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Summary

The plant-soil-microbe system trades carbon (C) and nutrients and drives the storage or release of
these compounds. The intimacy of mycorrhizal fungi with plants supports plant nutrient supply,
contributes to soil organic matter (SOM) decomposition and formation. Dominant fungal guilds
in temperate systems are arbuscular mycorrhizal (AM), ectomycorrhizal (ECM), and saprotrophic
(SAP) fungi. While their disparate nutrient acquisition strategies affect nutrient cycling, SOM
formation, and C and nutrient storage of the system, impacts of different fungal guilds on these

processes remain obscure.

Climate change will greatly affect plant-soil-microbe interactions. Increasing atmospheric carbon
dioxide (CO;) enhances photosynthesis, simultaneously aggravating nutrient limitation and
competition. Subsequently, changed environmental conditions favor invasive species spread, with

unknown consequences for nutrient cycling dynamics.

This thesis investigates (i) the role of different fungal guilds on C and nutrient cycling and SOM
formation, (i) the potential of different fungi for nutrient acquisition, and (iii) how impacts
of climate change like elevated CO; levels or plant invasion affect the plant-microbe-soil

systems’ C and nutrient cycling dynamics.

Stable isotopes possess source and process information, allowing to trace the origin and the fate of
compounds in a system. This information was unknown for AM hyphae, thus in manuscript 1 a
method to determine AM hyphal isotopic signatures was developed. AM hyphal “C and "N
separated them from plant tissues and soil. A mixed C source of plant carbohydrates and lipids was

deciphered, contrasting with current knowledge on the C-source of ECM fungi.

Manuscript 2 used the application of manuscript 1 to analyze the contribution of fungal inputs to
specific SOM fractions. Forest plots with dominant tree species associated with ECM or AM fungi
were chosen. Main contributions of ECM fungi to stable SOM were predicted in ECM systems,
and SAP fungi as major contributors in AM systems, the latter due to activation »zz AM exudates.
The combination of a Bayesian Inference Stable Isotope Mixing model with amino sugar analyzes
showed that particulate organic matter fractions were dominated by plant and SAP inputs for both
tree species. More stable mineral-associated organic matter was dominated by SAP followed by
ECM inputs irrespective of tree species. These findings highlight fungal inputs as dominant source
of stable organic matter and a need to consider fungal communities for efforts to increase long-

term soil C storage.
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Manuscript 3 investigated the degradative and nutrient trading potential of ECM fungi and sought
to determine nitrogen (N) fractionations in the mycorrhizal nutrient trading. In microcosms, the
trading of soil N to Pinus sylvestris was investigated for Paxillus involutus and Pisolithus arhizus with
greater enzymatic repertoire relative to Laccaria laccata and Laccaria bicolor with lower degradative
capability. Plant biomass was increased due to colonization by P. involutus, P. arbizus, and L. Jlaccata
but not by L. bicolor. Under N-limited conditions, P. inwolutus and P. arhizus tended to trade "N-
enriched N. Laccaria species differed in degradative capabilities and plant benefit. The results
highlight the impact of disparate fungal species on SOM decomposition and a need to consider
fungal community composition to predict nutrient cycling dynamics. Thus, manuscript 3 supports
different ECM fungi varying in their efficiency in accessing nutrients za SOM decomposition and

contributing to stable SOM #ia fungal inputs.

Climate change impacts may affect the dynamics of plant-soil-microbe systems’ C and nutrient
trading and storage. Invasive plant species benefit from conditions allowing spread and
reproduction, dominating over native species. Despite threats by increased litter input rates and a
preference to invade AM-associated systems, the magnitude and direction of invasive plant effects
on AM- or ECM-systems are obscure. Manuscript 4 investigated the effect of invasive C4 grass
Microstegium viminenm on SOM turnover in tree stands with AM- or ECM-association. Invasion by
M. viminenm increased decomposition of SOM under ECM-associated trees but decreased
decomposition under AM-associated trees. These results highlight the potential of invasive plant
species to modify SOM decomposition and that despite more SOC in ECM topsoils, this C is more

casily lost under changing environmental conditions.

Impacts of nutrient limitation and plant-microbe competition under elevated CO; were analyzed
in manuscript 5. Elevated CO, often results in growth benefits of plants and microbes but
simultaneously aggravates nutrient limitation. Plants with varying microbial interactions to acquire
nutrients were grown at ambient zs. elevated CO: to evaluate trading of N from "N labeled litter.
Despite different microbial interactions to acquire nutrients, plants equally benefitted more from
soil nutrients than soil microbes under elevated CO,. These results highlight the need to consider
ecosystem constituents as interwoven when discussing measures to decelerate the impacts of

climate change.

Overall, this thesis highlights the need to consider mycorrhizal fungi for predicting
ecosystems’ C and N cycling and storage patterns, and for developing plans to adapt environments

for changing conditions.
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Zusammenfassung

Das Pflanze-Mikroben-Boden-System zirkuliert Kohlenstoff (C) und Nihrstoffe und beeinflusst
die Speicherung oder Freisetzung dieser Stoffe. Die Verbindung mit Mykorrhizapilzen verbessert
den pflanzlichen Nihrstoffbezug und trigt zu Abbau und Bildung organischer Bodensubstanz
(OBS) bei. Dominate Pilzgruppen in temperaten Zonen sind arbuskulire (AM) und ekto-
Mykorrhiza (ECM) sowie saprotrophe (SAP) Pilze. Obwohl deren unterschiedliche Strategien zum
Nihrstoffgewinn Nihrstoffkreislauf, -speicherung und OBS-Bildung beeinflussen, ist der Einfluss

einzelner Pilzgruppen auf diese Prozesse unklar.

Der Klimawandel hat groBen Einfluss auf Pflanze-Mikroben-Boden-Interaktionen. Steigendes
atmosphirisches Kohlendioxid (CO;) verbessert die Photosynthese, verstirkt dabei aber
Nihrstofflimitierung und Konkurrenz. Verinderte Umweltbedingungen férdern die Ausbreitung

invasiver Arten mit unbekannten Folgen fir Dynamiken des Nihrstoffkreislaufes.

Diese Arbeit untersucht (1) die Rolle unterschiedlicher Pilzgruppen fir den C und
Nihrstoftkreislauf und die Bildung von OBS, (ii) das Nahrstoffbezugspotenzial verschiedener
Pilze, und (iii) wie Klimawandelfolgen, wie erh6htes CO, oder Pflanzeninvasionen, die Dynamiken

von C und Nahrstoffkreislaufen beeinflussen.

Stabile Isotope beinhalten Quellen- und Prozessinformationen, womit der Ursprung und der
Verbleib von Komponenten in einem System verfolgt werden kann. Diese Informationen waren
tir AM-Hyphen unbekannt, sodass in Manuskript 1 cine Methode zur Bestimmung der
Isotopensignatur von AM-Hyphen entwickelt wurde. Die "C- und ""N-Signatur der AM-Hyphen
trennte diese von Pflanzen und Boden. Es wurde eine gemischte C-Quelle aus pflanzlichen
Kohlenhydraten und Lipiden entschlisselt, die im Gegensatz zum derzeitigen Wissen tber

die C-Quelle von ECM-Pilzen steht.

Manuskript 2 nutzte die Anwendung aus Manuskript 1 zur Analyse der Beitrige pilzlicher
Eintrige zu spezifischen OBS-Fraktionen. Fur Plots mit ECM-assoziierten Baumen wurde ein
dominanter Beitrag von ECM-Pilzen zur stabilen OBS vorhergesagt, fiir AM-assoziierte ein
dominanter Beitrag von SAP-Pilzen, aktiviert durch Exsudate von AM-Pilzen. Die Kombination
eines Bayes’schen Mischungsmodells fiir stabile Isotope mit Aminozuckeranalysen zeigte
dominante Eintrdge von Pflanze und SAP-Pilzen zur partikulidren OBS fiir beide Baume. Stabilere,
mineralassoziierte OBS war fiir beide Baume von SAP- und ECM-Pilzeintrigen bedingt. Dies zeigt
die Bedeutung pilzlicher Quellen fir stabile OBS und die Notwendigkeit Pilzgemeinschaften fiir

Langzeitkohlenstoffspeicherung in Boden zu berticksichtigen.
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Manuskript 3 untersuchte das Abbau- und Nihrstofftransterpotenzial von ECM-Pilzen, sowie
Stickstoff (N-)Fraktionierungen im Mykorrhiza-Nahrstofftransfer. Der Transfer von Boden-N zu
Pinus sylvestris wurde fur Paxillus involutus und Pisolithus arbizus mit gro3erer Abbaukapazitit relativ
zu Laccaria laccata und Laccaria bicolor mit geringerer Abbaufdhigkeit untersucht. Pflanzenbiomasse
nahm unter P. involutus, P. arhizus und L. laccata zu, nicht aber mit L. bicolor. Unter N-limitierten
Bedingungen nutzten P. imvolutus und P. arbizus “N-angereicherten N. Die Laccaria-Arten
unterschieden sich in Abbaufihigkeiten und Pflanzenvorteilen. Die Ergebnisse verdeutlichen den
Einfluss unterschiedlicher Pilze auf den OBS-Abbau und die Notwendigkeit, Pilzgemeinschaften
fiir Vorhersagen zu Nihrstoffdynamiken zu berticksichtigen. Somit bestitigt Manuskript 3, dass
unterschiedliche ECM-Pilze in ihrer Effizienz Nihrstoffe aus OBS Abbau zu beziehen und mit

Eintrigen zu stabiler OBS beizutragen variieren.

Klimawandelfolgen beeinflussen die Nihrstofftransfer- und Speicherungsdynamiken in Pflanze-
Mikroben-Boden-Systemen. Invasive Pflanzen nutzen vorteilhafte Bedingungen zur Ausbreitung.
Trotz Einflissen durch erhShten Streueintrag oder die vermehrte Invasion in AM-Systeme ist das
Ausmal} der Effekte invasiver Pflanzen auf AM- und ECM-Systeme unklar. Manuskript 4
untersuchte Effekte des invasiven Cy Grases Microstegium viminenm auf AM- oder ECM-Baume. Die
Invasion mit M. viminenm erthéhte den OBS-Abbau bei ECM-Biumen, verminderte ihn aber bei
AM-Biaumen. Diese Ergebnisse zeigen das Potenzial invasiver Arten den OBS-Abbau zu
beeinflussen, und dass trotz eines hoheren Boden-C-Gehaltes in ECM Oberboden dieses C leichter

bei verinderten Umweltbedingungen verloren geht.

Der Einfluss von Nihrstoffmangel und Konkurrenz zwischen Pflanze und Mikrobe unter
erhéhtem CO; wurde in Manuskript 5 untersucht. Erh6htes CO, fiihrt oft zu Wachstumsvorteilen
von Pflanzen und Mikroben, gleichzeitig aber auch zu Nihrstoffmangel. Pflanzen mit
unterschiedlichen mikrobiellen Interaktionen zum Nihrstoffgewinn wuchsen unter unverdndertem
und erhchtem CO,, um den Transfer von N aus “N-angereicherter Streu zu verfolgen. Trotz
unterschiedlicher Interaktionen profitierten die Pflanzen unter erhéhtem CO. mehr von
Bodennihrstoffen als die Bodenmikroben. Diese Ergebnisse zeigen, dass die Vernetzung in
Okosystemen bei MaBnahmen zur Verringerung von Klimawandelfolgen beriicksichtigt werden

muss.

Zusammenfassend unterstreicht diese Arbeit die Notwendigkeit, Mykorrhizapilze fiir Vorhersagen
zum Umsatz und zur Speicherung von C und N in Okosystemen, als auch fiir die Entwicklung von
Plinen zur Steigerung der Okosystemresilienz gegeniiber verinderten Bedingungen, zu

berticksichtigen.
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Introduction

Chapter 1

1 Introduction

1.1 The plant-fungi-soil system

An organism or a compartment such as the soil can never function and thrive entirely as a separate
entity but is in an interplay with other partners and effectors (e.g., abiotic conditions) in its
immediate environment. Consequently, a typical terrestrial ecosystem can be described as the
coexistence of plants and microorganisms living in the soil, connected above it, and interacting in
biotically and abiotically processes (Chapin ez a/, 2002; Wittig & Streit, 2004; Sadava ez al, 2011).
The close relationship and interdependence of plants, microorganisms, and the soil demand the
consideration of all three actors if ecosystem processes and mechanisms are to be understood

(Deyn et al., 2008).

Plants rely on different strategies to acquire nutrients from the soil. A plant-
own strategy is the establishment of a root system allowing for efficient
nutrient uptake e.g., increased fine root production (Yanai ez al., 1995; Jackson
et al., 2009; Nie ef al., 2013; Pifieiro ef al., 2017) and exuding organic acids to
access soil nutrients (Dakora & Phillips, 2002). Further, root exudation can
prime soil microorganisms to mine for soil nutrients that can be taken up by

the plant (Dakora & Phillips, 2002; Verbruggen et al., 2017; Frey, 2019) or

Priming. Alteration of soil
organic matter decomposi-
tion due to higher substrate
availability ~ for  hetero-
trophic organisms.

A mechanism described
for plant roots (root
exudates) and root fungi
(fungal exudates) attracting

other organisms that mine

undergo a symbiotic association with microorganisms, e.g., rhizobia bacteria, for nutrients.
mycotrhizal or endophytic fungi (Arnone & Gordon, 1990; Jumpponen, 2001; Temperton ef al.,
2003; Smith & Read, 2008). The mycorrhizal association is common among the majority of vascular

land plant species (Brundrett & Tedersoo, 2018).

A mycorrhiza (Greek for myces — fungus and 7hiza — root, first described by Frank (1885)) is the
association of a plant root and a symbiotic fungus with the aim of a mutually beneficial cooperation
(Smith & Read, 2008). Therefore, the plant partner shares up to 35% (Hobbie, 2006; Allen &
Kitajima, 2014; Kaiser et al, 2015; Ouimette ef al, 2020) of the photosynthetically derived
carbohydrates with the symbiotic fungi living in and around its root system. The fungi can use this
energy for growth, but also for scavenging and mining for nutrients displayed in scattered patches
in the soil (Smith & Read, 2008). As hyphae are thinner (diameter ~3 X 10~ cm; mostly 2-4 um
diameter) than roots (~200 times larger diameter, most delicate roots <0.5 mm diameter, root hairs
10 pm diameter) (Gashaw Deressa & Schenk, 2008; Smith & Read, 2008) they can access nutrients

embedded in fine soil pores which would otherwise be inaccessible to the plant (Schack-Kirchner
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et al., 2000; Ritz & Young, 2004). The nutrients are then shared with the plant partner in exchange
for carbohydrates (Smith & Read, 2008). The mycorrhizal association allows the fungus to be
independent from fixing its own carbon (C), while the plant is less limited in nutrient acquisition
(Smith & Read, 2008; Brundrett & Tedersoo, 2018; Tedersoo e al, 2020). Depending on the
saprotrophic capabilities of the fungal partner and the soil nutrient availability, the plant may
receive low molecular weight organic nutrients (e.g., amino acids) in addition to inorganic nutrients
(Abuzinadah & Read, 1989; Marschner & Dell, 1994; Talbot e# al., 2008; Whiteside e# al., 2012;
Hodge & Storer, 2015).

Four primary forms of mycorrhizal associations are known: (i) the arbuscular mycorrhiza (AM),
the ectomycorrhiza (ECM), the ericoid mycorrhiza (ERM), and the orchid mycorrhiza (OrM)
(Smith & Read, 2008; Brundrett & Tedersoo, 2018; Tedersoo ez al., 2020). While OrM is restricted
to the plant partner from the Orchidaceae (Tedersoo ef al., 2020) and ExM to Ericaceae and
Diaspensiaceae (Tedersoo ez al., 2020), ECM and AM are usually found in a broader variety of plant
families (Brundrett & Tedersoo, 2018).

Ectomycorrhiza is common among woody plants and trees (Smith & Read, 2008; Brundrett &
Tedersoo, 2018). Typical morphological features of ECM fungi include a hyphal sheath (mantle)
around the plant root and a labyrinth-like hyphal structure in the root cortex, the Hartig net
(Figure 1), which supports nutrient exchange with the plant partner (Berndt ¢# 4/, 1990; Smith &
Read, 2008). ECM fungi can establish various types of hyphal exploration, from short to medium
to long-distance exploration (Agerer, 2001; Peay ez al, 2011), and hyphal surfaces can be
hydrophobic or hydrophilic (Lilleskov e7 a/, 2011; Chen e al., 2019). These morphological features
are linked to saprotrophic capabilities, such that hydrophilic, short-distance exploration types have
lower saprotrophic capabilities and utilize labile C and nitrogen (N) compounds, while
hydrophobic, longer distance exploration types have greater degradative capabilities allowing access
to older, more stable soil organic matter (SOM) (Hobbie ez a/, 2012; Chen ef al., 2019). Having
ancestors with highly saprotrophic capabilities, many ECM fungi possess the ability for enzymatic
decay of organic material, though they are beyond the degradative capabilities of saprotrophic fungi
(Lindahl & Tunlid, 2015; Martin ef al., 2016; Shah ez al., 2016). Saprotrophic ability varies across
ECM fungal genera and species (e.g., Lindahl & Tunlid, 2015; Martin e# a/., 2016; Shah et al., 2016).
Still, the extent to which these different saprotrophic abilities control patterns of nutrient cycling,

decomposition and C and N storage remains largely obscure.
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The arbuscular mycorrhiza is the most common mycorrhizal type with an association to ~72 to
78% of land plant species (Brundrett & Tedersoo, 2018; Tedersoo ez al., 2020), most of which are
vascular (Brundrett & Tedersoo, 2018; Tedersoo ez al., 2020). Typical morphological characteristics
of AM fungi are vesicles and branching hyphae, the arbuscules, and hyaline hyphae without septa
(Smith & Read, 2008). The AM fungi penetrate the plant root cells (Figure 1), and the arbuscules
in the plant root cell are the location of most efficient C for nutrient exchange (Smith & Read,
2008). The degradative capabilities of AM fungi are considered limited (e.g., Read & Perez-Moreno,
2003; Hodge & Fitter, 2010; Welc ef al. 2014; Box 1). The extraradical mycelium of AM fungi often
has lower biomass than that of ECM fungi, although there is considerable variation between
different genera and species of AM fungal mycelium biomass (Read & Perez-Moreno, 2003; Leigh
et al., 2009; Chen ez al., 2016; Cheng et al., 2016). The most notable difference to ECM fungi is the
absence of easily visible, aboveground sporocarps for AM fungi. Sporocarps of AM fungi grow
hypogaeic (= below ground) and have rarely been analyzed (Jobim ez a/, 2019). Instead, spores,
specific biomatkers (e.g., phospholipid/neutral lipid fatty acids (PLFAs/NLFAs), or hyphae may
serve as surrogates for AM fungal tissues (Allen & Allen, 1990; Nakano e7 af, 1999; Courty e al.,
2011; Walder ez al., 2012; Walder ez al., 2013; Coutty e al., 2015; Suetsugu ez al., 2020).

Box 1: Saprotrophic capabilities of AM fungi

The potential of AM fungi to saprotrophically access nutrients from organic matter is primarily
considered to be very limited (Read & Perez-Moreno, 2003; Hodge & Fitter, 2010; Welc ez al.,
2014). This assumption results in particular from the absence of genes necessary for the
production of cell wall-degrading enzymes in Rhizophagus irregularis (Tisserant et al., 2013). Still,
genes for reduction and uptake of nitrite and sulfite were preserved in the genome, allowing for

accessing and utilizing mineral soil nutrients (Tisserant ez /., 2013).

While the primary function of AM fungi in a mycorrhiza has been seen in the provision of
immobile phosphate from areas to which the plant has limited uptake efficiency (root depletion
zone), an increase in SOM decomposition in the presence of AM fungi was documented (Hodge
et al., 2001). At patches of organic material AM hyphae activate, prime, saprotrophic organisms
via exudation to decompose SOM, providing a nutritional benefit to the associated plant partner

(¢ Hodge et al., 2001; Leigh ez al., 2009).

Nevertheless, studies that uncovered hydrolytic capabilities of AM fungi in terms of accessing
organic phosphorous (Joner & Johansen, 2000; Koide & Kabir, 2000) encourage a closer look
at the saprotrophic capabilities of AM fungi also in relation to other nutrients such as N from

soil (¢ Burke ez al, 2011).
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1.2 The role of fungi in ecosystems

Introduction

The biomass produced by plants and animals contains energy and nutrients which are recycled

through the soil after the senescence or death. Alongside microorganisms such as bacteria, many

fungi fulfill a fundamental function as nutrient recyclers in ecosystems (Kjoller & Struwe, 2002;

Leake ez al., 2003; Boer et al., 2005; Lindahl & Tunlid, 2015; Martin e a/, 2016). To degrade and

decompose organic material, fungi employ a variety of mechanisms, such as
Fenton chemistry, enzymatic oxidation, or the activation of saprotrophic
microorganisms (priming) (Kjoller & Struwe, 2002; Lindahl & Tunlid, 2015;
Verbruggen ez al., 2017; Frey, 2019). Roughly, terrestrial fungi can be divided
into plant-associated mycorrhizal fungi and free-living saprotrophic (SAP)
fungi (Lindahl & Tunlid, 2015). These groups vary in their relationship to
neighboring plants, C and nutrient acquisition strategies, and degradative
capabilities (Lindahl & Tunlid, 2015; Martin e/ @/, 2016; Brundrett &
Tedersoo, 2018; Tedersoo & Bahram, 2019).

In contrast to mycorrhizal fungi, SAP fungi are independent of a plant partner
and access both C and nutrients »iz their own degradative capabilities
(Eichlerova et al., 2015; Martin ez al., 2016). They possess a broad spectrum
of enzymes and degrade complex compounds such as lignin, chitin, or
cellulose (Grinhut ez /., 2007; Baldrian, 2008). The extensive mycelium often

follows a niche separation with ECM fungi to reduce competition for the

Fenton chemistry. Non-
enzymatic reaction in e.g.

Paxillus — involutus  fungi
involving  ferrous  ions
(Fe2t)  and  hydrogen

peroxide. Radicals formed
introduce the depolymer-
ization of lignocellulose.

Enzymatic oxidation.

Enzyme reaction enabling
molecules to increase their
oxidative state through the
loss of electrons of the ions
or atoms involved. The
chemical reaction is typical

for white-rot fungi.

Saprotroph. A hetero-
trophic organism utilizing
dead organic material as a

nutrient source.

same nutrients. Therefore, SAP fungi predominate in the upper soil layer, while ECM fungi occupy

a predominant niche in deeper mineral soil layers (Lindahl e a/, 2007; Clemmensen e# al., 2013).

Similar to ECM fungi, SAP fungi produce sporocarps (mostly epigaeic, above ground) for

reproduction. Since SAP fungi are a broad group that includes parasitic fungi, sporocarps and

mycelium can be found on different substrates, for example soil, litter, leaves, and wood tissues of

dead and living plants (Lewis, 1973; Gebauer & Taylor, 1999).

Depending on the biome the actors of the plant-microorganism-soil system occur in, the plant and

fungal members can vary greatly. In boreal forests, typically conifers associate with ECM or ericoid

mycorrhizal fungi (Read, 1991; Soudzilovskaia ez al., 2019; Tedersoo ez al., 2020). In temperate zones

coniferous and/or deciduous, broadleaf trees associated with ectomycorthizal or arbuscular

mycorrhizal fungi (Figure 1) predominate (Read, 1991; Chapman ef a/, 2006; Phillips ez al., 2013;

Soudzilovskaia e al., 2019; Tedersoo et al., 2020). Trees associated with AM fungi are dominant in

tropical forests, promoting presence of soils with high inorganic nutrients (Waring ez al., 2016;

Soudzilovskaia ez al., 2019; Tedersoo ef al., 2020). Accordingly, different processes and
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Arbuscular mycorrhiza Ectomycorrhiza

Figure 1: Characteristic features of arbuscular and ectomycorrbiza. (a) Arbuscules in the plant root cells and extraradical
mycelium (E) with spore (S). (b) Plant-derived C is channeled to AM fungi which activate saprotrophs via priming. (¢) AM
hyphae penetrate plant root cells. (d) Hyphal sheath aronnd root tips and hyphae release acids and engymes for decomposition
of OM. (¢) Hyphal sheath aronnd root and hyphae do not penetrate plant root cells. (f) Hartig net (arrows). Drawings ¢, d
and e modified and aligned from Landeweert et al. (2001). Drawing by Katrin Giesemann.

mechanisms of C and nutrient cycling prevail in each of these plant-microorganism-soil systems

(Waring et al., 2016; Soudzilovskaia e al., 2019).

Even within a given biome, different plant types and their association with certain fungi influence
patterns of nutrient cycling and soil C storage (Chapman ez a/, 2006; Phillips e# a/., 2013; Goodale,
2017; Craig et al., 2018; Zhang et al., 2018). These different plant-fungi-associations often result in
distinct nutrient cycling economies based on the type of mycorrhizal interaction, framed as
Mycorrhizal-Associated-Nutrient-Economy (MANE) by Phillips e 2/ (2013) (Figure 2, Box 2).
Based on longitudinal studies and regular analyses of a wide range of ecosystem parameters, such
as leaf litter quality, enzyme activities, or patterns of root exudates (Midgley & Phillips, 2014;
Midgley ez al., 2015; Midgley & Phillips, 2016; Cheeke ez al., 2017; Keller ez al., 2021), an organic
nutrient economy has been described and supported for ECM-associated systems. In contrast,
AMe-associated systems exhibit an inorganic nutrient economy (Chapman ez a/., 2006; Phillips e/ al.,
2013) (Box 2) and high rates of mineralization and leaching (Phillips ez /., 2013). Given predicted
future climate change impacts, a shift towards a dominance of AM-associated trees in temperate
zones is likely (Jo e al., 2019), with far-reaching consequences for nutrient cycling processes and

soil C storage (Phillips ¢ al., 2012; Phillips e# al., 2013; Jo et al., 2019).
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Figure 2: MANE framework (cf. Phillips et al. 2013) illustrated for Liriodendron tulipifera (a, AM-associated tree) and
Quercus alba (b, ECM-associated tree). In the AM-system, an open, inorganic nutrient cycling occurs due to the presence of
high quality leaf litters and the priming of saprotrophic organisms via AM fungi to degrade SOM. A rapid transformation of
organic N 1o inorganic N by saprotrophs, accompanied by high rates of mineralization, nitrification and N leaching occurs. In
the ECM-system, a closed, organic nutrient cycle occurs, with ECM and SAP fungi decomposing SOM and competing for
nutrients. The release of engymes and organic acids favours decomposition, but also competitive potential. Drawing
by Ratrin Giesemann.

1.3 Stable isotopes and fungi

. . . . Isotopic
An isotope (Greek Zsos = equal, fgpos = place) is an element/atom with an p

fractionation.

equal number of protons but an unequal number of neutrons in its atomic
core (Fry, 2006). Thus, the element has different masses and accordingly can

be lighter or heavier. The chemical behavior of the different isotopes is,

The isotopic fractionation
is given as a, le., the
difference of the isotope
ratio between the product
and the educt.

nevertheless, almost similar (Fry, 2006). Around 283 isotopes are stable (Fry, 2006), and do not
undergo radioactive decay, in contrast to radioactive isotopes. The most common isotopes used in
ecology are those of carbon (PC, "*C, "*C as radioactive variant), nitrogen ("N, "N), hydrogen

(H, 'H), oxygen (*0, 10,70), and sulfur (S, S, *'S, *S) (Fry, 2006).

Though being the same element with similar chemical properties, the light isotopes, those with a
smaller number of neutrons, tend to differ from the heavy isotopes, those with a higher number
of neutrons, in their reaction time. Lighter isotopes and those with an equal number of neutrons
mostly have a shorter reaction time than the heavier isotopes and those with an unequal number
of neutrons (Fry, 20006). This results in a shift of the naturally occurring equilibrium between the

ratio of heavy and light isotopes during reactions (Fry, 2006). The light isotopes react faster so that
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the heavy isotopes remain in the educt due to their slower reaction time. Depending on the system,
this isotopic fractionation results in a different ratio of light to heavy isotopes in the product
compared to the educt (open system) or equilibrates with time of the process (closed system) (Fry,

2000). Specific processes in nature result in an enrichment with heavy isotopes, like a heterotrophic

mode of nutrition (Box 3) (DeNiro & Epstein, 1978, 1981).

The stable isotope signature of a fungus results from its source of C and nutrient supply (= source
information) and the process for using these C and nutrient sources (= process information) (Fry,
2006) (Box 4). For mycorrhizal fungi, such as AM or ECM fungi, C supply is guaranteed by the
associated plant partner (Smith & Read, 2008; Veresoglou ¢z al., 2012). Photosynthetically produced
carbohydrates are transported to the fungus, where they are more ’C enriched compared to those
found inside plant leaves (Gleixner ef al, 1993; Kohzu ez al., 1999). In addition, the form of C
further determines the °C enrichment. Carbohydrates are more °C entiched than lipids (Gleixner
et al., 1993) so that the gain of a mixture of carbohydrates and lipids by AM fungi (Jiang ez al., 2017
Keymer et al., 2017; Luginbuehl ¢ al, 2017; Rich et al., 2017) results in their more depleted “C
signature relative to ECM fungi (Klink e# a/, 2020). Saprotrophic fungi on the other hand,
independent from plant photosynthates, gain their C from the decay of e.g., wood or litter rich in

PC enriched cellulose (Gleixner e# al., 1993; Kohzu ez al., 1999; Chen ez al., 2019).

The nitrogen isotopic signature is, in large part, determined by the nutrient source of the fungus,
its foraging niche, and whether it shares the nitrogen with a plant partner or not (Gebauer & Taylor,
1999; Lindahl ¢ a/., 2007; Hobbie & Hogberg, 2012; Hogberg ez al., 2020). Fungi with saprotrophic
capabilities such as SAP fungi and many ECM fungi can access "N enriched N 2z enzymatic and
oxidative decay (Hobbie & Hoégberg, 2012; Frey, 2019). In contrast, AM fungi are thought to largely
lack saprotrophic capabilities and thus rely on the same "N depleted N sources as many plants
(Read & Perez-Moreno, 2003; Field & Pressel, 2018). Plant-associated fungi share the N scavenged
with their plant partner. The fungi tend to keep the majority of the organic, "N enriched N
necessary for growth and biomass preservation, while the cheaper "N depleted N is transported to
the plant partner (Gebauer & Dietrich, 1993; Hobbie & Hégberg, 2012). This leads to ECM fungi
often being more "N enriched than SAP fungi, though both can saprotrophically access "N
enriched N sources. Niche separation of ECM (deeper soil layers) and SAP fungi (upper soil layers)
further drives "N patterns (Lindahl et al., 2007; Clemmensen et al., 2013).
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Box 2: MANE framework & implications on SOM decomposition

The capability of ECM and AM fungi to decompose leaf litter and provide nutrients impacts the
forms of nutrients cycled in the associated systems, conceptualized in the Mycorrhiza-Associated
Nutrient Economy (MANE) framework (Phillips e# a/, 2013). ECM fungi can access both an
inorganic and organic nutrient pool »iz hydrolytic and oxidative exo-enzymes. 7z these enzymes,
ECM fungi can further contribute to mineral weathering (e.g., Jongmans ez /., 1997; van Scholl e
al., 2008) and access mineral-associated organic matter (OM). Conversely, AM fungi with little
saprotrophic capabilities mainly take up inorganic nutrients released by saprotrophic organisms
that they activate »ia C-rich exudates (Kohzu ez a/., 1999; Read & Perez-Moreno, 2003; Cheng ez
al., 2012; Tisserant et al., 2013; Kaiser ¢ al., 2015; Verbruggen et al., 2017).

These distinct nutrient acquisitions of ECM and AM fungi have consequences for the system’s
entire nutrient cycling and economy. Leaf litters of AM-associated plants tend to possess a lower
C:N ratio (Phillips e a/., 2013; Midgley e# al., 2015) and to decompose faster compared to ECM-
plant leaf litters with a higher C:N ratio and slower decomposition (e.g., Cornelissen ez a/., 2001;
Read & Perez-Moreno, 2003; Midgley ef al., 2015). The presence of a thick organic layer in ECM-
associated systems combined with higher soil acidity in the surface layer contributes to higher

dissolved organic C and organic N to inorganic N ratios (Phillips e a/., 2013).

