmer than the outside
temperature. In addition, theverall minimum temperatures under the shrub canopies were
3.4°C, 1.3°C, 1.2°C, 0°€,0.7°C, and 0.1°Cooler than the macroclimate outside the canopies
for RosmarinusMyrtus, Juniperus Euphorbig Pistacig andOlea, respectivelyFig. 4).
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Under shrub canopies, temperature offset was generally negatively correlated with
macroclimate temperature outside the canopy, especially @idarJuniperus andMyrtus,
whereas it was almost not significantly correlatedEoaphorbig RosmarinusandPistacia
(Fig. 4). Temperature offsets became more negative i.e., lower temperatures under canopies
with the increasing climatitemperature and more positive i.e., highemperatures under
canopies withthe decreasing climatitemperature. In addition, the cooling of mean and
maximum temperatures among all tree canopies studied was greatest in summer, while

minimum temperatures among all shrub canopies were highestter (Hig. S3)

Euphorbia Olea

15
10

Myrtus Pistacia

Tmean Offset (°C)

Rosmarinus

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Temperature outside canopy (°C)

Fig. 4. Relationships between the average rgraund temperatures in opérld (set as reference) and
belowcanopy temperature offset during the measurement period from August to February under the
canopy of six coexisting shrubs. Sobthck lines show the fitted linear tretide, red dashed lines

show the null line (temperature offset = 0 °C or betmmopy equals opdiield temperature).
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The recorded light intensity showed that all the studied shrubs had lower PAR
availability at gromd level than the grassland (Table S1). Among shrubs, the highest light
intensity was recorded under the canopyeaphorbia,especially in summe{Table 1). The
other shrub canopies had significantly lower light intensities than the grasslaBd@matbia
in both seasons. The canopiedwfrtus andOleahad the lowest light intensities, with also
Juniperus Pistacia and Rosmarinusthat cause asignificant light attenuation compared to

Euphorbiaand grassland

Table 1. Light data recorded under mapy of each tree in the shrubland. Data are expressed as

percentages and compared to the grassland corresponding to 100%.

Euphorbia Pistacia Olea Juniperus Myrtus Rosmarinus

Summer 35.03a 3.60b  1.51b 4.61b 1.01b 5.21b

Winter 17.91a 3.71b  4.91b 1.45b 1.02b 1.68b

5.4.3 Chemical parameters correlation with recruitment density
Recruitment density oEuphorbiashowed nossignificant correlationsvith all parameters,

except for the soil sodium Na contewhich had aignificantpositive correlatior{Table 2)

Table 2. Pearson's correlation between chemical parameters and recruitment density. Significant
differences at p<0.05.

Parameters Density p-value
pH -0.18 0.69
Total limestone -0.53 0.22
Electrical conductivity 0.41 0.36
Chlorides CI 0.65 0.12
Sodium NaO 0.78 0.03*
Organic Carbon 0.47 0.29
Total Nitrogen 0.21 0.65
P -0.21 0.65
K -0.37 0.41
Mg 0.03 0.95
Ca 0.07 0.87
Cu 0.36 0.42
Zn 0.34 0.46
Mn 0.54 0.21
Fe 0.20 0.66
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5.4.4 Fungal functional guilds correlation with recruitment density

Correlation analysis showed that the relative abundance and richness of all guilds had a wealk,
nonsignificant correlation with the recruitment density Btiphorbig including fungal
pathogens (r =0.06, p> 0.05), fungal endophytesqi04, p> 0.05) and fungal saprophytes (r=
-0.09, p> 0.05), with the exception of tmeycorrhizal fungi (Fig. k Specifically, th
ectomycorrhizal and arbuscularyoorrhizal fungi shwed asignificant positive correlation

with the recruitmentlensityof Euphorbia(r =0.15, p< 0.05; r = 0.14, p< 0.05, respectively).
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fungal guilds in each plot. The relative abundances on -dreeg were scaled from 0 to 1 for better

visualization for the fungal guilds.

5.4.5 Correlation network between ecruitment density and single ASVs
We constructed two correlation networks between recruitment density and individual bacterial
and fungal ASVs after selecting only strong and significant (Spearman's r> 0.6, p> 0.05)
correlations basedn statistical analysis (Fig.).6Nodes with high degrees, high Closeness
centrality and low Betweenness centrality were considered as keystone taxa. The networks
showed that recruitment density was negatively correlated with the following bacterial ASVs:
Gordonig UBA12409RoseococcusndOLB12 while positively correlated with the following
ASVs: Frankiales TrueperaandKallotenue

Concerninghe fungal networkrecruitment density was negatively correlated with the
following ASVs: Nectriopsis Sympoventuriaceaelrichosporonaceaeand Venturiaceage
while it was positively correlated with the following ASMieidophanus Trimmatostroma

CadophoraWaiteaandPyrenochaeta

5.5 Discussion

Our results show thd&uphorbiarecruitment is rare under the canopy of conspecifics, but is
more common at the edge of the canopy and increases thereafter, which is consistent with the
JC model. Remarkably, all of the few seedlings found uBdghorbiaconspecific canopy
were less tha 2 years old, while those found outside the canopy reached an age of more than
10 years. The distribution of recruitment with a peak at an intermediate distance from the root
point of adult conspecifics and the outward shift in recruitment age from éuesseirce, a
pattern previously reported in forests (Augspurger, 1983) and shrublands (Bonanomi et al.
2008), are all indicators of strong sethibition overwhelming the seed dispersal kernel. In
addition, we found thatuphorbia recruitment desity was much higher under some
heterospecific tree canopies, i@lea and Juniperus intermediate in grasslands and under
Myrtus and Pistacia and very low undeRosmarinusand conspecifics, highlighting the
speciesspecificity of recruitment requireemts.

We then investigated the causes of the reduced success of conspecifics near adult
individuals that cause the formation of the "exclusion zone". First, we investigated the role of

light availability on the ground, which is often important for seedling recruitienaht
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establishment in Mediterranean climates (Urbieta et al. 2008). Our results showed that light
intensity was significantly higher under the canopieEwbhorbiathan under the capees of

the evergreen heterospecifics, but largely lower than in the adjacent open grassland.
Remarkably, recruitment @uphorbiaoccurred at higher densitywder open grassland, where

light intensity was highest, than under the canopies of conspedfitsalso under some
evergreen shrubs such@kaandJuniperus which cast very deep shade throughout the year.
Thus, our data suggest thatphorbiacan successfully recruit over a wide range of light
availability, ruling out the hypothesis that the eribn zone under adult conspecifics is caused

by either low or excessive solar radiation.

In addition to light resources, recruitment establishment is also influenced by the
microclimate under the plant canopy. In Mediterranean climates, high tempeeatdreisect
solar radiation can hamper seedling establishment, especially when accompanied by prolonged
dry periods Breshears et al. 189Callaway, 200//Stinca ¢al. 2015. We found that all shrubs
buffered high temperatures in summer, as well as on sunny autumn days, as indicated by the
offset within canopies compared to the grassland. In agreement with the results of De Frenne
et al. (2019), the cooling effect of the @nstory is higher when ambient temperatures are hot,
as is the case in summer and on sunny days. Moreover, we found not only that understory
versus grassland temperature offset is stronger when temperatures become higher, but also that
the buffering effects more evident for evergreen shrubs thanBophorbia Shrub canopies
could thus reduce the severity of high temperatures impacts on recruitment establishment.
However, recruitment oEuphorbiawas higher, compared to under conspecific canopy, in
open $sirubland as well as under shrubs with stronger temperature bufferidgnigerusand
Olea As shown for light availabilityEuphorbiaalso appears to have the ability to recruit in
relation to air temperature in both buffered environments and opendyeraas. Indeed, our
data do not support the hypothesis that variations in microclimate explain the exclusion zone
observed among adult conspecifics.

Habitat heterogeneity and specmeecific habitat preferences can lead to spatial
clusteing and localied distributionsand should therefore be considered when trying to
understand the local distribution of species and the relative importance of distance dependence
(Piao et al. 2013). In our study case, soil chemical parameters did not appear to bebtesponsi
although there were large differences in soil fertility among different shrubs (ldbella et al.
2022). In fact, we found th&uphorbiarecruitment density was not related to soil organic
matter and major nutrients such as N, P and major cationsoBsestudies in Mediterranean

climates reported the presence of an exclusion zone under conspecific canopy of -nitrogen
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fixing shrubs such asledicago maringBonanomi et al. 2008) ar@enista aetnensisStinca

et al. 2015) despite the noticeable islandedfility that occurs under the canopy. Our results
showed a positive correlation between soil Na concentration and recruitment density of
Euphorbiaas the only exception. Similar to our results, Pule et al. (2018) showed that soil
sodium content was posigly correlated wittseriphium plumosumecruitment density. While

some studies consider Na toxic to plants and even insects and animals at high concentrations
(Findlay & Kelly, 2011), other studies have shown that this micronutrient plays a positive role
in the decomposition of terrestrial plants by catalysing the utilisation of N and P by soll
invertebrates (Kaspari et al. 2017). Recently, Bonanomi et al. (2021) reported that Na is a
limiting factor for wood debris decomposition in Mediterranean climatedeed, Na is
essential for plant growth, but usually in very small amounts, and is not considered as a fertiliser
in agroecosystems. Therefore, the positive correlation found could probably be spurious, but
further studies are needed to clarify the @i®&a availability in shrub recruitment.

Excluding light availability, microclimate and solil fertility, our last hypothesis to explain
the observed JC distribution is related to the soil microbiota and, in particular, the accumulation
of specific pathogensnder adult conspecifics (Packer & Clay, 20@Yerall, we found no
negative correlation betwedfuphorbiarecruitment and soil pathogens here, except for the
genusNectriopsis In detail, we found no correlation with fungal pathogens as a functional
group, but also considering individual ASVs suchAdternaria, Cladosporium Stemphylium
andFusarium Our results show that at the low taxonomic level, we recorded high abundance
of the genu<Clavicepsin grassland soil, while it was almost absent under all shrub species.
This result suggests a rather specific link betwasrpelodesmoand Claviceps which are
known for ergot disease infecting ~200 species of wild and cultivatssdes (Boestfleisch et
al., 2015). In additionizuphorbiawas characterised by the presence of a considerable amount
of weak saprophytes, includirgspergillus AureobasidiumAlternaria, and Cladosporium
while Rosmarinusexclusively harboured the genuBidymellg which are opportunistic
parasitic microorganisms that often exploit special conditions to colonise plants and
occasionally cause severe damage (Blancard, 2012). Furthermore, the $udtamia
contained large amounts Afthrinium, a globally dstributed pathogenic genus with a broad
host range (He & Zhan@012); whereaduniperusexclusively harboure8lumerig obligate
biotrophic pathogens that cause destructive foliar diseases of many plant species (Feng et al.
2009). Several plant pathogease indeed not specific tBuphorbig but in our detailed
analysis, the only significant strong negative correlation with exclusion zone under

conspecifics was found witNectriopsis a relatively common genus found on a range of
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hardwood trees and woodrubs in temperate regions. It is sometimes considered a plant
pathogen that causes various diseases depending on the species, such as "coral spot" caused by
N. cinnabarina(Hirooka et al. 2011) and canker disease causeéd. lgalligena(McCracken

et al. 2003). However, this genus was also found to occur arfestgciaand Rosmarinus

soils, refuting the theory that it could be the cause of the observed patterrEuptierbia
conspecifics.

Ectomycorrhizal fungi (EM) can reverse JC distribution by suppgprecruitment under
and near anspecifics (Dickie et al. 2005Evidence suggests that indirect support for this
emerge by monospecific stands in temperate and tropical forests are generated by EM
associated tree species (McGuire, 2007; Ebenye et al..2@lather words, EM associations
can counteract negative distandependence through positive pleail feedbacks that arise
from protection against pathogens and provision of additional nutrient resources (Segnitz et al.
2020). Consistent with this, rect experimental studies suggest that AM trees experience
stronger antagonism from their associated soil microbiota compared to EM shrubs and trees
(Bennet et al. 2017 Kadowaki et al. 201;8Teste et al. 2090 Our results showed a slight
significant podive correlation between both EM and AM with recruitment density. In our
study, no shrubs form a symbiosis with EM, exckptiperugMejstrik & Cudlin, 1983), so a
direct positive effect of mychorrizal network seems unlikely. Instead, the weak but positive
correlation between AM fungi and recruitment density suggests that fungi may partially explain
the abundance under some shrubs,nmt the inhibition under conspecifics. In this context,
Teste & Laliberté (2021) found higher seedling survival under conspecific trees compared to
heterospecific trees in a Mediterranean shrubland in Australia, contradicting the-Janzen
Connell distribuibn pattern.

A more detailed c@ccurrence analysis identified some positive and negative
associations between specific ASVs and recruitment density. Specifically, we found that
Euphorbia adults generate a specific microbiome fingerprint under their canafi
RubrobacterBacillus MycobacteriumStreptomycesandPirellula as abundant bacteria and
Penicillium, AureobasidiumAlternaria, andFusariumas abundant fungi. For bacterial ASVs,
we found strong negative correlations between density and a nwhi#8Vs, including
OLB12, UBA12409,Rosecoccysand Gordoniaspecies. None of these bacterial ASVs are
known in the literature, with the exception Gbrdonig an opportunistic human pathogen
(Sowani et al. 2017). In contrast, strong positive correlativge been found between
recruitment density and many bacterial ASVs suciiragpera Kallotenueand Frankiales

None of these ASVs are known to have a specific function in soil, with the exception of the
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order Frankiales which includes nitrogefixing organisms and could produce cellulose
degrading enzymes (Guan et al. 2014). Thus, our results suggest that some bacteria may
contribute to distance dependence inhibitionEaphorbiaseedlings, but more data on the
functional ecology of the poorly studiedecies are needed.

In fungi, strong negative correlations were found between several ASVs and recruitment
density. In particularTrichosporonaceaea family of Basidiomycotayeasts found in soil
(Yurkov, 2018), in addition to some oligotrophic fungal A&\sh asSympoventuriaceaand
Venturiaceae which are mainly endophytesumpponen & Jones, 200%imilarly, several
fungal ASVs showed strong positive correlations with seedling density, suodagshanus
TrimmatostromaCadophoraandVerrucocladosporiumAll observed correlated ASVs had no
function in the literature, with the exception@idophoraa widespread soil fungus previously
associated with several plants (Tedersoo et al. 2009). Their ecological roles range from plant
pathogas to mutualistic partners (Smith & Read, 200The observed positive correlation
between these genera and recruitment density confirms their role as mutualistic partners. Thus,
our results suggest that the observed Jafaamell pattern oEuphorbiaspecies cannot be
explained by the accumulation of speesgecific pathogens in the soil because, considering
the low taxonomic level, there was a clear negative strong correlation between seedling density
and the pathogenidectriopsis but this pathogen vgaalso abundant under other shrubs, i.e.
Pistacia and Rosmarinus which showed a much better recruitment pattern than under the

conspecifics.

5.6 Conclusion

Overall, our field study provides evidence for a commumwitye JanzerConnell effect of
Euphorbia dedroidesin this Mediterranean shrubland, as we found greater recruitments under
heterospecifics compared to under conspecifics. However, in contrast to the mechanism
proposed by JC, our results showed that the observed pattern could not be explained by the
accumulation of speciespecific pathogens in the soil, nor by changes in soil nutrients, organic
carbon content and microbial properties. Moreover, the microclimate under the shrub canopies
could not explain the observed JC pattern either, as all cansippeved a buffering effect on
temperature, with a cooling effect in summer and on hot days and a limited warming effect in
winter. Our study highlights the need to consider a more complex and edafeddent
mechanism involving autotoxicity theory to move our understanding of mechanisms of

conspecific distance dependence and species coexistence. Autotoxicity theory states that when
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conspecific litter decomposes, some allelochemicals, includindpdéf, are released into the

soil and cause specificlsenhibition for young seedlings.
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6 Chapter 6: Soil microbial and chemical
legacies drive the plantsoil feedback of
eight major crops belonging to two

functional groups, grasses and legumes
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6.1 Abstract

Plants can affect the soil in which they grow, and via these changes they can positively or
negatively affect other plants that later grow in that soil, a phenomenon calleesqlant
feedback (PSF). PSFs are generally shaped by chemical and microlwedexaplants in the

soil. The importance of PSFs in understanding ecosystem functioning is the focus of much
recent research, particularly in predicting consequences for agricultural production. Thus, one
intriguing possibility is to use positive PSFexts in sustainable agriculture to promote plant
growth and pathogen resistance. For this reason, we grew eight different plant species
belonging to two functional groups, including four grasses and four legumes, to condition
living soil. After the conditbning phase, the same species were sown as response plants in a
combination that allowed each plant species to grow on the conditioned conspecifics and
heterospecific soils. To determine the effect of conditioning on biotic and abiotic factors in the
soil, we used higtthroughput sequencing in conjunction with soil chemical analyses. The
results of the overall feedback effect showed @igtinehad the strongest negative feedback,
followed byTriticum, while low feedback was found faolium. On the othehand,Lenswas

the only crop that showed strong positive feedback, while slight positive feedback was
observed for botZeaandMedicago As for soil chemistryGlycine conditioned soil had the
highest content of OM, total N, Mg and Fe, while the content of Mn, Cu, Ca, K, P, Na, Cl and
soil pH were significantly low. In addition, our results showed that microbial diversity had no
significant differences among the eighonditioned soils. The effect of conditioning on
microbial community composition showed no specificity between the two plant functional
groups. However, the abundance of functionally important microbial phyla was affected by
each plant species. In additiayr results suggest that each plant species conditioned its own
soil with a high proportion of putative pathogenic fungi. However, when linking the conspecific
biomass to different taxa present in the soil, ouoceourrence analysis showed that all plant
species had a strong significant negative correlation with fungal pathogens accumulated in the
soil, except foiGlycing which had a strong negative correlation with plant greevtimoting
rhizobacteria such asrthrobacterandBacillus This suggests thahe ability to predict PSFs
requires a better understanding of plant interactions with diverse communities of plant

pathogens and mutualists, rather than with individual-spstific pathogens.

Keywords: plantsoil feedback, functional groupshigh-throughput sequencing soil

chemistry, pathogens, rhizobia
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6.2 Introduction

Plants can differentially influence their soil environment by altering its physical, chemical, and
biological features thus affecting their performance relative to their competitarsi
ultimately leading to changes in plant community compasiind diversity (Bever et @997)
througha belowground processatted plantsoil feedback (PSF)A particular plant species
may alter its soil environment in a way that increases its gnawth rate compared tother

plant species,asulting in a positive feedbacgr in a way that decreases its own growth rate
relative to that of other plant species, resulim@ negative feedback @ der Puttert al.
2013). Positive PSknay result from irproved nutrient availability (Graystoet al. 1998
Chapman et al. 2005) or the accumulation of symbiotic mutualists in the rhizosphere
(Klironomos, 2002). Negative P&ty be due to the immobilization or depletion of nutrients
(Berendse, 1994jo thebuild-up populationof root herbivores and soil pathogens (Van der
Puten, 2003) or accumulation of autotoxic factors (Cesarano et al. 2017§eR8ibes the

net effect of these concurrent events, i.e. positive and negative effects, as they do riat occur
isolation (Harrison & Bardgett, 2010). Variations in #ieength of PSHsetween species can
predict the distbution of species abundance; witirer species generally lmmore negative
PSF(Klironomos 2002;Bennett et al. 2017).

Among the many meeamisms thatausePSF, the two most noted are plamédiated
nutrient cycling (e.g. abiotic factors) and phamitcrobial interactions (e.g. biotic factor). Plants
excurse differenteffects on local nutrient cycling, and studies often suggest that litter
decomposability is an important plant trait controlling plamediated nutrient cycling
(Berendse, 1994; Miki & Kondoh, 2002n natural ecosystems, litter may leave physical,
chemical and biotic legacies in the soil that have a strong impact on soibfungtandplant
growth (Ehrenfeld et al. 2005; Elgersma et24112) In particular, the production efutrient
rich, lignin poor litter thatdecomposs rapidly creates positive PSF, by promoting nutrient
cycling, especially when the benefits act morergjtp on the plant itselfLehmann &Kleber,

2015. On the other hand, direct interactions between plants and soil microbes show that plants
differ in their local microbial communities and their response to specific microbial species
(Bever et al. 2010; vader Putten et al. 2013). The main categories of soil microbiota that
characterise PSF are enemies (i.e., soil microbial pathogens), symbionts (i.e., mycorrhizal
fungi, endophytes, nitrogen fixing and plant groystiomoting microbes), and decomposers
(i.e., microbiota that degrade litter, root exudates, and soil organic matter) (W2002).

They can all influence plant growth directly and indirectly through their influencsodn
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physicochemical properti€&hrenfeldet al. 200%. A positive PSF an ocar when the plant
promotes population growth of symbionts in different ways compared to enemies during
cultivation (Klironomos, 2002) or when the promoted enemies have stronger effects on
competitors than on the plant itself (Bever et al. 2010). Nega®Fedecurs when the plant
differentially suppresses population growth of symbionts compared to enemies, or when
facilitated symbionts have stronger effects on competitors than on the plant itself. Abiotic PSF
effects are likely to be less specgmecific Aerts & Chapin2000), whereas biotic PSF effects
may be hi ghlderPster003).Amothef iMportant factor cited in the literature

to explain the increase in negative PSF is the release of autotoxic compounds during
decomposition of plant kr (Bonanomi et al. 2005). By definition, autotoxicity causes
negative PSF, by inhibiting the growth of conspecifics. In some cases, autotoxic chemicals also
inhibit mutualistic microbes and neutralize positive PSF (Zhou et al. 2018). However, two main
criticisms of the autotoxicity hypothesis have been raised. The first states that toxins from plant
residues are rapidly degraded by microbial activity in the soil and become ineffective after a
few weeks, while negative PSF may remain in the field for neatreven years; the second
states that many, if not all, organic compounds extracted from diseased soils and plant residues
exhibit general phytotoxicity, which is in contrast to the spespesificity of negative PSF.
Alternatively, and in a more recestudy, Mazzoleni et al. (2015) reported that fragmented
extracellular selDNA accumulated in litter during decomposition of conspecific residues has
speciesspecific inhibitory effects on various wild plants. These results provide a chemical

basis for atotoxicity that must be considered in explaining the negative PSF.