Based on these processes and mechanisms, an inorganic nutrient economy is described for AM-
associated systems, while for ECM-associated systems an organic nutrient economy occurs
(Figure 2). The AM-inorganic nutrient economy is represented by the litter (leaves, roots, hyphae)
of high quality (Phillips e# /., 2013), allowing the saprotrophic community to convert organic to
inorganic N rapidly and promote nitrification and leaching (Phillips e# @/, 2013). In ECM-
associated systems the slower turnover of the litter, competition between ECM and SAP fungi
for nutrients, and the acidification potential of plant litter (Finzi ez al, 1998; Reich ez al, 2005)

support the presence of organic nutrients (Phillips e a/., 2013).

As litter quality is a controlling factor of the formation of SOM and SOM fractions, the fast
turnover, high-quality litter of AM-associated plants favors the creation of mineral-associated
organic matter (MAOM) over particulate organic matter (POM) (Cotrufo ez al., 2013; Cotrufo ez
al., 2019; Lavallee e al, 2020) in topsoils due to increased production of microbial residues.
Conversely, ECM-associated systems favor the formation of POM over MAOM (Cotrufo ez al.,
2013; Cotrufo et al., 2019) in topsoils. Craig ez al. (2018) could further show a depth influence in
the amount of SOM for ECM- and AM-associated systems. While more SOM was present in
ECM-topsoils relative to AM-topsoils, more SOM occurred in AM soils to a depth of 1 m relative
to ECM soils (Craig et al., 2018).
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1.4 Carbon and nutrient fluxes in the plant-fungi-soil system

Within the plant-fungi-soil system, roots and hyphae are major routes for the transfer of carbon
and nutrients from one member of the system to another (Gill & Finzi, 2016; Frey, 2019; Vidal ez
al., 2021). One route by which C enters the system is when atmospheric COs is utilized by plants
during photosynthesis and transformed into compounds for nutrition (e.g., sugars), storage

(e.g., lipids) or tissue construction (e.g., cellulose) (Gleixner e# al., 1993). Metabolized carbohydrates

are transported to the roots, where they can enter the rhizosphere and soil
(Kuzyakov ez al., 2000; Cheng & Kuzyakov, 2005; Keiluweit ¢f a/., 2015) or to
hyphae of mycorrhizal fungi which serve as transport pathways for the
carbohydrates to more distant soil regions and into fine soil pores (Frey,
2019). Apart from utilizing the C for growth and production of metabolites
(e.g., enzymes), fungi can release a certain proportion of C into the soil,
aiming to facilitate the activation of saprotrophic soil organisms (Toljander ez

al., 2007; Verbruggen e al., 2017; Frey, 2019). This priming can support

Rhizosphere. The zone
impacted by a living plant
root through chemical,
physical, or biological pro-
cesses in soil. It represents
an interaction zone of
plants,  microorganisms,
and soil. The environmen-
tal conditions can differ
from the surroundings.
Organisms are primarily
attracted by easily available

microbial activity and thus the scavenging for and mobilization of nutrients S
carbon in this zone.

in the soil, which in turn can be taken up by mycorrhizal fungi and plant

species in the system (Hodge ez a/., 2001; Toljander ez al., 2007; Leigh et al., 2009).

Box 3: Heterotrophy

Heterotrophy (greek heteros = different and #rophé = nutrition) describes the nutrition of an organism
from existing organic compounds by the breakdown of these compounds for their energy supply

and the creation of tissues or endogenous substances (Sadava ez a/., 2011; Wittig & Streit, 2004).

Members of heterotrophic organisms are animals, fungi, most bacteria, archaea, and certain plant
species. Ecologically, heterotrophs are consumers in contrast to autotrophs as producers (Sadava ez
al., 2011; Wittig & Streit, 2004). The nutrition of heterotrophs can be plant-based, carnivorous, or
omnivorous. Particularly many fungi occupy an important ecological role as decomposers serving

as sanitary police.

Producers and consumers form a nutritional network of different trophic levels depending on their
nutrient sources. Stable isotope patterns of “C and "N have been shown to demonstrate the
nutritional mode and trophic level of organisms (DeNiro & Epstein, 1978, 1981), and with the
availability of a lower and an upper end member, the percentual nutrient gain of an organism can be
calculated (Marshall & Ehleringer, 1990). Producers are the most depleted organisms in the trophic
chain, and with each new trophic level a trophic enrichment of approximately 3 %o in N and

approximately 1.5 %o in °C occurs (DeNiro & Epstein, 1978, 1981; Post, 2002). That way, nutrition

from sources of different trophic levels can be evaluated.
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Initially originated from plant leaves, the leaf litter represents another
pathway by which C and nutrients can enter the soil system (¢f Deyn ef al.,
2008; Mikutta ef al., 2019; Frey, 2019). Leachates of dissolved organic matter
(DOM) (Mikutta e al., 2019; Frey, 2019) represent a valuable C source for
microbes. The litter quality of leaves can be variable depending on the plant
species it originated from, and degradability depends on the C:N and lignin:N
ratio of the leaf tissues (Cornelissen ez a/., 2001; Deyn et al., 2008; Phillips ez
al., 2013; Midgley ez al., 2015).

Similar to fungal-originated compounds, root exudates and residues can
contribute to soil C inputs and storage while also solubilizing and mobilizing
C and N bound to mineral surfaces »iz e.g., organic acids or hydrolytic
enzymes (Jilling e al., 2018; Angst e al., 2021). Thus, stabilized SOM can hold
two functions: (i) serving as an essential sink capturing large amounts of
atmospheric CO» belowground, contributing a positive effect on climate
change conditions, and (i) acting as a source for C and N when being

solubilized, remobilized and mineralized (Jilling e# /., 2018; Daly e# al., 2021).

Introduction

Brown rot fungi. A group
of  saprotrophic  fungi
capable to degrade plant
cellulose wusing cellulase
enzymes. The remaining
cube-like

textures and is responsible

lignin  shapes
for the brown color of
degraded plant tissue.

White rot fungi. A group
of saprotrophic agarico-
mycete fungi capable to
degrade plant lignin using
laccase enzymes alongside
the degradation of cellu-
lose and hemicellulose. Re-
siduals shape defibrillated
and white plant tissue.

Particularly SAP fungi are capable of releasing C and N from complex and recalcitrant plant tissues

such as wood (Baldrian, 2008; Martin ef a/., 2016). Typical wood decomposing fungi are brown rot

and white rot fungi whose ability to access C from cellulose zia enzymatic decay also largely

impacts their stable isotope signature towards the °C enriched signature of the cellulose (Gleixner

et al., 1993). It has been suggested that some ectomycorrhizal fungi possess the ability to obtain

some C from the decomposition of wood or litter as well (Zeller ez a/., 2007). Still, it remains widely

presumed that the dominant C source for mycorrhizal fungi derived from the plant partner

(¢ Lindahl & Tunlid, 2015; Zak et al., 2019).

1.5 Impact of the plant-fungi-association on soil organic matter

Organic material in soils, the SOM, represents the most extensive depository for C and N on earth

(Batjes, 1996). SOM is composed of myriad organic compounds, which range in level of decay

from largely undecomposed fresh plant litter to highly converted organic matter (Schmidt ez al.,

2011; Lehmann & Kleber, 2015). In the progression of decay and the formation of SOM, organic

components of different size, intricacy, and biodegradability are formed (Litzow ef al., 2007;

Lehmann ef al, 2020; Angst et al., 2021), and can exist as free particles or attach with mineral

surfaces (¢ Lehmann & Kleber, 2015). Thus, the different genesis, chemical formulation,

persistence, and function of these compounds lead to the emergence of distinct pools and fractions

of organic matter (Golchin ez al., 1994; Lavallee et al., 2020).
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To evaluate the fate of C and N within the complex continuum of SOM, a separation of SOM into
measurable fractions is required (Poeplau ez /., 2018). The distinction between particulate organic
matter (POM) and mineral-associated organic matter (MAOM) is a valuable way to analyze
differences in the storing of C and N and to draw comparisons of SOM dynamics between different

systems and studies (Golchin ez a/, 1994; Lavallee ez al., 2020).

Particulate OM is predominated by inputs of plant-originated, complex structural C compounds
(Baldock & Skjemstad, 2000; Lavallee ez a/., 2020; Angst ez al., 2021). Although a majority of POM
is susceptible to degradation (Christensen, 2001; Litzow ez al, 2007; Cotrufo et al, 2019),
incorporation within aggregates and high chemical complexity (e.g., aromaticity, aliphaticity) of
specific constituents can lead to high persistence of parts of POM (Mueller & Koegel-Knabner,
2009). Compared to POM, the MAOM fraction is primarily driven by microbial inputs (Kopittke
et al., 2018; Kopittke ez al, 2020), whose association to mineral surfaces reduces vulnerability to
decay (Litzow ez al., 2007; Kégel-Knabner e al., 2008; Poeplau ez al., 2018; Lavallee ez al., 2020).
Nonetheless, plant-originated biomolecules such as litter leachates also add to MAOM (Mikutta ez
al., 2019; Sokol & Bradford, 2019). As a result, recent studies point to a stronger consideration of

plant contributions complementing microbial contributions to MAOM (e.g. Angst ef al., 2021).

Box 4: Source and process information

Stable isotope signatures possess information about the sources and processes of an organism or
system. Changes in the isotopic composition can be predicted and used to identify mechanisms

and the fate of compounds.

Process information is generated when physical or chemical reactions cause an isotopic fractionation
(Fry, 20006). The difference in the frequency of isotopes between the substrate of the reaction and
the product of the reaction provides information about the conditions of the reaction. Examples
for process information gained by stable isotope applications are the different forms of plant
photosynthesis, Cs, Cs4, or CAM photosynthesis, where the activity of various enzymes results in

different carbon isotopic signatures (Dawson ez al., 2002; Fry, 2000).

Source information allows drawing interferences from different isotopic frequencies of single
ecosystem compartments or substrate classes about the origin (source) of single substances (Fry,
2006). This allows determining which substance is derived from which ecosystem compartment.
An example of source information is the N signature of legumes derived from N fixation from

the air in nodules compared to N sources from soil (Dawson ez al., 2002; Peoples e¢f al., 2015).
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Despite distinct chemical and physical attributes, POM and MAOM fractions represent dynamic
systems and are interconnected e.g., z7a fungal hyphae that serve as vectors for C and N transfers
(¢ Vidal ez al., 2021). Plant-originated compounds can act as a starting point for MAOM formation
(Witzgall ez al., 2021), and fungi active in POM fractions can contribute to the generation of MAOM
with microbially converted products and fungal residues (e.g., Gleixner, 2013). Consequential,
MAOM fractions are not as insusceptible to remobilization and mining attacks then could be
assumed. Roots and the rhizosphere can remobilize and detach organic material from MAOM via
exudate excretion (organic acids) and microbial priming, while fungi can liberate N from MAOM

via enzymes (Jilling ez al., 2018; Daly e# al., 2021).

For this reason, MAOM can be both a sink for C and N through mineral associations and shielding
of organic matter from microbial processing, as well as a source of C and N through remobilization
processes. Owing to the low C:N ratio of MAOM (Liitzow ¢ al., 2007; Cotrufo ez al., 2019) and a
prevalence of microbial inputs, MAOM can be a valuable source of organic N for plants and
microorganisms. It should be emphasized that the rate of mobilization and solubility is a function
of the properties of minerals and soil, coupled with their interaction with microbes and MAOM at

the respective site (Jilling ez /., 2018).

1.6 Impacts of climate change on nutrient cycling and SOM dynamics

The functioning and interplay of the plant-microbe-soil system is affected and threatened by
changing conditions in conjunction with climate change, such as increasing atmospheric CO; levels,
rising temperatures and resulting invasion by non-native plant species (e.g., Treseder, 2004; Cheng
et al., 2012; Liu et al., 2017; Kuzyakov et al., 2019). Both aboveground vegetation and belowground
soil pools can remove and store CO, from the atmosphere, and particularly soils are a significant
sink for C (Dixon ez al, 1994; Ainsworth & Long, 2005; Kuzyakov e/ al., 2019). Whether this C
remains stored in soil or is released to the atmosphere depends on the balance between C inputs
from primary production and the outputs by SOM decomposition (Phillips e# /., 2012). Notably,
the potential of C release from SOM #zia microbial decomposition depends not only on the level of
atmospheric CO; but also on the system’s nutrient availability (Treseder, 2004). While most often
an increase in plant and fungal biomass in response to increasing concentrations of atmospheric
CO; were observed (Sanders e al., 1998; Treseder & Allen, 2000; Treseder, 2004; Alberton ef al.,
2005; Drigo et al., 2010), increased atmospheric CO, levels frequently cause a nutrient limitation
on the plants’ site (Oren ez al., 2001; Schlesinger & Lichter, 2001; Finzi ez al., 2002). This might
become aggravating when the increased C supply from plants’ site transferred to the fungal partner
does not pay back in an increased nutrient transfer from fungi to plant, but the fungi become a

sink for nutrients (Progressive Nutrient Limitation hypothesis, PNL) (Luo e/ 4/, 2004; Johnson,
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20006). However, several studies reported an increased N uptake with increasing CO; (summarized
in Johnson, 2000), suggesting for N acquisition strategies supporting the N uptake under elevated

CO, conditions.

A plant group often greatly benefitting from globalization and climate change conditions are
invasive plant species (Liu ez @/, 2017). Invasive or alien plant species are non-native plants
introduced to habitats they did not occur in originally (Callaway & Aschehoug, 2000). In their new
habitat, invasive plant species often occupy a growth and/or reproduction benefit over the native
plant species, increasing the risk of out-competition of native plant species and related organisms
(Callaway & Aschehoug, 2000). Moreover, due to their dominance in many habitats and often a
production of fast decaying litter (Jo ez al., 2017) and exudate-accelerated SOM decomposition
(Bradford ef al., 2012; Mortis e al., 20106), invasive plants can impact the soil microbial community
(Sokol e al., 2019), SOM C and N cycling and turnover processes (Liao et al., 2008; Craig e/ al.,
2019).

With respect to contrasting mycorrhizal associations with ECM or AM fungi, it was shown that
AMe-associated systems tend to be more vulnerable to the invasion by non-native species relative
to ECM-associated systems (Jo ¢z al., 2018). The facilitated spread of invasive plant species may be
attributed to the higher litter quality and nutrient availability in AM-associated systems combined
with a more favorable soil pH than in ECM-associated systems (Phillips e# a/., 2013). Given the
differences in plant invasion depending on the mycorrhizal-association of native plants and the
effect of invasive plants on SOM dynamics, understanding the mechanisms and processes ongoing

with plant invasion in systems with contrasting mycorrhizal association is indispensable.
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2 Objectives of this thesis

This thesis aims to span a comprehensive perspective on the role of mycorrhizal fungi for C and
nutrient trading in the plant-microbe-soil system. The role of plant and microbial inputs to SOM

in systems with a distinct mycorrhizal association was investigated.

Therefore, (1) the stable isotope signature of AM hyphae as an active transfer site between plant
and soil will be compared to frequently applied analyses of PLFAs/NLFAs (Manuscript 1). Hence,

methods to isolate AM hyphae from roots and soil will be established or modified.

This information will (2) provide a vital missing data link of AM fungal tissue in a temperate
deciduous forest in the USA, where C and N inputs from various sources to SOM fractions will be
deciphered #za a combined approach of stable isotope and amino sugar analyses (Manuscript 2). A
Bayesian Inference Isotope Mixing Model will determine probabilities of the contributions of

plant- and microorganism-derived inputs to SOM fractions.

Besides the effect of AM fungi on SOM, (3) the contribution of ECM fungi to SOM
decomposition and nutrient provision will be revealed by analyzing the degradative capabilities of
different ECM fungal species in a microcosm study (Manuscript 3). Further, the microcosm study
aims to decipher N-fractionations between plant, fungi, and soil hardly measurable in the field, but
essential for understanding N-cycling patterns in mycorrhizal fungi-associated systems on a detailed

basis.

As the functioning and storage patterns of native AM ss. ECM systems can be affected when
invasive species are introduced (4), a CO, analysis priming study analyzed the vulnerability of SOM
in AM »s. ECM systems to changing conditions due to the invasion by a non-native grass

(Manuscript 4).

Elevated CO: levels due to climate change further affect the functioning of plant-microbe-soil
systems (5) by impacting nutrient availability, cycling and decomposition. 7z a climate control
chamber experiment, the response of plants with different microbial interactions to acquire soil
nutrients to elevated CO; conditions will provide insights into the profiteers and losers of climate

change within the plant-microbe-soil system (Manuscript 5).
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Olyectives of this thesis

The manuscripts that this thesis comprises and their main aims are the following:

* Manuscript 1 identifies the °C and "N stable isotope signatures of AM hyphae. It shows
the necessity of stable isotope data of AM fungi, and relates the method of hyphae isolation

to commonly applied estimates of spores, PLFAs and NLFAs.

* Manuscript 2 adds the information on AM fungal isotopic signatures to identify the inputs
from plant tissues and different microbial groups (AM and ECM fungi, SAP fungi, bacteria)
to various SOM fractions. The combination of stable isotope data in a Bayesian Inference
Isotope Mixing Model with amino sugar data provides insights into the fate of C and N

from different sources to various POM and MAOM fractions.

® Manuscript 3 takes a closer look at the capabilities of four different ECM fungi to degrade
SOM using a disparate repertoire of enzymes and investigates isotopic N fractionation in
the plant-fungi-soil system in detail. This will imply if the frequency of distinct fungal
species can essentially control SOM decay but also favors fungal inputs to SOM via

extensive mycelial growth.

* Manuscript 4 analyses the impact of an invasive plant species on SOM decomposition in
systems with AM- »5. ECM-association. The response of the invasive species to the distinct
nutrient economies per mycorrhizal association may provide management strategies for
invasive plant species along with a predicted shift in plant community composition from

ECM to AM tree species under climate change.

® Manuscript 5 focuses on the response of plant species with different microbial
interactions to acquire soil nutrients to elevated CO, and how nutrient limitation is
alleviated or aggravated on plant and microbial sites. This will allow drawing predictions
on how these plant and microbial species may cope with climate change and establish

strategies to manage their thriving and minimize undesired effects of climate change.
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3 Methodological approaches

3.1 Tracing carbon and nutrient fluxes and estimating inputs

Different methods have been used to trace and estimate C and N fluxes within the plant-microbe-
soil system, all with distinct advantages and disadvantages. The combination of several of these
specific methods is a reliable way to minimize weaknesses of single methods and to enhance

scientific understanding of C and nutrient fluxes in the complex plant-microbe-soil system.

As stable isotope applications bear source and process information of the system (Box 4), they
represent a reliable tool to trace inputs and fluxes (Fry, 2006; Hobbie & Hégberg, 2012; methods
applied in manuscripts 1-5). Two applications are primarily utilized: (i) natural abundances of stable
isotopes of both bulk samples, or component-specific (Gleixner, 2013) and (ii) labeling approaches,
for which a distinct component or compartment of the system gets artificially enriched in heavy
isotopes to trace its fate in the system (Fry, 2006). While labeling approaches facilitate the follow-
up of distinct compounds and allow for a clear statement about the fate of the labelled substance,
they are often limited by snapshot results and the artificial enrichment which may not represent
natural conditions (Fry, 2006). Conversely, natural abundances of stable isotopes are not limited
by those artificial conditions but interpreting their patterns requires sound knowledge of
fractionation processes during modification steps within the system (Fry, 2006; Hobbie &

Hégberg, 2012).

The utilization of stable isotopes to trace C and N fluxes in the plant-microbe-soil system demands
knowledge of the isotopic patterns of the respective constituents (e.g., leaves, soil, fungi). While
sporocarps of ECM and SAP fungi are easily collectible and thus measurable (e.g., Gebauer &
Taylor, 1999; Kohzu ez al., 1999; Hobbie ez al., 2012; Chen et al., 2019), the hypogaeic sporocarps
of AM fungi (Jobim ez al. 2019) aggravated their analysis. The analysis of extra- and intraradical AM
hyphae following modified methods by Brundrett e a/. (1994) and Saito (1995) allows gaining
information on the hyphae as nutrient trading organ (method applied in manuscript 1; plus
development of mechanical isolation approach). The interpretation of the data demands the
consideration of other accompanying fungal hyphae (e.g., soil fungal community in field samples,
endophytic root fungi) or bacterial biofilms on the hyphal surface. Moreover, a trade-off between
avoiding isotopic fractionation by excluding the application of digestive enzymes (4. Saito,

1995) vs. the risk of causing cytoplasm loss by breaking fine hyphae needs to be evaluated.

Bayesian Inference Isotope Mixing models (Parnell e a/., 2010; Parnell & Jackson, 2013) can aid
deciphering the contribution of various inputs to a specific source (e.g., POM, MAOM; method
applied in manuscript 2). Informed with the isotopic data and prior information such as C- or N-

contents, trophic enrichment, or fractionation factors, this model uses Bayesian statistics to

33



Methodological approaches

calculate probabilities for each input group to contribute to the respective source (Parnell ef /.,
2010; Bond & Diamond, 2011). Sound knowledge of the system analyzed, and its constituents is
necessary and basic requirements need to be fulfilled (e.g., data within the mixing polygon) (Phillips
& Gregg, 2003; Parnell ez /., 2010; Bond & Diamond, 2011).

Amino sugars, cell wall components of bacteria and fungi (Amelung, 2001), are a tool to identify
the contribution of microbial tissues to SOM (method applied in manuscript 2). Typically, the four
amino sugars muramine, glucosamine, mannosamine, and galactosamine are measured. Bacterial
tissues can be related to muramic acid, while fungal tissues are related to glucosamine (Amelung,
2001; Joergensen, 2018). With the application of conversion factors determined by Appuhn &
Joergensen (2006) and Engelking e a/. (2007) the contribution of bacterial and fungal C and N to
SOM can be calculated. While amino sugars do not allow for an itemization of microbial groups
(e.g., mycorrhizal »s. saprotrophic fungi), their combination with stable isotope analyses provides

more detailed differentiation of microbial groups (Joergensen, 2018).

Analyzing PLFAs or NLFAs is widely applied to estimate the amount of bacterial and fungal tissue
contributions to a (soil) system (Olsson, 1999; Joergensen & Wichern, 2008; Wallander ez a/., 2009;
Walder e al., 2012, 2013; Paterson et al, 2016; Suetsugu ef al, 2020; methods discussed in
manuscript 1). This method allows for the separation of microbial groups, with specific fatty acids
for Gram-positive or Gram-negative bacteria, saprotrophic, ectomycorrhizal, or arbuscular
mycorrhizal fungi (Olsson, 1999; Balser ez al., 2005; Paterson ef al., 2016). However, PLFA and
NLFA analyses are limited by the overlap of specific fatty acids with other compounds,
e.g., C16:1w5 for AM fungi is also present in some Gram-negative bacteria and degrading spores
(Nichols e al., 1986; Joergensen & Wichern, 2008; Ngosong ¢# al., 2012; Paterson ez al., 2016).
Despite their higher specificity, NLFAs suffer from interferences with distinct NLFAs in spores
ot dead biomass with long residence time (Paterson e /., 2016). Currently the lack of an AM fungi-

specific fatty acid hampers precise statements for AM fungi (¢~ Olsson, 1999).

Analyses of CO; concentrations and isotopic signatures zia e.g., soil cores allow for identifying

shifts in microbial respiration (Werth & Kuzyakov, 2010) with e.g., different
mycorrhizal association or presence of an invasive plant species (method
applied in manuscript 4). This method particulatly aims to estimate the
priming effect, ergo the activation of microorganisms za C inputs to soil (e.g.,
Werth & Kuzyakov, 2010; Pausch ez /., 2013; Chao ez al., 2019). Utilizing the
distinct isotopic signatures of soils from C; or C, plant cover allows
separating CO; fluxes into different sources (e.g., native SOM-derived vs.

invasive plant-derived) 2z two-source isotopic mixing models. The
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application of Miller/Tans models is considered to account for impacts
caused by atmospheric CO, (Miller & Tans, 2003; Pausch & Kuzyakov, 2012).
The difference between the invasive plant-derived CO, and the native SOM-

derived CO; depicts the priming effect.

SOM describes the entirety of organic matter found in soil. SOM comprises
living organic matter, the edaphon, dead organic matter, and substances
exuded by plants and the edaphon (Sadava ez 4/, 2011; Wittig & Streit, 2004).
SOM occurs in various stages of decomposition, with different complexities

of compounds being present. Resulting from the continuum of

Cs plant. A plant that
conducts C4 pathway of
photosynthesis with pre-
fixation of CO; to oxal-
acetate. Prefixation and
Calvin cycle occurs under
spatial separation, allowing
for a higher rate of photo-
synthesis and a superiority
of Cq4 plants relative to Cs
plants in arid regions. The
13C isotopic signature of Cy

plants is app. —14 %eo.

decomposition present for SOM, separation into different fractions of SOM aids in identifying
processes and mechanisms coupled to SOM dynamics (Golchin e al, 1994; Lavallee ¢f al., 2020).
While a variety of methods to separate SOM into fractions occurs, a most recommended approach
is the separation into POM and MAOM (Lavallee e# @/, 2020; Figure 3). This separation is
conducted zia solubilizing SOM in a mixture of sodium-hexametaphosphate and water and
separating fractions vz a 53 um sieve. The fraction on top of the sieve (> 53 um) then represents
the POM fraction, and the fraction washed through the sieve (< 53 um) represents the MAOM
fraction. A finer separation of POM and MAOM fractions can be performed, for example, via a
particle size and density separation (Amelung & Zech, 1999; Mueller ¢/ al., 2014), whereby SOM is
washed through different sieve sizes and further separated according to its density in sodium
polytungstate (SPT; method applied in manuscript 2). Finer separation enables to follow the
process of SOM decomposition concerning the fate of particular substances and compounds, e.g.,
from leaf litter to large or small POM particles, or to compare processes in systems with distinct

mycorrhizal association.
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Figure 3: Fractions resulting from particle sige and density fractionation (modified from Lavallee et al., 2020).
Arrows indicate SOM formation pathways. POM = Particulate Organic Matter; MAOM = Mineral-Associated Organic
Matter; DOM = Dissolved Organic Matter
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3.2 Field site Moore’s Creek Research and Teaching Preserve

The field site Moore’s Creek Research and Teaching Preserve in Bloomington, Indiana, USA
(Figure 4) was selected for the analysis of plant- or microbial-derived contributions to different
SOM fractions under AM- or ECM-associated tree species (¢. Manuscript 2) and the effect of an
invasive grass species on SOM dynamics in AM- or ECM-associated systems (¢ Manuscript 4).
The field site comprises a mixed, temperate deciduous forest of around 80 years age, with a
characteristic ridge-ravine topography (39°05' N, 86°28" W, ¢ Midgley & Phillips, 2016). The soils
are sandstone-, siltstone- and shale-derived unglaciated Inceptisols; the mean annual temperature
is about 11.6 °C, and the site experiences about 1200 mm mean annual precipitation (Midgley &
Phillips, 20106).

Dominant ECM-associated tree species are Quercus alba L., Quercus rubra L., Quercus velutina LAM.,
Fagus grandifolia EHRH. and Carya glabra MI1L.; dominant AM-associated tree species are Liriodendron
tulipifera 1., Sassafras albidum NUTT, Acer saccharum MARSHALL and Prunus serotina EHRH. (Phillips ez
al., 2013; Midgley & Phillips, 2016). To avoid impacts caused by topography of Moore’s Creek
forest (Figure 4c), the analyses and sampling was restricted to trees growing on the upper third of

north-facing ridges (¢ Manuscript 2).

Figure 4: Field site Moore’s Creek forest with its ridge-ravine topography (c). Mycelinm: of saprotrophic fungi (a) and sporocarps
of mycorrhizal Cortinarius sp., saprobic Laetiporus sulphurens (d) and mycorrhizal Inocybe sp. (e).
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“The world depends on fungi, becanse they are major players in the cycling of materials and energy
around the world’
E. O. Wilson
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Tracing soil carbon and nitrogen cycling in arbuscular and ectomycorrhizal systems

Chapter 1 introduces

- The plant-fungi-soil system

- The role of fungi in ecosystems

- Stable isotopes and fungi

- Carbon and nutrient fluxes in the plant-fungi-soil system

- Impact of the plant-fungi-association on soil organic matter

- Tracing carbon and nutrient fluxes and estimating inputs

- Impacts of climate change on nutrient cycling and SOM dynamics

- Objectives of this thesis

Chapter 2 presents the

- Main results
- Author contributions
- List of further publications

- References

Chapter 3 displays the

- Manuscripts of this thesis

- Declaration
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Tracing soil carbon and nitrogen cycling in arbuscular and ectomycorrhizal systems
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Synopsis

Chapter 2

4 Synopsis
4.1 Manuscript 1: Stable C and N isotgpe natural abundance of intraradical hyphae of arbuscular mycorrbizal
Sfungi

Though stable isotope natural abundance patterns represent an effective tool to trace C and
nutrient shifts in plant-microbe-soil systems, for mycorrhizal systems they are limited due to the
lack of a quantifiable way of arbuscular mycorrhizal fungi in the ecosystems. This results from the
hypogaeic growth of AM fungal sporocarps, causing challenges for collection and analysis (Jobim
et al., 2019). While specific compounds like lipids associated to membranes or storage structures,
fungal spores, or soil hyphae served as a surrogate for AM fungi stable isotope signatures, the
isotopic patterns of intraradical hyphae as functional nutrient trading organ remain largely obscure.
Therefore, methods to determine the isotopic signatures of intra- and extraradical hyphae were
developed or existing procedures modified. In a split-microcosm experiment, AM fungus
Rhbizophagus irregnlaris was inoculated to the grass Festuca ovina or the legume Medicago sativa grown in
a sterile soil-sand-mixture. Intraradical hyphae were isolated from plant roots »iz a developed
mechanical or an enzymatic approach (modified from Saito, 1995). Additionally, soil hyphae were
extracted zia a modified approach by Brundrett ez o/ (1994) to compare isotopic signatures of
intraradical and extraradical hyphae. Independent of the plant partner, hyphae of R. zrregularis were
enriched in °C and "N relative to plant tissues and enriched in N relative to the soil (Figure 5).
Our results indicate the potential of AM fungi to gain low molecular weight organic N compounds,
resulting in 2 "N enrichment of AM hyphae. The "C isotopic patterns underline the C gain from
the plant partner, most likely a combination of carbohydrates and lipids (¢ Jiang ez al, 2017
Keymer e# al., 2017; Luginbuehl ¢# al., 2017; Rich e al., 2017). The consistency of an enrichment
in ”C and "N for AM hyphae needs to be evaluated for further species and genera, as variability
occurs for e.g., AM spores (Courty ez al., 2015). Our data supplement existing data on membrane
biomarkers and spores of AM fungi by the hyphae as the functional nutrient trading organ. The
transferability to field studies likely will be limited by the presence of a diverse fungal community
that needs to be separated from AM fungi. However, if technical possibilities for this separation
are available stable isotope natural abundances of AM hyphae will support the understanding

of C and nutrient trading in plant-microbe-soil systems.
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Figure 5: Dual isotope scatter plot of 6°IN and 07°C isotopic values of leaves, roots, soil, and AM hyphae of Festuca ovina
and Medjcago sativa inoculated with Rhizophagus irregularis (Figure taken from manuscript 1). AM hyphae from both soil
and mechanical isolation were more 6°IN- and 0" C-enriched than plant tissues, and more 6"°N-enriched than soil.
FL. = Festuca  leaves, MI. = Medicago /leaves, FR = Festuca roots, MR = Medicago roots, FS = Festuca soil,
MS = Medicago soil, FSH = Festuca soil hyphae, MSH = Medicago soil hyphae; FMH = Festuca hyphae from mechanical
isolation, MMH = Medicago hyphae from mechanical isolation.

4.2 Manuscript 2: Plant and fungal contributions to C and IN in soil organic matter fractions

Applying the established method for isolating of AM hyphae from roots developed in
manuscript 1, we aimed to trace C and N trading from plants za fungi and microbes to soil and
various fractions of SOM. Currently, our knowledge of the contributions of C and N inputs from
plant and microbial residues to SOM fractions remains somewhat limited, and particularly the
contribution of different fungal groups like ECM, AM, or SAP fungi is almost unknown.
Transferring the Bayesian Inference Isotope Mixing Model frequently applied in food web studies
(e.g., Parnell ef al., 2010) to plant-microbe-soil systems with distinct mycorrhizal association (AM-
or ECM-associated) sought to partition inputs from plants (leaves, roots) and microbes
(mycorrhizal fungi, saprotrophs) to SOM sources. The concomitant analysis of amino sugars
supplemented information on microbial residues. The study was conducted around trees with
either AM-association (Lzriodendron tuljpifera) or ECM-association (Quercus alba), aiming to evaluate

distinct contributions depending on leaf litter quality differences and nutrient cycling patterns
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(¢f MANE framework; Phillips e# al, 2013). Soil OM was separated into POM and MAOM
fractions of large (> 63 um), medium (> 20 um), and small (< 20 um) size according to a modified
method from Amelung & Zech (1999) and Miiller e# a/. (2014). A shift from “C and "N depleted
POM fractions resembling plant tissues to enriched MAOM fractions resembling fungal tissues
was discovered for both mycorrhizal associations. For POM fractions, a dominant contribution of
plant tissues was calculated for both tree species, followed by SAP and then ECM fungal inputs
(Figure 6). MAOM fractions were dominated by fungal inputs, with SAP fungi dominating over
ECM fungi (Figure 6). While AM fungal residues contributed little to SOM fractions, their
activation and fueling of saprotrophic organisms with plant-derived C likely resulted in the high
presence of SAP fungi in the AM tree system. Microbial residues (as fungal and bacterial amino
sugars) supported a significant role of ECM and SAP fungal residues for SOC storage in both
POM and MAOM fractions. Fungal C contributed most to POM fractions, while both fungal and
bacterial C contributed to MAOM fractions. Agreeing with recent literature by Angst ez a/. (2021),
around 40% of plant-derived C contributed to MAOM fractions. Therein, root-derived inputs were
most important, while 60% microbial-derived C highlight the dominance of microbial inputs to
stable SOM. This aligns with plant-derived POM acting as a starting point for the microbially-
driven mineral association of OM as described by Witzgall ef a/. (2021). The lack of differences
between tulip poplar and white oak systems in isotopic and amino sugar patterns is likely attributed
to the co-existence and mixing of mycorrhizal types in our mixed forest. Analyses in mono-
dominated stands could aid to overcome this issue. Concluding, our results highlight the
importance of different microbial inputs for C and N storage in SOM fractions and that fungal
communities should be considered for supporting long-term soil C storage. Further studies should
aim at a better understanding of the accessibility of N sources and N fractionation processes to
further improve the accuracy of the mixing model predictions. This will help to predict the effects
of divergent actors in the plant-microbe-soil systems, e.g. through different ECM fungi with

different degradation potential and thus accessibility to N sources.
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Figure 6: Stacked bar plots of the contributions of inputs from plant leaves (light green), roots (turguoise), ECM (purple),
SAP (olive) and AM fungi (white) to POM (small, medinm, and large size) and MAOM fractions (small and large size) of
(a) white oak and (b) tulip poplar (figure taken from manuscript 2 with colour modifications). Plant inputs contributed most
to POM fractions for both tree species, while SAP and ECM fungal inputs contributed most to MLAOM fractions.
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4.3 Manuscript 3: Nitrogen fluxes between Pinus  sylvestris and  ectomycorrbizal fungi with different
decomposition abilities — an in vitro stable isotope approach

Despite the identification of fungal guild-specific inputs to stable SOM in the field in manuscript 2
it remained unclear, whether the N isotopy is determined solely by soil N sources, or if it is
additionally impacted by fractionation processes within the plant-fungi association. Therefore,
detailed microcosm studies with different ECM fungi were conducted, in order to decipher the
effects of fungi on N isotopy and how different fungal enzymatic repertoires affect the C and N
trading within the mycorrhizal association. Certain types of mycorrhizal fungi, such as ericoid or
ECM fungi, have the ability to mobilize organic N (and thus C) from SOM. As ECM fungi, typical
for temperate and boreal forests, derived from multiple independent evolutionary lineages,
different ECM fungi have varying capabilities for SOM breakdown (¢ Martin e a/. 2016; Shah ez
al., 2016). In a microcosm study, we sought to investigate the various capabilities of four ECM
tungi, Laccaria laccata, Laccaria bicolor, Pisolithus arhizus, and Paxillus involutus, to access different N
forms from SOM, how this is related to the association to their plant partner Pinus sylvestris
(Figure 7) and whether N isotopy is determined by soil N sources or additional isotopic

fractionation processes.

Figure 7: Depiction of the microcosms utilized in manuscript 3. A glass tube was fixated to the lid of a glass Petri dish and
sealed with a cotton plug (a). The Petri dish was separated into an agar-only compartment and a soil-agar compartment with
a 30 wm mesh barrier. A sapling of Pinus sylvestris was placed into the glass tube and roots were inserted into the agar. A
Dplng of fungal mycelinm was placed in close proximity to plant roots on the agar-only compartment (b). The Petri plate
representing the belowground soil part was wrapped in alumininm foil. Microcosms were places in a climate control chamber
during the duration of the experiment (c).

Fluxes of C and N between plant, fungi, and soil were analyzed as shifts in the natural abundances
of stable isotopes of C and N. At the same time, changes in root morphology, e.g. branching
patterns, were accessed za root scanning analyses. The association with ECM fungi had a positive
effect on plant biomass, likely due to a CO,-fertilization effect within the microcosms, except for

the association with L. bicolor. The fact that %N in roots and shoots decreased with fungal
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association (except L. bicolor), but biomass-related N-content remained constant indicates a dilution
effect due to increased biomass and/or increasing N-limitation. Nitrogen limitation as a reason was
further supported by an increased occurrence of more delicate roots for plants associated with
P. arbizus, P. involutus, and L. laccata. Although belonging to the same genus, L. laccata, and L. bicolor
appeared to possess different enzymatic repertoires, as the association with L. bicolor seldom
differed from the plant alone treatment. All ECM fungi were more ""N-depleted than the soil,
indicating a primary reliance on inorganic N sources. Nevertheless, P. arhizus, and P. involutus had
greater access to "N-enriched N sources due to their higher degradative capabilities relative to

Laccaria species (Figure 8).

Root morphology changed to an increase in finer roots and higher branching with plant association
for all fungal associations allowing for an enhanced nutrient uptake, except for the association with
L. bicolor. These results indicate that apart from the enzymatic repertoire of an ECM fungus, the
symbiosis with a plant and/or the N availability in the system dictates the capacity of ECM fungi
to benefit from organic N sources. Thus, in ECM-associated systems, the fungal community, its
degradative capabilities, and its response to changes in e.g. N-availability likely affect nutrient
cycling and storage, SOM decomposition and the vulnerability of SOM to changing environmental

conditions.

£ "5 N[%0]

L. bicolor L. laccata Pis. arhizus Pax. involutus

Fungus

Figure 8: Boxplots of enrichment factor e IN values of ECM fungi Laccaria bicolor (red), Laccaria laccata (yellow), Pisolithus
arhizus (blue) and Paxillus involutus (purple) grown in miicrocosms associated to Pinus sylvestris (Figure taken from manuscript
3 with colour modjfications). The median is represented by the black line in the middle of the box, the box margins represent
the 25" and the 75" percentile. The interquartile range (LOR) is represented by the box length. Whiskers state the minimum
(25 percentile — 1.5 > IOR) or the maxcimunm (757 percentile + 1.5 x IQR) and outliers are given as black dots. Higher
e N-enrichment indicates for access to > N-enriched compounds. Pisolithus arbizus and P. involutus had bigher e°IN values
than Laccaria bicolor and Iaccaria laccata.
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4.4 Manuscript 4: Organic matter priming by invasive plants depends on dominant mycorrhizal association

Despite the presence of more SOM (in form of POM) in the topsoils of ECM systems relative to
AM systems (Craig e a/l. 2018) it remained unclear how vulnerable this SOM is to changing
conditions. As pressure by e.g., alien species invasion is predicted to increase in the future,
impacting N-mineralization rates (Craig ef al, 2019) and ultimately affecting the competition
between mycorrhizal and SAP fungi, we investigated AM- and ECM-systems prone to plant
invasion for the speed of SOM decomposition. Promoted by favorable environmental conditions,
through e.g., climate change conditions or competitive advantages, invasive plants can invade
ecosystems and modify processes of nutrient cycling and SOM formation/stabilization, e.g., via
increased litter or exudate inputs (Jo ef al., 2017; Bradford ez al., 2012; Mortis et al., 2016). However,
in situ measurements of the severity of these effects in terms of magnitude and direction have rarely
been investigated. In a temperate, deciduous forest in the USA, we analyzed the effect of the
invasive Cy grass Microsteginm vimineum on decomposition under Cs trees with either AM- or ECM-
association. Effects on decomposition were measured as CO, fluxes from soil cores and used to
calculate priming effects depending on plant invasion and differences by mycorrhizal-association-
induced soil properties (¢ MANE-framework; Phillips ez @/, 2013). Invasion by M. viminenm
increased decomposition by 58 % around ECM trees (Figure 9, positive priming effect) with soils

low in N and POM as a dominant form of SOM.
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Figure 9: Rhbizosphere priming effect (umol CO2 n? 5') for AM-associated systems vs. ECM-associated systems (Figure
taken from manuscript 4). Error bars indicate standard error (SE); different small superscripted letters indicate significant
differences between the mycorrhizal associations. While for AM-associated systems negative priming effects occurred, priming
¢ffects were positive for ECM-associated systems.
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Conversely, around AM trees with high soil N and MAOM as a dominant form of SOM
decomposition was decreased by 14 % with M. viminenm invasion (Figure 9, negative priming
effect). Our results underpin the ability of invasive plant species to modify SOM decomposition.
While ECM-systems contain higher amounts of SOM in topsoils than AM-systems, our results
show that this SOM is more vulnerable to changing conditions and C and nutrient losses. Apart
from the impact of invasive species, the functioning and interaction of the plant-microbe-soil
system is vulnerable to further changing conditions such as the climate change-driven increase in

atmospheric CO; concentration, that might modify processes of nutrient cycling and storage.

4.5 Manuscript 5: Plants benefit more from elevated CO; in terms of nutrient acquisition than microbes despite
different plant-microbial interactions

Not just invasive plant species impact SOM turnover processes but increased atmospheric CO.
concentrations due to climate change and the associated changes in nutrient availability. The
atmospheric CO; concentration as a significant threat related to climate change is predicted to
double until 2100. While increased CO, concentrations were often found beneficial for Cs-plants
and microbes in terms of growth and biomass production, elevated CO, concomitantly causes
competition for soil nutrients. Many plants associate with microbes to promote nutrient supply,
though plants were primarily considered to be out-competed by soil microbes in a plant 2s. soil
microbe competition for nutrients. As microbes and soil pools become sinks for nutrients,
increased photosynthesis and belowground C supply are not rewarded by increased nutrient
transfer, as stated in the progressive nutrient limitation (PNL) hypothesis (Luo ef al, 2004).
However, Johnson (2006) summarized several studies showing an increased N uptake with elevated
COs,, demanding for a closer look at different plant nutrient acquisition strategies and their
competitive potential relative to microbes. In a climate control chamber experiment, we
investigated the responses of three plant species in a gradient of mycorrhizal dependency to
ambient (400 ppm) and elevated (700 ppm) atmospheric CO, levels. The plants, weakly
mycotrhizal Silene acanlis, legume Medicago sativa, and mycorrhizal Festuca ovina grew in mesocosms
with a native microbial community and were inoculated with AM fungus Rbizophagus irregularis.
Responses to changes in CO, concentrations were analyzed in terms of changes in the amount of
"N label obtained from "“N-labelled leaf litter and transferred to fungal and plant tissues.
Responses of microbes were investigated 27z microbial biomass measures and stable isotope
abundances. Despite occupying different microbial interactions to acquire soil nutrients, our results
show that the plants benefitted more from soil nutrients than soil microbes. Nutrient cycling was
decelerated under elevated COs, as visualized by a widening of the microbial biomass C:N ratio
and more "N remaining in the mesh bag. Contraty to decreasing MBN, the N-content of AM

hyphae increased under elevated CO., indicating that plant-associated intraradical mycorrhizal

47



Synopsis

hyphae were not affected by nutrient limitation. Nutrient acquisition differed between plant species
as shown by differences in N budget (Figure 10), with more total N in shoot or root tissues of
Festuca and Silene under elevated COz but less in Medicago shoot and root tissues. These results
highlight the competitive potential of plants relative to microbes in terms of N acquisition and the
need to consider the responses of all members of the plant-microbe-soil system to elevated CO,

conditions for developing strategies related to climate change.
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5 Main conclusions and outlook

The work in this thesis could identify (1) the stable isotope signature of AM fungus Rhizophagus
irregularis, and support that AM hyphae gain a mixed C source of carbohydrates and lipids and likely
some low molecular weight organic N. It was evident that (2) different fungal guilds are essential
contributors to MAOM fractions, irrespective of AM- or ECM- association, and that (3) within
fungal guilds different fungi possess distinct capabilities to access N-forms from SOM. Finally,
impacts of changing conditions, like (4) plant invasion or (5) elevated CO, concentrations, affect
C and N cycling and storage dynamics, resulting in shifts in the stocks of POM and MAOM or of

competitive relationships.

Building on these findings, the following points could be investigated in the future:

e  Whether the stable isotope patterns of R. irregularis are constantly found among AM fungi
e Analyze the contribution of fungal guilds in monodominant AM- and ECM-stands

e Including further input sources into the mixing model

e Determining the stable isotope signature of amino sugars in POM and MAOM fractions
e Bvaluating the N-sources available and isotopic fractionations occurring in the field

e How management strategies to reduce impacts of changing conditions affect observed

patterns of POM losses in ECM-systems and competition between plants and microbes
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“If a healthy soil is full of death, it is also full of life: worms, fungs, microorganisms of all kinds...Given only the
health of the sotl, nothing that dies is dead for very long”

Unknown
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Abstract

Data for stable C and N isotope natural abundances of arbuscular mycorrhizal (AM) fungi are currently sparse, as fungal material
is difficult to access for analysis. So far, isotope analyses have been limited to lipid compounds associated with fungal mem-
branes or storage structures (biomarkers), fungal spores and soil hyphae. However, it remains unclear whether any of these
components are an ideal substitute for intraradical AM hyphae as the functional nutrient trading organ. Thus, we isolated
intraradical hyphae of the AM fungus Rhizophagus irregularis from roots of the grass Festuca ovina and the legume
Medicago sativa via an enzymatic and a mechanical approach. In addition, extraradical hyphae were isolated from a sand-soil
mix associated with each plant. All three approaches revealed comparable isotope signatures of R. irregularis hyphae. The
hyphae were '3C- and '*N-enriched relative to leaves and roots irrespective of the plant partner, while they were enriched only in
"*N compared with soil. The '*C enrichment of AM hyphae implies a plant carbohydrate source, whereby the enrichment was
likely reduced by an additional plant lipid source. The '°N enrichment indicates the potential of AM fungi to gain nitrogen from
an organic source. Our isotope signatures of the investigated AM fungus support recent findings for mycoheterotrophic plants
which are suggested to mirror the associated AM fungi isotope composition. Stable isotope natural abundances of intraradical
AM hyphae as the functional trading organ for bi-directional carbon-for-mineral nutrient exchanges complement data on spores
and membrane biomarkers.

Keywords Mycorrhiza - Hyphae - 8'°C - §'*N - Nitrogen acquisition - Plant carbon

Introduction Giesemann et al. 2020; Suetsugu et al. 2020). While profound
isotopic data exist for ectomycorrhizal and saprotrophic fungi,
Natural abundances of stable isotopes are used to trace carbon  information on arbuscular mycorrhizal (AM) fungi remain
and both inorganic and organic nitrogen fluxes within plants,  sparse due to the limited accessibility of sporocarps and the
fungi and their associations (e.g. Gleixner etal. 1993; Gebauer  fragile nature of hyphae.
and Dietrich 1993; Courty et al. 2015; Chen et al. 2019; Nevertheless, a few data on isotope natural abundances are
available from spores, soil hyphae and biomarkers such as
phospholipid fatty acids (PLFAs) or neutral lipid fatty acids
(NLFAs) (Allen and Allen 1990; Nakano et al. 1999; Courty
et al. 2011, 2015; Walder et al. 2012, 2013; Suetsugu et al.

Saskia Klink and Philipp Giesemann have shared first authorship.
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(https://doi.org/10.1007/s00572-020-00981-9 ) contains supplementary

material, which is available to authorized users. 2020). Still, it is unclear whether spores and PLFA/NLFA
biomarkers mirror intraradical hyphae, the functional trading

[ Johanna Pausch organ. For instance, Courty et al. (2015) assumed the carbon
johanna.pausch@uni-bayreuth.de *3c) isotopic signature of spores might be variable because of

variable lipid storage and therefore that spores may not repre-
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Environmental Research (BayCEER), University of Bayreuth,
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Fig. 1 Collage of split rhizoboxes and AM hyphae isolation procedure.
(a) Side view of Medicago sativa planted in a split rhizobox. The white
box illustrates the hyphae-only compartment (HC), the white dashed box
the plant root compartment (PC), both separated by a 30 um pore size
mesh (dashed black line). (b) Hyphae of AMF (black arrow) and

novel mechanical approach which aimed to avoid chemical-
induced isotopic fractionation. Microscopic observation
(Motic BA210; Fig. 1b-f) of aseptate, hyaline hyphae, seldom
accompanied by arbuscules, vesicles and spores between the
procedures was always a key step to evaluate the success of
hyphal isolation.

According to our alteration from Saito (1995), roots cut
into 5 mm segments and washed with deionized water were
sonicated (35 kHz; Bandelin, Sonorex RK100H, Berlin,
Germany) to remove soil residues and external hyphae.
Constituents of the enzyme solution were 20 g L' Cellulase
‘Onozuka’ RS (SERVA Electrophoresis GmbH, Heidelberg,
Germany), 1 g L' Pectolyase ‘Y23’ (Sigma-Aldrich,
Darmstadt, Germany) in 0.01 M MES-KOH pH 5.5 buffer
(Carl Roth, Karlsruhe, Germany). The penetration rate of the
enzyme solution was increased by sonication (10 min at
20 °C) instead of using an aspirator. If not mentioned other-
wise, all steps were performed at 4 °C. For the mechanical
isolation, 5 mm root segments were washed with deionized
water; root cell layers opened with scalpels by slicing sagittal-
ly while holding with tweezers, followed by sonication
(30 min at 20 °C) in deionized water to release hyphae from
the sliced roots into the water column. To compare intraradical
and extraradical AM hyphae, soil hyphae (HC) were isolated
according to Brundrett et al. (1994), using the whole sample

c\é'ﬂ';)‘\""
_3,& 4

arbuscule (dashed arrow) within root cells. (¢) Soil hyphae (white arrows)
and organic material after suspending in sodium-hexametaphosphate, (d)
soil hyphae (white arrows) after cleaning and sieving steps. (¢) AMF
hyphae (white arrow) from soil, (f) AMF hyphae (black arrow) from root
extraction. Scale b, f 10 pm; ¢—e 100 pm

(5 g soil) instead of an aliquot to increase the recovery of
hyphae in a suitable amount for isotopic measurement.
Cleaning steps were identical for all samples of intraradical
and soil hyphae. A combination of stacked 500 pum, 250 pm,
90 um, 63 um, and 20 um sieves (Retsch test sieve, stainless
steel, DIN/ISO 3310-1, Germany) separated hyphae from
coarse roots, plant residues and soil particles, whereby
sodium-hexametaphosphate and enzyme solution remains
were washed out. To ensure a high recovery of hyphae, the
sieve surface was gently sprayed and rinsed with deionized
water several times. Here, most hyphae were recovered from
the 20 pm sieve. It is to be noted that when isolating hyphae of
different morphologies, e.g. coils or pelotons, these large
structures may necessitate a greater mesh size. Cleaned hy-
phae (Fig. 1d) were washed from the sieve into Eppendorf
tubes and centrifuged (5 s at 1306xg, Eppendorf Centrifuge
5415 C, Eppendorf AG, Hamburg, Germany). Microscopic
observation showed that both the supernatant and the pellet
contained hyphae. Because the supernatant comprised clean
hyphae, while the pellet was a mixture of hyphae and organic
residue, hyphae were collected from the supernatant. This
collection of hyphae had to be done quickly to recover hyphae
before they settled to the bottom of the tube with the soil
residues. The pellet was resuspended, and the centrifugation
step repeated 4-5 times until no appreciable number of
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hyphae were microscopically observable either in the super-
natant or in the pellet. A hyphal pellet then was produced by
centrifugation (20 min at 3220xg, Centrifuge 5810R,
Eppendorf AG, Hamburg, Germany) and dried at 60 °C for
72 h. Storage was in desiccators with silica gel until stable
isotope analysis.

As an additional test for chemical-induced isotopic fraction-
ation on fungal tissue with a greater sample mass than AMF
hyphae, sporocarps of Agaricus bisporus (1. E. LANGE) IMBACH
treated with either the enzyme or sodium-hexametaphosphate
solution were compared with non-treated controls.

Stable isotope analysis

Hyphal material (soil hyphae n =8, intraradical hyphae: me-
chanic n =8, enzymatic n=4; n=20 per plant species) was
suspended in 200 pL deionized water, transferred into tin
capsules (4 x 6 mm) and dried for 24 h at 60 °C. This proce-
dure was repeated until the complete hyphal suspension was
dried into the tin capsules. Due to the low weight of hyphae,
the *N blank effect’, occurring when the O, pulse is supplied
in the elemental analyser isotope ratio mass spectrometer (EA-
IRMS), can lead to increasingly inaccurate '*N values, while
13¢C is not affected (Crotty et al. 2013). Therefore, a subset of
eight hyphal samples (soil hyphae n =4 intraradical hyphae:
mechanic n =4; n =2 per species) was analysed with a Micro
Elemental Analyser Isotope Ratio Mass Spectrometer (LEA-
IRMS), specialized for samples with a low weight and sample
size. The results of these measurements show the combination
of 6'°N and 6'3C values of AMF hyphae and corroborate the
13C data of soil hyphae and intraradical hyphae (both mechan-
ic and enzymatic isolation) gained from the EA-IRMS mea-
surement. Hyphal samples with unreliable signal intensity for
8"°N were omitted for this study, resulting in a total of twelve
hyphal samples for >N (z=3 for soil hyphae, n=3 for me-
chanically isolated intraradical hyphae per plant species).

Plant leaves (rn =12 per plant species), roots (n =6 per plant
species), soil (HC, n=06 per plant species), fruiting bodies of
Agaricus bisporus (n =24) and hyphae were analysed for stable
isotope natural abundance of 8'°C, "N and C- and N- concen-
trations at the BayCEER Laboratory of Isotope-Biogeochemistry
(EA-IRMS; University of Bayreuth, Germany) and the Centre
for Stable Isotope Research and Analysis (LEA-IRMS; Georg-
August-University, Gottingen, Germany). The isotope abun-
dances are expressed as d-notation relative to Vienna-
PDBelemite ('*C standard) or air ('"°N standard): §"°C or
"N = (Ruample/Rszandard — 1) % 1000 (%), whereby R is the ratio
of the heavy to the respective light isotope.

Statistics

Software RStudio 1.2.5019 (RStudio Team 2019) was used
for statistical analysis, and graphics were created with RStudio
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or SigmaPlot 11.0 (Systat Software, San Jose, USA). Shaprio-
Wilk’s test for all data supported a non-parametric test proce-
dure. One-tailed Kruskal-Wallis (H) tests followed by
pairwise Wilcoxon post hoc test procedures (Z) were applied
for differences across hyphal, plant and soil samples as well as
across the hyphae isolation methods. P values were adjusted
with a Holm-Bonferroni correction. Mann-Whitney U tests
were applied to evaluate chemical-induced differences be-
tween treated samples and controls. The level of significance
was a = 0.05.

Results and discussion

Isotopic patterns of AM hyphae relative to associated
plants and soil

Our data show for the first time, to our knowledge, stable §'>C
and &'°N isotope natural abundances of intraradical AM hy-
phae (Fig. 2a). The isolated AM fungal material was c. 6.5%0
enriched relative to leaves and ¢. 4.6%o relative to roots in '*C
and ¢. 4.2%. enriched relative to leaves and ¢. 4.9%e relative to
roots in '*N (Fig. 2a). The "*C signatures of soil and AM
fungal material were clustered together yet showed distinct
'SN enrichment with 2.4% higher '*N enrichment of the
AM hyphae compared with the soil. No significant differences
in hyphal §'*C were discovered among the three isolation
approaches either for hyphae from the grass (H=2.479, df=
2, P=0.29) or from the legume (//=0.106, df=2, P=0.95;
Fig. 2b). The same holds true for §'°N comparing the two
groups of soil hyphae isolated by sieving and the mechanical-
ly isolated intraradical hyphae (grass U/(3,3)=5, P=1.000,
legume U(3,3)=2, P=0.383; Fig. 2a). No influence of in-
volved extracting agents was detected (Table S2). Hyphae
samples were significantly enriched in 8'*C and §'°N relative
to leaves, roots and soil of Festuca (6'°C: H=124.296, df=3,
P<0.001; 8'°N: H=25.211, df=3, P<0.001) and of
Medicago (6'°C: H=22.734, df=3, P<0.001; '°N: H=
25.203, df=3, P<0.001) (Fig. 2a; pairwise comparisons
Table S1). The dual isotope approach supports an isotopic
separation of hyphae from soil in '*N and hyphae from plant
in '*C and °N.

Higher transpiration rates and lower water use efficiency in
the C; monocot grass relative to the dicotyledon legume
(Rawson et al. 1977; Adams et al. 2016) likely resulted in
significantly 8'*C enriched legume leaves relative to grass
leaves (U(12,12) =135, P<0.001), while more depleted le-
gume leaf 8'°N values (U(12.12) =32, P=0.020) relative to
the grass may indicate a contribution of the N-fixing bacteria
within the 78-day growth period, although the soil was steril-
ized at the beginning. Mycorrhizal fungi transfer mineral nu-
trients via their hyphae to their plant partners in exchange for
carbohydrates originating from photosynthesis (Wipf et al.
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Fig. 2 a Scatter plot of 8'°C and

5'°N stable isotope natural a
abundances of leaves (circles), 3
roots (downwards triangles), soil
(squares), soil hyphae (diamonds)
and mechanically isolated
intraradical hyphae (upwards tri-
angles) from the grass Festuca
ovina (white symbols) and the le-
gume Medicago sativa (black L
symbols) microcosms. FL 4
Festuca leaves, ML Medicago
leaves, FR Festuca roots, MR
Medicago roots, FS Fesiuca soil,
MS Medicago soil, FSH Festuca
soil hyphae, FMH Festuca me-
chanically isolated hyphae, MSH
Medicago soil hyphae, MMH
Medicago mechanically isolated
hyphae. Error bars indicate stan-
dard deviation (SD). b Whisker
boxplot of §'C values of AM
fungal hyphae from the grass
(left) and the legume (right), re- o . 1

— FL
ML

/A FSH

MMH FMH

MSH *

MS 1
FS

FR 1
MR

spectively, shown for the different
isolation methods (soil hyphae;
intraradical hyphae: mechanic vs

enzymatic). FS Festuca soil hy-

phae, MS Medicago soil hyphae, b

FM Festuca mechanically isolat-
ed hyphae, MM Medicago me-
chanically isolated hyphae, FE
Festuca enzymatically isolated
hyphae, ME Medicage enzymati-
cally isolated hyphae. The black
line in the centre of the box indi-
cates the median, box margins
represent the 25th and 75th per-
centiles. The length of the box is
the inter quartile range (IQR),

3"°C (%)

whiskers indicate the minimum '
(25th percentile — 1.5 x IQR) and ©
the maximum (75th percentile +
1.5 x IQR). Outliers are shown as
circles

FE FM

FS ME MM MS

2019). The '*C enrichment of AM hyphae potentially results
from the gain of "*C-enriched carbohydrates from the plant
(cf. Gleixner et al. 1993). Additionally, AM fungi lack the
ability of lipid synthesis. Thus, lipids originated from the plant
partner (Luginbuehl et al. 2017; Jiang et al. 2017; Keymer
et al. 2017; Rich et al. 2017) likely represent a supplemental
carbon source. Lipids were shown to be '*C-depleted relative
to bulk tissue by Gleixner et al. (1993). We here detected 3c
enrichment of AM soil hyphae and intraradical hyphae of
about 6%¢ relative to the plant which is consistent with find-
ings on AM soil hyphae by Walder et al. (2012), but also is
less pronounced than the relative *C enrichment of

ectomycorrhizal fruiting bodies relative to their associated
plants of about 6-10%o (cf. Trudell et al. 2004; Gebauer
et al. 2016; Schiebold et al. 2017; Chen et al. 2019). While
ectomycorrhizal fungi mostly rely on plant-derived carbohy-
drates, the '*C enrichment of AM fungi appears to be
counterbalanced by a mixture of two carbon sources, plant-
originated carbohydrates and lipids. Walder et al. (2012)
claimed contamination by soil particles could not be excluded
while the '*C and '*N dual isotope approach utilized here
supports an isotopic separation of hyphae relative to soil.
Arbuscular mycorrhizal fungi are assumed to possess lim-
ited saprotrophic capability (Nakano et al. 1999; Smith and
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Read 2008; Tisserant et al. 2013) which should ultimately
result in the utilization of similar inorganic nitrogen sources
as the plant partner. Therefore, an insignificant difference in
"N natural abundance between plant and AM hyphae was
expected. To the contrary, our data show an '*N enrichment
for the AM hyphae relative to plant leaf material by c. 4.2%.
Perhaps, the AM fungi also might utilize low molecular
weight organic nitrogen sources that possibly were released
from bacterial biomass by the steam-sterilizing process. A
labile organic nitrogen source might explain the '*N enrich-
ment, despite translocation of ammonium and nitrate to the
plants. This is concurrent with earlier analysis by Gebauer and
Dietrich (1993) on ectomycorrhizas. Nonetheless, a part of the
5N enrichment is likely still a result of trophic enrichment
(DeNiro and Epstein 1981, Peterson and Fry 1987). The gain
of nitrogen from organic material (cf. Hodge etal. 2001; Leigh
et al. 2009) might be dependent on AMF species and strain.

Furthermore, our findings of '*C and '*N enrichment sup-
port studies of mycoheterotrophic plants and their AM fungi,
which so far may have been compromised by surrogates for
AM fungal isotopic signatures. Mycoheterotrophic plants
(MHP) partially or completely cover their carbon demand
from a fungal source (Hynson et al. 2013; Merckx 2013).
The MHP leaves’ '*N patterns were found to be determined
by the MHP’s root fungi (Schiebold et al. 2017). Hitherto, 3¢
and frequently '°N enrichments of MHP with AM fungi were
associated with fungal identity, different fungal communities
and different geographic origin (Merckx et al. 2010; Courty
et al. 2011; Giesemann et al. 2020; Gomes et al. 2020). The
previous lack of proof of '*C and '*N enrichment of the AM
fungus itself was a major point of limitation, which can now
be addressed with the methods described here.

Practicability of AM hyphal isotopic patterns

Several studies have shown successful accessing of AM fun-
gal spores and specific fungal compounds, such as PLFA/
NLFA 16:1w3, for stable isotope analyses (Allen and Allen
1990; Nakano et al. 1999; Courty et al. 2011; Walder et al.
2012, 2013; Courty et al. 2015; Suetsugu et al. 2020).
Nevertheless, spores and PLFAs/NLFAs biomarkers often
show different isotopic signatures than hyphae. Spores’ range
from a 1.5 to 5.2%. '*C depletion relative to the root (Allen
and Allen 1990; Nakano et al. 1999; Walder et al. 2012) and
1.2 t0 4.9% "*C enrichment relative to the plant (Courty et al.
2011; Suetsugu et al. 2020). PLFA Cl6:1w5 was approx.
2.4%¢ more DC—dcplclcd than roots (Walder et al. 2013; Ven
etal. 2020) and NLFA C16:1w35 was approx. 3.7%e more Be-
depleted than roots (Ven et al. 2020). In contrast, AM hyphae
have previously been shown to be continuously '*C-enriched
by around 5%¢ (Walder et al. 2012, and this study) relative to
plant leaves, a pattern also found for other mycorrhizas (ECM)
(e.g. Gebauer et al. 2016; Chen et al. 2019). Thus, when
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isotopic data on hyphae as the active nutrient pathway are
required in future research, the approach presented here could
be considered.