In agroecosystem®cological resilience and resistance can be enhanced by improving
system diversity through crop rotation, intercropping, cover crops or integration of cropping
and livesbck (Liebman & Schulte, 2015¥urrell, 2017).1t has long been known that PSFs
influence agricultural production and form the basis for crop rotation (van der Putten et al.
2013).Negative PSF due to the accumulation of plant pathogens often leads tegkhe in
continuous monoculture farming. Crop diversification, including intercrops and rotations,
reduces the incidence ofispathogens by breaking their cycle (Letourneau e2@l1) and
improves soil microbial biomass and functions, including Eela¢ microbiomes such as
arbuscular mycorrhizal fungi (AMK)Lacombe et aR009)and nitrogen fixers (Li et aR016).
Moreover, crop rotation induces changes in nutrient cycling processes (McDani@(di4p.
which canalso result in variabléndirect effects on pathogens and mycorrhizal fungi. For

instancejncreased nutrient availability might stimulate pathogen graluthto increased host
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plant productivity and tissue qualifiordin et al. 2005 However, he effects might suppress
mycorrhizal fungi due to shifts in the nutrient limitation status of thierobes (Treseder &

Allen, 2002; Johnson2010). Mechanisms for this influence involve variation in litter
chemistry, soil pH and nutrient conterasong cropgFierer & Jackson, 2006 Recently,
research has shown thidie direction, i.e. positive or negative, and magnitude of R®&s
influenced by the agricultal management system (Johnson e2@17) and the phylogenetic
distance between interacting species (Miller & Menalk@ll5). For exanple, legumegrass
mixtures, an essential element of crop rotation, especially for organically managed famns in th
temperate climate of Europésiiiner et al. 2020). Grass monocultures have often been
preferred by producers because weeds and grazing czasie controlled (Beuselinck et al.

1994). However, the cost of nitrogen fertilizer and the potential negative environmental
impacts of nitrogen application have led to an urgent need to maintain or increase pasture
production while reducing nitrogen féizer use (Solomon et al. 2011). This has led to
increased interest in gralegume mixed pasturekegumes, as nitrogen fixers, can increase
nutrient availability to other plants, producing positive PSF effects (Harrison and Bardgett,
2010). Similarly,grasses with highly branched roots may provide a more suitable habitat for
root-associated microbes that have positive effects on oltuets{Latz et al2015). Of course,

an increase in root surface area, which is common in grasses, could also lead to an increase in
the abundance of plant antagonists such as root pathogens, but root pathogens of grasses are
specialized on monocots and are unlikely to cffg@lants from any other functional group
negatively (Cortois et aR016). However, the presence of grass endophyte symbioses can
affect legume establishment (Stevens & Hickey, 1990). For example, negative effects have
been reported iMedicago sativa.., Trifolium pratensel., Lotus tenuisL., and Trifolium

repensL. when gown with endophyténfectedtall fescue (Hoveland et al. 1999; Liu et al

2021) These studies suggest that these negative effects are caused by the presence of
endophytes and theirflnence on the competitivenesisthe host grass, as thegn alter several

host traits that may affect legume success and their interaction with rhizobid/dnGarcia

Parisi et al. 2017; Idbella et al. 2019, 2D2Therefore, it is important to invegéte the

mechanisms by which grasses can inhibit legume establishment.

Most studies that have investigated feedback effects within agroecosystems have
examned the performance of crops for one or two spdaissils conditioned by conspecifics
and heterggecifics (Van der Putten et al. 1993; BevEd94; Klironomos2002; Seipel et al.

2019). As a result, little is known about how soil conditioning affects plant perfornmiance
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agroecosystemg$Ehrenfeld et al. 2005; Bezemer et al. 2006 the present styd we
investigated how individual plant species pr
growth via changes in the soil. Specifically, we grew eight plant species, including four grasses,
e.g., Triticum durumL., Zea mays<.., Lolium perennd.., Oryza satival., and fou legumes,
e.g.,Medicago sativd.., Glycine max_., Lens culinarisL., andTrifolium repend.. The pots

were exposed for the duration of conditioning over one year. After the conditioning phase, all
plant communities were removed from the soil and the same species were sown as response
plants in a combination that allowed the growth of eachtaecies on the conditioned
conspecifics and heterospecific soMghile most studies testing the feedback effect use the
method of soil sterilization (i.e., comparing growth of response plants ostaolized vs.
sterilized conditioned soil) or the nmetd of adding soil inoculum to sterilized background soil

to assess the role of soil microbigi&., comparing growth of response plants on conditioned

soil with vs without soil organisms)erewe have used fAwhol e feedbacko ap
based oronditioning the soil and grew the response phase in the untouchédtsoiethod
resemble real field conditions where during condition not only microbiota is changed but also
soil chemistry Therefore,with this approachboth changes in soil biota arshemistry
contribute to PSFSoil chemical propertieas well asoil fungal and bacterial communityere
characterized by nexgeneration sequencinghe aim of this study was therefore to test the
effects of the different soil legacies established duthre conditioning phase by each plant
species on the chemical and microbial properties of the soil and, consequently, on the growth
of conspecifics and heterospecifics during the response iaskypothesis was each species
suffer speciespecific negave PSF while legumes cause positive PSF on grasses and the

reverse Specific aims were:

I. to provide evidence that in the response phase, grasses and legumes would grow
less in soils that were dominated by their own functional type;

ii. to assess if the natw of negative PSF is associated waghil pathogens
accumulation;

ii. to assess if positive PSF is caused by increased soil N and other major nutrients

6.3 Material & Methods

The experiment was divided into two phases: the conditioning and the respons@-ghdge
In theconditioning phase, eight crgpecies were used to condition soil individuallgiticum
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durumL., Zea may4.., Lolium perennd.., Oryza sativa.., Medicago sativd.., Glycine max

L., Lens culinarisL., and Trifolium repensL. In the reponse phase, six crop species were
grown in a soil previously conditioned by the same crop (i.e., conspecific) or by each of the
other seven crop species (i.e., heterospecifics) for a full growth dyuéeseeds used in this
experiment were collected aftgrowing the commercially purchased seeds with no pusvio

treatment (De Corato semeti

6.3.1 Conditioning phase

In this phase, the plants are grown in the soil for a certain period to condition it and to change
the local biotic and abiotic soil conditions (Ehrenfeld et al. 2005; Van der Putten et al. 2013).
Pots (20 cm opening diametet8 cm height 15 cm bottom diameter) were filled with sterile

soil with the following properties: 22.1% clay, 56.6% silt, 21.3% sand, pH 7.74{redel
conductivity 0.32 dS rh, organic carbon 15.4 g Rgtotal nitrogen 1.6 g k§ C/N ratio 9.6

CaCQ 7.16 g k¢, available phosphorus 239 mgkdSoil was collected from the topsoil-(0

30 cm) of a farm in the Campania region, southern Italy (E: 14° 18', N: 40° 51; 4 m a.s.l.). It
was homogenized and sieved (1 cm mesh size) to remove coarse fragments and all macro
arthropods. The soil was sterilized before the start of the experiment by autoclaving at one atm
pressure and 120 °C for 1 h, three times at 24 h intervals.

In total, theconditioning phase included 240ts (momcultures of 8 plant species 8 3
replicatedor each plant species). The replicate pots of each species in the conditioning phase
were kept separate as eight individual blocks throughout the experiment. Fifteen seeds were
sown in each of the conditioning pots for each plant species. Seeds wete stefdized in a
3% sodium hypochlorite solution for 1 min and rinsed several times with sterile water before
use. After germination, the number of seedlings in each pot was reduced to five and the pots
were watered regularhifter a year of soil condibning, including the time when we stopped
watering and allowed the plants to dry out in their pots, the plants were carefully removed from
each pot and the roots were left in the soil because the rhizosphere around these roots may
contain a large portioaf the microbial rhizosphere community.
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Conditioning phase Response phase

Lolium perenne Oryza sativa

Glycine max Trifolium repens

Triticum durum Zea mays |:>

Medicago sativa Lens culinaris

i
|
I
I

Fig 1. Conceptual representation of the experimental design. Soil was conditioned by monocultures of
eight crops. The eight sabnditioning treatments are identified by having different colours of the soll
squaes. Thirty independent soil replicates were made for each of the conditioned soils. After the
conditioning phase, five replicates of each of the conditioned soils were used to grow each of the six
response crops, resulting thus in a combination of sixorespcrops growing in each of the eight

conditioned soils. For more details, see the main text.

6.3.2Response phase

In this secondphase, each conditionetil by plant speciesomposed of a block of03pots

was divided into 6 sublocks of 6 replicate@ig. 1). Fifteen seeds were sown in each response

pot using the same seed treatments as in the conditioning phase. Accordingly, in this phase we
obtain response plants growing in soils previously conditioned by the samegdamédl as

by severheteropecifics 240 conditioned potsere used (Besponse plants xrgplicates x 8
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conditioned blocks). After germination, the number of seedlings in each pot was reduced to
five and the pots were watered regulaglery 5 daysSeven months later, all plantgere
harvested. Plants were cut at soil level, shoots were dried at 70 °C for 72 h, and their dry weight
was recorded-or each plant block, the soil from the four unused pots was collected and then
divided into two fractions: one fraction was stored 4 46 study the chemical properties of

the soil; the other fraction was stored2@°C and used for molecular analysis.

6.3.3 Soil chemistry

After the conditioning phase,o$ samples were dried in a ventilated chamber at room
temperature until a constant weigh&s reachd. The soil was analysed for parameters,
namely total organic carbon, pH, total nitrogen and macro and micronutrients important for
plant growth. Specifically, the following parameters were measured: soil electrical
conductivity (EC) and pH ere determined in seiater suspensions at a ratio of 1:5 and 1:2.5,
respectively, using a conductivitymeem d a pH met e2016) To@mleikogeha et
was determined using the ) el d h al me t h o 2016), Whilee ghasgharus evas a |
determned using the molybdovanadgikosphate method (AOAC, 1990). Organic matter
(OC) content was determined by weight I@s550°C for 8 h (Silva et a2014). Potassium,
magnesium, iron, manganese, calcium, sodium, copper and zinc were determined by flame
atomic absorption spectroscopy (Petersakt2003). Total limestone is determined by the
weight method against a strong acid. Attack of the linmestesults in gas release of £ e

volume of which is measured (LANO: NF ISO 10693). Finally, the chlaraeent (CI) in the

soil was determined by the volumetric method described by Meldrum and Forbes (1928).

6.3.4 Microbial DNA extraction and amplicon sequencing

The microbiome othree soil replicatesf each plant species after the conditioning phase was
analysd by lllumina highthroughput sequencing. The DNeasy PowerSoil kit (Qiagen) was
used to extract the microbial DNA from 5 g of each homogenized soil. Bacterial and fungal
diversity were assessed by hitjfitoughput sequencing of the amplified-V& regions éthe

16S rRNA gene (~460 bp) and IT81(~300 bp). PCR was carried out with primeiS-Bact
0341b- S-17/SD-Bact0785a-A-21 (Berni Canani et a2017) and BITS1fw/ B58S3TS2rev
(Bokulich & Mills, 2013) using conditions reported in the original studies. For bacterial primers
S-D-Bact0341:-b-S-17 (5'-CCTACG GGNGGCWGCA&") and SD-Bact0785a-A-21 (5'-

GAC TACHVGGGTATCTAATCG3"), PCR conditions are: 25 cycles of 95°C for 3 min,
95°C for 30 s, 55°C for 30 s, 72°C for 30 s, 72°C for 5 min and held at 4°C. For fungal primers
BITS1fw (5*ACCTGCGGARGGATCAS3") and B58SdTS2rev (G
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GAGATCCRTTGYTRAAAGTT-3"), PCR conditions were: 35 cycles of 95°C for3®5°C

for 30 s, and 72°C for 60 s, and a final extension of 72°C for 5 min. PCR products were purified
with the Agencourt AMPure beads (Beckman Coulter, Milan, IT) and quantified using an
AF2200 Plate Reader (Eppendorf, Milan, IT). Equimolar pools wbtained and sequencing

was carried out on an Illlumina MiSeq platform, yielding to 2x 250 bp, panddeads.