Isolation of coenocytic AM hyphae bears the risk of
loss of cytoplasm and the inclusion of bacterial biofilms.
In our study, the aim was to minimize the risk of isotopic
fractionation induced by chemicals, wherefore the vitality
of hyphae was neglected. Applying the approach presented
in Saito (1995) allows for the gain of living hyphae (due to
the presence of several buffers and solutions) with mini-
mized loss of cytoplasm. Eventually, the trade-off between
intact, living hyphae or the minimization of chemical-
induced isotopic fractionation needs to be evaluated. An
impact of bacterial biofilms adhering to hyphal surfaces
cannot be excluded completely. Nevertheless, this impact
should be present, despite varying bacterial diversity, for
soil hyphae and plant roots (Marilley et al. 1998; Roesch
et al. 2008), plus potentially for AM fungal spores. In
addition, an influence of bacteria might also occur in
PLFA analyses, as the frequently applied AM fungi—
specific PLFA Cl16:1wS5 was also found in some Gram-
negative bacteria and can be affected by degrading spores
(Nichols et al. 1986; Joergensen and Wichern 2008;
Ngosong et al. 2012; Paterson et al. 2016). NLFA
16:1w35 are considered more specific to AM fungi than
PLFA 16:1wS5 as they accumulate as a carbon storage
compound in biomass (Olsson et al. 2005) and the ratio
between NLFA and PLFA 16:1w5 is higher in AM fungi
than in bacteria (Olsson 1999), However, background
NLFA 16:1wS5 concentrations of spores and free neutral
lipids from non-living biomass with a long residence time
also were described for these biomarkers (Paterson et al.
2016). Lately, the absence of a completely AM fungi—
specific fatty acid and differences in the fatty acid compo-
sition between AM fungal species and genera need to be
considered (Olsson 1999). While both AM hyphae and
biomarkers can be affected by bacteria, PLFA/NLFA bio-
markers for 'C AM isotopic data may be supplemented
by "N isotope natural abundance signatures of the AM
hyphae.

When aiming to transfer the approaches presented here for
isolation of AM fungal hyphae to field trials, the question of
separation from other fungal groups occurs. For soil hyphae,
AMF could be separated from other fungal groups under the
dissecting microscope via the presence or absence of septa
(Smith and Read 2008). Choosing the isolation of intraradical
hyphae from roots potentially reduces the diversity of other fun-
gal groups than AM fungi relative to soil (Gao et al. 2019;
Mahmoudi et al. 2019) due to plants’ selection mechanisms,
while potentially increasing the AM fungal diversity
(Mahmoudi et al. 2019). To increase chances of high AM fungal
colonization, multiple fine-root fragments instead of single long
roots should be sampled (cf. Mahmoudi et al. 2019).
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Outlook

The constancy of stable isotope '*C and '*N patterns needs to
be analysed on a broader scale and along different genera,
species and strains of AM fungi. Assuming the existence of
relatively defined isotopic variability within AM fungi, the
comparison of dual or multi-isotope patterns of different fun-
gal groups may represent a possibility to estimate the contri-
bution of fungal groups to nutrient trading within mycorrhizal
networks, especially in field trials. Picking-up the C3-Cy-
Common Mycorrhizal Network approach conducted by
Walder et al. (2012), (2013) and Courty et al. (2015), the
analysis of intraradical hyphal isotopic patterns complemen-
tary to soil hyphae, spores or biomarkers might reveal an
interesting perspective. Finally, the possibility of intraradical
hyphae extraction might further support research on AM
mycoheterotrophic plants and shed light on the insufficiently
known function of difficult to access ascomycotan dark sep-
tate endophytes or basidiomycotan Rhizoctonia-like fungi.
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Table S1 All pairwise multiple comparison (Pairwise Wilcoxon post hoc test with ‘Holm-Bonferroni correction’)
of hyphae to leaves, roots and soil from either Festuca ovina or Medicago sativa rhizoboxes in §**C and §'°N.
Significant differences are highlighted in bold. Note, since soil hyphae and root hyphae showed similar §3C and

815N values we combined these for comparison with plant tissues and soil

Sample (N) 5t3C 5N
z P z P
Leaves (12) vs. hyphae (6) -3.3335 0.0051 - 3.3266 0.0053
- 2.8022
Roots (6) vs. hyphae (6) 0.0152 - 2.8022 0.0203
Medicago Soail (6) vs. hyphae (6) - 0.8807 0.3785 -2.8022 0.0203
rhizoboxes
Leaves (12) vs. roots (6) - 3.3249 0.0053 -1.0313 0.3024
Leaves (12) vs. soil (6) -3.3249 0.0053 - 3.3266 0.0044
Roots (6) vs. soil (6) - 2.8022 0.0175 - 2.8022 0.0101
Leaves (12) vs. hyphae (6) - 3.3283 0.0052 - 3.3283 0.0052
Roots (6) vs. hyphae (6) - 2.8022 0.0148 - 2.8022 0.0203
Soil (6) vs. hyphae (6) -2.8121 0.0148 - 2.8022 0.0203
Festuca
rhizoboxes
Leaves (12) vs. roots (6) - 3.3249 0.0053 - 2.7658 0.0101
Leaves (12) vs. soil (6) - 3.3249 0.0053 - 3.3283 0.0044
Roots (6) vs. soil (6) - 2.8022 0.0175 - 2.8022 0.0101
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Table S2 Mann-Whitney U tests of Agaricus bisporus fruiting bodies treated with enzyme solution or sodium-
hexametaphosphate relative to a non-treated Agaricus control. The effect of the chemicals used was statistically

evaluated in *C and °N. Note that different sporocarps of Agaricus bisporus were used (I-1V)

dC SN
u P u P
Fruiting Bodies (N)
Control I (3) vs. enzyme 1 (3) 8 0.190 9 0.081
Control 11 (3) vs. enzyme 11 (3) 2 0.383 6 0.663
Control 111 (3) vs. enzyme 111 (3) 4 1.000 9 0.081
Control IV (3) vs. SHMP IV (3) 7 0.860 10 0.216

SHMP: sodium-hexametaphosphate
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Table S3 Single 5*3C values, 3*°N values, N-content [mmol g dwt*] and C:N ratio of AM hyphae, plant leaves,
roots, soil and fruiting bodies of Agaricus bisporus. Hyphae measured at LEA-IRMS are indicated by an asterix
(*). Note that different sporocarps were used for Agaricus bisporus, but always the same for a control and treatment
comparison

Tissue/compartment S13C [%o] 815N [%o] [mlr\ln-(;:lo gtg\?\,tt-l] C:N ratio
Festuca soil hyphae* -27.31 6.77 217 11.72
Festuca soil hyphae* -27.48 5.19 3.14 10.80
Festuca hyphae. mechanical* -27.01 5.67 1.85 10.78
Festuca hyphae. mechanical* -27.18 4.91 4.92 10.24
Medicago soil hyphae* -28.04 5.37 141 14.61
Medicago soil hyphae* -27.20 5.01 4.80 10.36
Medicago hyphae. mechanical* -27.45 5.80 3.98 10.56
Medicago hyphae. mechanical* -27.49 5.27 2.58 10.18
Festuca soil hyphae -27.21 NA NA NA
Festuca soil hyphae -27.75 NA NA NA
Festuca soil hyphae -27.07 NA NA NA
Festuca soil hyphae -27.26 5.63 2.19 13.49
Festuca hyphae. mechanical -27.13 NA NA NA
Festuca hyphae. mechanical -27.13 6.73 2.03 9.87
Festuca hyphae. mechanical -27.63 NA NA NA
Festuca hyphae. mechanical -26.95 NA NA NA
Festuca hyphae. enzymatic -27.71 NA NA NA
Festuca hyphae. enzymatic -27.26 NA NA NA
Festuca hyphae. enzymatic -26.19 NA NA NA
Festuca hyphae. enzymatic -26.21 NA NA NA
Medicago soil hyphae -27.12 NA NA NA
Medicago soil hyphae -26.47 NA NA NA
Medicago soil hyphae -27.84 5.41 2.14 13.01
Medicago soil hyphae -27.27 NA NA NA
Medicago hyphae. mechanical -27.18 NA NA NA
Medicago hyphae. mechanical -27.13 5.67 2.30 9.92
Medicago hyphae. mechanical -27.75 NA NA NA
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Medicago hyphae. mechanical -27.96 NA NA NA
Medicago hyphae. enzymatic -27.99 NA NA NA
Medicago hyphae. enzymatic -26.28 NA NA NA
Medicago hyphae. enzymatic -28.02 NA NA NA
Medicago hyphae. enzymatic -26.75 NA NA NA
Festuca leaves -33.28 0.24 1.67 17.11
Festuca leaves -33.72 0.49 1.63 18.84
Festuca leaves -34.50 1.68 1.84 17.77
Festuca leaves -34.62 1.65 1.87 17.67
Festuca leaves -34.58 1.56 1.87 17.49
Festuca leaves -34.62 1.71 1.87 17.75
Festuca leaves -34.69 1.81 1.90 17.52
Festuca leaves -34.42 1.71 1.81 18.44
Festuca leaves -34.10 1.43 1.74 19.01
Festuca leaves -34.16 1.50 1.78 18.63
Festuca leaves -34.50 1.55 1.86 17.80
Festuca leaves -34.66 1.65 1.90 17.50
Medicago leaves -33.27 0.94 1.85 18.35
Medicago leaves -33.27 0.93 1.75 18.36
Medicago leaves -33.25 0.65 1.78 18.69
Medicago leaves -33.74 1.25 3.44 9.77
Medicago leaves -33.70 1.73 3.45 9.75
Medicago leaves -33.70 1.24 3.44 9.77
Medicago leaves -33.71 1.13 3.46 9.70
Medicago leaves -33.52 0.93 3.65 9.36
Medicago leaves -33.64 0.86 3.66 9.32
Medicago leaves -33.59 0.77 3.64 9.36
Medicago leaves -33.69 1.04 3.67 9.31
Medicago leaves -33.27 0.24 3.21 9.81
Festuca roots -32.31 1.18 0.89 27.97
Festuca roots -32.42 -0.04 1.60 17.51
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Festuca roots -32.55 0.88 1.59 18.63
Festuca roots -32.50 0.96 2.08 14.62
Festuca roots -31.63 -0.68 1.43 18.94
Festuca roots -31.64 0.13 2.02 15.38
Medicago roots -31.79 0.86 2.23 14.18
Medicago roots -32.08 1.14 1.85 15.47
Medicago roots -31.96 0.19 1.64 16.68
Medicago roots -32.16 1.30 1.87 15.08
Medicago roots -31.69 0.51 2.07 15.02
Medicago roots -31.53 0.03 1.87 15.21
Festuca soil -27.71 2.65 0.05 13.55
Festuca soil -27.79 3.46 0.05 12.63
Festuca soil -27.58 2.85 0.05 13.09
Festuca soil -27.71 2.97 0.05 13.64
Festuca soil -27.58 3.15 0.05 13.03
Festuca soil -27.65 2.86 0.05 13.30
Medicago soil -27.73 3.42 0.05 13.36
Medicago soil -27.61 3.28 0.05 13.56
Medicago soil -27.68 3.18 0.05 13.36
Medicago soil -27.70 3.43 0.05 13.14
Medicago soil -27.54 2.74 0.04 14.14
Medicago soil -27.56 2.84 0.05 13.80
Agaricus control | -23.90 17.10 2.89 9.86
Agaricus control | -23.44 17.90 3.03 9.26
Agaricus control | -23.17 17.87 3.35 8.60
Agaricus enzyme | -24.19 14.84 3.73 8.40
Agaricus enzyme | -23.63 16.31 4.05 7.91
Agaricus enzyme | -24.42 15.85 4.10 7.86
Agaricus control Il -25.33 5.04 8.26 10.44
Agaricus control Il -23.16 12.34 4.05 7.07
Agaricus control |1 -23.19 11.72 4.21 6.89
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Agaricus enzyme 11 -23.10 10.03 3.45 7.88
Agaricus enzyme Il -23.62 10.04 3.46 9.36
Agaricus enzyme 11 -23.08 9.78 3.64 7.61
Agaricus control 111 -22.63 11.58 3.60 7.56
Agaricus control 111 -22.42 21.83 4.20 6.65
Agaricus control 111 -22.71 11.96 3.77 7.10
Agaricus enzyme Il -22.52 9.30 3.19 8.00
Agaricus enzyme 11l -22.78 9.41 3.09 8.13
Adgaricus enzyme |11 -22.32 9.34 3.67 7.40
Agaricus control IV -21.70 19.52 6.82 4.42
Agaricus control 1V -22.02 18.45 5.90 4.95
Agaricus control 1V -22.62 17.59 5.37 5.48
H’tﬂi::]‘;ﬁ;h%‘i':gte 22,57 11.81 4.12 6.67
H’tﬂ;:ﬁ;;hﬁ':gte 22,61 17.57 5.25 5.67
H’tg:::}i‘:;;h%‘l':&e 2247 17.33 5.17 5.79
Agaricus Sodium- -21.83 18.51 5.59 5.52

Hexametaphosphate
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Abstract

We still lack crucial knowledge about the contribution of plant vs. microbial residues to specific
SOM pools, particularly the relative contribution of arbuscular (AM), ectomycorrhizal (ECM),
and saprotrophic (SAP) fungi.

We investigated sources of particulate and mineral organic matter (POM and MAOM) around
trees with distinct mycorrhizal types, Liriodendron tulipifera (AM-association) and Quercus
alba (ECM-association), in a temperate deciduous forest in Indiana, USA. Combining *3C and
15N natural abundance analyses with measurements of microbial residues using amino sugars,
the isotope signatures of large, medium and small-sized POM and MAOM fractions were
compared with those of leaves, roots and biomass of mycorrhizal and saprotrophic fungi. A

Bayesian inference isotope mixing model calculated sources of C and N to SOM fractions.

While the isotope composition of POM resembled that of plant materials, MAOM was close to
fungal values. This was confirmed by mixing model calculations and microbial residue analysis,
which additionally and independent from tree partner suggested a high contribution of saprobic
fungi to POM and MAOM, as opposed to ECM contributions.

Our results suggest fungal, not plant residues, as the source of the most putatively stable OM
pool; thus, altering fungal communities may enhance efforts to increase long-term soil C

storage.
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1. Introduction

Soil organic matter consists of a multitude of organic compounds forming a continuum of
decay, ranging from fresh detritus to highly processed organic matter either in the form of
particles or associated with mineral surfaces (Schmidt et al., 2011; Lehmann and Kleber, 2015).
Along the path of SOM formation and turnover, entities of different size, complexity and degree
of decomposition are established (Angst et al., 2021; Lehmann et al., 2020). Hence, distinct
fractions of organic matter can be defined in soil, which differ in their formation, chemical
composition, persistence, and function (Golchin et al., 1994; Lavallee et al., 2020).
Nevertheless, we lack a foundational understanding of the source and stability of most SOM

fractions.

Due to the complex continuum of SOM compartments differing in composition and turnover
time, characterizing and understanding SOM dynamics requires separation of SOM into
measurable fractions in order to elucidate the fate of certain carbon (C) pools (Poeplau et al.,
2018). One approach to elucidate differences between C and nitrogen (N) storage and
sequestration in organic matter (OM) particles vs. OM associated with mineral surfaces and
thus predict SOM dynamics, is the separation into particulate organic matter (POM) and
mineral-associated organic matter (MAOM) fractions (Golchin et al., 1994; Lavallee et al.,
2020; Angst et al., 2021). Particulate OM is dominated by structural C compounds of plant
origin (Baldock and Skjemstad, 2000; Lavallee et al., 2020; Angst et al., 2021) and the major
part of the C-rich, complex inputs to POM are relatively vulnerable to microbial decay
(Christensen, 2001; Liitzow et al., 2007; Cotrufo et al., 2019). In contrast, part of the POM pool
can be highly persistent due to occlusion within aggregates and high aromaticity or aliphaticity
(Mueller and Koegel-Knabner, 2009). Particulate OM acts itself as a hot spot for the formation
of MAOM due to the high microbial activity at the POM-soil-mineral interface (Witzgall et al.,
2021). Thus, contrast to POM, which is derived principally from plant inputs, MAOM consists

mainly of microbial residues (Kopittke et al., 2018; Kopittke et al., 2020), although plant
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biomolecules, e.g., leachates from litter, may contribute (Mikutta et al., 2019; Sokol and

Bradford, 2019; Angst et al., 2021).

It has been proposed that the contribution of microbial residues to MAOM is higher in systems
with high litter quality and environmental conditions optimal for microbial activity and growth
(cf. Microbial Efficiency-Matrix Stabilization (MEMS) framework (Cotrufo et al., 2013)).
While numerous studies confirmed the MEMS framework (e.g. Bradford et al., 2013; Craig et
al., 2018; Cyle et al., 2016; Rumpel et al., 2015), finding greater MAOM-N in AM-dominated
plots with faster decaying litter than in ECM plots (Craig et al., 2018) or highlighting the
importance of the microbial use efficiency (Rumpel et al., 2015), other studies challenged the
MEMS framework. Castellano et al. (2015) highlighted the consideration of C saturation of the
mineral surface and of litter quantity for MAOM formation. Further, as discussed in Evans et
al. (2020), priming of microorganisms by high quality litters appears to increase MAOM
mineralization (see also Coérdova et al., 2018). Finally, Huang et al. (2019) underpinned the
importance of lignin-derived C contributing to MAOM in addition to microbial residues. Thus,
further research appears necessary to decipher the processes of MAOM formation and the role

of microbial inputs in dependence of litter quality.

Despite the small contribution of living microbial biomass to total soil C (Frey, 2019, but see
Simpson et al., 2007), fungal necromass is responsible for up to 70% of microbial-derived
residues in soil (Joergensen, 2018; Li et al., 2015). Among soil microorganisms, root-associated
mycorrhizal fungi make up more than 30% of microbial biomass (Hogberg and Hogberg, 2002;
Frey, 2019). Mycorrhizal fungi use plant-derived C for biomass production and metabolism
(e.g. respiration), releasing C to soil from living hyphae (e.g., organic acids and extracellular
enzymes) and dead hyphal biomass (Frey, 2019). In this way, mycorrhizal hyphae can
contribute directly to the POM and MAOM fractions (Frey, 2019; Godbold et al., 2006).

Besides, free-living saprotrophs also produce their own residues and exudates (e.g. Verbruggen
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et al., 2017), and form necromass upon death that may be attached to mineral surfaces (Li et
al., 2015; Joergensen, 2018; Witzgall et al., 2021). Recently it was shown that via the expansion
of their mycelium, fungi can translocate C into deeper soil layers where fungal exudates and
residues can bind to minerals (Witzgall et al., 2021). While many factors are known to influence
microbially-mediated SOM dynamics (Fan and Liang, 2015; Liang et al., 2019), we still know
remarkably little about the contribution from varying microbial sources such as mycorrhizal or
saprotrophic (SAP) fungi and bacteria affecting the various SOM fractions’ capability of C and

N storage.

Tracking the input from different origins to SOM fractions is methodologically challenging
owing to the intimacy of the associations between roots and microbes and the dynamic nature
of root-microbial and microbe-microbe interactions. Stable isotope natural abundance
approaches are a valuable tool to trace the transfer of plant and fungal C and N inputs to SOM
fractions, as stable isotopes possess both information about the ongoing process (process
information) and the origin of the signature (source information) (Fry, 2008). For example,
plants are relatively depleted in *C compared to most soil fungi (e.g. Hogberg et al., 1999)
owing to the fractionation that occurs in heterotrophs from enzymatic decomposition of
cellulose in wood or litter (Gleixner et al., 1993; Kohzu et al., 1999). The *N of fungi depends,
in large part, on the source of N (Gebauer and Taylor, 1999), and whether N is shared with an
associated plant or not (cf. Gebauer and Dietrich, 1993). Thus, along the process of leaf litter
decay to form POM and MAOM, a shift from relatively depleted plant-related C and N isotopic
ratios to relatively enriched fungal-related C and N isotopic ratios should occur. Although most
of the C that mycorrhizal fungi receive is plant-derived, mycorrhizal fungi 83C isotopic
signatures often are more enriched relative to those of the plant. While previous investigations
have uncovered variations in the isotopes of plant and microbial inputs, we still lack

understanding of the linkages of these inputs to fast and slow-cycling SOM fractions in forests.
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We sought to investigate the sources of POM and MAOM in a temperate deciduous forest in
Indiana, USA around two dominant tree species - tulip poplar (Liriodendron tulipifera L.) and
white oak (Quercus alba L.). These species differ in multiple traits and characteristics, such as
the type of mycorrhizal fungi they associate with (arbuscular mycorrhizal fungi for tulip poplar;
ectomycorrhizal fungi for white oak), their litter quality (tulip > oak; Midgley et al., 2015), and
the soil microbial communities they promote (Rosling et al., 2016; Mushinski et al., 2020). In
ECM-associated systems we expect ECM fungi as main contributors to SOM, while in AM-
associated systems SAP fungi should be the primary contributors due to activation by
arbuscular mycorrhizal (AM) fungi and the low biomass of AM fungi (Verbruggen et al., 2017;
Cheeke et al., 2021). We tracked the transfer of plant and fungal inputs into various SOM pools
by comparing the isotopic signatures of different fungal groups to isotopic signatures of
multiple POM and MAOM fractions. Moreover, we used analyses of amino sugars (cell wall
components of bacteria and fungi) as an independent parameter from that of isotopes to classify
which microbial groups contribute to soil C storage in different SOM fractions (Amelung,
2001). Estimates of the contribution of fungal and bacterial compounds to soil C will aid to
describe how microbial products contribute to SOM formation. Combining stable isotope

natural abundance analyses and amino sugar analyses, we tested the following predictions:

Q) Plant residues are the predominant source of POM-C and -N, while fungal residues
are the dominant source of MAOM-C and -N. This will be represented by a gradual
isotopic enrichment in $3C and N from POM to MAOM fractions.

(i) Ectomycorrhizal (ECM) fungi will be the dominant source of C and N to SOM
fractions under white oak (ECM-associating trees) while saprotrophic (SAP) fungi
contributions will be dominant under tulip poplar (AM-associating trees).

(iii))  Amino sugar analyses will show bacteria affecting soil C storage for both POM and

MAOM fractions and a shift to higher fungal contribution for MAOM fractions.
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2. Materials and methods

2.1 Study site

The study site Moore’s Creek is a c. 80-year-old temperate deciduous forest in south-central
Indiana, USA, which is part of Indiana University’s Research and Teaching Preserve (39°05’
N, 86°28" W, cf. Midgley and Phillips, 2016). The region is characterized by a humid
continental climate with a mean annual precipitation of c. 1200 mm and a mean annual
temperature of 11.6 °C. Moore’s Creek was unaffected during the southern advance of the last
glacial event (the Wisconsin glaciation) and as such, there is steep ridge-ravine topography, and
nutrient-poor silty-loam soils derived from sandstone and shale (mesic Typic Dystrochrepts).
More detailed information about the study site is given in Phillips et al. (2013), Midgley and
Phillips (2019) and Mushinski et al. (2019). Dominant tree species at the site include trees that
associate with arbuscular mycorrhizal fungi (Liriodendron tulipifera L., Acer saccharum
MARSHALL, Sassafras albidum (NUTT.) and Prunus serotina EHRH.) and those associating with
ectomycorrhizal (ECM) fungi (Quercus alba L., Fagus grandifolia EHRH., Quercus rubra L.,
Quercus velutina LAM. and Carya glabra MiLL.). Sampling was conducted in June (peak
growing season) and October (late growing season) 2018 around five canopy trees: two
individuals of Q. alba L. (white oak) and three individuals of L. tulipifera L. (tulip poplar).
Additionally, two individuals of F. grandifolia EHRH. (American beech) and A. saccharum
MARSHALL (sugar maple) were sampled only for stable isotope analysis (Supporting material
Fig. S1). To control for topography, only trees growing on the upper third of north-facing ridges
were chosen. The distance between each focal tree to a neighboring canopy tree was at least 3

meters.

2.2 Sampling procedure

Mature, healthy, sunlit leaves (6 to 7 per tree species) of each focal tree were collected by
shooting twigs (shotgun) or by cutting leaves from freshly broken twigs. Roots (first four root
orders) were excavated approximately 0.5 m from each tree trunk at four spots and traced back
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to the target tree species to ensure correct tree association. In the lab, roots were washed with
water, cleaned from debris with tweezers and sub-divided for stable isotope analysis (4
composite samples per tree species), fungal isolation, and DNA analyses. Arbuscular
mycorrhizal (AM) fungi were isolated from roots of AM-associated tulip poplar via a
mechanical isolation approach presented in Klink et al. (2020) and pooled to six composite
samples to increase sample mass for isotopic analyses. This procedure was chosen over soil
isolation to reduce the impact of other soil fungi on isotopic patterns and to increase the
abundance of AM fungi. However, the presence of other fungal root endophytes, such as dark
septate endophyte (DSE) fungi could not be excluded completely. For ECM-associated white
oak roots, root tips with ectomycorrhizal (ECM) fungal sheath were separated and pooled into
three composite samples to increase sample amount for isotopic measurements. Under each
tulip poplar tree, sporocarps of 6 ECM and 12 SAP fungi (6 on wood, 6 on soil) were collected,
and under each white oak tree 6 ECM and 4 SAP fungi (3 on wood, 1 on soil) were collected.
The selection of both soil and wood SAPs was done in order to trace the effect of different food
sources on SAP fungal isotopic signature for the specific habitat. All samples were collected
within a radius of 2 m of each tree trunk and photo-documented. Wood and leaf litter, which
are substrates for growing fungi, were collected. Recently fallen leaf litter was sampled from
the soil surface in a 2 m radius around the tree trunk. Bulk soil was collected with a PVC soil
corer (5 cm diameter) to a depth of 15 cm at four locations around each tree trunk. Bulk soil
was sieved to 2 mm, cleaned of root particles and stones, weighed, and divided into one sub-
sample for bulk analysis and one sub-sample for soil fractionation. For transportation and until
further processing in the lab, leaf samples were stored in paper bags, and root, fungi, and soil

samples were put in zip-lock bags on ice.

2.3 Soil fractionation

The bulk soils were subjected to a combined particle size and density fractionation in order to

quantify the contribution of POM vs. MAOM to the overall C and N storage as well as the
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fractions’ elemental and isotopic composition (cf. Mueller et al., 2014). Sub-samples (30 g) of
bulk soil from white oak and tulip poplar soils were separated into multiple POM and MAOM
fractions using a modified particle size and density fractionation method (Supporting material
Fig. S2; Amelung and Zech (1999) and Mueller et al. (2014)). Bulk soil was suspended with
deionized water (1:5, m:v) and capillary saturated for one hour. Next, ultrasonic dispersion
(SonoplusHD2200, Bandelin, Berlin, Germany) with an energy input of 440 J mI* (Amelung
and Zech, 1999, probe tip at 15 mm) was applied to ensure strong dispersion of soil aggregates
while organic matter structure was retained (Schmidt et al., 1999). Sonicated samples were
subsequently separated by wet sieving using sieves of 63 um and 20 um mesh sizes. This
resulted in size fractions of > 63 um, > 20 um and < 20 um. To yield clean POM and MAOM
fractions, these particle size fractions were further separated based on their density using
sodium polyungstrate (SPT; 1.8 g cm®). This allowed to recover POM floating on the SPT
solution free from mineral particles, and MAOM sank down as heavy sediment free of POM.
The resulting six fractions (> 63 um (MAOM), >20 um (MAOM), <20 um (MAOM),
> 63 um (POM), > 20 um (POM), <20 um (POM)) were cleaned from residues of SPT by
rinsing them with deionized water and repeated centrifugation (> 63 um and > 20 um MAOM)
or by pressure filtration (< 20 um fractions) with deionized water until an electric conductivity
below 5 uS cm™ was reached in the percolated water. Samples were subsequently freeze-dried,
finely ground using a ball mill, and stored in desiccators until further processing. Due to the
low C- and N-content of the fraction >20 um (MAOM), no reliable stable isotope
measurements could be conducted for this fraction. The average recovery of the soil
fractionation process was 97.8% = 0.5. In total, the soil fractionation resulted in n = 12 for tulip
poplar and n = 8 for white oak for each of the five analyzed soil fractions. Hereafter, these
fractions will be referred to as large MAOM or large POM (> 63 pm), medium POM (> 20 pm)
and small MAOM or POM (< 20 pum).

Particle size fractionation is ecologically relevant given that the larger sand-sized fractions
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typically consist mostly of carbohydrate-rich POM rich, whereas POM and increasing amounts
of MAOM (the smaller the fraction the higher the amount of mineral-associated OM) in the
smaller silt or clay-sized fractions are more dominated by aliphatic and/or aromatic compounds
(Wagai et al., 2009; Angst et al., 2017). Additionally, the formation of organo-mineral
associations, mostly in fine sized mineral fractions, supports the stabilization of otherwise

bioavailable carbohydrates and microbial residues (Schoning et al., 2005; Kopittke et al., 2020).

2.4 Stable isotope analyses

Plant leaves, roots, and fungal sporocarps were washed with deionized water, and roots and
sporocarps were further cleaned of debris using tweezers. All samples were dried to constant
weight (60 °C) for 48 h. Afterwards, samples were ground to fine powder in a ball mill (MM2,
RETSCH, Haan, Germany) and stored in desiccators filled with silica gel. Due to their small

size, mycorrhizal root tips of white oak were weighed into tin capsules without being ground.

For stable isotope analyses, ground samples were weighed into tin or silver capsules (for AM
hyphae). An elemental analyzer isotope ratio mass spectrometer (EA-IRMS; Elemental
Analyzer 1108, CE Instruments, Milan, Italy; ConFlo Il interface, Thermo Fisher Scientific,
Bremen, Germany; IRMS Delta S, Finnigan MAT, Bremen, Germany) was used to determine
the ratios of 13C/*2C, >N/**N and the C- and N-content of the samples. For AM hyphae, a HEA-
IRMS (uElemental Analyzer, Eurovector, Pavia, Italy; ConFlo IV interface, Thermo Fisher
Scientific, Bremen, Germany; IRMS Delta 5 plus, Thermo Fisher Scientific, Bremen,

Germany) specialized for small samples was used.

The stable isotope natural abundances are expressed as 6-values relative to international
standards. Delta-values were calculated according to equation 1, whereby R describes the ratio

of the heavy to the light isotope.

813C ord 15N = (Rsample/Rstandard — 1) x 1000 (%0) (Equation 1)
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Vienna-Pee Dee Belemnite (V-PDB; Rstandard = 0.0111802) was the standard material for C and
air was the standard for N (Rstandard = 0.0036765). Calculation of C- and N- concentrations was

done by calibrating with acetanilide (CéHsNH(COCHs3)).

2.5 Fungal identification

Fungal sporocarps were identified via macroscopic and microscopic features. Photographs of
the sampled sporocarps are available on iNaturalist project ‘Fungi Moores Creek 2018°. Genera
of ECM fungi comprised Russula, Boletus, Hygrophorus, Laccaria, Cortinarius, Lactarius,
Cantharellus, Inocybe and Tricholoma, SAP fungi belonged to the genera Laetiporus,
Hygrocybe, Agaricus, Marasmius, Gymnopus, Lycoperdon, Rhodocollybia, Mycena, Stereum,
Grifola, Lenzites, Singerocybe, Rhizomarasmius, Ramaria, Fuscoporia, Gymnopilus,
Macrolepiota, Merulius, Ischnoderma, Psathyrella, Bisporella and Hymenochaete. These
identifications are broadly in line with soil DNA sequencing results by Eagar et al. (2021), who
found that ECM soils were dominated in decreasing order of relative abundance by the families
Russulaceae > Tricholomataceae and Amanitaceae > Hydnangiaceae (Laccaria genus),
Clavulinaceae and Cortinariaceae. AM soils were dominated by Russulaceae > Mortierellaceae
> Hygrophoraceae. Thus, the collected sporocarps captures most of the dominant fungal taxa at
the site (except for Amanitaceae, Clavulinaceae).

DNA sequencing and analyses were performed at Leiden University, Netherlands for fungi in
roots of tulip poplar and white oak. Tulip poplar roots hosted Glomeraceae, e.g. the genera
Rhizophagus and Archaeospora, but also DSE and ECM fungi. For description of DNA

handling refer to Supporting material Methods S1.

2.6 Amino sugar analysis

Amino sugar analyses were conducted using sub-samples of small MAOM and large POM to
evaluate portions of microbial and plant residues, respectively. Amino sugars are correlated to
microbial residues (Parsons, 1981) and used to calculate the contribution of bacterial- and

fungal-derived C. Analysis of individual amino sugars glucosamine (GIcN), galactosamine
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(GalN), mannosamine (ManN), and muramic acid (MurN) was conducted according to Zhang
and Amelung (1996). Specifically, Glucosamine is often considered as an indicator of fungal
residues, whereas muramic acid is considered as an indicator of bacterial residues (Joergensen,

2018).

In brief, an amount of soil corresponding to 0.3 mg N was extracted by hydrolysis in 6 M HCI
for 8 h at 105 °C after adding myo-inositol as internal standard. The hydrolysate was filtered
and dried. The residue was dissolved with water, neutralized by adjusting the pH to 6.7 (+/- 0.1)
using KOH, and centrifuged. The supernatant was freeze-dried, dissolved with methanol,
centrifuged, dried, dissolved with H.O, and freeze-dried. Derivatization of amino sugars to
aldononitrile acetates was conducted according to Guerrant and Moss (1984). Afterwards, a
second internal standard (3-endosulfan) was added and samples were dried and dissolved in

ethyl acetate—hexane (1:1, v/v).

The amino sugar derivatives were analyzed on a gas chromatograph (GC 2000, Shimadzu,
Japan) equipped with an OPTIMA® column (30 mx0.32 mm ID with 0.25 um film thickness,
Macherey-Nagel, Germany) using a flame ionization detector according to Zhang and Amelung
(1996). Amino sugars were quantified using myo-inositol as first internal standard (for recovery
calculation) and B-endosulfan as second internal standard (for quantification). Amino sugar
identification was done using external standards (GIcN, GIuN, ManN, and MurN). Bacterial C
was calculated by multiplying MurN by a conversion factor of 45 (Appuhn and Joergensen,
2006). Fungal C was calculated according to equation 2 and in line with Appuhn and Joergensen
(2006) and Faust et al. (2017), where 179.17 is the molecular weight of GIcN, 253.23 is the

molecular weight of MurN, and 9 is a conversion factor from fungal GIcN to fungal residue C.

ug fungal C g soil = (((ug GlcN g soil / 179.17) — (2 x pg MurN gt soil / 253.23)) x 179.17)

X9 (Equation 2)
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2.7 Data analysis
Software R version 3.6.1 (2019) and SigmaPlot version 11.0 (2008) were used for statistical

analyses and figures. Shapiro Wilk’s test indicated that the majority of the data set was not
normally distributed and therefore a conservative statistical analysis using non-parametric tests
was chosen. Kruskal-Wallis rank sum tests (x?) were performed to compare plant tissues, soil
compartments, and fungi in 313C and 6°N stable isotope natural abundances for each of the two
tree species. The same procedure was performed for C-, N-content and C:N ratio data. Pairwise
post hoc tests where then performed for the afore mentioned groups using Dunn’s method for
unequal sample sizes and the Tukey method when equal sample sizes were given. The Holm-
Bonferroni correction was applied to adjust P values. For comparisons between tulip poplar and
white oak for each aforementioned group, Mann-Whitney U tests were applied. For amino sugar
analyses parametric t-tests were performed to compare tree species differences in amino sugar
content, fungal C and fungal to bacterial C ratio (F:B) of large POM and small MAOM
fractions. Statistical significance between groups (pairwise comparison) was tested for groups

with n = 3 or higher. A level of significance of a = 0.05 was set.

A Bayesian Inference isotopic mixing model (R package ‘SIAR’, version 4.2; Parnell et al.,
2010; Parnell and Jackson, 2013) was applied to partition plant and fungal inputs into POM and
MAOM fractions. This mixing model allows for probability estimates of input proportions,
while accounting for variability and uncertainty in parameters (Parnell et al., 2010). In addition
to greater statistical power, the Bayesian Inference isotopic mixing model allows the inclusion
of discrimination factors, prior information, and many sources of variability (Parnell et al.,
2010; Bond and Diamond, 2011). The model was informed with C and N isotopic data and
concentrations of the sources leaves and fungal groups (AM, ECM, SAP) and of the POM and
MAOM fractions. The model was not informed with fractionation factors for our dataset, as the
variety of fractionation processes present could not be deciphered or are unknown. We are

aware that this affects the precision of the model (cf. Parnell et al., 2010) but chose to avoid the
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inclusion of a large error due to unknown or indeterminate fractionation factors. For both tulip
poplar and white oak datasets, 500,000 iterations and a burnin with initial discard of 50,000
were used, resulting in a 30,000 posterior draw output. After verification of normal distribution
of posterior draw output data, we applied the Student’s t-test to test for significant differences
between the single input sources to SOM fractions. We are aware that the proportional
contributions of the fungal groups identified by the Bayesian inference mixing model underly
certain restrictions. Other contributors to MAOM fractions such as bacteria, viruses or dissolved
organic matter (DOM) were neglected for this model due to challenges in gaining their stable
isotope signatures under field conditions. Therefore, the relative proportions of these groups
contributing to MAOM fractions need to be subtracted from the proportions found for leaves

and fungi in our study.

2.8 Accession numbers

Raw sequences have been deposited in the European Nucleotide Archive under the accession

number PRINAG678944.

3. Results
3.1 Contribution of individual SOM fractions to total soil organic C

From the soil subsample used for particle size density fractionation ~ 3.33% organic C was
recovered for both tulip poplar and white oak soils (Table 1). Distribution of C and N in SOM
fractions was similar between tulip poplar and white oak, except for a higher C content in the

small MAOM of tulip poplar compared to the small MAOM fraction of white oak (Table 1).

3.2 Stable isotope natural abundances

Plant tissues were significantly depleted relative to fungal biomass in their 13C and *°N isotopes,
and patterns were similar for tulip poplar and white oak (Fig. 1). Overall, saprotrophic fungi
were the most *C enriched and mycorrhizal fungi were the most *®N enriched. Further, a

progressive enrichment in *C and **N occurred from POM to MAOM fractions and with
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decreasing particle size (i.e., the most *3C and °N enriched fractions were the small MAOM

fractions).

Significant differences between plant material, mycorrhizal fungi, SAP fungi and bulk soil were
reported for white oak plots for both $3C (,> = 24.56, df = 3, P = 0) and 1°N (® = 22.21, df = 3,
P =< 0.001). The same holds true for tulip poplar plots (5!3C: ¥? = 32.33, df = 3, P < 0.001;
SN y? = 30.80, df = 3, P = < 0.001). White oak plant material was significantly **C depleted
relative to SAP fungi (Z =-4.156, P = 0.001) and soil (Z=-2.89, P =0.007), and more *C
(Z =3.150, P = 0.004) and °N (Z = 4.314, P < 0.001) depleted than mycorrhizal fungi. Isotopic
signatures of leaf litter were —29.3%o in 5'3C and —4.3%o in 8°N for tulip poplar and —29.1%.
in $13C and —4.8%o in 8*°N for white oak. Tulip poplar plant material was significantly *C
depleted relative to SAP fungi (Z = -5.641, P < 0.001) and more °N depleted than mycorrhizal
fungi (Z = 5.458, P < 0.001). Mycorrhizal fungi at tulip poplar plots were more *C depleted
(Z =-3.402, P = 0.002) and more N enriched relative to SAP fungi (Z = 3.511, P = 0.001).
For SOM fractions, POM was more *C and °N depleted than MAOM for both white oak (5**C:
U(16, 24) = 384, P < 0.001; §*N: U(16, 24) = 348, P < 0.001) and tulip poplar plots (5**C:

U(24, 36) = 822.5, P < 0.001; 3!5N: U(24, 36) = 775.5, P < 0.001).

When comparing tulip poplar and white oak no significant differences were reported for plant
material, mycorrhizal fungi, SAP fungi or bulk soil for either 5'3C or §:°N. However, MAOM
fractions of white oak plots were significantly more C enriched than those of tulip poplar plots
(U(16, 24) = 296.5, P = 0.004). Regarding C:N ratios, the leaf litter, wood, and roots had the
highest values, while fungal biomass had the lowest values (Supporting material Table S1,
S2). Notably, the C:N ratio of the MAOM fractions (mean white oak: 14.03, mean tulip poplar:
12.70) were similar to those of the mycorrhizal fungi (mean white oak: 10.57, mean tulip poplar:

10.98; Supporting material Table S1).

3.3 Plant and fungal contributions to POM and MAOM fractions
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Overall, our Bayesian Inference mixing model indicated that the POM fractions were
dominated by plant inputs and the MAOM fractions were dominated by fungal inputs, with few
differences between tulip vs. oak soils (Fig. 2, Supporting material Figures S3, S4). For both
tulip poplar and white oak the mixing model calculated a predominantly plant-derived
contribution to small, medium, and large POM (tulip poplar leaves: 7 — 50%, tulip poplar roots:
18 — 54%; white oak leaves: 24 — 52%, white oak roots:29 — 62% ). Free-living SAP fungal
inputs contributed to POM with a probability of about 4 —53%, while the probability of
mycorrhizal fungi contribution was lower (ECM: 1 —12%; AM: 1 - 4%). With decreasing
particle size of POM, fungal contribution slightly increased to a maximum of 53% for SAP and
12% for ECM. For MAOM fractions, fungal inputs (2 — 63%) dominated over plant inputs
(1 —39%) for both tulip poplar and white oak soils. Again, with decreasing particle size of
MAOM the contribution of fungi increased, demonstrating a larger contribution of ECM fungi
(22 — 43%) together with SAP fungi (23 — 42%) to the small MAOM fraction. The contribution

of AM fungi was only relevant for the small MAOM fraction (5 — 11%).

Fungal-derived C contributed 42.7% = 6 to the C in MAOM and 28.9% + 3 in POM fractions
and was generally independent from tree species (Supporting material Fig. S5, except for
significantly less fungal C in MAOM under white oak (t = 6.422, df = 4, P = 0.003). Hence, the
portion of fungal-derived C was almost doubled in MAOM as compared to POM fractions. In
contrast, bacterial-derived C contributed 12.1% + 2 to MAOM-C and 2.1% +1 to POM-C

fractions.

Total amino sugars, fungal residue correlated glucosamine and bacterial residue related
muramic acid indicated that both the POM and MAOM fractions were comprised of more
fungal relative to bacterial residues (U(8,8) = 36, P < 0.001; Fig. 3, Supporting material Fig.

S5). The portion of fungal C was highest for POM under white oak (Fig. 3, t = -3.46, df = 6,
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P =0.014). However, the portions of fungal C in total C was elevated in MAOM fractions by

about 40% (Fig. 3) due to the low total C contents in MAOM (Supporting material Table S1).

4 Discussion

Our study combined stable isotope analyses in a Bayesian Inference mixing model with amino
sugar analyses to determine the contribution of plant and microbial C and N to various SOM
fractions. While we found that plant-related inputs dominated POM fractions, a shift to fungal-
related inputs occurred for MAOM fractions, with SAP fungi dominating over ECM fungi
regardless of dominant tree. Of the microbial residues, fungal C predominantly contributes to
POM fractions, whereas fungal and bacterial C were both important contributors to MAOM
fractions. These differences in microbial contributions imply different microbial groups

affecting C and N storage in POM vs. MAOM fractions.

4.1 Stable isotope patterns

In general, the §'3C, 8N isotopic composition of the MAOM fractions shifted towards the
isotopic values of fungi, particularly ECM fungi in our study. We argue that this results from
the predominant contribution of fungal biomass (necromass) to these fractions. The §**C and
31°N isotope signature of fungi is typically a function of their C and N sources, metabolic
(including degradative capabilities) and fractionation processes (e.g. Gleixner et al., 1993;
Taylor et al., 1997; Kohzu et al., 1999; Hobbie et al., 2012), leading to an enrichment relative
to plant tissues.

Historically, it was believed that decomposition occurred via preferential decay of easily
accessible compounds depleted in *C (discussed in Ehleringer et al., 2000; Menichetti et al.,
2015), leaving behind *C enriched compounds and potentially interfering with the use of
isotopic mixing models to determine the source of SOM. For instance, Menichetti et al. (2015)
described a 3C enrichment of ~ 2%o of bulk soil over the duration of SOM decay at long-term
bare fallow sites with arrested C inputs, aligning with the **C enrichment from POM to MAOM

fractions in our study. Preferential decay of depleted C compounds was considered to explain
105



Tracing soil carbon and nitrogen cycling in arbuscular and ectomycorrhizal systems

the increase in *C in older SOM compartments over time, also leading to an increase in **C of
SOM with soil depth (Nadelhoffer and Fry, 1988; Kohl et al., 2015). Yet, this assumption is not
entirely consistent with the observed *C-depletion of some plant residues in soil with longer
residence times. Lignin, for instance, is *C depleted, whereas rapidly utilized primary sugars
are °C enriched (Gleixner et al., 1993). Thus, lignin accumulation in deeper soil layers should
favor a *C depletion rather than an 3C enrichment (Schleuss et al., unpublished, person.
communication). However, selective preservation of 3C-depleted litter components per se has
long been questioned in the literature (Marschner et al., 2008; Nadelhoffer and Fry, 1988).
Rather, it has been argued that 3C enrichment in older parts of the soil, e.g., along the depth
profile, is due to a higher contribution of microbial residues. As a result of carboxylation
reactions, microbes are enriched in *3C relative to their food source (Ehleringer et al., 2000).
This is also consistent with a study by Kohl et al. (2015) showing that *C enrichment along a
depth profile is attributable to a shift in fungal and bacterial biomass proportions, rather than
13C-enrichment caused by preferential decomposition of *2C. Therefore, we argue that an
accumulation of **C enriched microbial residues is the most reliable explanation for the
similarity of our MAOM fractions and fungal biomass, allowing for the application and

interpretation of the endmember mixing model.

Plant-related and fungal-related C and N isotopic signatures embed POM and MAOM fractions’
isotopic signatures, indicating a shift in isotopic enrichment from plant to microbial tissue
inputs to SOM fractions and suggesting a preferential preservation of *C enriched microbial
biomass deposits in a temperate deciduous forest. The high contribution of fungal inputs
particularly to MAOM in our study conforms with mechanistic microbial model estimates of
the contribution of microbial-derived C to SOM ranging from 47% to 80% depending on
environment-specific factors such as litter input rate, biomass and necromass turnover or fungal
to bacterial ratios (Fan and Liang, 2015; Liang et al., 2019). However, other studies showed a

contribution of microbial C to stable SOM smaller than 50%, while plant-related inputs were
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more important (Angst et al., 2021). While also our MAOM fractions contained plant-related

soil C, the dominance of microbially-related soil C with ~ 60% was evident.

4.2 Amino sugar patterns

Our results provide insights into the fate of plant- and microbial-derived OM in POM and
MAOM fractions. The high contribution of fungal residues to POM fractions and the
contribution of both fungal and bacterial residues to MAOM fractions as based on amino sugar
analyses demonstrate the dominant role of microbes for soil C and N stabilization in mineral
associations. These estimates fit with results by Vidal et al. (2021) demonstrating that hyphae
of saprotrophic fungi transfer C and N from needle litter to surrounding bulk soil where fungal
residues accumulate at minerals and form MAOM. Thus, the presence and processive activity
of fungi in plant-dominated POM fractions represents a necessary prerequisite for the
establishment of MAOM, but also acts as a transfer mechanism of C and N from POM and

MAOM fractions (cf. Vidal et al., 2021).

While we were not able to include bacteria in isotopic analyses and, hence, to our mixing model,
their isotopic signatures likely would have shown an even stronger *C enrichment relative to
SAP fungi as reported by Kohl et al. (2015) from PLFA analyses. Hence, we would expect a
smaller contribution of bacterial residues to MAOM fractions compared to fungal residues as
also indicated by the amino sugar data. Future analysis of the C and N isotopic signature of
amino sugars may aid to elucidate the influence of bacterial and fungal residues on SOM
fractions more closely. This might be combined with compound-specific analysis to trace the

fate of different compounds from various sources to POM and MAOM fractions.

4.3 Role of mycorrhizal association for SOM

Despite an expected difference between ECM (o0ak) and AM (tulip poplar) systems in nutrient
cycling and litter quality (e.g. Phillips et al., 2013; Midgley et al., 2015), we found few notable

isotopic differences between fungal guilds and no tree species specific differences between tulip
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poplar and white oak soils. We expected ECM fungi to be the dominant contributor to MAOM
for white oak and SAP fungi to be the dominant contributor to MAOM for tulip poplar. In
contrast, SAP fungi were the dominant contributor to MAOM fractions for both tree species.
Our analysis showed that in mixed forests the co-existence and mixing of mycorrhizal types
across the soil landscape is important for soil C storage patterns. In particular, the extensive
growth of mycelia (e.g. Anderson and Cairney, 2007 and literature therein) can span large soil
areas and contribute to soil C and N cycling patterns. The negligible AM fungi contribution to
soil fractions’ C and N likely results from their low biomass production (cf. Cheeke et al., 2021),
but components other than hyphae, for example, exudates such as glomalin, hydrophobins,
chaplins or SC15 (Rillig, 2004; Etcheverria et al., 2009; Rillig et al., 2007) may contribute more

substantially to stable SOM.

Differences between ECM- and AM-associated systems are frequently driven by the C
utilization and N acquisition strategies of associated fungi (Phillips et al., 2013). A study by
Keller et al. (2020) identified roots inputs as the predominant source of MAOM, with greater
root C inputs in AM compared to ECM soils. This mycorrhizal type difference could result
from higher exudation and faster turnover of AM root and fungal biomass (Keller et al., 2020)
causing a stimulation of SAP fungal growth (Verbruggen et al., 2017). Recent literature
describes the activation and fueling of saprotrophic organisms with C by AM fungi in order to
access nutrients released by enhanced SOM decomposition (Verbruggen et al., 2017; Kaiser et
al., 2015). This may explain the high contribution of SAP fungal residues to the SOM fractions
in the AM-associated tulip poplar system. Studies from Beidler et al. (2020) and Eagar et al.
(2021) conducted in the same forest as this study further supports the expectation of AM
systems being driven by saprotrophic organisms, as the authors described more saprotrophic
fungi and molds in soils under AM vegetation compared to ECM vegetation. Similar findings

were reported by Bahram et al. (2020) for topsoil microbiomes of sites in the Baltic region.
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Overall, the interaction between mycorrhizal and saprotrophic fungi appears relevant for the C

and N inputs contributing to MAOM fractions.

While for AM-associated trees the facilitation of saprotrophic organisms to mine for nutrients
explains the dominance of SAP fungi, for ECM-associated trees both ECM and SAP fungi are

actively contributing to SOM formation.

Conclusion

Our study provides clear evidence for the high contribution of fungal biomass for the build-up
of MAOM. This clearly highlights the importance of both, mycorrhizal and saprotrophic fungi,
for the formation of persistent SOM. Thus, our results underpin the need to consider fungal

contributions to SOM for predictions of soil C and N storage and release.
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Fig 1 Dual-isotope scatter plot of §*C and 5°N mean values with standard deviation (SD) of
(a) white oak and (b) tulip poplar. Circles represent plant tissues (leaf litter, roots, root tips or
leaves), upwards triangles represent POM fractions (yellow background), downwards triangles
MAOM fractions (blue background). Grey scales: light grey for large fractions (> 63 um
particle size), medium grey for medium fractions (> 20 um particle size) and dark grey for small
fractions (< 20 um particle size). Bulk soil is represented by a black diamond. Fungal biomass
is indicated by white squares. AMF = arbuscular mycorrhizal fungi, ECM = ectomycorrhizal
fungi, SAPy = saprotrophic fungi on wood, SAPs = saprotrophic fungi on soil. POM =

particulate organic matter, MAOM = mineral-associated organic matter.
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Fig. 2 Stacked bar plot of input contributions to various POM and MAOM fractions under white
oak (a) and tulip poplar (b). Inputs were separated into leaves (light grey), roots (grey)
ectomycorrhizal fungi (ECM, dark grey), saprotrophic fungi (SAP, medium grey) and

arbuscular mycorrhizal fungi (AM, white).
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Fig. 3 Bar plots (with SD) of amounts of fungal and bacterial residue C and fungal to bacterial
residue C ratio in small (< 20um) MAOM and large (> 63um) POM fractions based on amino
sugar data. (a) Fungal C in pg per mg soil C for small MAOM and large POM fractions of tulip
poplar and white oak. (b) Bacterial C in pg per mg soil for small MAOM and large POM
fractions of tulip poplar and white oak. (c) Ratio of fungal to bacterial C in the small MAOM
and large POM fractions of tulip poplar and white oak. Significant differences (P < 0.05)

between tree species are indicated by an asterisk (*).
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Table 1 C and N distribution (%) of SOM fractions of tulip poplar and white oak in relation to the bulk soil.
Significant differences of C and N contents and C:N ratios of POM and MAOM fractions within tree species are
indicated with superscripted small letters. Significant differences between SOM fractions of tulip poplar and

white oak are indicated by superscripted capital letters.

tulip poplar (AM) white oak (ECM)
C [% of bulk soil N [% of bulk soil C [% of bulk soil N [% of bulk soil
CIN CIN
C] N] C] N]

Small POM 80° + 5 5.1 + 4 245" + 4 9.820 + 13 53%¢ + 2 29.5° + 10
Medium POM 9.4> + 10 57° + 6.7 25.2° + 4 10.5% + 6 5.6° + 3 28.9%2 + 9
Large POM 17.4° + 19 8.9° + 12 341" + 8 17.4°¢ + 14 88° + 6 295 + 6
Small MAOM 61.0%A + 29 73.04 £ 30 12.0° £ 3 36.3%® + 17 424 £ 12 12.4° + 3
Medium MAOM NA NA NA NA NA NA
Large MAOM 04 + 0 0.5€ + 3 13.4% + 4 028 + 5 0.220 + 0 15.6%¢ + 2
Sum POM ~ 34.8% ~19.7% ~ 37.6% ~19.7%
Sum MAOM ~61.4% ~73.5% ~ 36.5% ~42.6%

MAOM, mineral associated organic matter; POM, particulate soil organic matter. NA, not available
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Supporting Information

Stable isotopes reveal that fungal residues contribute more to mineral-

associated organic matter pools than plant residues
Authors: Saskia Klink, Adrienne B. Keller, Andreas J. Wild, Vera L. Baumert, Matthias Gube,

Eva Lehndorff, Nele Meyer, Carsten W. Mueller, Richard P. Phillips, Johanna Pausch

The following Supporting Information is available for this article:
Methods S1: DNA extraction and sequencing
Fig. S1 Dual isotope scatter plot of **C and N mean values with standard deviation (SD) of

(a) sugar maple (Acer saccharum) and (b) American beech (Fagus grandifolia).

Fig. S2 Schematic illustration of the soil fractionation process to gain POM and MAOM

fractions of different size classes.
Fig. S3 Conversion of Bayesian Inference isotope mixing model to boxplots for tulip poplar.
Fig. S4 Conversion of Bayesian Inference isotope mixing model to boxplots for white oak.

Fig. S5 Amino sugar content (um) per mg soil carbon for the large POM fraction (a) and the

small MAOM fraction (b).

Table S1 C- and N-content [mg g™] and C/N ratio of plant tissues, bulk soil and fungal guilds

of tulip poplar and white oak plots with standard deviation (SD).

Table S2 C- and N-content [mg g*] and C/N ratio of plant tissues, bulk soil and fungal guilds

of sugar maple and American beech plots with standard deviation (SD).

Table S3 Raw data of stable isotope 3C and *°N values, N- and C- content, C/N ratio of plant
tissues, fungal biomass, soil and SOM fractions (where available) of Liriodendron tulipifera,

Quercus alba, Acer saccharum and Fagus grandifolia. [provided as an Excel Sheet].
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Methods S1: DNA extraction and sequencing

DNA was extracted with the NucleoMag Plant Kit (Macherey-Nagel Gmbh & Co., Duren, Germany).
We amplified fungal DNA using the fITS7/ITS4 primers (White et al., 1990; Ihrmark et al., 2012)
containing an Illumina adaptor overhang. PCR products were purified using 0.9 x NucleoMag NGS
Clean-Up and Size Selectbeads (Macherey-Nagel, Diren, Germany) according to the manufacturer’s
instructions, and the lllumina Nextera XT adaptors were added to the amplicons. The concentration of
these individual indexed amplicons was measured with the QIAxcel using the DNA Screening Kit
(Qiagen, Venlo) and was normalized and pooled equimolar in individual libraries. The two pools had a
final clean up with 0.9 x NucleoMag NGS Clean-Up and Size Selectbeads (Macherey-Nagel, Diiren,
Germany). The quality and quantity of these two pools were checked on the Bioanalyzer using a high
sensitivity chip (Agilent). Sequencing was done in with [llumina MiSeq platform using the paired-end
300 bp kit (BaseClear, Netherlands).

Raw reads were paired with a minimum overlap of 30 nucleotides and primers were removed.
Subsequently, sequences with expected error > 0.1 were discarded and sequences were denoised using
the UNOISE3 algorithm (Nearing et al., 2018) to create zero radius operational taxonomic units
(Z OTUs), including chimera removal. Taxonomic assignments were made using the Blast algorithm
against the curated UNITE+INSD fungal ITS database (version released on 02.02.2019) and correspond
to the highest hit. Functional groups were assigned based on FUNGuild (Nguyen et al., 2016).
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Fig. S1: Dual isotope scatter plot of §*3C and 5'°N mean values with standard deviation (SD) of (a) sugar maple
(Acer saccharum) and (b) American beech (Fagus grandifolia). Black upwards triangles represent leaves, black
downwards triangles root tissue. Root tips are given with grey downwards triangles. Bulk soil is represented by
black circles, white symbols represent fungi (circles for AMF, square for ECM, diamond for SAP). AMF =
arbuscular mycorrhizal fungi, ECM = ectomycorrhizal fungi, SAP = saprotrophic fungi.
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Fig. S2: Schematic illustration of the soil fractionation process to gain POM and MAOM fractions of different size
classes. A particle size fractionation was conducted on bulk soil, followed by a density fractionation by sodium
polytungstate (SPT). POM = particulate organic matter, MAOM = mineral-associated organic matter,
OM = organic matter.
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Fig. S3: Conversion of Bayesian Inference isotope mixing model to boxplots for tulip poplar. The box length is the
interquartile range (IQR), the 25" and 75" percentile are indicated by the margins of the box. Whiskers give the
minimum (25" percentile — 1.5 x IQR) or maximum (75" percentile + 1.5 x IQR); the median is given by the black
line in the middle of the box. Extreme outliers were excluded. The model was informed with *3C and *°N isotopic
signatures and C and N concentrations of tree leaves, tree roots, mycorrhizal fungi (AM fungi, ECM fungi) and
SAP fungi as input sources. The POM and MAOM fractions of different size classes (small, medium, large) were
set as input pools. The medium sized MAOM fraction could not be included into the analysis due to C and N
concentrations below detection level. Significant differences between the fractions are indicated by unequal letters.
The median is given by the black line in the centre of the box. POM = particulate organic matter, MAOM =
mineral-associated organic matter, AM = arbuscular mycorrhizal, ECM = ectomycorrhizal, SAP = free-living
saprotrophic fungi,
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Fig.S4: Conversion of Bayesian Inference isotope mixing model to boxplots for white oak. The box length is the
interquartile range (IQR), the 25" and 75" percentile are indicated by the margins of the box. Whiskers give the
minimum (25" percentile — 1.5 x IQR) or maximum (75" percentile + 1.5 x IQR); the median is given by the black
line in the middle of the box. Extreme outliers were excluded. The model was informed with *3C and *°N isotopic
signatures and C and N concentrations of tree leaves, tree roots, mycorrhizal fungi (AM fungi, ECM fungi) and
SAP fungi as input sources. The POM and MAOM fractions of different size classes (small, medium, large) were
set as input pools. The medium sized MAOM fraction could not be included into the analysis due to C and N
concentrations below detection level. Significant differences between the fractions are indicated by unequal letters.
The median is given by the black line in the centre of the box. POM = particulate organic matter, MAOM =
mineral-associated organic matter, AM = arbuscular mycorrhizal, ECM = ectomycorrhizal, SAP = free-living
saprotrophic fungi.
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Fig. S5: Amino sugar content (um) per mg soil carbon for the large POM fraction (a) and the small MAOM
fraction (b). In the large POM (A), the content of mannosamine was significantly higher under white oak (t = -
3.851, df =4, P = 0.018) relative to tulip poplar. Within the small MAOM (b) contents of glucosamine (t = 4.302,
df =4, P =0.013), galactosamine (t =3.558, df =4, P =0.024) and total amino sugars (t =6.422, df =4,
P = 0.018) were significantly higher under tulip poplar than under white oak. The mannosamine content was not
significantly different according to t-test (t = 2.104, df = 4, P = 0.103).
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Table S1: C- and N-content [mg g™*] and C/N ratio of plant tissues, bulk soil and fungal guilds of tulip poplar and white oak plots
with standard deviation (SD).

tulip poplar (AM)

white oak (ECM)

Sample C[mg gl N [mg g} C/N C[mggl] N [mg g C/N
Leaves 489.7 = 5 241 + 4 207 = 4 4813 = 7 207 =+ 1 234 = 1
Plant litter 441.3 14.0 319 467.3 142 33.3

Wood substrate 459.4 * 46 142 + 352 + 13 NA NA NA
Roots 4465 = 28 120 = 4 416 = 20 3786 = 22 92 + 3 441 + 13
Root tips NA NA NA 3995 = 29 137 £ 0 292 = 2
AMF 181.7 + 111 149 £+ 8 121 £ 1 NA NA NA
ECM 4349 = 17 452 + 10 100 £ 2 4486 = 14 428 + 4 106 £ 1
SAP; 4263 + 7 68.7 + 29 76 £ 5 413.3 113.9 3.6
SAPy 437.0 + 10 344 + 25 179 + 10 468.6 + 33 192 + 8 272 + 11
Bulk soil 358 = 10 25 £ 1 148 + 2 285 = 10 19 + 1 158 £ 5

AMF, arbuscular mycorrhizal fungi;

SAPy, saprotrophic fungi on wood

ECM, ectomycorrhizal fungi;
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Table S2: C- and N-content [mg g*] and C/N ratio of plant tissues, bulk soil and fungal guilds of sugar maple and American beech

plots with standard deviation (SD).

sugar maple (AM)

american beech (ECM)

Sample C[mg gl N [mg g} C/N C[mg gl N [mg g C/N
Leaves 469.8 + 8 184 + 3 259 + 4 4774 = 14 2236 = 3 215 £ 2
Wood substrate 473.9 10.1 46.8 NA NA NA
Roots 461.3 = 17 90 £ 2 531 + 13 466.6 = 17 106 + 4 483 + 17
Root tips NA NA NA 4208 = 14 151 £ 2 284 = 5
AMF 1342 + 22 115 + 8 117 £ 1 NA NA NA
ECM 389.6 £ 79 49.1 + 23 89 £ 3 416.6 = 32 421 + 11 104 £ 2
SAP; 4419 = 10 191 £ 2 233 £ 3 4411 + 36 325 + 5 136 = 1
Bulk soil 255 + 13 19 = 1 137 £ 3 424 + 17 24 + 1 177 £ 1

AMF, arbuscular mycorrhizal fungi; ECM, ectomycorrhizal fungi; SAPs, saprotrophic fungi on soil
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Table S3 Raw data of stable isotope *C and **N values, N- and C- content, C/N ratio of plant tissues, fungal biomass, soil and SOM fractions (where available) of Liriodendron
tulipifera, Quercus alba, Acer saccharum and Fagus grandifolia.