Bacterial and fungal sequences were processed using the DADA2 package (version
1.16.0 pipeline) (Callahan et &016) in R software (4.0.4) (&en, 2016). DADA2 provides
better taxonomic resolution than other methods by retaining unique sequences and calculating
sequencing error rates rather than clustering to 97% similarity (Hugerth & Andersson, 2017).
The resulting taxonomic units are referrecét amplicon sequence variants (ASVs) rather than
operational taxonomic units (OTUSs). For bacterial sequences, forward and reverse reads were
trimmed to 240 bpandprimer sequeces were removed from all read$ieTfollowing filter
parameters were usedarN = 0, maxEE for both reads = 2, truncQ = 2 (MaxEE corresponds
to the maximum expected errors, TruncQ represents the parameter that truncates reads on the
first occurrence of a quality score of less than or equal to two, and MaxN is the maximum
number of'N' bases accepted). Error rates were estimated with learnErrors using nearly 4
million reads. Sequences were dereplicated using derepFastq with default parameters and exact
sequence variants were resolved using the dada algorithm. The RemoveBimeraDenovo
function was then used to remove chimeric sequences. For fungal sequences, the pipeline was
pre-empted by a preliminary step of trimming adapter sequences and low quality ends (<Q20)
using Cutadapt software (Martin, 2011). For both the bacterial and fdatgaets, reads with
more than three errors in the forward reads and five errors in the reverse reads were removed.
Taxonomy was then assigned using assignTaxonomy based on the SILVA (v132) and UNITE
(v7) databases for bacterial and fungal communitiepetively (Quast et al., 2013; Nilsson
et al., 2019)Chloroplastand Streptophytacontaminants and singleton ASVs were removed,

and relative abundances of the other taxa were recalculated.

6.3.5 Statistical analysis and data visualisation

The statistical sigficance of the biomass data obtained from the experiment was evaluated
using tweway analysis ANOVA (analysis of variance) to determine the main and interactive
effect of the fixed factors of conditioning and response phase on shoot biomass. The results of
the analysis of variance were furtherly validated by the pairivigesy test comparing the
individual means of response plants in each soibiysFurthermore, the plassoil feedback

effect has been calculated as the ratio between the total biontlassohditioned and response
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soil (Brinkman et al. 2010). In the present experiment, the feedback effect was calculated as In
(total biomass of a response plant growing in soils conditioned by the same plant / total biomass
of the same response plant growiin soils conditioned by a different plant). To test for
significant changes in the feedback effect, the interaction data were analysed using a
generalised linear model, i.e. GLM, which includes conditioning asigorese status as fixed

factors.

For the microbial data, alpha diversity metrics were calculated and heatmaps were
constructed using PRIMER 7 software (Prirkettd, Plymouth; UK) to assess variation in
community composition at the lowest taxonomic levels. The heatmaps were used to represent
the50 most abundant taxa in the fungal and bacterial communities and to cluster the variables
according to the results of an association similarity index. Based on a resemblance matrix
calculated using Bra@urtis dissimilarity, normetric multidimensional sding (NMDS)
analyses based on the abundance of the microbial communities were performed using the
"meta.mds()" function of the vegan package implemented in R (vedstbd). The vector
fitting of environmental variables to NMDS ordination was determingidg the "envfit()"
function of the vegan package with 15 major components of physical and chemical
characteristics. The significance of changes in composition between the two microbial
communities was tested using PERMANOVA (999 permutations), usireptigstioning plant
species as a fixed factor. The significance of variation in the alpha diversity metrics of the two
microbial communities was assessed along with the soil chemical characteristics using the
ANOVA test and the means were pairwise separasétg thepost hocTukey test to provide
further details on the level of significance between the sampleseover we applied a
Spearman ranking correlation test to comparestieot biomass of each of the six response
species with soil chemical attribites and a heatmap was generated using Rstudio
(ComplexHeatmap packagé he level of significant differences was evaluated with P < 0.05.

All statistical analyses were performed using STATISTICA 13.3 software.

In addition, ceoccurrence networks werestablished with bacterial and fungal
communities based on individual ASVs to asses®amrrence or potential interactions
between species and response plant biomass. To reveal the complexity of the microbiome and
potential interactions among microbiabmmmunity members with the biomass, network
analyses were conducted for the communities of the six different conditioned soils sampled.
Recent studies have shown that network inference techniques are useful to decipher microbial

relationships based on -cmcurrence patternBarberanet al. 2012 To focus on the most
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abundant ASVs and reduce the impact of rare ones, only the 50 most abundant ASVs were
analysed for each bacteria and fungi. Pairwise correlations between ASVs and biomass were
calculated usingpearman’s correlation in R (Hmisc package). Based on statistical analysis,
only strong and significant (Spearman's r > 0.6 e0.6and p < 0.05) correlations were
considered. The network visualisation was created usimiiGeersion 0.9.2, Bastian et a

2009). Each edge represents a robust and significant correlation and each node represents an

ASV together with the biomass node.

6.4 Results

6.4.1 Crop response to soil conditioning

Shoot biomass showed significant differences depending on the combination iboamgl
and response status (Fig. Specifically, shoot biomass ablium was significantly lowest
when the soil was conditioned willtiticum, ZeaandLoliumitself, while it was highest when
the soil was conditioned witMedicagoand Trifolium. Shoot biomass ofLenswas highest
when the soil was conditioned wi@ryzawhile it was lowest when the soil was conditioned
with Triticum, Glycing ZeaandLolium. Glycineshoot biomass was significantly lower when
grown in soils conditioned witlslycineitself and withMedicago Shoot biomass of riticum
was lowest in soils conditioned witlriticum, Zea and Lolium and highest withLens
Medicagq andTrifolium. Shoot biomass dteawas the lowest in Glycine conditioned soil and
the highest ilMedicagg LensandTrifolium. No significant differences were observed in shoot

biomass oMedicagowhen grown in the eight conditioned soils.
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6.4.2 Plant-soil feedback

Our results show that the tested plant species exhibited different feedback depentliag
conditioned soil (Fig. B In details, significant negative feedback was produced.dtum
when grown on soil conditioned witiledicagq Lens Trifolium and Oryza In contrast, a
significant positive feedback was generated when the soil was iomeditwith Triticum and

Zea Similarly, Zeasuffered significant negative feedback when grown on soil conditioned
with Medicagq LensandLolium, while significantpositivefeedback occurred when grown on
soil conditioned withGlycine On the other handyiticumandGlycineshowed strong negative
feedback when grown in all conditioned soils, except for the respons&lyoine in a
conditioned Medicago soil, which showed strong positive feedbatlens and Medicago
showed significant positive feedbacks whgnown in each of the eight conditioned soils,
except forLens which showed a negative feedback effect when grown in conditiongeh

soil. In general, the overall feedback effect showed @igtine exhibited the strongest
negative feedback followed Byiticum, while low feedback was recorded taslium (Fig. 4).

On the other hand,enswas the only crop that showed strong positive feedback, while slight

positive feedback was recorded for b@adaandMedicago
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Fig 4. Overall feedback effect of thexsresponse plant species grown in the eight conditioned soil

histories.
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6.4.3 Soil chemical properties and correlation with biomass

Soil chemical parameters showed significant differences among the conditioned soils (Table
1). In detailsGlycineconditioned soil had significantly the highest content of total limestone,
organic matter, total nitrogen, Mg and Fe compared to the other conditioned soils, while the
content of Mn, Cu, Ca, K, P, N&I and soil pH were significantly low compared to thieer
conditioned soilsMoreover, Triticum soil had significantly the highest content of chlorides,
while Lenshad the highest content of Zn compared to other dddsvever, no significant
differences were found between the soils in terms of electrzaluctivity and soil sodium

content

Table 1.Chemical analysis of each of the eight soil histories.

Zea Lens Oryza Glycine Triticum Lolium Trifolium Medicago p-value

pH 8.05a 8.09a 8.17a 5.83b 8.27a 8.22a 8.11a 8.17a <0.001
Total limest(%)  1.67b 1.58b 1.73b 4.42a 2.38b 1.20b 1.91b 1.89b <0.001
EC (mS/cm) 0.22a 0.22a 0.23a 0.21a 0.31a 0.23a 0.26a 0.20a 0.366
Cl (g/Kg) 0.07ab  0.06b  0.07ab  0.03b 0.20a 0.07ab  0.09ab 0.06ab  0.039
Na (9/KQg) 0.33ab 0.30ab 0.30ab 0.19b 0.38ab  0.50a 0.33ab 0.34ab  0.116
OM (%) 3.39c  3.4l1bc 3.30c 9.52a 3.33c  3.58bc  3.58bc 3.68b <0.001
Total N (%) 0.19b 0.18b 0.18b 0.58a 0.19b 0.19b 0.18b 0.19b <0.001
P (mg/Kg) 134.32a 136.58a 155.33a 55.15b 141.23a 130.91a 139.a 124.93a 0.001
K (g/kg) 2.08a 2.12a 2.12a 0.92b 2.28a 2.35a 2.11a 2.43a <0.001
Mg (9/Kg) 0.55b 0.56b 0.57b 0.94a 0.57b 0.58b 0.56b 0.56b  <0.001
Ca (g/KQ) 6.34a 6.55a 6.66a 5.00b 6.63a 6.37a 6.26a 6.11a 0.001
Cu (mg/Kg) 40.95a 41.49a 41.71a 13.02b 39.65a 39.80a 39.80a 39.66a <0.001
Zn (mg/Kg) 20.94ab 24.18a 21.62ab 20.46ab 19.49ab 18.90b 21.44ab 17.76b  0.015
Mn (mg/Kg) 31.02a 32.13a 33.19a 3.65b 26.33a 31.92a 33.31a 30.43a <0.001
Fe (mg/Kg) 3156b 31.65b 31.57b 103.27a 43.63ab 32.30b  30.81b 29.84b  0.033

Pearson correlation between shoot biomass smldchemical parameters (Fig. )S1
showed a strong significant positive correlation between Fe, MnC@&, Na, Cl, total N and
CaCQ with Glycine biomass, while a strong negative correlation was found withpsti
Moreover, Lens biomass was positively correlated with Zn and K content and negatively
correlated withCaCQ, while Medicagobiomass was significantly correlated with soil P, EC
and total N content. On the other hahdljumbiomass showed significapositive correlation
with Mn, Ca and K content while it was negatively correlated with total N content. In addition,
the contents of Mn, Zn and Cu were negatively correlated with the growttitischim, while
Ca and soil pH showed a positive correlatibarthermore, biomass @eawas negatively
correlated with P, Ca, K, Na and soil pH, while it was positively correlated with soil Fe content.
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6.4.4 Microbial diversity and community composition
Our results show that no significant differences were observeéldeimumber of bacterial

species, the number of ASVs and 8teannon diversity index (Fig).50n the other hand, the
number of fungal species was significantly low Ghycine conditioned soil compared to
Triticum andLolium, while the number of ASVs was significantly low@tycine-conditioned
soil compared tdriticum, Lens Lolium andTrifolium. In contrast, no significant change was

observed in Shannon diversity index for fungi among the conditioned solls.
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Fig 5. Box plots showing the variation in the Shannon diversity, number of species and reads for
bacterial and fungal communities in the eight soil histories. Different letters indicate significant (p <
0.05) differences in the indices. The lower and upper bound® didkplots show the first and third
guartiles (the 25th and 75th percentiles); the middle line shows the median, whiskers above and below

the boxplot indicate intequartile range.
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Fig 6. The relative abundance of various bacterial and fungal phyteisoil of each soil history.