Saskia Klink, Adrienne B. Keller, Andreas J. Wild, Vera L. Baumert, Matthias Gube, Eva Lehndorff, Nele Meyer, Carsten W. Mueller, Richard P. Phillips, Johanna
Pausch. Stable isotopes reveal that fungal residues contribute more to mineral-associated organic matter pools than plant residues. Submitted to Soil Biology
and Biogeochemistry

Liriodendron tulipifera & Quercus alba

Soil
fractions

ID

12.10.-2-C3-
1(T-1)
12.10.-2-C3-
2 (T-2)
12.10.-2-C3-
3(T-3)
12.10.-2-C3-
4 (T-4)
17.10.-20-
C3-1(T-5)
17.10.-20-
C3-2 (T-6)
17.10.-20-
C3-3 (T-7)
17.10.-20-
C3-4 (T-8)
29.10.-8-C3-
1 (T-9)

Fraction

<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 um
(MAOM)
<20 um
(MAOM)

Comments

Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 3

Info

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
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Total N
[mmol gaw™]

0.37
0.17
0.28
0.16
0.24
0.24
0.31
0.16

0.17

Total N

mg/g

5.19
2.38
3.89
2.28
3.42
3.40
4.29
2.21

2.43

SN
[%o]

2.89
3.72
3.39
3.03
2.49
2.34
1.15
2.15

2.74

Total C
[mmol gaw™]

5.44
2.19
3.96
2.15
3.87
2.92
2.92
1.81

2.22

Total C  §%C
mg/g [%0]
65.36 -26.94
26.28 -26.09
4759 -26.49
25.80 -25.91
46.48 -26.87
35.09 -25.56
35.06 -27.17
21.77 -26.01
26.68 -25.82

C/N

12.58

11.05

12.23

11.33

13.58

10.33

8.18

9.83

10.98



29.10.-8-C3-
2 (T-10)

29.10.-8-C3-
3 (T-11)

29.10.-8-C3-
4 (T-12)

12.10.-2-C3-
1(T-1)
12.10.-2-C3-
2 (T-2)
12.10.-2-C3-
3(T-3)
12.10.-2-C3-
4 (T-4)
17.10.-20-
C3-1(T-5)
17.10.-20-
C3-2 (T-6)
17.10.-20-
C3-3 (T-7)
17.10.-20-
C3-4 (T-8)
29.10.-8-C3-
1 (T-9)
29.10.-8-C3-
2 (T-10)
29.10.-8-C3-
3 (T-11)
29.10.-8-C3-
4 (T-12)

<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 um (POM)
<20 um (POM)
<20 um (POM)
<20 um (POM)
<20 um (POM)
<20 um (POM)
<20 um (POM)
<20 um (POM)
<20 um (POM)
<20 pm (POM)
<20 pm (POM)

<20 pm (POM)

Liriodendron
tulipifera 3
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3

Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3

soil
fractions

soil
fractions

soil
fractions

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions

136

Tracing soil carbon and nitrogen cycling in arbuscular and ectomycorrhizal systems

0.25

0.05

0.14

1.43

1.05

1.23

1.02

1.14

1.19

1.10

1.21

0.98

1.35

0.88

0.91

3.46

0.73

2.02

20.06

14.69

17.24

14.32

15.99

16.60

15.46

16.95

13.67

18.87

12.33

12.68

3.05

0.44

1.79

1.72

-1.31

0.79

-2.92

-0.50

-3.14

-0.66

-1.63

-0.60

-1.35

-4.20

-3.15

5.54

0.73

2.18

29.40

30.67

33.11

32.09

32.42

29.49

30.08

26.65

29.33

37.32

32.61

33.88

66.55

8.74

26.15

353.11

368.31

397.66

385.37

389.34

354.24

361.32

320.03

352.25

448.25

391.65

406.88

-26.66

-25.12

-25.71

-27.58

-27.03

-28.08

-27.14

-27.68

-26.23

-26.83

-27.32

-26.72

-27.76

-26.94

-26.82

19.22

12.04

12.92

17.59

25.06

23.04

26.89

24.32

21.33

23.35

18.86

25.75

23.74

31.73

32.07



12.10.-2-C3-
1(T-1)
12.10.-2-C3-
2 (T-2)
12.10.-2-C3-
3(T-3)
12.10.-2-C3-
4 (T-4)
17.10.-20-
C3-1(T-5)
17.10.-20-
C3-2 (T-6)
17.10.-20-
C3-3 (T-7)
17.10.-20-
C3-4 (T-8)
29.10.-8-C3-
1 (T-9)
29.10.-8-C3-
2 (T-10)
29.10.-8-C3-
3 (T-11)
29.10.-8-C3-
4 (T-12)

12.10.-2-C3-
1(T-1)

12.10.-2-C3-
2(T-2)

12.10.-2-C3-
3(T-3)

> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 63 pm
(MAOM)
> 63 um
(MAOM)

> 63 um
(MAOM)

Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3

Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 1

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions

soil
fractions

soil
fractions

soil
fractions
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1.45

1.24

1.24

1.28

1.21

1.46

1.58

1.44

1.03

1.25

1.00

0.79

0.05

0.02

0.04

20.31

17.37

17.43

17.86

17.01

20.37

22.07

20.13

14.38

17.47

14.05

11.08

0.67

0.25

0.51

-1.75

-0.81

-0.88

-2.37

-2.91

-1.90

-0.67

-1.23

0.24

-0.46

-1.81

-2.71

1.29

-0.82

1.53

37.94

38.36

36.82

36.57

36.77

36.88

34.95

38.50

30.93

33.88

34.32

33.34

0.74

0.29

0.53

455.72

460.68

442.29

439.20

441.66

442.99

419.78

462.43

371.45

406.89

412.15

400.43

8.84

3.45

6.36

-27.64

-27.89

-28.22

-27.72

-27.30

-26.84

-26.79

-27.90

-27.08

-27.58

-27.25

-27.14

-26.58

-25.07

-25.99

22.41

26.50

25.36

24.57

25.94

21.73

19.00

22.95

25.82

23.27

29.31

36.11

13.14

13.88

12.39



12.10.-2-C3-
4 (T-4)
17.10.-20-
C3-1 (T-5)
17.10.-20-
C3-2 (T-6)
17.10.-20-
C3-3 (T-7)
17.10.-20-
C3-4 (T-8)
29.10.-8-C3-
1(T-9)
29.10.-8-C3-
2 (T-10)
29.10.-8-C3-
3 (T-11)
29.10.-8-C3-
4 (T-12)

12.10.-2-C3-
1(T-1)
12.10.-2-C3-
2 (T-2)
12.10.-2-C3-
3(T-3)
12.10.-2-C3-
4 (T-4)
17.10.-20-
C3-1(T-5)
17.10.-20-
C3-2 (T-6)

> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)

> 63 um (POM)
> 63 um (POM)
> 63 um (POM)
> 63 um (POM)
> 63 um (POM)

> 63 um (POM)

Liriodendron
tulipifera 1
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3

Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 1
Liriodendron
tulipifera 2
Liriodendron
tulipifera 2

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
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0.04

0.03

0.05

0.06

0.04

0.04

0.05

0.02

0.01

1.37

0.93

1.02

1.01

0.95

1.31

0.62

0.43

0.66

0.86

0.58

0.57

0.65

0.29

0.20

19.25

13.02

14.33

1411

13.26

18.37

1.00

1.01

1.28

0.69

0.80

-0.18

0.71

-3.15

-4.97

-1.69

-4.01

-3.08

-3.42

-4.20

-1.64

1.06

0.28

0.56

1.29

0.56

0.75

0.29

0.29

0.33

37.23

39.93

37.26

37.89

39.83

36.06

12.76

3.39

6.74

15.49

6.72

9.03

3.50

3.51

3.91

44721

479.57

447.55

455.05

478.40

433.11

-26.95

-24.39

-25.08

-26.86

-25.74

-26.34

-26.47

-25.86

-25.82

-28.39

-28.22

-28.09

-27.95

-27.49

-27.69

20.58

7.93

10.15

18.03

11.50

15.84

5.34

12.08

19.67

23.21

36.80

31.19

32.23

36.04

23.56



17.10.-20-
C3-3 (T-7)
17.10.-20-
C3-4 (T-8)

29.10.-8-C3-

1(T-9)
29.10.-8-C3-
2 (T-10)
29.10.-8-C3-
3 (T-11)
29.10.-8-C3-
4 (T-12)

11.10.-4-C3-
1 (E-1)
11.10.-4-C3-
2 (E-2)
11.10.-4-C3-
3 (E-3)
11.10.-4-C3-
4 (E-4)
22.10.-22-
C3-1 (E-5)
22.10.-22-
C3-2 (E-6)
22.10.-22-
C3-3 (E-7)
22.10.-22-
C3-4 (E-8)

> 63 um (POM)
> 63 um (POM)
> 63 um (POM)
> 63 um (POM)
> 63 um (POM)

> 63 um (POM)

<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 pm
(MAOM)
<20 um
(MAOM)
<20 um
(MAOM)

Liriodendron
tulipifera 2
Liriodendron
tulipifera 2
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3
Liriodendron
tulipifera 3

Quercus alba
Quercis alba
Quercﬁs alba
Quercﬁs alba
Quercﬁs alba
Quercﬁs alba
Quercﬁs alba
Quercgs alba

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
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1.10

1.05

0.78

1.23

0.80

0.07

0.18

0.08

0.11

0.12

0.15

0.08

0.13

0.17

15.37

14.64

10.93

17.29

11.25

1.03

2.56

1.07

1.54

1.64

2.07

1.16

1.79

2.44

-0.89

-2.83

-3.98

-1.80

-5.98

-3.38

1.55

1.67

1.64

3.60

3.10

1.45

2.34

3.17

34.05

37.50

38.06

46.20

40.58

441

3.18

1.46

2.18

1.46

1.79

0.91

1.49

2.18

409.02

450.36

457.13

554.92

487.44

53.01

38.24

17.48

26.15

17.54

21.50

10.92

17.91

26.19

-27.42

-27.95

-27.49

-28.29

-27.69

-27.81

-26.47

-25.83

-26.17

-25.76

-25.30

-24.86

-25.60

-25.39

26.58

30.73

41.77

32.07

43.30

51.65

1491

16.35

16.98

10.71

10.36

9.37

10.01

10.74



11.10.-4-C3-
1 (E-1)
11.10.-4-C3-
2 (E-2)
11.10.-4-C3-
3 (E-3)
11.10.-4-C3-
4 (E-4)
22.10.-22-
C3-1 (E-5)
22.10.-22-
C3-2 (E-6)
22.10.-22-
C3-3 (E-7)
22.10.-22-
C3-4 (E-8)

11.10.-4-C3-
1 (E-1)
11.10.-4-C3-
2 (E-2)
11.10.-4-C3-
3 (E-3)
11.10.-4-C3-
4 (E-4)
22.10.-22-
C3-1 (E-5)
22.10.-22-
C3-2 (E-6)
22.10.-22-
C3-3 (E-7)

< 20 um (POM)
< 20 um (POM)
< 20 um (POM)
< 20 um (POM)
<20 um (POM)
<20 um (POM)
<20 um (POM)

<20 um (POM)

> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)
> 20 um (POM)

> 20 um (POM)

Quercus alba
Quercis alba
Quercis alba
Quercis alba
Quercts alba
Quercﬁs alba
Quercﬁs alba
Quercgs alba

Quercus alba
Quercﬁs alba
Quercﬁs alba
Quercﬁs alba
Quercﬁs alba
Quercﬁs alba
Quercgs alba

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
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1.06

0.60

0.68

0.95

1.16

1.08

1.08

0.99

1.08

0.79

0.86

1.30

1.50

1.46

1.39

14.89

8.46

9.49

13.30

16.30

15.19

15.06

13.88

15.17

11.08

12.04

18.26

20.98

20.39

19.47

0.01

-2.47

-3.53

-2.37

-1.88

-2.43

-3.21

1.43

-3.89

-3.82

-5.31

-1.89

-2.03

-1.86

-1.90

29.68

34.72

33.33

30.21

31.80

28.79

27.65

29.49

38.38

41.72

40.76

37.03

39.00

38.72

37.49

356.43

417.01

400.33

362.85

381.92

345.81

332.15

354.19

460.99

501.06

489.61

444,75

468.47

465.03

450.23

-27.71

-27.83

-27.28

-27.72

-26.93

-26.89

-27.17

-27.18

-27.47

-27.75

-27.10

-27.71

-26.81

-27.26

-27.50

23.92

49.23

42.16

27.25

23.41

22.75

22.03

25.49

30.37

45.20

40.63

24.33

2231

22.79

23.11



22.10.-22-
C3-4 (E-8)

11.10.-4-C3-
1 (E-1)
11.10.-4-C3-
2 (E-2)
11.10.-4-C3-
3 (E-3)
11.10.-4-C3-
4 (E-4)
22.10.-22-
C3-1 (E-5)
22.10.-22-
C3-2 (E-6)
22.10.-22-
C3-3 (E-7)
22.10.-22-
C3-4 (E-8)

11.10.-4-C3-
1 (E-1)
11.10.-4-C3-
2 (E-2)
11.10.-4-C3-
3 (E-3)
11.10.-4-C3-
4 (E-4)
22.10.-22-
C3-1 (E-5)
22.10.-22-
C3-2 (E-6)

> 20 um (POM)

> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)
> 63 pm
(MAOM)

> 63 um (POM)
> 63 um (POM)
> 63 um (POM)
> 63 um (POM)
> 63 um (POM)

> 63 um (POM)

Quercus alba
2

Quercus alba
Quercis alba
Quercis alba
Quercis alba
Quercis alba
Quercﬁs alba
Quercﬁs alba
Querczs alba

Quercus alba
Quercﬁs alba
Quercﬁs alba
Quercﬁs alba
Quercﬁs alba
Quercgs alba

soil
fractions

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions

soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
soil
fractions
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1.36

0.03

0.02

0.02

0.02

0.04

0.02

0.04

0.04

1.14

0.78

1.13

1.24

1.24

1.19

19.03

0.45

0.27

0.35

0.29

0.53

0.34

0.55

0.59

15.92

10.88

15.78

17.41

17.34

16.69

-1.79

-3.92

-0.36

0.85

-1.67

-0.14

-1.53

-1.07

-0.35

-4.09

-4.65

-1.72

-2.87

-2.95

-1.08

35.57

0.70

0.38

0.50

0.44

0.53

0.42

0.63

0.66

40.16

39.55

40.24

37.23

39.11

37.87

427.22

8.41

4.55

6.03

5.32

6.39

5.04

7.56

7.98

482.38

475.07

483.29

44721

469.71

454.82

-27.01

-25.70

-24.78

-25.30

-25.07

-24.94

-25.00

-25.91

-25.24

-28.15

-28.04

-27.92

-28.07

-27.49

-28.03

22.43

18.50

16.66

17.33

18.45

12.01

14.79

13.73

13.58

30.27

43.64

30.61

25.66

27.06

27.22



Roots

Root tips
(mycorrhizal)

Fungi

22.10.-22-
C3-3 (E-7)
22.10.-22-
C3-4 (E-8)

Quercus alba
Quercus alba
Quercus alba

Quercus alba
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera

Quercus alba
Quercus alba
Quercus alba

Quercus alba

Quercus alba

> 63 um (POM)

> 63 um (POM)

Cortinarius sp.
Lactarius
quietus

Tracing soil carbon and nitrogen cycling in arbuscular and ectomycorrhizal systems

Quercus alba soil
2 fractions 1.30 18.17  -1.87 38.63 463.97 -28.08 25.52
Quercus alba soil
2 fractions 1.28 1797  -247 38.67 464.43 -27.37 25.82
roots 0.77 10.75  -5.81 29.14 349.99 -26.89 32.54
roots 0.47 6.58 -4.47 30.97 371.97 -27.51 56.51
roots 0.52 7.27 -6.51 32.85 39455 -27.56 54.25
roots 0.86 12.02  -4.89 33.12 397.82 -28.95 33.08
roots 1.00 13.97 -4.67 35.37 424.79 -28.92 30.39
roots 0.87 12.18  -4.47 35.19 422.69 -27.87 34.67
roots 0.48 6.78 -7.87 39.90 479.21 -27.72 70.66
roots 1.07 1493  -5.17 38.22 459.10 -26.86 30.72
root tips 0.97 13.58 -5.39 36.00 432.41 -27.06 31.82
root tips 0.99 13.87  -5.55 32.23 387.07 -28.68 27.88
root tips 0.97 13.63 -5.24 31.56 379.11 -29.48 27.79
ECM
MC-2018-10  fungi 3.20 4474  8.29 36.13 433.92 -26.90 9.69
ECM
MC-2018-11  fungi 2.76 38.60 5.78 39.57 47530 -25.56 12.30
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Quercus alba
Quercus alba
Quercus alba
Quercus alba
Quercus alba
Quercus alba
Quercus alba

Quercus alba

Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera

Tricholoma

subresplendens

Russula
rubriceps
Hygrophorus
russula
Laccaria
laccata
Agaricus
leptocaulis
Fuscoporia
gilva
Laetiporus
sulphureus
Gymnopilus
liquiritiae

Cortinarius sp.

Cantharellus
lateritius

Cortinarius sp.

Cortinarius sp.

Inocybe sp.
Amanita
suballiacea

Glomeraceae

MC-2018-38

MC-2018-6

MC-2018-7

MC-2018-9

MC-2018-8

MC-2018-39

MC-2018-40

MC-2018-41

MC-2018-13

MC-2018-15

MC-2018-18

MC-2018-21

MC-2018-26

MC-2018-32

ECM
fungi
ECM
fungi
ECM
fungi
ECM
fungi

SAP soil
SAP
wood
SAP
wood
SAP
wood

ECM
ECM
ECM
ECM
ECM
ECM

AM
fungi
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3.03

2.73

3.31

3.30

8.14

1.40

0.79

1.92

2.44

2.52

3.49

3.58

3.11

4.25
2.28

42.41

38.26

46.36

46.19

113.94

19.63

11.12

26.91

34.10

35.23

48.90

50.10

43.50

59.56

31.88

10.33

-0.96

8.97

9.56

2.70

-3.57

2.07

1.29

8.49

5.41

5.41

8.25

1.88

7.71

1.90

36.90

37.28

37.52

36.90

34.44

39.89

35.98

41.26

35.79

36.66

36.43

36.41

33.96

38.19

33.89

443.17

447.80

450.61

443.18

413.69

479.14

432.17

495.60

429.92

440.32

437.58

437.29

407.87

458.67

407.00

-26.28

-26.29

-26.10

-26.48

-22.28

-25.24

-23.15

-23.04

-26.63

-26.25

-26.38

-26.24

-26.31

-25.51

-27.94

10.44

11.69

9.71

9.59

3.63

24.39

38.81

18.40

12.59

12.49

8.94

8.72

9.37

7.69

12.74



Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera

Glomeraceae
Glomeraceae
Glomeraceae
Glomeraceae
Glomeraceae
Marasmius
strictipes

Gymnopus
dryophilus

Lycoperdon sp.

Rhodocollybia
butyracea
Rhodocollybia
butyracea

Psathyrella sp.

Stereum sp.
Grifola
frondosa
Trametes
betulina
Merulius
tremellosus
Ischnoderma
resinosum

MC-2018-12

MC-2018-14

MC-2018-16

MC-2018-19

MC-2018-20

MC-2018-49

MC-2018-25

MC-2018-30

MC-2018-31

MC-2018-44

MC-2018-45

AM
fungi
AM
fungi
AM
fungi
AM
fungi
AM
fungi

SAP soil
SAP soil
SAP soil
SAP soil
SAP soil

SAP soil
SAP
wood
SAP
wood
SAP
wood
SAP
wood
SAP
wood

144

Tracing soil carbon and nitrogen cycling in arbuscular and ectomycorrhizal systems

0.82

0.94

0.721

0.76

0.88

6.71

4.34

6.79

6.35

1.68

3.58

1.23

2.98

0.91

1.68

5.78

11.49

13.09

10.09

10.58

12.29

93.99

60.79

95.11

88.94

23.53

50.14

17.17

41.75

12.70

23.47

80.98

4.78

4.83

4.40

5.28

4.89

-0.77

0.77

-1.17

1.97

-4.12

-4.02

-2.82

1.19

-6.04

-1.34

2.57

10.54

13.01

10.30

10.28

12.76

36.19

35.39

35.24

35.92

35.69

34.53

36.16

36.80

35.47

36.79

37.65

126.60

156.20

123.70

123.50

153.30

434.65

425.11

423.23

431.40

428.67

414.70

434.28

441.98

425.99

441.84

452.21

-27.63

-27.63

-27.66

-27.67

-27.86

-23.39

-24.40

-23.74

-23.01

-24.81

-25.63

-20.93

-22.34

-22.16

-23.57

-20.08

10.97

11.89

12.27

11.63

12.48

4.62

7.00

4.45

4.85

18.20

8.27

25.27

10.58

3351

18.81

5.58



Substrate

Leaves

Liriodendron
tulipifera

Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera

Quercus alba
Quercus alba
Quercus alba
Quercus alba
Quercus alba
Quercus alba
Quercus alba
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera

Bisporella
citrina

MC-2018-50

MC-2018-50
MC-2018-45
wood
MC-2018-30
wood
MC-2018-25
wood

SAP
wood

fungi
substrate
fungi
substrate
fungi
substrate
fungi
substrate

leaves
leaves
leaves
leaves
leaves
leaves
leaves

leaves
leaves
leaves
leaves

leaves

145

Tracing soil carbon and nitrogen cycling in arbuscular and ectomycorrhizal systems

2.18

0.77

1.14

0.73

1.40

1.47
1.37
1.60
1.52
1.40
1.56
1.43

1.31

1.47

2.00

1.94

1.74

30.52

10.85

16.00

10.28

19.63
14.19

20.59
19.19
22.41
21.30
19.61
21.85
20.03

18.35

20.59

28.01

27.17

24.37

-4.45

-7.09

-4.11

-1.76

-4.06

-3.29
-4.72
-2.01
-3.11
-3.47
-1.62
-2.12

-4.38

-2.54

-2.78

-4.46

-2.90

35.46

40.71

32.66

40.42

39.32

39.89
40.01
40.35
40.77
39.69
40.67
40.14

40.45

39.71

41.09

39.82

41.25

425.94

488.96

392.29

485.53

472.30

479.16
480.55
484.63
489.66
476.74
488.43
482.08

485.79

476.99

493.57

478.21

495.46

-22.98

-26.54

-27.93

-26.42

-26.73

-28.56
-28.45
-29.42
-29.19
-29.68
-29.04
-27.74

-27.88

-28.56

-28.73

-28.87

-27.98

13.95

45.03

24.50

47.18

24.03

23.24
25.02
21.57
23.05
24.23
22.38
24.03

26.51

23.09

17.60

17.61

20.37



Leaf
litter

Bulk
soil

Liriodendron
tulipifera

Quercus alba
Quercus alba
Liriodendron
tulipifera
Liriodendron
tulipifera

Quercus alba
Quercus alba
Quercus alba
Quercus alba
Quercus alba
Quercus alba
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera
Liriodendron
tulipifera

Litter
Litter

Litter

Litter

bulk soil
bulk soil
bulk soil
bulk soil
bulk soil
bulk soil

bulk soil

bulk soil

bulk soil

bulk soil

bulk soil

leaves
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1.87

0.93
1.09

1.08

0.92

0.17
0.08
0.08
0.14
0.17
0.17

0.12

0.14

0.12

0.18

0.26

26.19

13.05
15.28

15.16

12.86

2.38
1.11
1.15
1.94
2.36
2.36

1.66

1.96

1.68

2.51

3.70

-2.88

5.11
-4.45

-4.14

-4.36

-0.45
0.66
-1.23
-1.83
-2.19
0.36

0.47

0.34

0.64

-1.05

-0.44

41.59

40.68
37.20

34.69

38.86

4.16
1.94
1.83
1.65
2.27
2.40

2.18

2.95

2.23

2.33

3.80

499.53

488.58
446.82

416.70

466.68

49.99
23.24
21.97
19.87
27.31
28.81

26.19

35.41

26.78

27.98

45.67

-26.73

-29.11
-29.15

-29.44

-29.07

-27.17
-26.62
-26.45
-25.66
-26.44
-26.05

-26.38

-26.95

-26.53

-26.27

-26.18

19.05

37.40
29.21

27.46

36.26

21.02
20.83
19.12
10.21
11.57
12.19

15.79

18.06

15.97

11.15

12.33



Liriodendron

tulipifera

Acer saccharum & Fagus

grandifolia

Fungi

Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum

Cortinarius sp.

Cortinarius sp.

Tricholoma

subresplendens
Hymenochaete

sp.
Stereum sp.
Stereum sp.
Glomeraceae
Glomeraceae
Glomeraceae
Glomeraceae
Glomeraceae

Glomeraceae

bulk soil

MC-2018-51

MC-2018-52

MC-2018-47

MC-2018-54

MC-2018-28

MC-2018-29

ECM
fungi
ECM
fungi
ECM
fungi

SAPs
SAPs

SAPs
AM
fungi
AM
fungi
AM
fungi
AM
fungi
AM
fungi
AM
fungi
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0.24

5.17

1.87

3.47

1.50

1.37

1.22
0.74

0.77

0.89

0.77

0.87

0.86

3.42

72.43

26.23

48.64

20.94

19.23

17.12

10.40

10.74

12.46

10.84

12.22

12.04

0.39

0.02

6.38

10.71

-5.14

-3.83

-6.88

6.26

5.91

4.92

5.66

5.43

5.57

4.43

33.04

25.56

38.72

36.90

35.92

37.55

9.63

10.17

14.40

9.81

10.69

12.31

53.16

396.79

307.05

465.02

443.20

43141

451.04

115.700

122.100

173.000

117.800

128.400

147.900

-26.91

-23.16

-25.86

-25.87

-23.53

-24.14

-21.17

-27.65

-27.90

-27.59

-27.72

-27.64

-27.89

15.54

5.47

11.70

9.55

21.14

22.41

26.32

11.07

11.35

13.87

10.85

10.50

12.28



Roots

Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia

Acer
saccharum
Acer
saccharum
Acer
saccharum

Amanita
lavendula

Inocybe sp.
Laccaria
laccata

Ramaria sp.
Russula
rubriceps

Russula sp.
Tricholoma
sejunctum
Tricholoma
susplendens
Singerocybe

adirondackensis

Mycena
galericulata

Rhizomarasmius
pyrrhocephalus

MC-2018-48

MC-2018-35

MC-2018-23

MC-2018-36

MC-2018-22

MC-2018-37

MC-2018-43

MC-2018-42

MC-2018-33

MC-2018-24

MC-2018-34

ECM
fungi
ECM
fungi
ECM
fungi
ECM
fungi
ECM
fungi
ECM
fungi
ECM
fungi
ECM
fungi

fungi
SAP

SAP

roots
roots

roots
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2.86

3.48

2.62

3.47

2.21

2.38

2.44

4.61

4.38

2.58

2.06

0.63

0.49

0.83

40.01

48.77

36.73

48.61

30.93

33.38

34.11

64.58

61.34

36.14

28.86

8.79

6.85

11.66

2.68

-3.29

-2.98

9.70

-1.44

2.63

6.86

0.26

-2.19

-3.08

-6.60

-8.41

-9.28

-8.72

31.91

36.19

29.71

37.59

36.53

35.44

33.74

36.39

35.69

38.85

34.61

38.75

39.71

36.42

383.28

434.67

356.81

451.48

438.72

425.69

405.23

437.08

428.70

466.60

415.65

465.41

476.89

437.44

-26.87

-27.22

-26.30

-25.44

-26.47

-26.86

-26.53

-21.58

-23.73

-22.30

-25.03

-25.54

-26.85

-29.18

9.57

8.90

9.71

9.28

14.17

12.74

11.87

6.76

6.98

12.90

14.39

52.90

69.53

37.47



Root tips
(mycorrhizal)

leaves

Acer
saccharum

Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia

Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia

Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia

Acer
saccharum

roots

roots
roots
roots

roots

root tips
root tips

root tips

leaves
leaves
leaves

leaves

leaves
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0.63

0.56

0.87

1.08

0.53

0.98

1.27

0.97

1.69
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1.83

1.85

1.19

8.87

7.82

12.23

15.06

7.36

13.70

17.83

13.65

23.63

21.07

25.61

25.86

16.64

-7.63

-6.31

-9.43

-4.84

-1.42

-3.80

-3.24

-6.21

-3.11

-1.62

-2.38

-0.76

-4.04

38.76

38.13

39.12

37.45

40.71

36.32

34.62

34.18

40.84

38.16

40.57

41.35

39.14

465.50

457.95

469.85

449.83

488.90

436.25

415.75

410.51

490.54

458.38

487.22

496.61

470.10

-26.68

-28.37

-30.44

-27.17

-26.49

-28.20

-28.02

-27.96

-28.45

-29.03

-29.35

-27.45

-29.16

52.45

58.48

38.40

29.85

66.38

31.82

23.30

30.05

20.74

21.73

19.01

19.18

28.22



substrate

soil

Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum

Acer
saccharum

Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum
Acer
saccharum

MC-2018-29
wood

bulk soil

bulk soil

bulk soil

bulk soil

bulk soil

bulk soil

leaves

leaves

leaves

leaves

leaves

leaves

wood
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1.25

1.20

1.66

1.31

1.12

1.46

0.72

0.07

0.09

0.16

0.10

0.26

0.13

17.52

16.78

23.30

18.39

15.70

20.46

10.13

0.95

1.23

2.22

1.46

3.57

1.87

-4.41

-4.31

-1.61

-3.55

-4.49

-3.42

-6.52

-1.66

0.35

0.94

-0.79

-0.27

-0.07

38.16

39.24

38.61

38.77

40.09

39.81

39.45

1.03

1.47

3.28

1.89

3.60

1.46

458.29

471.33

463.75

465.66

481.55

478.20

473.87

12.33

17.68

39.44

22.76

43.20

17.54

-30.31

-30.48

-29.07

-29.55

-28.65

-27.61

-26.94

-25.08

-25.75

-26.20

-25.91

-26.18

-25.42

26.13

28.07

19.89

25.30

30.64

23.35

46.76

12.97

14.34

17.71

15.57

12.08

9.40



Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia
Fagus
grandifolia

bulk soil

bulk soil

bulk soil

bulk soil

bulk soil

bulk soil
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0.31

0.13

0.21

0.19

0.09

0.11

4.29

1.76

2.94

2.63

1.32

1.60

1.19

0.12

0.15

-0.26

-1.33

-0.16

5.76

2.75

4.52

3.87

1.99

2.30

69.24

33.08

54.25

46.45

23.85

27.61

-26.76

-26.71

-27.15

-27.07

-26.29

-26.52

16.14

18.83

18.45

17.66

18.11

17.21
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Abstract

Ectomycorrhizal (ECM) fungi are key mediators of soil nitrogen (N) cycling and plant uptake.
In particular, they have been shown to enhance plant uptake from inorganic, amino-acid, and
even complex organic N sources. However, ECM fungi have arisen from multiple independent
evolutionary lineages and have retained different abilities to break down soil organic matter
(SOM). This study sought to investigate whether ECM fungi from different evolutionary
lineages with different capabilities to break down SOM would access different N forms in soil
and confer a different benefit to their plant partners. To answer this question, a microcosm study
was set up with Pinus sylvestris L. seedlings and four different species of ECM fungi with
differing functional morphology, namely Paxillus involutus (BATSCH) FR. and Pisolithus
arhizus (Scop.) RAUSCHERT (Boletales) as well as Laccaria laccata (Scop.) COOKE and
Laccaria bicolor (MAIRE) P.D. ORTON (Agaricales). We hypothesized that P. involutus and
P. arhizus, with their greater access to organic N forms, would be more enriched in °N than
L. bicolor and L. laccata and would confer a growth advantage to their associated plants.
Natural abundances of stable N isotopes were used to investigate the capacity of the four fungal
species to acquire N from SOM pools. P. involutus and P. arhizus were found to be more
N-enriched relative to plant tissue. This effect was not observed in L. laccata and L. bicolor.
These results suggest that certain ECM species have greater access to organic N pools in SOM
than others and that symbiosis with a plant and/or N availability play a role in the extent to

which ECM fungi utilize these organic N pools.
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1 Introduction

Although soil represents the largest reservoir of terrestrial nitrogen (N), most of this N is stored
in organic forms (Post et al., 1985) which are less easily accessed by plants (Jones et al., 2005).
These organic N forms are usually broken down by soil microorganisms before they can be
assimilated into plant tissues (Hodge et al., 2000). Inorganic N forms in soil are rapidly
consumed by plants and soil microorganisms and are consequently short-lived and relatively
rare in the soil (Attiwill & Adams, 1993). Thus, primary production in many terrestrial
ecosystems is limited by N availability (Du et al., 2020; Elser et al., 2007; LeBauer & Treseder,
2008). Plant traits such as root morphology and root lifespan are responsive to N availability in
soil (Adams et al., 2013; Li et al., 2015; Wang et al., 2018). Another important trait for plant N

acquisition is mycorrhizal association (Averill et al., 2019; Phillips et al., 2013).

Mycorrhizal associations are ubiquitous on land, with over 80% of terrestrial plant species and
92% of terrestrial plant families forming symbiotic relationships with mycorrhizal fungi (Wang
& Qiu, 2006). In exchange for photosynthetically derived carbohydrates from the plant partner,
mycorrhizal fungi provide growth-limiting nutrients such as N to the plant, satisfying up to 80%
of the plant’s N requirements (Grelet et al., 2009; Hobbie & Hobbie, 2008; Zijlstra et al., 2005).
Association with mycorrhizal fungi can increase a plant’s access to N through several
mechanisms. The fungal hyphae that branch out from the root with which they are associated
can effectively increase the volume of soil mined for nutrients by the plant-fungus partnership
(Smith & Read, 2010). Fungal hyphae also have a smaller diameter than plant roots and can
access smaller soil pores (Ritz & Young, 2004; Schack-Kirchner et al., 2000). Additionally,
certain types of mycorrhizal fungi are thought to have greater abilities to break down organic
forms of N in the soil and thus provide a growth advantage to their plant partners in N-limited
environments (Lindahl & Tunlid, 2015; Phillips et al., 2013) and by providing N in more easily-
assimilated organic forms (Allen et al., 2003).

There are four main types of mycorrhizal fungi: arbuscular mycorrhizae, ericoid mycorrhizae,
orchid mycorrhizae, and ectomycorrhizae (ECM) (Smith & Read, 2010). ECM fungi form
symbioses with ecologically and economically important plant families, such as Betulaceae,
Dipterocarpaceae, Fagaceae, Myrtaceae, Pinaceae, and Salicaceae (Smith & Read, 2010).
Additionally, the mycelia of ECM fungi can represent up to 80% of fungal biomass and 30%
of microbial biomass in forest soils (Hogberg & Hogberg, 2002; Wallander, 2006).

ECM fungi evolved dozens of times from separate saprotrophic lineages (Lal, 2004), retained
different genes associated with saprotrophic function (Averill et al., 2014; Phillips et al., 2013),
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express these genes to different extent (Kohler et al., 2015; Pellitier & Zak, 2018), and have
varying abilities to break down SOM (Lindahl & Tunlid, 2015; Phillips et al., 2013). One way
of categorizing the functional diversity of ECM fungi is by exploration type, characterized by
the hydrophobicity, distance traveled, and branching pattern of extramatrical mycelia (Allen et
al., 2003). Although this classification is morphological, it is thought to correspond to a
difference in saprotrophic capabilities. Hydrophilic, short and medium distance exploration
types are thought to have lower proteolytic capabilities and use more labile C and N sources
than hydrophobic, long distance exploration types that use older, more recalcitrant C and N

sources in the soil (Orwin et al., 2011).

The four species of ECM fungi in this study represent three evolutionary lineages. Laccaria
bicolor and Laccaria laccata belong to the order Agaricales and probably evolved from litter-
decaying saprotrophs (Averill et al., 2014). Laccaria spp. appear to have lost most genes
encoding enzymes that break down cellulose and lignin (Lal, 2004). L. bicolor and L. laccata
both have hydrophilic, medium-distance, fringe exploration types (Averill et al., 2014; Phillips
et al., 2013) and are thought to have limited ability to access organic N forms in the soil (Kohler
et al., 2015; Pellitier & Zak, 2018). Paxillus involutus and Pisolithus arhizus (also known as
Pisolithus tinctorius) are from the order Boletales, but probably evolved ECM lifestyles
independently of each other (Lindahl & Tunlid, 2015; Phillips et al., 2013). Both are
hydrophobic, long-distance exploration types with greater proteolytic capabilities (Allen et al.,
2003). Pisolithus involutus appears to use an oxidative Fenton reaction similar to brown-rot
saprotrophic fungi to mobilize N from plant litter (Orwin et al., 2011) when glucose is available
(Awverill et al., 2014) and also appears to be able to use hydrolytic proteases and chitinases to
mobilize organic N and C from fungal necromass (Hibbett et al., 2000). Paxillus arhizus also
seems to be able to hydrolyze simple organic N compounds and transfer these to its plant partner
(Kohler et al., 2015) but this effect could also be due to increased surface area for nutrient
absorption of the hydrophobic, long-distance exploration type (Shah et al., 2016; Talbot et al.,
2015). Although P. arhizus does seem to secrete extracellular proteases under some conditions,
this effect seems to differ between different isolates of this species (Pellitier & Zak, 2018).
Clearly, there is a great deal of diversity between ECM species and even within ECM species.
Moreover, despite evidence from omics studies that different ECM lineages have varying
potential capabilities to acquire organic N forms from SOM, it remains difficult to directly
assess their in vivo capacity to do so. One potential tool to explore this question is stable isotope

analysis.
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Stable isotope analysis is frequently used in ecological research to investigate the sources and
fluxes of various elements in ecosystems (Fry, 2006). The ratio of stable N isotopes °N:2N is
expressed relative to a standard as §°N. The §'°N of fungal tissue depends in part on the N
source utilized by those fungi, with the 5°N generally increasing with soil depth (Agerer, 2001;
Lilleskov et al., 2011) and being higher for organic N than inorganic N (Chen et al., 2019;
Hobbie et al., 2012). The ECM exploration type also affects fungal 8°N, with hydrophobic
exploration types tending to be more enriched than hydrophilic exploration types (Kohler et al.,
2015).

This study aims to evaluate whether natural abundance of N isotopes is a suitable tool to
investigate the differences between ECM species in their ability to utilize N from SOM. To
achieve this, the four species were grown in a microcosm with Pinus sylvestris seedlings and
the 5'°N values of shoots, roots, soil and the fungus were analyzed. We hypothesized that
P. involutus and P. arhizus, with their greater access to organic N forms, would be more

enriched in ®N than L. bicolor and L. laccata.

2 Materials and Methods
2.1 Experimental Setup
2.1.1 Fungal Cultures

Fungal cultures of Laccaria laccata (strain number MUCL 28894) and Laccaria bicolor (strain
number MUCL 28895) were obtained from the Belgian Coordinated Collections of
Microorganisms (BCCM). Pisolithus arhizus (strain DSM 3245) was obtained from the
German Collection of Microorganisms and Cell Cultures (DSMZ). Paxillus involutus (strain
MG091013_12) was obtained from the lab of Matthias Gube at the University of Gottingen and
is also deposited at Jena Microbial Resource Collection (JMRC) under the access number
FSU9994. All fungal cultures were subsequently maintained on Modified Melin Nokrans
(MMN; Supplementary material Methods S1) agar media (Martin & Selosse, 2008).

2.1.2 Seeds

Pinus sylvestris L. seeds were obtained from the Bavarian Office of Forestry and Plant
Breeding. Seeds were soaked in deionized water for 24 h in a beaker on a shaker plate at 90 rpm.
The seeds were then drained and soaked in 30% H:O: for 1.5 h in a beaker on a shaker plate at
90 rpm. The seeds were rinsed 3 times with sterilized, deionized water and then rinsed with a
sterile 10 mg/mL™? ampicillin solution in a laminar flow hood. In order to detect any
contamination, the seeds were germinated on petri dishes with MMN agar with the addition of
10 g/L™* glucose and half the normal amount of ammonium phosphate. They were then left to
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germinate for approximately 2 weeks until radicle extended into agar and seedling was

approximately 2 cm tall.

2.1.3 Solil

The soil was sampled from a grassland site belonging to the teaching facility,
“Landwirtschaftliche Lehranstalten” in Bayreuth, Germany (49° 55'46.2" N, 11°33'2.376" E).
Soil was sampled to a depth of approximately 10 cm on April 1%, 2019. The soil was mixed and
sieved through a 2mm sieve. The soil was classified as loamy silt with 67% sand, 11% silt, and
22% clay, and a pH of 5.9 (CaCl,). Total soil organic C and total N contents were 0.95% and
0.08%, respectively. The soil was then placed in an autoclave bag and autoclaved (121°C, 2 bar,
20 min; Systec DE-45 autoclave) every other day for a week and then every week for a month,

a total of 7 times.

2.1.4 Microcosms

A 10 mm diameter hole was cut into the lid of a 11cm diameter glass petri dish approximately
5mm from the edge. A 20 mm diameter glass tube of 15 cm height was affixed to the lid of the
petri dish around this hole with high temperature silicone sealant (Fischer, Lot #859104). A
cellulose stopper (PFF GmbH Kegelstopfen 120) was placed in the top of the glass tube to allow
for gas exchange but maintain axenic conditions. A mesh barrier with pore size of 30 um
(SEFAR NITEX 03-30/18) was glued with the same high temperature silicone sealant bisecting
the bottom of the petri dish, so that plant roots could not grow through the barrier, while fungal
hyphae could. The entire setup was then placed in an autoclave bag and autoclaved (121°C,
2 bar, 20 min). In a laminar flow hood (Safe 2020, Thermo Fisher, Germany), 20 g of the
autoclaved soil was weighed into the bottom of the petri dish on one side of the mesh barrier.
The microcosm was then placed in an autoclave bag and autoclaved again. MMN agar with 10
g/Lt glucose and half the ammonium phosphate was prepared and poured into both halves of
the petri dish bottom. The agar was allowed to cool overnight. The following treatments were
then prepared: (i) soil and agar only treatment, for which Petri dishes were covered with a
regular lid, sealed with parafilm and wrapped in aluminum foil. (ii) fungus only treatment, for
which an ~ 5mm square of agar with fungal culture was transferred to the agar side of the bi-
compartmented dish approx. 1 cm from the mesh barrier. The Petri dish was covered with a
regular lid, sealed with parafilm and wrapped in aluminum foil. (iii) plant only treatment, for
which a small square containing the seedling was cut out of the seed germination plate and
inserted into a corresponding square hole that was previously cut out of the agar side of the

microcosm. The seedling was placed on the agar side where a line drawn straight from the plant
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to the middle of the mesh barrier would intersect the mesh barrier perpendicularly. The shoot
of the seedling was then carefully pushed through the hole in the lid of the microcosm and into
the affixed tube. The microcosm was sealed with parafilm and the bottom wrapped in aluminum
foil to exclude light from the roots, while exposing tube and shoot to light. (iv) fungus and plant
treatment, for which the microcosms were prepared similar to the plant only treatment, but with
the fungus added as in the fungus only treatment. The microcosms were sealed and wrapped in
aluminum foil as described above. For each of the four fungal species, five replicates of the
fungus and plant treatment (iv) were set up. The fungus only treatment (ii) comprised six
replicates, the plant only treatment (iii) three and the soil and agar only treatments ten replicates.
All microcosms were placed in a fully controlled growth chamber (ThermoTEC, Rochlitz,
Germany). The growth chamber had 14-hour day and 10-hour night cycles with ambient
temperatures of approximately 20 °C during daytime and 18 °C at night. CO2 concentration was
approximately 400 ppm. Humidity was maintained at about 60%. The microcosms were
allowed to grow for approximately 12 weeks and randomly distributed every two days to ensure
equal light exposure and growth conditions.

2.2 Harvest

For soil and agar only treatments, a quarter of the soil/agar was removed from the plate with
scalpels and tweezers and dried in a glass vial at 60 °C for 72 h. The soil was then ground to
fine powder on a tube roller with a metal plug inside of the vial. Soil/agar from all treatments
was handled in a similar manner. For fungus only treatments, the fungal tissue was carefully
peeled off of the soil/agar with tweezers, dried in a glass vial at 60 °C for 72 h and then either
ground to fine powder on the tube roller or, for small samples, with a mortar and pestle. In plant
only treatments, the plants were carefully removed from the tube and separated into needles
and roots. Roots were scanned using a root scanner (described below), afterwards roots and
needles were placed in separate paper bags and dried to constant weight at 60 °C for 72 h.
Needles were ground to fine powder using a ball mill (MM2000, Retsch, Haan, Germany), roots
were directly weight into tin capsules without grinding due to small sample amount. In the plant
and fungus treatments, harvest of fungi was performed similarly as for the fungus only

treatment and plants were harvested similarly as for the plant only treatment.

2.2.1 Biomass and root length data collection

After oven drying dry weight of shoots and roots was measured, as described above. To cool
down, samples were put in a desiccator with silica gel. Dry weight was measured with an

electric micro balance (FZ-5000i, Sartorius, Goéttingen, Germany). The roots removed from the
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soil were scanned in a water bath (EPSON Perfection V800) and analyzed using WinRHIZO
(Regular STD4800, Regent Instruments, Canada) to determine total root length of entire sample
and root lengths per root diameter class (set at 10 different classes from < 0 mm to > 1.8 mm;

Supplementary material Figure S 2, S 3).

2.2.2 Preparation of samples for isotope analysis

Milled samples were stored in desiccators filled with silica gel until stable isotope
measurements were carried out. For isotope measurement, samples were weighed into tin
capsules. At the Centre for stable isotope Research and Analysis (Georg-August University of
Gottingen) stable isotope ratios (**N:*N, 3C:12C) as well as C and N concentrations were
determined with an EA-IRMS (Elemental Analyzer-lIsotope Ratio Mass Spectrometer).
Acetanilide was used to calibrate the C and N concentrations. The standard for C is Vienna Pee
Dee Belemite (V-PDB) and for N is air. Isotopic values were annotated as delta-value (), which
is defined as 8*3C or 8N = (Rsample/Rstandard -1) x 1000 [%o]. R describes the ratio of the heavy

to the light isotope of the sample or the respective standard.

2.3 Data analysis and statistics

The following calculations were performed over individual samples, not over data collectively:

C:N ratio = %Csample / %Nsample Eqg.1
N content [mg] = dry weightsampte [9] * (%Nsampie / 100) * 1000 Eq. 2
Enrichment factor e®®N = §™®Nungus - 3*°Niear (Preiss & Gebauer, 2008) Eq. 3

Data were analyzed with a histogram and then a Shapiro-Wilk test (P > 0.05) to determine
whether they were normally distributed. Variance homogeneity was assessed via Levene’s test
(P > 0.05). If these conditions were met, the data were analyzed with a one-way analysis of
variance (ANOVA) and a post-hoc Tukey’s HSD (Honest Significant Difference) test. If non-
normal distribution occurred and/or the variance was not equal across groups, a Kruskal-Wallis
test and post-hoc Dunn’s test with Benjamini-Hochberg adjustment for multiple comparisons
were used. To compare data between the fungus only treatment and the plant and fungus
treatment of the same species the Mann-Whitney U test was used.

The entire statistical analyses were conducted with R version 3.6.3 (R Core Team, 2020) in
RStudio version 1.3.959 (RStudio Team, 2020). Data were reshaped and aggregated using the
“reshape2” package (Wickham, 2007) and “dplyr” package (Wickham et al., 2016).
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The package ggplot2 was used to create figures (Wickham, 2009). The compact letter displays
for statistical significance were produced using the “multcomp” package (Hothorn et al., 2008).

The level of significance was set as o = 0.05.
3 Results

3.1 Plant Tissues

3.1.1 Plant Biomass

There was a significant effect of associated fungal species on shoot biomass (Figure 1a),
F(4,18) = 8.32, P = 0.00055. Plants associated with L. laccata, P. arhizus, and P. involutus had
significantly higher shoot biomass and root biomass (Figure 1b; total biomass see
Supplementary materials Figure S 1) than the plant only treatment (P > 0.05). The associated
fungal species also had a significant effect on the root-to-shoot ratio of P. sylvestris (Figure 2),
F(4,18) = 7.68, P = 0.00086. The plants associated with P. arhizus and P. involutus had a

significantly higher root-to-shoot ratio than the plant only treatment.
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Plant Only L. bicolor L. laccata Pis. arhizus Pax. involutus Plant Only L. bicolor L. laccata Pis. arhizus  Pax. involutus

Associated Fungus Associated Fungus

Figure 1: Biomass of (a) shoots by associated fungal species and (b) roots by associated fungal species.
Statistical difference (P < 0.05) between treatments indicated with small letters above boxplots. The
length of the box of the boxplots represents the interquartile range (IQR) with the lower margin being
the 25" and the upper margin the 75" percentile. The black line in the centre of the box indicates the
median, whiskers indicate the minimum (25" percentile — 1.5 x IQR) or the maximum (75" percentile
+ 1.5 x IQR). Quitliers are given by small dots above or below the boxes.
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Figure 2: Root-to-shoot ratio by associated fungal species. Statistical difference (P < 0.05) between
treatments indicated with small letters above boxplots. The length of the box of the boxplots represents
the interquartile range (IQR) with the lower margin being the 25" and the upper margin the 75"
percentile. The black line in the centre of the box indicates the median, whiskers indicate the minimum
(25" percentile — 1.5 x IQR) or the maximum (75" percentile + 1.5 x IQR). Outliers are given by small
dots above or below the boxes.

3.1.2PlantC and N

Table 1 shows the C and N concentration, N content, and C:N ratio of the roots and shoots of
the different treatment groups. For all the above parameters except the shoot C concentration,
the associated fungal partner had a significant effect, with L. laccata and P. arhizus always
differing significantly from the plant only treatment and L. bicolor never differing significantly
from the plant only treatment. P. involutus differed significantly from the plant only treatment
for the root C concentration, root N content, and root and shoot C:N ratio.

The C concentration of the shoots did not differ significantly between any of the treatments,
while for the roots, there was a significant difference between treatments (Fas18 = 6.37,
P =0.0023) with that of the plants associated with L. laccata (pagj = 0.0019), P. arhizus
(Pagj = 0.011), and P. involutus (Pagj = 0.037) being significantly higher than the plant only

treatment.

The associated fungal species had a significant effect on N concentration of the shoots
(x? = 17.452, df = 4, P = 0.001579) and of the roots (x> = 16.443, df = 4, P = 0.002478). Plants
associated with L. laccata and P. arhizus had a significantly lower shoot N concentration
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(P =0.0082 and P = 0.0061, respectively) and root N concentration (P =0.013 and P = 0.0071,
respectively) than the plant only treatment. There were no significant differences in N content

between the different treatments in shoots or roots.

The difference in C:N ratio between the different treatments for both shoots (Fs1s = 16.43,
P =7.91e) and roots (Fs1s = 14.22, P = 2.1e’%) was highly significant. Both the shoot and
root C:N was higher in plants associated with L. laccata (shoot Pagj = 0.000056 and root
Pagj = 0.00068), P. arhizus (shoot Pagj = 0.00013 and root Pagj = 0.00011), and P. involutus
(shoot Pagj = 0.036 and root Pagj = 0.012) than in the plant only treatment.

Table 1: Mean values (£ standard error, SE) of C-concentration, N-concentration, N-content (N-
concentration of sample multiplied by dry weight of sample), and C:N ratio of shoots and roots of

different treatments. Statistical difference between groups in columns is indicated by the letters in the
following column.

Treatment %C %N N Content [mg] C:N

Shoot Root Shoot Root Shoot Root Shoot Root
Plant only 48.85+0.89 46.05+0.57? 348+0452 243+0.382 0.29+0.04 0.06+0.01 1453 +1.90 19.89 £3.072
L. bicolor 4851+0.71 47.21+0.30% 263+0472% 1.98+0.20? 0.23+0.01 0.08+0.01 20.35+£2.77® 24.84+2.43%
L. laccata 4924 +0.35 48.73+0.49° 129+0.06° 1.18+0.08° 0.19+0.01 0.11+0.01 38.69+£2.15¢ 42.06+3.00°¢
P. arhizus 48.89+0.08 48.26 +0.22° 1.34+0.09° 1.07+0.06° 0.18+0.02 0.12+0.01 37.15+2.18°¢ 4583+279°
P. involutus 49.07 £0.37 47.92+0.32° 190+0.17% 135+0.09%® 024+0.02 0.12+0.01 26.80 +£2.62 36.15+2.62"b°

3.1.3 Plant Isotope Data

In 3!°N, no significant differenced between the different treatments for either the shoots (Figure
3a) or the roots (Figure 3b) of the plant tissues were discovered. Although the roots of the plants
associated with fungi appear to be more enriched in °N than the plant only treatment, this
difference was not statistically significant. Note that the root data areinfluenced by fungal

tissue, which are physically difficult to separate entirely from the roots before isotopic analysis.
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Figure 3: 3N of (a) leaves and (b) roots by associated fungal species. The length of the box of the
boxplots represents the interquartile range (IQR) with the lower margin being the 25" and the upper
margin the 75" percentile. The black line in the centre of the box indicates the median, whiskers indicate
the minimum (25" percentile — 1.5 x IQR) or the maximum (75" percentile + 1.5 x IQR). Outliers are
given by small dots above or below the boxes.

3.2 Fungal Tissues
3.2.1 Fungal C and N

Table 2 shows the mean values of C and N concentration, and C:N ratio of the fungal tissue in
the fungus only and fungus with plant treatments. For each fungal species and each parameter,
the fungus only treatment was compared to the fungus with plant treatment with a Mann-
Whitney U Test. The N concentration of P. involutus was significantly lower in the presence of
a plant (W = 30, P =0.0043) than in the fungus only treatment and the C:N ratios of L. bicolor
and P. involutus were significantly higher in the presence of a plant than in the fungus only
treatments (W = 0, P = 0.0043 for both).

Table 2: Mean values (+ standard error SE) of C concentration, N concentration, and C:N ratio in fungal

tissues of different species in fungus only or fungus and plant treatment. Significant difference between
fungus only and fungus with plant is indicated with an asterisk.

Fungal

. % C %N C:N
Species

Fungus Only With Plant Fungus Only  With Plant Fungus Only With Plant

L. bicolor 34.57+£4.95 42.91+1.40 2.34+£041 1.74+0.13 1519+ 0.92 2520 +£2.06 *
L. laccata 40.88 £2.73 37.54+7.38 2.47+0.51 2.32+£0.48 19.15+3.08 16.27 £1.09
P. arhizus 42.15+2.73 45.94 +0.58 331025 3.43£0.04 12.83+£0.24 13.41£0.24

P.involutus  42.19 +2.07 45.86+1.83 3.11+£0.28 226+010* 13.97+1.16 20.34+£0.47 *

3.2.2 Fungal Isotopes

The 8'°N differed significantly between the fungal species (Figure 4) in the fungus only
treatment (x? = 18.053, df = 3, P = 0.00043) with L.laccata (P = 0.014), P.arhizus
(P =0.0086), and P. involutus (P = 0.0093) significantly more enriched in *N than L. bicolor.
Additionally, the fungal tissue was significantly more °N-enriched in the plant and fungus
treatment than the fungus only treatment for P. arhizus (W =0, P = 0.0095) and P. involutus
(W =0, P=0.0043).
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Figure 4: 3'°N of fungal tissues by species in fungus only and fungus with plant treatments. The length
of the box of the boxplots represents the interquartile range (IQR) with the lower margin being the 25%
and the upper margin the 75" percentile. The black line in the centre of the box indicates the median,
whiskers indicate the minimum (25" percentile — 1.5 x IQR) or the maximum (75" percentile + 1.5 x
IQR). Outliers are given by small dots above or below the boxes.

Figure 5 shows the £°Nenrichment factor of the fungi relative to their associated plant leaves
in the fungus and plant treatment. P. arhizus and P. involutus appear to be more ®N-enriched
relative to their associated plant leaves than L. bicolor and L. laccata, but this difference was

not statistically significant.
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Figure 5: €N enrichment of fungus relative to plant for fungus and plant treatments. The length of the
box of the boxplots represents the interquartile range (IQR) with the lower margin being the 25" and the
upper margin the 75" percentile. The black line in the centre of the box indicates the median, whiskers
indicate the minimum (25" percentile — 1.5 x IQR) or the maximum (75" percentile + 1.5 x IQR).
Outliers are given by small dots above or below the boxes.

4 Discussion

The mycorrhizal growth response of plants when inoculated with mycorrhizal fungi is varied
in the literature (Agerer, 2001). In this study, the plant biomass production differed depending
on the fungal partner. Generally, the associated fungal species had a significant effect on both
root and shoot biomass (Fig.1). It was further assumed that the plants associated with P. arhizus
and P. involutus would produce more biomass than the plants associated with Laccaria species,
which are thought to have less ability to access organic N forms in the soil (Gebauer & Taylor,
1999; Hobbie & Hobbie, 2006; Smith & Read, 2010). The fact that plants associated with
L. laccata, P. arhizus, and P. involutus produced significantly more root and shoot biomass
than the plant only treatment suggests that these fungal species conferred a significant growth
benefit to their plant partners, while L. bicolor did not. Furthermore, the fact that there was no
significant difference in the root or shoot biomass of the plants associated with those three
species but that there was between plants associated with L. laccata and L. bicolor suggests
that, although they belong to the same genus, L. laccata and L. bicolor may have different
enzyme repertoires. Still, an influence of the CO2 concentration in the microcosm on plant

growth cannot be completely excluded. Although the microcosms were not sealed, fungal and
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root respiration may also have been influenced by the fungal species, leading to differences in

CO- concentration in the microcosms.

A CO; fertilization effect has been observed in other studies (Kohler et al., 2015), has been
shown to increase root biomass (Agerer, 2001), and can differ significantly based on associated
mycorrhizal species (Rineau et al., 2012).

Although the associated fungal species did have a significant effect on foliar N concentration,
the N content which takes biomass into account did not differ significantly between treatments.
One possible explanation for this is a dilution effect. Since N was limited in this microcosm
experiment, as plant biomass increased the limited N required by both plant and fungus may
have become more diluted in the tissues of both. Therefore, any N transferred from fungus to
plant could have been masked by this effect. The shift toward finer roots in plants associated
with L. laccata, P. arhizus, and P. involutus (Supplementary material Fig. A3) may support this
N limitation explanation, since the inverse relationship between N availability and fine root
production is well-established in the literature (Rineau et al., 2013). However, this difference
in fine root production could also be due to differences between the associated mycorrhizal
species. Additionally, some studies have shown that in N-limited conditions, ECM fungi tend

not to transfer as much N to their plant partners (Akroume et al., 2019).

ECM colonization can increase a plant’s access to N relative to non-mycorrhizal plants. Some
studies have suggested that there is a depletion in foliar *°N in ECM-associated plants, due to
fractionation during transfer of N from fungus to plant (Abuzinadah & Read, 1986; Koide &
Kabir, 2001) leaving the fungus enriched in *°N. However, in this study, the 3*°N of shoots did
not differ significantly between the seedlings inoculated with ECM fungi and the plant only
treatment suggesting that a fractionation during the transfer of N from fungus and plant can be
neglected. A trend towards more °®N-enriched shoots even occurred for L. laccata and
P. involutus. The roots of the inoculated seedings were even enriched in **N compared to the
plant without fungi. However, this likely indicates a large contribution of fungal mycelium to

our root sample.

When compared with the corresponding fungus only treatment for that species, the fungus and
plant treatment of P. involutus had a significantly lower N concentration and higher C:N. This
was also the case for the C:N of L. bicolor. This likely indicates that those species were
transferring more nitrogen to or receiving more C from their plant partner. However, because
fungal biomass could not be measured in this study and thus N content could not be calculated,

this could also be due to the nitrogen dilution effect discussed above.
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It has generally been observed that ECM fungi are significantly more enriched than their
substrate, their plant hosts, and saprotrophic fungi (Hobbie & Hogberg, 2012). The accessibility
of different N sources (i.e., mineral N and organically bound N) may largely control the *°N
value of the fungus. Different N sources in soil vary widely in their isotopic composition, with
31N generally increasing with soil depth (Hobbie & Ouimette, 2009a) and being higher for
organic N than for inorganic N (Takebayashi et al., 2010). Given that ECM fungi often become
dominant with increasing soil depth (Clemmensen et al., 2013) and due to their access to
organic N forms, they are generally more enriched in N compared to free-living saprotrophic
fungi (Gebauer & Taylor, 1999; Henn & Chapela, 2001).

It was hypothesized that the ECM species with greater ability to use organic N sources, i.e.
P. arhizus and P. involutus, would be more enriched in °N than the Laccaria species that are
thought to rely more on inorganic N sources. When comparing the fungus only treatment of the
four species, L. laccata, P. arhizus, and P. involutus were all more enriched than L. bicolor and
were not significantly different from each other. Furthermore, P. arhizus and P. involutus were
more enriched in the plant and fungus treatment than in the fungus only treatment for the same
species, while there was no significant difference between these treatments for the Laccaria
species. Another possible explanation is that as the system became more N-limited, P. arhizus
and P. involutus use more organic N sources from the soil and become consequently more
enriched in *N. Since L. bicolor and L. laccata appear to have less ability to use organic N
forms (Cairney & Chambers, 1997) and are also hydrophilic, shorter distance exploration types
(Hobbie & Ouimette, 2009b), they may not have been able to access more recalcitrant forms of
N when the system became more N limited, while P. arhizus and P. involutus could and
consequently became more enriched in *°N. Support for this explanation comes from the higher
enrichment factor ¢°N of P. arhizus and P. involutus relative to their plant partner than that of
the Laccaria species. A recent study has shown that P. involutus has the ability to liberate
organic N from fungal necromass probably through enzymatic degradation of chitin
(Takebayashi et al., 2010). Paxillus involutus is also known to be able to liberate N through an
oxidative Fenton reaction similar to its brown rot saprotrophic cousins (Hobbie et al., 2012).
Pisolitus arhizus is from a similar evolutionary lineage and may possibly be using similar

mechanisms (Molina & Palmer, 1982).
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5. Conclusion

This study sought to investigate the N dynamics between soil, ECM fungi, and ECM-associated
plants and to establish whether differences in decomposition capability of the fungi translated
to a difference in isotopic signature of the fungal and plant tissues. This study suggests that
decomposition capabilities differ significantly between ECM species and that the species of
associated ECM fungi may affect plant growth. Experiments tracing different isotopically-
labelled N substrates from soil to fungus to plant could further elucidate this matter by
demonstrating what substrates the different fungi use and quantifying the amount transferred to
the plant partner. While microcosm studies are limited in their applicability to ecosystems as a
whole, they can provide valuable insights into the mechanisms that play a key role in ecosystem

processes such as N cycling.
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Methods S1 Protocol for Modified Melin-Norkans Medium

Fig. S1: Total biomass (root and shoot combined) in g of Pinus sylvestris without fungal

association (plant only) and with the association to one of the four ECM species.

Fig. S2: Relative proportion of root diameters as percentage of total root length for roots of
Pinus sylvestris alone (plant only) and with fungal association.

Fig. S3: Specific root length (cm/g) of Pinus sylvestris roots without fungal association (plant

only) or with association to one of the four ECM species.
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Methods S1

Protocol for Modified Melin-Norkans Medium
Trace Element Solution:

3.728g KCl,

1.546g H3BOs,

0.8459 MgSO, + 7 H,0,

0.575g ZnSO4 + 7 H,0 and

0.125g CuSO4 + 5 H20 were dissolved in 1L of distilled, deionized water. This solution was autoclaved
and stored in the refrigerator.