At the phylum leve(Fig. 6), the bacterial community varied among the conditioned soils.

In details, all conditioned soils contained maiftyoteobacteria ranging from 20.6% in

Triticumto 25.5% inGlycinesoils. On the other hand, the highest percentagetofobacteria

was found inTrifolium andTriticumsoils with 19.3% and 18%, respectively, while the lowest

abundance was recorded f(alycine soil with a percentage of 12.8%Rlanctomycetes

abundancehowever, ranged from 14% iMedicagosoil to 17.2% inTriticum soil. While

Gemmatimonagteswere very abundant ifrifolium soil at 13.2% and less abundan@ilycine

soil at 9.2%. Moreover, the highest levelsAafidobacteriawere found inGlycinesoil (9.2%)

followed byZeasoil (8.9%) while the lowest levels were foundLiolium (6.4%) andOryza

(6.7%) soils.Verrucomicrobia on the other hand, was most abundar&lycine soil (7.4%)

and less abundantirrifolium soil (3.9%).Nevertheless, the fungabmmunity showed a clear

variation among the conditioned soilBig. 6). In particular, all the soils studied were

dominated by the phyluscomycotawith abundance ranging from 95.1%, 93.9% and 92.3%
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in the soils ofTriticum, GlycineandLolium, respectively, to 45.6% and 57.6% in the soils of
OryzaandZea respectively. However, the highest percentage of the phBlasidiomycota
was found in the soil afea(21.9%), followed byOryza(11.7%), while their abundance did
not exceed 5% in the othsoils. On the other hand, the phyl@hytridiomycotavas found in
Oryzasoil with an abundance of 31.2%, followed lsns(10.3%),Zea(10%) soils, and less
than 2% in the other soils.
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Fig 7.Heatmap showing relative abundance of the 50 most frequeplidon Sequence Variants (ASVs)
in the bacterial community in each of the eight soil histories. The hierarchical grouping of variables is

based on Whittakerdés association index.

At low taxonomic level, the bacterial heatmap showed a slight differencedetitie
conditioned soils with respect the 50 most common ASVs (Fig). Bpecifically, we found
that all conditioned soils had high abundance Atidobacteria subgroup_6 and
Longimicrobiaceagwhile Pedosphaeraceaeere more abundant @lycing Medicagoand
Lensthan in the other soils. In addition, a large amourPsdudarthrobactewas found in
Lolium, Zeaand Triticum soils, whileBacillus was more abundant iMedicagosoil. On the
other hand, the fungal heatmap showed a clear variation athengpnditioned soils with
respect tolte 50 most abundant ASVs (Fig. 8 particularPlectosphaerella cucumerivaas

more abundant ibolium andTriticum soils, whilePlectosphaerella oratosquillagas highly
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abundant in conditionedriticum soil. Botryotrichum atrogriseumon the other hand, was
particularly abundant iGlycine soil, followed byOryza In addition,Fusarium solanwas
exclusively found inGlycine soil followed by Triticum. Zea soil, however, contained the
highest abundance Blsariumacutatum followed byTriticum. Moreover,Paramyrothecium
foliicola was highly abundant iholium, Medicagoand Trifolium soils, while Stachybotrys
chartarumwas most abundant ibolium and Trifolium soils. FurthermoreAlternaria and
Cladosporium delicatum were very common irMedicagq Trifolium and Lens soails.

Stemphyliumon the other hand, was highly abundant onlyledicagosoil and less abundant

in Lenssoil.
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Fig 8. Heatmap showing relative abundance of the 50 most frequent Amplicon Sequence Variants
(ASVs) in the fungal community in each of the eight soil histories. The hierarchical grouping of

variables is based on Whittakerodéds associati on

6.4.5 Linking microbial c ommunity to soil chemical properties

The nMDS analysis of the bacterial community in terof chemical parameters (Fig) 9
showed that the ordination dMedicagq GlycineandLenssamples was strongly correlated
with soil organic matter content, while tloedination ofLolium, Oryzg Trifolium and Zea
samples was positively correlated with Mn and Zn content. However, P content showed

positive correlation with ordination dfriticum samples. The other soil chemical parameters
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showed negative correlation witlacterial ordination of all soil samples. As for the ordination
of samples based on fungal community, nMDS analsB@ved that Cu, Mn, K, pH, Na,
CaCQ, EC, P, total N and OM were positively correlated with soil samplskedicaggLens
LoliumandTrifolium. Whilstordination based on fungal communityTofticum, Glycine Zea
andOryzawas positive and strongly correlated with ClI content, followed by Zn, Mg, Fe and

Ca contents.
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shown in each plot indicates how well the individual distances between objects are represented (between
0 and 1; the closer to 0, the better are original data points represented in the ordination space). Vectors
represent soil environmental variables that significantly correlated with the ordination (p < 0.05 based

on 999 permutations).

6.4.6 Linking microbial community to crop response

We constructed six eoccurrence networks (Fig. 10) and calculated five topological
paraneters to assess interactions among ASVs and with the response biomass for each of the
five networks (Table S1). The number of nodes ranged among the networks from 77 in
Medicagoto 91 inLolium, whereas the number of edges ranged from 1022 iM#akcago
network to 1809 inLens The percentage of positive ASVs correlations in the microbial
networks ranged from 57.6% Heato 78.®6 in Lolium. The network diameter varied among
soils, from the lowest value of 5 irensand Medicagoto the highest value of 7 i@lycine
network. Moreover, the network density was highesteaandLens while it was lowest in
Glycine However, the values of characteristic path length and clustering coefficient showed
no significant changes among thenditioned soil networks. On the other hand, modularity
recorded the highest value of 1.53Zmanetwork while the lowest values of 0.339 and 0.452

were recorded ihensandLolium soils, respectively.

The coeoccurrence network showed th@&lycine biomas had significantly strong
negative interactions withArthrobacter Bacillus Caldilineaceag Longimicrobium
PowellomycetaceaandSH PL14ASVs, whileLensbiomass was negatively correlated with
Acremonium Actinoplanes Chaetomiaceae Cladosporium deliatulum Fusarium and
NectriaceaeASVs. On the other handplium biomass had strong negative interactions with
Acrocalymma Curvularia tuberculata Fusarium acutatumn Fusarium  solani
Plectosphaerella cucumerin&etophoma terrestrendStemphyliunASVs. Triticumhowever
showed significant negative interactions with ASMternaria, Cladosporium ramotenellum
Gibberella baccataParamyrotheciunandPlectosphaerella oratosquillehile the ASVs that
showed significant negative interactions wiledicagobiomass aré\cremoniumAlternaria,
Cellvibrio, Cladosporium delicatulum Cladosporium sphaerospermumCurvularia
Americana Devosia Fusarium acutatum Geobacillus Haliangium Paramyrothecium
foliicola, Paracoccus and Tumebacillus Finally, Zea biomass shoed significant negative
interactions with the following ASV#icremoniumCladosporium delicatulupCladosporium
ramotenellumFusarium acutatumlodophanusandStemphylium
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Fig 10.Correlationnetwork analysis showing potential interactions between bacterial, fungal families and
response biomass in conspecific soil for each of the six response plants. The lines connecting nodes (edges)
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6.5 Discussion

In this study, we compared the legacies of eight plant spéaksmging tograss and nitrogen

fixing functional groupson conspecific and heterospecifatant performancg soil chemical
properties, and soihicrobiotausing aPSFapproach. Overall, we found that plant species
specific legacies affect all of these variables in some way. Indeed, our study has shown that
response plant species exhibit different feedback behaviours depending on the previously
conditioned soil. Previougiglies have shown that the direction and effect sizes of PSF appear
to differ between functional plant groups (Kulmatiski et al. 2008; Meisner et al. 2014).
However, our study shows that PSF may or may not be specifintidnal groups. &
observed thathe grasd.olium produces a strong negative feedback when grown in soils
conditioned by the legumééedicagg Lens Trifolium, and the grasSryza(i.e., lower growth

of Loliumin soils conditioned by.olium compared to growth dfoliumin soils conditioed

by Medicagq Lens Trifolium, andOryza), whereas it showed a strong positive feedback when
grown in soils previously conditioned by the grasBescum andZea(i.e., higher growth of
Loliumin soils conditioned by.olium compared to growth dfoliumin soils conditioned by
Triticum andZeg. Moreover,Zeagrass suffered a significant negative feedback when grown

in soils conditioned with the legumbkedicagq Lensand the grasisolium, while a significant
positive feedback occurred when grown in soil conditioned @itytine legume.Notably,

Glycine showedthe strongstnegative feedbacin its own soil and negative feedbasken

grown in all conditioned soils exceptedicagolegume s where it showed strong positive
feedback. On the other hand, the grasscum suffered from a strong negative feedback in all
condtioned soils without exception. Similarly, Hannula et al. (2019) concludedthieat
direction of the PSEould not be pdictedsolely from the plant group or family, even though
soils from grasses tended to have more positive feedbacks than soils conditioned by forbs and

legumes

The olserved patterns in the present study may be driven by two mechanisms, i.e., soil
nutriert availability andor soil microbial communities.The advantage of using the
‘conspecific' and 'heterospecific' feedback approach is that it can shed light on the chemical
legacies produced by the decomposition of litter and root exudates of differensdaies
during the conditioning phase. Originally, we assumed that each plant species would alter the
chemical properties of the soil in a unique way and that these changes could affect subsequent
growth. However, our results show that th&#erences irnthe chemical legacies produced by

the eight plant species were statistically insignificant, with the exceptiddlyaine Soll
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conditioned byGlycine had the highest content of total limestone, organic matter, total
nitrogen, Mg and Fe compared to theastconditioned soils, while the content of Mn, Cu, Ca,

K, P, Na, Cl and soil pH were significantly lolaxegumes live in symbiosis with nitrogen fixing
rhizobacteria and we hypothesize that fieedback effects would beue to nitrogen
availability, even hough we did not detect differences in nitrogen availabilityhi@ $oil
chemical analysis between legumes and grasses exddfcine conditioned soil. However,

we observed thaBlycing which had the strongest negative feedback effect, had the highest
nutrient pool, supporting the fact that priority effects in plant communities are not just a matter
of resources availabilitysinceTriticumandLolium, which also suffered from a stronggative
feedback effect, did not differ in terms of chemicals vms which had the highest positive
feedback effect, we could speculate that the diversity of conditioning plant species has little
effect on subsequent plant growth by altering nutiaeailability in the soil Similarly, a recent

study by Xue et al. (2021) showed that differences in soil chemical analysis between soils
conditioned by four grasses, includinglium perenngand three legumes, includiMedicago

Sativa and Trifolium repers, had no effects on subsequent plant invasion in a-ptaht

feedback experiment.

Alternatively, soil microbes are thought to significantly influence PSF, both directly by
affecting plant growth or defence responses, and indirectly, for example, byingffec
mineralization or acting as antagonists of plant pathogens (van den Ru#l. 2013; Chialva
et al.2018). Our results showed that microbial diversity, i.e. Shannon diversity index, did not
show significant differences among the eight conditioneits.sMoreover, the effect of
conditioning on microbial community composition showed no specificity between the two
plant functional groupsHowever,the abundance dtinctionally important microbiaphyla
was affected by plant legacié¥e found tha’Actinobacteriavere highly abundant the soils
of legumeTrifolium and grasdriticum, while less abundarih the soils of legum&lycine
Moreover, Gemmatimonadetesere very abundant ifrifolium soils and less abundant in
Glycine soils. Similarly, the highest levels ofAcidobacteriawere found inGlycine soils
followed by Zea soils while the lowest levels were found ibolium and Oryza soils.
Verrucomicrobia on the other hand, was most abundar@lycinesoilsand less abundant in
Trifolium soils Moreover,Ascomycotaabundance was the highestTriticum and Glycine
soils, and the lowest Oryzasoils. However, the phyluBasidiomycotavasmostlyfound in
the soil ofZeafollowed byOryza Our results indicate that each plant species, rather thah pl

functional groups, generates its own microkeghcy in the soil after period of conditioning.
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In contrast, several recent works have shown that plant family and functional group can explain
a large portion of the variation in microbial communitysture (Dassen et al. 201Hannula

et al. 2021). MoreoveiConnellet al. (2021) found signifi@ant legacy of conditioning by
Bromus inermighat affectechot only thebacterial community compositipiut diversity as

well. We hypothesised that microbial community composition would be altered by individual
plant species, possibly due to the higher amount and/or diversity of litter that falls, decomposes
and enters the soil C and N cycles (Hooper et al., 2000). Previous studgest that litter
decomposition in soil can alter microbial biomass, composition and community structure by
increasing substrate variability and diversitysofl chemical compounds, and that this can vary
depending on thplant specie$Chapman et al2013). IndeedGlycinesoils with the highest
content of total limestone, organic matter, total nitrogen, Mg and Fe and the lowest content of
Mn, Cu, Ca, K, P, Na, Cl and soil pH have been shown to have the lowest abundance of
Actinobacteria Gemmatimonaetesand Ascomycotawhile the abundance @fcidobacteria

and Verrucomicrobiais the highestThese results were confirmed by our nMDS analysis
showing that the ordination of the microbial community for each plant species was strongly

correlated with diffeent soil chemical parameters.

Interestingly, our results show that at the low taxonomic level, the bacterial ASVs
Pedosphaeraceagere more abundant in the legun@gcing Medicagq andLenssoils, while
Bacilluswas more abundant iMedicagosoils. A reeent study by Yuan et al. (2022) showed
the effect ofPedosphaeraceags key bacteria that have significant potential as plant growth
promoting rhizobacteria with interspecific interactions for phytoremediation. In addition,
Bacillusspecies are a majorgdg of rhizobacteria that can form spores that can survive in soil
for a long time under harsh environmental conditions (Hashem et al. 2019). Indeed, their high
abundance in the soil of legumes is due to their exclusive symbiotic ability. Moreover, our
resuts show that a large amount B$eudarthrobactewas found in the soils dfolium, Zea
andTriticum grasses. It has been reported s¢udarthrobacteare a group of endophytic
bacteria that can be isolated from soils, deserts, and mines (Finger et al. 2019; Chai et al. 2019),
and thatPseudarthrobacter sulfonivorarsgrain Ar51 can efficiently degrade petroleum and
several benzene compounds at low terapures (Zhang et al. 201®revious studies have
shown that the effects of soil legacy can be explained mainly by soil fungal composition
(Bezemer et al., 2006; Wang et al., 2019). However, our results show that the abundance of
specific fungal speciesr groups of fungi in the soil is much more important for plant growth

and thus PSF than the composition of the entire fungal community. Interestingly, we found that
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the soil of Glycine contained high abundance Bbtryotrichum atrogriseunand Fusarium
solani, while the soil ofTriticum contained high abundance Bfectosphaerella cucumerina
Plectosphaerella oratosquilla€-usarium solaneandFusarium acutatumOn the other hand,

the soil of Lolium contained high relative abundance Bfectosphaerella cucuoering
Paramyrothecium foliicolaand Stachybotrys chartarunienssoil, however, contained high
levels ofAlternariaandCladosporium delicatulupnwhile Medicagosoil had in addition high
levels ofStemphyliumOur results indicate that each plant spectelitioned its own soil with

a high proportion of putative pathogenic fungi, which could explain the direction of the
generated PSF in the response phase. However, when linking the conspecific biomass to
different ASVs present in the soil, our-oacurrence analysis showed that all plant species had

a strong significant negative correlation with fungal pathogens accumulated in the soil, with
the exception ofGlycing which showed a strong negative correlation with plant growth
promoting rhizobacteria su@sArthrobacterandBacillus suggestinghat the ability to predict
PSFsrequires better understanding of plant interactions with diverse communities of plant
pathogens and mutualists, rather than single $pestific pathogen@ever et al. 201Benitez

et al. 2013).

6.6 Conclusion

Our study show, in contrast with many previous works, shows that response plant species
exhibit different feedback behaviours, but independently of plant functional groups. Originally,
we assumed that each plant species altered soil chemical propediesigue way and that

these changes could influence subsequent growth. However, our results indicate that
differences in chemical legacies among the eight plant species were statistically insignificant,
with the exception ofGlycine However, we observedat Glycing which exhibited the
strongest negative feedback effect, had the highest nutrient pool, supporting the fact that
priority effects in plant communities are not simply a matter of competition for shared
resources. Furthermore, our results ingidéiat microbial diversity did not show significant
differences in the eight conditioned soils. Moreover, the effect of conditioning on microbial
community composition showed no specificity between the two plant functional groups.
However, the abundance &inctionally important microbial phyla was affected by plant
legacies. Therefore, we can assume that each plant species, rather than the plant functional
groups, generates its own soil microbial legacies. Previous studies have shown that the effects
of sdl legacies can be explained mainly by soil fungal composition. However, our results show

that the abundance of specific fungal species or fungal groups in the soil is much more
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important for plant growth, and thus PSF, than the composition of the emtg& tommunity.

Finally, our results suggest that each plant species was associated with a certain proportion of
fungal pathogens. However, when linking the conspecific biomass to different fungal species
present in the soil, we showed that all plant gg®elbad a strong significant negative correlation

with fungal pathogens accumulated in the soil, with the excepti@lyaing which instead

had a strong negative correlation with plant groptbmoting rhizobacteria, suggesting that

the ability to predit PSFs requires a better understanding of plant interactions with different

communities of plant pathogens and mutualists, rather than with specific pathogens.
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/7 Chapter 7: what drives plantsaoill
feedback in Arabidopsisthaliana: soil
microbiota, chemical traits, or

extracellular sel-DNA?
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7.1 Abstract

Plantsoil feedback processes (PSF) influence species coexistence and increase diversity when
conspecifics are disadvantaged in their own soil relative to heterfespétvidences suggest
nutrients depletion, natural enemies, or phytotoxicity as possible mechanisms to explain
speciesspecific negative PSF. Moreover, a recent study has shown that extracelldlz¥Aelf
(selFexDNA) released during decomposition of gléitter could be a possible factor for litter
autotoxicity and thus negative PSF. For this reason, we @mbidopsis thalianal. to
condition a living soil. After the conditioning phase, the soil was subjected to four different
treatments, namely sterilization by autoclaving, washing under tap water, addition of 10%
activated carbon and untreated control. After the treatmdmssame species was sown as
response plants. After the response phase, we assessed soil chemical properties and the
microbiota by shotgun sequencing. In addition, we quantified for the first time thexBHNIA

of A. thalianain each of the treated soils well as in the preconditioned soil ustitgoroplast

rbcL DNA primers. Our results show that the highest biomass was obtained when the
conditioned soil was sterilized, followed by the washing treatment, while the addition of
activated carbon was the losteand showed no significant difference compared to the control.
Conversely, the highest concentration of ®IDNA was recorded in the soil treated with
activated carbon, followed by the control, while sterilized and washed soils had the lowest
concentrédon. Moreover, our results suggest that the direction and strength of the feedback
between treatments is not due to the chemical properties of the soil, as we found that the soil
with activated carbon, which suffered from a strong negative feedback, éifecthe highest
organic carbon content and did not differ in terms of P content from the washed soil, which
showed a strong positive feedback effect. In addition, we found that the abundance of
functionally important microbial phyla was affected by tteatments, especially sterilization,

and that fungal pathogens were found in soils where growth was extremely promoted, i.e.,
sterilized and washed soils. Finally, our study provided evidence for the hypothesis that self
exDNA has an inhibitory effect oroaspecifics and suggests that weakening a plant as a result
of exposure to seEXDNA may ultimately increase its susceptibility to pathogen attack, thus

enhancing the specispecific negative PSF.

Keywords: plantsoil feedback, autotoxicity, conspecificArabidopsis thaliana Shotgun

sequencingextracellular selDNA
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7.2 Introduction

Plantsoil feedback (PSF) describes the relative growth of a plant in its own conspecific soil
compared to a heterospecific soil conditioned by a different plant species @ele 1997,
Ehrenfeld et al. 2005). As plants grow, they alter the biotic and abiotic properties of the saill,
which in turn affects the growth and survival of subsequent plants (Bever et al. 1997). Thus,
plant responses to PSF can be negative, maimbugfn resource depletion, excretion of
autotoxic compounds or accumulation of natural enemies, or positive through promotion of
symbionts and/or availability of nutrients in the soil (Klironomos, 2002; Bever, 2003; van der
Putten et al. 2013). ThereforeSPs influence species coexistence and increase diversity when
conspecifics are disadvantaged in their own soil relative to heterospecifcs (Bever, 2003; Bagchi
et al. 2010; Crawford et al. 2019).

There are numerous data in the literature on the possdateanisms underlying species
specific PSF (Kulmatisky et al. 2008; van der Putten et al. 2013), such as soil nutrient depletion
(Ehrenfeld et al. 2005) and accumulation and/or altered composition difosog pathogens
(Packer & Clay, 2000; Kardol et &007). Nutrient depletion generally causes negative PSF
by limiting plant growth, while pathogens cause negative PSF by reducing plant performance
at multiple life stages, although they tend to affect young susceptible plants (Sarmiento et al.
2017; Momme et al. 2018). However, observations of léegn negative PSF in agriculture
and natural ecosystems (Singh et al. 1999, Bonanomi et al. 2011) are examples of species
specific inhibitions that are not related to either nutrient availability oftswihe pathogens.

On the other hand, previous works have attempted to propose the inhibitory effect of litter
phytotoxicity as another possible mechanism to explain spsp&sfic negative PSF (Singh

et al. 1999). The most common phytotoxic compounds releasatgdhe decomposition of

litter in soil include shorthain organic acids such as propionic and butyric acids (Armstrong

& Armstrong, 2001), tannins (Kraus et al. 2003) and low molecular weight phenols (Li et al.
2010). However, after their release i@ soil, allelochemicals are affected by the soil, for
example, through absorption, migration or decomposition by microorganisms and enzymes.
The studies by Yenish et al. (1995) and Blum (1998) have shown that phenolic allelochemicals
can be decomposed t®pil microbes, and thus they do not reach active concentrations.
Therefore, the rapid degradation of such toxins by soil microbial activity, in addition to their

lack of specificity, precludes the possibility that they cause spspasfic negative PSF.
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However, many previous studies have pointed to an exception to the general pattern of
inhibitory effects, namely lontasting speciespecific toxicity exhibited by litter released
from conspecifics. Recently, Mazzoleni et al. (2015) demonstrated tfd@2I$al inhibitory
effects could explain the autotoxicity of litter and probably contribute to the negative PSF, as
this extracellular DNA (exDNA), which accumulates in both decayed litter and soil, was able
to exert significant speciespecific inhibitory &ects despite the extent of its fragmentation by
decomposition processes. The authors hypothesized that this inhibition effect represents a
mechanism of maintaining diversity. Furthermore, Bonanomi et al. (20@@er reviey
presented for the first timeynder field conditions, a novel method demonstrating that self
DNA, but not heterologous one, exerts acute toxic effectdlons glutinosal. roots in a
closed system. In contrast, Veresoglou et al. (2015) discussed tHaNgelh soil may act as
a stesssignaling molecule for conspecifics rather than an inhibitory substrate, whilst-Duran
Flores & Heil (2015) argued that sé&NA might belong to the group of damagssociated
molecular patterns (DAMP) that cause the local development of resistaes responses

by the affected plant.

The persistence of exDNA is influenced by the soil environment, i.e., the chemical,
physical, and biological properties of the soil. DNA persists in soil by adsorbing to soil
minerals, humic substances, and orgamoeral complexes (LewBooth et al. 2007). Once
bound to these particles, exDNA is partially physically protected from degradation by
microbial DNases and nucleases, allowing it to persist for years (Agnelli et al. 2007; Nielsen
et al. 2007). Such persisteraglity combined with toxicity function confirms the losasting
negative PSF occurrence in soil for both natural and agroecosystems (Miller, 1996; Hawkes et
al. 2013). DNA persistence and degradation are the main processes that complete the DNA
cycle insoil. Common sterilization methods such as autoclaving are also known to affect DNA
molecules (Gefrides et al. 2010). Indeed, sterilization of soils has been reported to reduce
negative PSF (Packer & Clay, 2000; Klironomos, 2002; Kardol et al. 2007).eFuhe,
Mazzoleni et al. (2015) suggested that weakening a plant through exposure to extraceHular self
DNA could ultimately increase its susceptibility to pathogen attack, which would explain the
associated negative PSF. However, Wen et al. (2009) egpitréit exDNA is a component of
root cap mucilage involved in the increased resistance of growing root caps-torseil
pathogens, and that degradation of exDNA leads to its loss. In this context, we conditioned
Arabidopsis thaliand.. over a period ofig months to affect soil biotic and abiotic properties

through both root exudates and litter decomposition. After the conditioning period, the plants
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were removed and the soil was subjected to four different treatments, namely sterilization by
autoclavingwashing with tap water, addition of 10% activated carbon and untreated control.
After the treatments, the same species was sown as response plants. After the response phase,
the plant biomass grown in each of the four treatment was recorded, as wélicasmsical
properties and microbiota using Shotgun sequencing. In addition, we quantified for the first
time the seHDNA of A. thalianain each of the treated soils as well as in the preconditioned

one usinghloroplastrbcL DNA primers. We expect that thalianawill affect soil chemical
properties and biotic composition during the conditioning phase and that the amount of self
DNA will increase after conditioning. Moreover, we expected that the treatments applied
would reduce the negative PSF effeat® do their known functions in the soil. The specific

objectives were:

i. to prove the occurrence of negative PSFAothalianaafter a longterm conditioning

period.

ii. to demonstrate thah. thalianaaltered soil chemical and microbial, and functional

properties.
iii. to provide evidence for the accumulation of 4eNMA in the soil after conditioning.

iii. to demonstrate that soil sterilization, washing and activated carbon addition helped in
reducing the intensity of the negative PSF whether by chgntjie chemistry, the

microbiota, or by affecting the amount of sBINA in the soil.

7.3 Material & Methods

The experiment was divided into two phases: the conditioning and the response phase. The
target species used in this experiménthaliang wasselected for its important characteristics,
which include a short life cycle, a small size that limits growth requirements, seed production
through seHpollination, and a strong ability to grow in the laboratory. The seeds used in this
experiment were cldcted after growing commercially purchased seeds without prior treatment

(De Corato semeni) for three succession cycles.

The soil used for this experiment was collected, in September 2018, in Parco Gussone
within the Faculty of Agriculture (FedericoWUniversity of Naples, Italy) at a depth of 10 cm.
The soil was immediately taken to the laboratory of the same faculty, manually homogenized
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and sieved (< 0.5 cm) to remove coarse fragments. The soil was then sterilized by autoclaving
(saturated higipressire steam at 121 °C for 20 min) three times with 24 h interval, and then
used for the conditioning phaskhe soil had the following properties: 22.1% clay, 56.6% silt,
21.3% sand, pH 7.74, electrical conductivity 0.32 d& organic carbon 15.4 g Rgtotal
nitrogen 1.6 g kg, C/N ratio 9.6, CaC@7.16 g kg, available phosphorus 239 mgkg

7.3.1 Soil conditioning phase

In this phase, the plants are cultivated in the soil for a certain period to condition it and to
change the local biotic and abiotonditions (Ehrenfeld et al. 2005; Van der Putten et al.
2013).

In early October 2018A. thalianaseeds were sown in small pots (20 cm opening
diameterz 20 cm height 15 cm base diameter), each filled with 500 g of sterilized soil, with
fifteen replicaes totaling fifteen pots at this phase. Twenty seeds were sown in each of the
replicate pots. Seeds were surface sterilized in a 3% sodium hypochlorite solution for 1 minute
and rinsed several times with sterile water before use. All pots were irrigadtedeionized
water three times a week to maintain a field capacity above 50%. Shading, water and light
stress were avoided during the experiment. Plants were grown for three months at a day length

of twelve hours.

At the end of the conditioning phase, stsowere cut off at the soil surface. The soil from
the replicate pots of the species was mixed and homogenized together with the roots in a
container and then divided into four parts. Three of these parts were designated for three
different treatments andne was kept as a control. One part of the soil was sterilized by
autoclaving at 121 °C for 20 min. To the second part of the soil, 10% commercial activated
carbon was added and mixed well to homogenize it, and the third part was put into 100 denier
stockngs and then washed under running tap water for 4 days. These soils were used as

conditioned soils in the feedback phase after treatment.

7.3.2 Soil response phase
After the soil treatments, plastic pots (3 cm diameter * 2 cm depth) were each filled with 20 g
of the treated conditioned soil. The pots were sterilized with 0.05% sodium hypochlorite

solution before the experiment.

On April 2019, ten seeds &f. thalianawere sown in each of the response pots. Thus, 360
plants were included in this phase (ten seedppt * four treatments * nine replicates for each

treatment). The pots were kept under a light chamber and irrigated three times a week with
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deionized water to field capacity. After three months, all plants were harvested. Shoots and
roots were washed temove soil residues and dried at 70 °C for 72 h and their dry weight was
recorded. For each treatment, soil from all replicate pots was mixed and then divided into three
fractions: one fraction was stored at 4 °C to study the chemical properties afilihens
fraction was stored a0 °C and used for Shotgun sequencing, and the remaining fraction was
stored at20 °C and used to quantify the extracellular-d@NA of A. thaliana

7.3.3 Soil chemical analysis

At the end of the experiment, soil samples aestifor chemical analysis were dried in a
ventilated chamber at room temperature until a constant weight was reached. The soil was
analyzed for 12 parameters, namely total organic carbon, pH, total nitrogen, macro and
micronutrients. Specifically, the falwing parameters were measured: Soil electrical
conductivity (EC) and pH were determined in s@éter suspensions at a ratio of 1:5 and 1:2.5,
respectivel vy, using a conductivity meter and
was determined usig t he Kj el dhal met hod (Czekaga et
determined using the molybdovanadptesphate method. NOand NH content
determination was done by mixing 1g of dry pulverized soil with 1ml of distilled water in a 2

ml Eppendorf tube. Ais mixture was shaken for 20 min and subsequently centrifuged for 5

min at 13,000 rpm. The samples were analyzed with a DR 3900 Spectrophotometer (Hach,
Loveland, CO, USA) by using the manufacturer kits LCK 340 (assay rargerag/l, ISO
78901-2-1986) br NOz and LCK 303 (assay rangé4Z mg/l, 1ISO 715€) for NHs. Organic

matter content (OC) was determined by weight loss at 550°C for 8 h (Silva et al. 2014).
Potassium, magnesium, calcium, and sodium were determined by flame atomic absorption
spectroscop (Peters et al. 2003). Total limestone is determined by the weight method against

a strong acid. Attack of the limestone results in gas release gft@®volume of which is
measured (LANO: NF ISO 10693). Finally, the chloride content (Cl) in the ssitietrmined

by the volumetric method described by Meldrum & Forbes (1928).

7.3.4 DNA extraction, Shotgun sequencing and functional annotation

DNA was extracted from three technical replicates using the CTAB protocol. In details, 5g of

Soil was homogenizedomaor t ex mi xer ( S8A Stwuart) at 220
of CTAB extraction buffer (2% cetyl trimethylammonium bromide, 1% polyvinyl pyrrolidone,

100 mM TrisHCI, 1.4 M NaCl, 20 mM EDTA). The homogenate was then transferred to a 60

°C bath for 30 mintes. Resulted lysate was centrifuged at 16000g for 5 minutes. The

supernatant was mixed with 5¢l of RNase A an
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the upper layer was transferred and mixed with an equal volume of chlofisicamylic
alcohol @4:1 v/v) and centrifuged at 16000g for 5 minutes to separate the phases. The
supernatant was then precipitated with 0.7 volume etadd isopropanol, and incubated-at

20 °C overnight. The DNA pellets obtained after centrifugation 140009 for 30 matwe<C

were suspended i nfreéwatee | of endonucl ease

DNA libraries were sequenced on lllumina's NovaSeq platform, resulting in 2x150bp,
pairedend reads, followed by shotgun metagenomics analysis. The resulting reads were
quality- filtered using PRNSEQ 0.20.4 (Schmieder et al. 2011). Reads with bases that had a
Phred score <15 were trimmed and those <75 bp were discardedquiliy reads were
imported into MetaPhlAn 3.0 (Beghini et al. 2021) to obtain quantitative taxonomic profiles at
the specis level. A subsysterhased approach was used to reveal the functional potential of
the metagenome samples (Overbeek et al. 2005). Sequences were identified using the best
BLASTX hit with a minimum alignment length of 50bp and an E <1%a$8 the Evalue cit-
off from the annotation against the KEGG subsystem database. The functional annotations
were filtered at subsystem level 1 and level 2 to create two functional profiles for each sample
metagenome. The relative abundance of annotations within each subsys$ estimated for
each metagenome sample by dividing the number of sequences classified as belonging to the

subsystem by the total number of classified sequences per metagenome sample.

7.3.5 Extracellular self-DNA: extraction, amplification and sequencing

Extracellular DNA fractions were purified sequentially according to the modified protocol of
Ascher et al. (2009). Specifically, exDNA was extracted by gently washing the soil with 5ml

of 0.12M NaHPQy at pH 8 in 50ml Falcon tubes that were shaken horaiyrait 80 rpm for

30 min. After 7500g centrifugation at 4 °C for 30 minutes, the supernatant was collected. The
same procedure was repeated twice and both supernatants were pooled to a final volume of
15ml of unpurified exDNA. A purification step was th@erformed using a commercial
extraction kit (DNeasy PowerMaX Soil Kit, Qiagen, USA), following the manufacturer's
instructions except for the step of incubating the sample in cell lysis buffer. At the end of

purification, the DNA sample was suspende&nm of 10mM Tris solution.

Amplification of the purified exDNA was pe
of DNA extract, 1X concentrated OneTaq Hot Start Quiokd, 2X Master Mix with standard
buffer (New Engl and Bi oftr@mabdsandiravarse primersi these . 5 ¢ M

primers are capable of amplifying a 553bp fragment of the rbcL gene and are recommended by

139



the CBol Plant Working Group (2009) for plant metabarcoding. The primers selected were
rbcLa_f 5'ATGTCACCACAAACAGAGACTAAAGC-3' ard rbcLa_rev 5'
GTAAAATCAAGTCCACCRCG3' (Fahner et al. 2016). PCR conditions were 94 °C for 30s,
followed by 40 cycles of 94 °C for 30s, 64 °C for 60s, 68 °C for 30s and a final step of 68 °C
for 5min. A subsequent amplification run integrating relevarw-tell binding domains and
unique indices was performed using the NexteraXT Index Kit (lllumina). Amplification
products were sequenced on the MiSeq instrument platform (lllumina, San Diego, CA) using
300bp paireeend and according to the manufacturer&rirctions. Taxonomic classification

was performed using a database of 181133 rbcL sequences downloaded from the NCBI
Nucleotide Section on September 9, 2020.

The bioinformatics pipeline steps were as follows: Reads were trimmedaugadppt
(Martin, 2011) with default parameters to eliminate primer sequences. Low quality bases were
removed from 3' witlernefilter (Del Fabbro et al. 2013) using default parameters and reads
<60bp were excluded from further analysis. Reads with an error rate >1% wereademov
Chimeric sequences were removed usingutieime_denovalgorithm (Edgar et al. 2011)
implemented inusearch Reads were clustered to a minimum identity of 97% using the
cluster_fastalgorithm implemented imsearchto produce representative sequen8tsAST
was matched against the rbcL database without a minimum identity filter, with the lowest
unambiguous taxonomic assignment among all possible blast hits. For hits with the same score
indicating different lineages, the most frequent part was indic&egliences that could not be

taxonomically assigned ®treptophytavere discarded.

7.3.6 Statistical analysis and data visualization

For the microbial data, alpha diversity metrics, i.e. number of reads, Margalef species richness
index and Simpson index, wemalculated and presented as boxplots using the software
PRIMER 7 (PrimeiE Ltd, Plymouth; UK) to assess variation in community composition at the
lowest taxonomic levels. Heatmaps were used to represent the most abundant taxa in the fungal,
bacterial and @haeal communities and were created using the ComplexHeatmap package
implemented in R (version 3.3.2). Based on a resemblance matrix calculated ush@uBrsy
dissimilarity, nonmetric multidimensional scaling (NMDS) analyses were performed based on
the abundance of microbial communities using the metaMDS function of the Vegan package
implemented in R. The significance of changes in composition between the two microbial
communities was tested using PERMANOVA (999 permutations) with soil treatments as a
fixed factor. The significance of variation in the alpha diversity metrics, soil biomass, and

140



exDNA abundance between treatments was assessed using the ANOVA test, and means were
separated pairwise using tipest hocTukey test to provide further detail dhe level of
significance between samples. We also applied a Spearman rank correlation test to Bompare
thaliana biomass with soil chemical attributes, and a heatmap was generated using the
ComplexHeatmap package in R. The level of significant diffexengas evaluated with p

<0.05. All statistical analyses were performed using STATISTICA 13.3 software.

To reveal the complexity of the microbiome and potential interrelationships among
microbial community members, @xcurrence network analyses were perfed for the
microbial communities in the four different soils. To focus on the most abundant taxonomic
species and reduce the influence of rare ones, only the 50 most abundant species were analyzed
for each bacterial, fungal, and archaeal community. Psenaorrelations between taxonomic
species were calculated using Spearman correlation with the Hmisc package in R. Based on
statistical analysis, only strong and significant (Spearman's r >0.6 4.6 &nd p <0.05)
correlations were considered. Networlsualization was performed using Gephi software
(version 0.9.2, Bastian et al. 2009). Each edge represents a robust and significant correlation
and each node represents a taxonomic species. A set of integrative metrics was computed and

compared to descrilibe network topology.

7.4 Results

7.4.1 A. thaliana performance and sef{DNA content

The total biomass oA. thalianawas significantly affected by the different treatments on the
conditioned soil (Fig.1A). The highest total biomass was recorded when the comtigmhe

was sterilized by autoclaving with an average biomass of 11.6mg, followed by washing
treatment with an average biomass of 5.7mg. However, the addition of activated carbon showed

no significant differences compared to the control, and both hadlestidotal biomass of

0.4mg and 1.5mg, respectively (Fig. 1B). In contrast, we note that the highest exDNA content
was recorded in the soil with activated car
content of 0. 18¢ g/ g. on$e ethei hand,Zhaddhe Bwedt contansdi e d s
exDNA at 0.04 and 0.09¢g9g/ g, respectively (Fi
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Fig 1. Shoots grown in different soil treatments at the end of the experiment (A). Total biomass (mg/pot)
of Arabidopsis thalianaand sefDNA in each treatment at the end of the experiment (B). Heatmap of
correlation matrix based on the Pearson correlation between soil chemical properties with the total

biomass (C).

7.4.2 Soil chemical properties and correlation with biomass
The soil chenical parameters showed significant differences between the treated soils (Table
S1). Specifically, compared to the other soils, the sterilized soil had the lowest electrical

conductivity and N@content, while the P content was the highest. On the o#met, the soil
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with activated carbon had the highest organic matter ancthi@ents, while Nklcontent was

the lowest. Moreover, total limestone was significantly higher in the control and washed soils,
while chloride content was significantly higher inetltontrol and activated carbon soils
compared to the other soils. However, no significant differences were observed between the
soils in terms of pH, Mg, K, total N and Na. Furthermore, Spearman correlation with soil
chemical parameters (Fig. 1C) showestm@ng significant positive correlation between total
biomass ofA. thalianaand pH as well as P content, while a strong negative correlation was
observed with N@ Mg, Na, CI, EC, and se®NA content in soil.

7.4.3 Metagenomics: diversity, abundance and compdgon

Our results showed that the number of reads was significantly highest in sterilized soil followed
by activated carbon soil, while it was significantly low in control and washed soil (Fig. 2). On
the other hand, the species richness index was signifjchigher in washed soil than in
sterilized soil. Moreover, Simpson's index was significantly higher in sterilized soil than in

control.

The results of our shotgun sequencing showed that in all soils, Bacteria were the
dominant kingdom at 98%, followdny Archaea (1.5%), Fungi (1%), and Eukaryota (0.5%)
(Fig. 3A). At the phylum level (Fig. 3B), the bacterial community varied among the treated
soils (Fig. 3B). In details, all the soils contained maipipteobacteria from 63.29% in the
sterilized soil, bllowed by 55.78% in the washed soil, 50.21% in the activated carbon soil and
49.4% in the control. On the other hand, the highest abundafiaramtomycetewas found
in sterilized soil at 9.11% while the lowest abundance was recorded in activatedsmilladn
2.94%.Firmicutes on the other hand, were most abundant in sterilized soil at 5.1% compared
to washed soil at 2.51%. MoreovBigcteroidetesvere more abundant in sterilized soil (3.2%)
than in activated carbon soil (1.23%), whiletinobacteriawere very abundant in activated
carbon soil (39.01%) and less abundant in sterilized soil (17%). At the level of archaea, the
phylum Euryarchaeotadominated in all the studied soils with a frequency of 91.27%, 84.6%,
82.6% and 76.72% in sterilized, actiedtcarbon, washed and control soils, respectively.
Moreover,Thaumarchaeotavere highly abundant in control at 20.5% while they were very
low in sterilized soil at 4.05%Crenarchaeotaon the other hand, were very abundant in the
sterilized soil at 4.32%ompared to the other soils. Furthermore, the fungal community in the
treated soils showed significant variation at phylum level. In particular, all the soils were
dominated byAscomycotawith abundances of 93.01%, 91.96, 89.59% and 88.38% in the
control,washed, sterilized and activated carbon soils, respectiBakidiomycotahowever,
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were very abundant in both activated carbon and sterilized soils with 11.3% and 9.94%,

respectively, while they were low in control and washed soils with 6.6% and 7.73%,
respectively.

20000 - a
)
2 15000
o
[
(=]
B 100001
g
Z 5000 b
¢ . I
0 —
1200 -
i a
B 1000+ 1
2
é 800-
- ab
2 —_— b
o 600 | a
| ——
400
1.2,
L0 _ab
g)c ’ a
2 0.8 — ab
j=h
g 04
0.2 b
0.0/ ,
S 5 2 <
wn

Fig 2. Box plots showing the variation in the humbers of reads, species richness, and Simpson indices
for the overall microbial communities for each treatment. Different letters indicate significant (P < 0.05)
differences in the indices. The lower and upper biswf the boxplots show the first and third quartiles

(the 25th and 75th percentiles); the middle line shows the median, whiskers above and below the boxplot
indicate interquartile range.
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Fig 3. The relative abundance of various bacterial, fungal actthaal phyla for each treatment.

At the lowest taxonomic level, the bacterial heatmap of the relative abundance of the
most frequent species showed a large difference between soils, especially compared to the
sterilized soil (Fig. 4). In particular, theesilized soil showed a high divergence compared to
the other soils due to the dominance of a group of bacterial species that mainly included
Sphingopyxis fribergensis Devosia Georhizobium profundi Pseudomonas stutzeri
Brevundimonasnd Microbacterium The washed soil, on the other hand, was characterized
by high presence oftreptomyces fradiaePseudomonas stutzerMicrovirga ossetica
Lysobacterand Sorangium cellulosumn contrast, the soil with activated carbon contained
mainly a group of bacteriacludingStreptomyces fradia&inorhizobium fredjiStreptomyces
scabiej Sorangium cellulosurand Rhodopseudomonas palustridowever, the control soil
had the highest abundance $freptomyces fradiaeSorangium cellulosumConexibacter
woesej Luteitalea pratensisand Microvirga osseticaThe heatmap of archaea, on the other
hand, showed a significant variation between sterilized soil and other soils, especially that most
of the common archaeal species were less abundant in sterilized soils. Nevertheless, the fungal
heatmap showed a cledifference between the soils, especially compared to the sterilized soll.
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Fig 4. Heatmaps showing relative abundance of the most frequent species in the bacteria, fungal, and
archaeal communities for each treatment along with nonmetric multidimensional scaling (NMDS) plots
of bacteria, fungi and archaea communities for each treatM&8. axis 1 and MDS axis 2 represent

the two axes of the twdimensional ordination space. Each point represents the microbiome of one

replicate of the treatment. The strésgel shown in each plot indicates how well the individual
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