0.066g CaCl + 2 H,0,

0.025¢g NacCl,

0.5 g KHzPOs,

0.05g (NHs)2HPO,,

1ug FeCls + 6 H,O (used one small grain of powder),
0.15g MgS0s4 + 7 H20,

83pL Thiamine hydrochloride solution (1.2mg/mL),
10mL Trace Element Solution (above), and

20g agar were dissolved in 1L of distilled, deionized water before autoclaving and pouring into petri
dishes in laminar flow hood.
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Plant Biomass (Root + Shoat)
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Fig. S 1: Total biomass (root and shoot combined) in g of Pinus sylvestris without fungal association (plant only)
and with the association to one of the four ECM species. The length of the box of the boxplots represents the
interquartile range (IQR) with the lower margin being the 25" and the upper margin the 75" percentile. The black
line in the centre of the box indicates the median, whiskers indicate the minimum (25" percentile — 1.5 x IQR) or
the maximum (75" percentile + 1.5 x IQR). Outliers are given by small dots above or below the boxes.
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Fig. S 2: Relative proportion of root diameters as percentage of total root length for roots of Pinus sylvestris alone
(plant only) and with fungal association. Root diameter was separated into five diameter classes: 0-0.2mm, 0.2-
0.4mm, 0.4-0.6mm, 0.6-0.8mm and 0.8-1mm. The black line in the centre of the box indicates the median, whiskers
indicate the minimum (25" percentile — 1.5 x IQR) or the maximum (75" percentile + 1.5 x IQR). Outliers are
given by small dots above or below the boxes. The length of the box of the boxplots represents the interquartile
range (IQR) with the lower margin being the 25 and the upper margin the 75" percentile.
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Fig. S3: Specific root length (cm/g) of Pinus sylvestris roots without fungal association (plant only) or with
association to one of the four ECM species. The black line in the centre of the box indicates the median, whiskers
indicate the minimum (25" percentile — 1.5 x IQR) or the maximum (75" percentile + 1.5 x IQR). Outliers are
given by small dots above or below the boxes. The length of the box of the boxplots represents the interquartile
range (IQR) with the lower margin being the 25 and the upper margin the 75" percentile.
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While it has long been held that invasive plants alter ecosystem processes, the magnitude and direction of these
effects have rarely been quantified in situ. We measured the effects of an invasive C4 grass (Microstegium vim-
ineum) on soil organic matter (SOM) decomposition in a deciduous forest in south-central Indiana, USA. The
unique '°C signature of the Cy4 grass relative to the Cy trees allowed us to partition soil CO; fluxes and estimate
M. vimineum effects on decomposition. The magnitude and direction of priming effects hinged on the soil
characteristics, which related to the mycorrhizal association of dominant trees. In forest plots dominated by
ectomycorrhizal trees, with low nitrogen availability and most SOM in particulate (i.e., unprotected) forms,
M. vimineum increased SOM decomposition by 58%. In contrast, in plots dominated by arbuscular mycorrhizal
trees, characterized by high nitrogen availability and most SOM in mineral-associated (i.e., protected) forms,
M. vimineum decreased decomposition by 14%. Collectively, our results demonstrate that invasive species can
play a large role in altering ecosystem processes and suggest that the magnitude and direction of such effects

depend on the dominant trees and edaphic characteristics of the stand.

Understanding the sensitivity of soil organic matter (SOM) decom-
position to environmental change is critical given the massive stores of
carbon (C) in soils globally (Lal, 2008). While numerous studies have
examined the sensitivity of SOM decomposition to warming, nitrogen
(N) deposition, elevated CO; and precipitation change (Song et al.,
2019), far fewer have investigated the role of invasive plants in altering
SOM dynamics. Plant invasions can have strong effects on soil C and N
cycling (Liao et al., 2008) and there is a need to quantify and better
understand how and why invaders impact SOM within and across eco-
systems (Parker et al., 1999; Strayer, 2012; Vila et al., 2011; Hulme
et al., 2013).

Many invasive plants produce fast-decaying litter (Jo et al., 2017)
and root-derived products (Bradford et al., 2012; Morris et al., 2016)
that are presumed to accelerate SOM decomposition via ‘priming ef-
fects’. Priming effects occur when soil microbes use energy from leaf
(Chao et al., 2019) or root (Pausch et al., 2013; Kumar et al., 2016)
inputs to synthesize extracellular enzymes in order to mine N from
indigenous SOM, resulting in SOM decay (Cheng and Kuzyakov, 2005).
While numerous studies have reported smaller SOM stocks in invaded

* Corresponding author.
E-mail addresses: kumar@leuphana.de, akumar4@gwdg.de (A. Kumar).

soils vs. uninvaded soils (Peltzer et al., 2010), direct field measurements
of priming based on soil COz emissions are exceedingly rare given the
challenges of quantifying SOM decomposition in situ.

Microstegium vimineum (Japanese stiltgrass) is a non-native C4 grass
that invades forest understories throughout the eastern U.S (Flory and
Clay, 2010) and is known to accelerate C and N cycling (Ehrenfeld et al.,
2001; Lee et al., 2012; Shannon-Firestone et al., 2015). Several studies
have reported lower SOM in M. vimineum-invaded soils relative to
adjacent uninvaded plots (Strickland et al., 2010; Craig and Fraterrigo,
2017; Craig et al., 2019), leading to speculation that the invader may
activate microbes to decay SOM (Sokol et al., 2019). Nevertheless, there
is no direct evidence of C fluxes resulting from priming by M. vimineum
and the role of tree species and edaphic factors in shaping the magnitude
and direction of invader-induced priming effects has not yet been
investigated.

The Mycorrhizal-Associated Nutrient Economy (MANE) hypothesis
(Phillips et al., 2013) provides a framework for considering variability in
invader impacts on SOM dynamics. Forest plots dominated by arbus-
cular mycorrhizal (AM) trees typically have fast-decaying litters
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Table 1
Soil properties in uninvaded EcM and AM stands in Moore’s creek forest reserve
(Phillips et al., 2013; Craig et al., 2019).

Soil properties EcM soil AM soil
Soil pH 4.27 £0.09 5231024
DOC 0.64 £ 0.06 0.32+0.04
Organic N/Inorganic N 255+ 50 159+ 28
Nitrification rates <0.001 1.05+£0.21
Decomposition rates 9.8=1.6 17.7+28
POM-N: MAOM-N 1.57 £0.76 0.96+0.38
POM-C: MAOM-C 216+093 1.36 £ 0.50

DOC: mg organic € g ' soil; nitrification rates: pg NO* N g ' soil d°';
decomposition rates: % litter mass loss; POM-N (C): particulate organic matter-
nitrogen (carbon); MAOM-N (C): mineral associated organic matter-nitrogen
(carbon).
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Fig. 1. Miller/Tans model for purification of the §'3C value of soil CO, from
atmospheric admixture. The slope of the regression line (OLS) represents the
isotopic composition of pure soil CO,. A reference plot without invasion (grey
diamonds) and a plot with M. vimineum invasion (green diamonds) are shown
exemplarily. With invasion, soil CO, shifts towards more positive 8'3C values
due to an influence of the Cy-signal from M. vimineum. EcM represents unin-
vaded plots whereas EcM_Mv represents the plots invaded by M. vimineum. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

(Midgley et al., 2015; Keller and Phillips, 2019), high inorganic N
availability (Midgley and Phillips, 2016; Mushinski et al., 2019), lower
standing fungal biomass and fungal to bacterial ratio (Cheeke et al.,
2017), and large stocks of mineral-associated (i.e., protected) organic
matter (Craig et al., 2018, 2019). In contrast, plots dominated by ecto-
mycorrhizal (EcM) trees have slow-decaying litters, low inorganic N
availability, and large stocks of particulate (i.e. unprotected) organic
matter, Given that priming depends on the chemical quality of plant
inputs, nutrient availability, structure and functioning of microbial
communities, and the degree to which the SOM is protected from decay
(Cheng et al., 2014), priming effects are believed to be greater in
EcM-dominated plots relative to AM-dominated plots (Fontaine and
Barot, 2005; Brzostek et al., 2015; Sulman et al., 2017). However, the
degree to which priming by invasive plants differs between AM- and
EcM-dominated plots is unknown.

We quantified invader-induced SOM priming effects in adjacent AM-
and EcM-dominated plots at Indiana University’'s Moores Creek
Research and Teaching preserve in the south-central Indiana, USA. The
forest plots are classified into AM- and EcM-plots based on known
mycorrhizal associations of dominant tree species, in which, trees
associated with dominant mycorrhizal type represented more than 80%
of the basal area of the plot. The AM plots mainly contained a mixture of
tulip poplar (Liriodendron tulipifera), sugar maple (Acer saccharum), and
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Fig. 2. Total CO; emission (pmol CO; m ? 5" £SE) from AM and EcM plots.
AM and EcM represents uninvaded plots whereas AM_Mv and EcM_Mv repre-
sents plots invaded by M. vimineum. Total CO, emission was partitioned into
SOM-derived and M. vimineum-derived (M.v.-derived). Different letters indicate
significant differences (Tukey's post-hoc test, P < 0.05) of total CO, emission
between invasion and type of mycorrhizal association.

sassafras (Sassafras albidum), whereas, American beech (Fagus grandi-
folia), pignut hickory (Carya glabra), black oak (Quercus velutina), white
oak (Q. alba), and red oak (Q. rubra) are the predominant species at the
EcM plots (see Phillips et al., 2013; Mushinski et al., 2019 for detailed
site description). Four M. vimineum-invaded and four uninvaded plots
(80 x 80 cm) within EcM- and AM-dominated plots were identified and
trenched to a depth of 30-35cm. After trenching, three PVC collars
(inner diameter 5 cm) were installed randomly to a depth of 3 cm within
each plot. Extra care was taken during trenching and PVC collar
installation te minimize the soil disturbance and allowed to establish for
¢. 3 weeks. Both the plots had similar abundances of M. vimineum, but
differed in a number of soil characteristics (Table 1).

We hypothesized that M. vimineum accelerates SOM decomposition
in EcM-dominated plots more than AM-dominated plots owing to the
lower N availability and greater fraction of unprotected SOM in the EcM-
relative to the AM-dominated plots. To test our hypothesis, we took
advantage of differences in the '3C natural abundance between sources
of soil CO; emission (native SOM-derived vs. M. vimineum-derived) as a
proxy for SOM decomposition. Trees with C3 photosynthetic pathways
have unique 813C values (—27.6%0 in EcM trees and —27.1%o in AM
trees) relative to the 5'°C signature of the C, grass M. vimineum
(—14.39%q). This enabled us to partition the source of soil CO, emission
and to calculate SOM priming under natural conditions, The 5'*C of pure
s0il CO, efflux was calculated after correcting the measured 5°C value
for the atmospheric CO; admixture based on the Miller/Tans model
(Miller and Tans, 2003; Pausch and Kuzyakov, 2012) (Fig. 1). Priming
effects (PE) were calculated as the difference of SOM-derived CO, be-
tween M. vimineum-invaded (Cs (M vimineum-invaded)) and uninvaded plots
(Cs (uninvaded)):

PE = C; (M vimineum-invaded) = Cs (uninvaded)

Where Cg (uninvaded) 1 the total CO; efflux from the uninvaded plots (see
supplementary material for detailed site description, measurements and
calculations).

Rates of soil CO3 emission between the uninvaded AM and EcM plots
remained similar whereas recent invasion by M. vimineum resulted in
increased rates of soil CO» emission in EcM plots only (Fig. 2). On
average, M. vimineum increased rates of CO, emission by 41% compared
to uninvaded plots. In invaded plots, a linear two-source isotopic mixing
model was used to partition the total CO; to its sources (SOM-derived
and M. vimineum-derived CO3z). M. vimineum resulted in a net positive

SOM priming in EcM plots of 2.26 pmol €Oz m ™2 57! - a 58% increase
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(AM) and ectomycorrhizal (EcM) dominated plots. Letters indicates significant
differences (P < 0.05, t-test).

compared to uninvaded plots (Fig. 3). In contrast, invasion resulted in
14% reduction in SOM-derived CO2 in AM plots resulting in a negative
SOM priming (Fig. 3).

Previous studies have reported links between invasive plants, mi-
crobial activities and accelerated SOM loss (Strickland et al., 2010;
Bradford et al., 2012; Sokol et al., 2019; Craig et al., 2019); however,
direct measurements of invader-induced priming effects in situ are rare.
Our results showed that invader-induced priming can be appreciable
(58% increase in SOM loss), and that site level factors (overstory com-
munity and edaphic characteristics) mediate this effect. Trace amounts
of exudates can boost microbial metabolism and activity (De Nobili
etal., 2001). Given the strong competition for N in EcM plots at this site
(Midgley and Phillips, 2016), microbes stimulated by invader inputs
may need to mine SOM for N (Craine et al., 2007). Moreover, higher
fungal to bacterial ratios, and a shift in enzymatic stoichiometry to
higher investment in extracellular enzyme production for nutrient
rather than C acquisition in EcM than AM plots (Cheeke et al., 2017), can
be directly linked to accelerated SOM decomposition through nutrient
mining (Fontaine and Barot, 2005). This finding highlights the role of
soil microbial communities as drivers of priming effects (McGuire et al.,
2010; Taylor et al., 2016; Cheeke et al., 2017). In AM-dominated plots
where N is abundant and competition for N is reduced (Midgley and
Phillips, 2016), microbes may preferentially use C exuded by the in-
vaders, resulting in reduced metabolic costs and less SOM decomposi-
tion leading to negative priming effects. Additionally, the accumulation
of unprotected SOM in EcM soils owing to the slow decomposition of
EcM tree litter was likely more vulnerable to priming than the protected
SOM in AM soils that was formed from fast-decaying litter (Cotrufo
et al., 2013; Averill and Hawkes, 2016; Sulman et al., 2017). Further-
more, recent studies that have tracked the flow of M. vimineum litter into
soil pools have found that as particulate organic matter decays, it leads
to more mineral-associated OM formation (Sokol et al., 2019; Craig
et al., 2019). Thus, it is important to consider that while our study
focused on priming effects, some fraction of fast-decaying litter from the
invader likely moved into the mineral-associated SOM pool (Sokol et al.,
2019; Craig et al., 2019). This could offset some of the losses from
priming, though more work is needed to better evaluate the net effects of
invaders on SOM pools.

Collectively, our results demonstrate that the impact of fast-growing
invasive species on priming effects depends on the edaphic character-
istics and highlight the importance of considering invasive plants as
drivers of SOM change. Future studies should also consider soil miner-
alogy as a mediator of invasion-induced organic matter priming effects.
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Materials and methods:
Site description:

The present study was conducted in a c. 80 year-old temperate deciduous forest at Moores
Creek, which is part of Indiana University’s Research and Teaching Preserve (39°05’N,
86°27'W). Two field sites were identified as dominated either by AM or by EcM-trees. A
detailed site description of Moores Creek can be found elsewhere (Phillips et al. 2013, Midgley
et al. 2015). Mycorrhizal association (EcM or AM) was assigned when a tree from the
respective mycorrhizal type contributed to more than 80% of the basal area of that plot
(Phillips et al. 2013). We located patches of M. vimineum invasion in AM and EcM stands
throughout the sites. Soil samples were analyzed for §*3C to characterize the plots where the
Cs-signal from M. vimineum in the SOM was weak or absent. Plots with M. vimineum close to
the uninvaded plots, were taken as recently invaded plots depending on soil 63C signature.
Notably, we found no differences in the biomass of M. vimineum in AM vs. EcM-dominated
stands. Four recently M. vimineum-invaded and four uninvaded plots (80 x 80 cm) within EcM-
and AM-dominated stands were identified and trenched to a depth of 30-35 cm. After
trenching, three PVC collars (inner diameter 5 cm) were installed randomly to a depth of 3 cm
within each plot and allowed to establish for c. 3 weeks.
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Soil CO; emission

Once the plots were established, soil CO, emissions were measured in the field both in M.
vimineum-invaded and uninvaded plots (in EcM- and AM-stands) at 3 time intervals (18t
August, T1; 6™ September, T2; and 20™ September, T3) in 2017 using an infra-red gas analyzer
(IRGA; Li-Cor, Biosciences, Lincoln, NE, USA, Model LI-8100). Within each plot, CO; efflux was
measured for 4 min from 2 out of 3 PVC collars yielding a total of 32 measurement points for
each sampling time. Soil respiration (Ct) was calculated using SoilFluxPro™ (ver.4.0). Six gas
samples with 3 min intervals (0, 3, 6, 9, 12, and 15 min) were collected from the third PVC
collar from each plot at each sampling time. An air-tight chamber was installed on top of the
collar, gas samples were taken with a syringe through a septum in the chamber lid and
transferred to vacuum vials. The CO, concentrations and §3C values of the gas samples were
determined at the Stable Isotope Research Facility (SIRF) of Indiana University, Bloomington,
using a Thermo Delta Plus XP isotope ratio mass spectrometer (IRMS) with a Thermo Gas
Bench Il as inlet. Concentrations were calculated using dry air and a 1% CO2 / He mixture.
Stable C isotopic compositions were calibrated to the VPDB scale using NBS19 and three
internal lab standards that have been calibrated to NBS19, NBS20, and LSVEC.
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Miller/Tans model and CO; flux partitioning

The 6%3C of pure soil CO; efflux was calculated after correcting the measured 6*3C value for
the atmospheric CO, admixture based on the Miller/Tans model (Miller and Tans, 2003;
Pausch and Kuzyakov, 2012). For the Miller/Tans model, measured §3C values multiplied by
the respective CO, concentrations were plotted against the CO; concentrations. The slope of
the regression line is equivalent to the 63C value of soil CO; efflux purified from atmospheric
CO; (Miller and Tans, 2003). For each sampling time, the slope and the standard error of the
slope (63C of soil CO; + SE) were obtained for each replicate.

Total CO; efflux (Ct) was partitioned into root-derived CO; (C;) and SOM-derived CO; (Cs) using
a linear two-source mixing model (Pausch & Kuzyakov, 2012):

Cs(M.vimineum-invaded) =G (613Ct - 613Cr) / (613Cs(uninvaded) - 613Cr)
Cr = Ct - Cs(M.vimineum—invaded)

Where 8§%3C;, §13C;, and §3Cs are the isotopic composition of total-, root-derived-, and SOM-
derived COz(uninvaded), respectively. 83Cs was taken from the uninvaded plots. The isotopic
composition of M. vimineum roots were taken as a measure for root-derived CO; (6%3C;). G,
C,, and Cs are the CO; concentrations of total-, root-derived-, and SOM-derived CO,,
respectively.

Priming effects (PE) were calculated as the difference of SOM-derived CO, between M.
vimineum-invaded (Cs (m.vimineum-invaded)) and uninvaded plots (Cs (uninvaded)):

PE =G (M.vimineum-invaded) — Cs (uninvaded)

Where Cs (uninvaded) is the total CO; efflux from the uninvaded plots.
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Statistics

The values presented in graphs and tables are a mean of four field replicates + standard errors
(SE) at each sampling time. We applied statistics to assess the effects of mycorrhizal
association and invasion on soil CO2 emissions and t-test for assessing mycorrhizal association
effects on priming effects. To account for temporal pseudo-replication (i.e. CO, emissions
were measured at three time intervals), models were fitted using a generalized least square
approach with a compound symmetry covariance structure (corCompSymm(form
=~Time[Plot)) using nIme package (Pinheiro & Bates, 2009; Pinheiro et al. 2017). Multiple
comparisons were tested (as for total CO, emission) for significance using generalized linear
hypotheses with Tukey’s HSD test using Ismeans (Lenth, 2016) and multicomp (Hothorn et al.
2008) packages. We used P < 0.05 as statistically significant difference if not specially
mentioned elsewhere. All the statistical analyses were performed using R 3.5.0 (R Core Team,
2018).
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Abstract

Effects of elevated atmospheric carbon dioxide (CO) concentrations attributed to climate
change are frequently assumed to provide a benefit to plant and microbe growth and biomass
production. Nevertheless, an increased CO; supply for photosynthesis and biomass production
concomitantly causes a higher demand for nitrogen (N), especially on the plant’s site. Still, how
plants with different microbial interactions respond to elevated CO, in terms of N acquisition

remains understudied.

We conducted a climate control chamber experiment in which three plant species with different
nutrient acquisition strategies were grown at ambient (400 ppm) and elevated (700 ppm)
atmospheric CO; conditions. The grass Festuca ovina represents a mycorrhizal associated species,
legume Medicago sativa a mycorrhizal plant with N-fixing capabilities, and the cushion plant S7ene
acaulis represents a weakly mycorrhizal species. Plants were inoculated with the AM fungus
Rbizophagus irregularis and a native soil community and planted in pots with an inserted "N-labeled

litter containing mesh bag. Transfer of C and N was traced #za stable isotopes.

Despite different microbial interactions, all three plant species benefitted more from soil N than
microbes under elevated CO; conditions. While under ambient CO, nutrient cycling was
accelerated, it was decelerated for microbes in the elevated treatment as visualized by a widening
of the microbial biomass C:N ratio and higher "N remaining in the mesh bag at the end of the
experiment under elevated »s. ambient CO.. In contrast to soil microbes, intraradical mycorrhizal
hyphae were not affected by N-limitation, as shown by an increased hyphal N-content under
elevated CO; while MBN generally decreased. Plants N budget differed depending on plant
species, with more total N in Festuca roots and Silene shoots under elevated CO,, but less in

Medicago shoots and roots.

These results highlight the ability of plants to successfully compete for soil N with soil microbes,
while associated microbes/AM fungi likely act as an elongation of the root to support N
acquisition. Concerning climate change scenarios, our findings demonstrate the need to consider
effects on all members of an ecosystem. Even if plants and mycorrhizal fungi benefit via an
increase in biomass and yield, other members necessary for the system’s functioning may suffer

and diminish, which also has an influence on the plants in the long term.
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Introduction
CO: and climate change

Climate change threatens the functioning of the world's ecosystems, and rising atmospheric carbon
dioxide (CO;) concentrations represent a prominent factor aggravating the predicted impacts of
climate change (e.g., increasing temperatures, prolonged drought periods) (Lindner ez a/., 2010; Pecl
et al., 2017). While the current atmospheric CO. concentrations level is around 413 ppm (NOAA,
2021), a doubling of these concentrations by the year 2100 is predicted (UKCIP, 2011; Szulejko ez
al., 2017), meaning additional 3 Pg carbon (C) is added to the atmosphere per year (Deeb ef al.,
2011). Consequences of this drastic increase in atmospheric CO; levels comprise, among other
effects, scarcity in food and water, desertification, biodiversity loss, and exacerbated CO; level
increase due to the release of carbon bound in vegetation and soils (Lindner e al., 2010; Pecl ez al.,

2017).
Plants-soil-microorganism system and [e]CO;

The storage of CO, in vegetation and soil holds as an effective mechanism to remove CO; from
the atmosphere, with soils representing a major C sink (Dixon e# a/, 1994; Ainsworth & Long,
2005; Kuzyakov ez al., 2019). However, the efficiency of this CO; removal strongly depends on the
trade-off between C inputs from primary production and SOM decomposition-driven C release to

the atmosphere (Treseder, 2004; Cheng ef al., 2012; Phillips ef al., 2012).

For plants and microbes, an increased atmospheric CO; level was frequently reported to result in
increased growth and yield (Treseder, 2004; Alberton e al., 2005; Drigo ef al., 2010), as more CO;
is available for photosynthesis, and C exudation can promote microbial activity (e.g. Cheng ez al.,
2012). Nevertheless, increased photosynthetic activity in response to increased CO. levels
necessitates a sufficient nutrient availability to maintain effective photosynthesis and growth and
frequently results in nutrient limitation on plants’ site (Oren ef al, 2001; Schlesinger & Lichter,
2001; Finzi ez al., 2002; Norby e al., 2009). Aiming to prevent nutrient scarcity, a majority of plant
species are associated with microorganisms supporting the nutrient acquisition, e.g., symbiotic
fungi or rhizobacteria (Arnone & Gordon, 1990; Jumpponen, 2001; Temperton ef al., 2003; Smith
& Read, 2010). An option for ameliorating nutrient supply is the association with symbiotic fungi,
for example in the form of a mycorrhiza (Smith & Read, 2010). For a mycorrhizal association under
increased CO; conditions it is assumed that the surplus of carbohydrates from photosynthesis is
transferred to the fungal partner (Treseder, 2004; Drigo ez al., 2010). The fungal partner uses this
carbon for increased growth and nutrient acquisition — the latter is assumed to be beneficial for the

associated plant partner as nutrients shared can be utilized to maintain photosynthesis and carbon
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supply (e.g. Smith & Read, 2010). However, this scenario with benefits on both the plant and the
fungal site was questioned by the progressive nutrient limitation hypothesis (PNL) (Luo ez a/., 2004;
Johnson, 2006). The PNL hypothesis argues that with an incremental duration of increased carbon
supply to fungi, the fungi become a sink for nutrients accumulated in their tissues and soil pools
due to fungal tissue turnover (Luo 7 al., 2004; Fransson e7 al., 2005; Johnson, 2006). Thereby, the
plant becomes more and more nutrient-limited, despite increased CO; conditions and carbon
supply to the mycorrhizal partner. Consequently, photosynthetic activity may be reduced, despite
elevated CO:levels (Alberton ez al., 2005). Nevertheless, a range of studies analyzing plant-microbe
responses to elevated CO, reported increased nutrient uptake of plants with increasing CO.
(Johnson, 2006 and literature therein), suggesting for nutrient acquisition strategies proving

themselves as beneficial under elevated CO..
Plant-microbial interactions to acquire nutrients

Plants execute a variety of different strategies to acquire nutrients from the soil. A plant-trait related
strategy is the creation of a rooting architecture beneficial for nutrient acquisition, e.g., via the
increase of fine roots or root tips (Yanai ez al., 1995; Pritchard et al., 2008; Jackson et al., 2009;
Iversen, 2010; Nie e al, 2013; Pifieiro et al., 2017). Further, plant roots produce a mixture of
exudates including organic acids to directly access soil nutrients (Dakora & Phillips, 2002) or to
facilitate the activation of soil microbial nutrient mining (Dakora & Phillips, 2002; Phillips ef al.,
2012; Verbruggen et al., 2017; Frey, 2019) and take advantage of nutrients released to soil from soil
organic matter (SOM) decomposition. Finally, the option of an association with microorganisms
supporting nutrient supply in exchange for carbohydrate supply represents a successful nutrient
acquisition strategy (Arnone & Gordon, 1990; Jumpponen, 2001; Temperton e7 al., 2003; Smith &
Read, 2010). Still, it remains unclear how plants with different microbial interactions to gain
nutrients respond to elevated CO; conditions and how the association with microorganisms

alleviates or aggravates nutrient limitation.

We sought to investigate how plants with varying microbial interactions respond to elevated [e]
atmospheric CO; concentrations and whether the PNL hypothesis seems plausible under the given
nutrient acquisition strategy. Further, we aimed to analyze the effect of [¢]CO. on the
corresponding microorganisms and their response with a view on plant partners’ nutrient
acquisition strategies. Therefore, we tested the response of plant species with well-developed
mycorrhiza, with weak mycorrhiza, and with rhizobia-association to [e]CO; conditions. We

hypothesize that
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¢)) Plant growth will be increased under elevated CO: levels due to an increased nutrient

supply by associated microorganisms.

(II) A higher amount of nutrients will be transferred to the plant with well-developed

mycorrhiza relative to the plant with weakly-developed mycorrhiza.

(III)  The plant with rhizobia association will switch to a greater reliance on less cost-

intense soil microorganisms than rhizobia under elevated CO, conditions.
(IV)  Microorganisms will respond to elevated CO, with enhanced nutrient mining.
Materials and Methods
Pre-excperiment preparation

For each of the two CO, concentrations, 42 pots (12 x 30 cm) were prepared from PVC pipes, and
the bottom was closed with a PVC plug (DN 125). Two unplanted controls per CO, treatment
were included with the same setup as for the planted pots to control for leaching from the mesh
bag to bulk soil during watering. For the natural abundance controls, two replicates per plant

species were prepared without an inner mesh bag.

Soil (sandy clay loam, upper 10 cm) from a C3-plant-covered location at the landwirtschaftliche
Lehranstalten Bayreuth (49°5542.618”N, 11°33°2.8656”E) was air-dried for two weeks to
guarantee similar starting conditions. The soil 2 mm-sieved and mixed with sand (1:1; sand from
BSR Bayreuth, 0 — 4 mm cover sand) to reduce the soil N content as high N availability was shown
to result in low root colonization by mycorrhizal fungi (Treseder, 2004). The soil-sand mixture

contained 0.1% nitrogen, 1.0% carbon, and had a pH of 5.3

Ingrowth cores were prepared from PVC tubes (3 x 10 cm) in which holes were drilled all over to
allow hyphal ingrowth and covered with either a 30 um or 1 um mesh bag (Sefar Nitex,
Switzerland). The 30 um mesh should avoid root ingrowth into the cores but allow hyphal ingrowth
(most hyphae < 5 pum), while the 1 um mesh should avoid both root and hyphal ingrowth, to
account for effects of diffusion. Nevertheless, our data did not reveal statistically significant
differences between treatments with 1 um or 30 um meshes. This holds for all plant species; slight
differences occurred only for isolated hyphae. Similar issues with a lack of distinction between
hyphal-exclusion and hyphal-access meshes were described by Paterson ez a/. (2016) and Cheeke ez
al. (2021). Thus, in this study, the 1 um and 30 um mesh treatments were combined within a CO,

treatment and plant species due to the lack of difference.

Each ingrowth core was filled with a mixture of 1 gisotopically labeled litter (Leymzus chinensis (Trin.)

Tzvelev, Poaceae; "N enrichment mean: 886.32%o) and 80 g of the soil-sand mixture, and the mesh
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bag opening was sealed by flipping the upper end of the mesh bag around a cord and closing it
with tape and a stapler. The cord was taped to the pots with the ingrowth core in the middle of the
pots and in equal height for each of the pots. To ensure sufficient aeration of the soil a sandbag
prepared from a nylon sock filled with 1.1 kg sand per pot was placed at the bottom of each pot.
On top of each sandbag 2.5 kg of the soil-sand mix mixed with 0.4 g spores of Rhizophagus irregularis
(Blaszk, Wubert, Renker & Buscot) (Schussler & Walker, 2010) (formetly Glomus intraradices) (AMM
6080001, BioFa AG, Miinsingen, Germany) were filled and watered to a field capacity of 60 %.

Three plant species with different microbial interactions to acquire nutrients were chosen: sheep
tescue (Festuca ovina L..), alfalfa (Medicago sativa 1..) and moss campion (Silene acaulis (L.) Jacq.). For
F. ovina and M. sativa, six replicates per mesh size (1 um and 30 pum) were prepared per CO,
concentration, while for S. acaulis five replicates were present due to dieback of plants. Seeds of
the three plant species, all from Jelitto Staudensamen, were germinated one week prior to the
experiment on sterilized, moist filter paper in Petri dishes. On the day of planting, seedlings a
primary root and cotyledons were visible. Per experimental pot, three seedlings were planted to
ensure plant growth if some of the seedlings died back. Daily watering of plants to a soil field
capacity of 60% ensured plant growth. Weeds were removed from pots regularly to ensure growth

and mycorrhization of target species only.
Experimental set up

The experiment was set up in climate control chambers (ThermoTEC, Rochlitz, Germany; Adaptis
A1000, China, for ambient CO, natural abundance plants) for which temperature, day/night
thythm, light intensity, and CO; concentration was controlled. A day/night rhythm of 14 hours
light with a temperature of 20 °C and 10 hours dark with a temperature of 18 °C was set. Light
intensity was adjusted to ~ 760 pumol photons m™ s’ within the climate chamber, and CO,
concentrations were set to 400 ppm for the ambient CO; treatment and 700 ppm for the elevated
CO; treatment. The CO; concentration in the chamber was monitored with a LiCOR and kept
constant via a computer-controlled system (for more detail see Pausch e al., 2013; Pausch ef al.,
2016). The CO; gas bottle (RieBer-Gase, Lichtenfels/Michelau, Germany) opened as soon as the
[CO;] dropped by 5 ppm to adjust the CO; levels. Inside the climate control chamber, the PC
isotopic signature evened out around -19.38 & 0.63%o.

Pots were rotated randomly after daily watering. The night rhythm was set during daytime to allow
for watering in the night period so that an impact by respiratory CO; from the experimenter was
minimized/neglectable. Pots were fertilized three times during the experiment for each CO;
concentration with 1mL fertilizer (Wuxal Super, Hauert Manna, Nuremberg) per 1L water. The

fertilizer contained 100g N /L, 100g P.Os/L, 75¢ K,O/L, < 1g/L boron, coppert, iron, manganese,
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molybdenum, zinc and Cu, Fe, Mn and Zn are fully chelated. The experiment was run for 16 weeks
for each of the two CO, concentrations to allow sufficient establishment of mycorrhizal networks
(Johnson et al. 2001) and to circumvent artifacts caused by the carbon drain effect (cf. Rouhier &

Read, 1998; Fitter e7 al., 2000).
Harvest

After 120 days, pots were destructively harvested. Plant aboveground biomass was cut shortly

above the soil, dried in an oven at 60 °C for 48 hours before dry weight of biomass was measured.

Roots were cleaned from soil by several washing steps with deionized water and cleaned from fine
debris with tweezers. They were then subsampled for stable isotope analyses, colonization rate
estimates, and hyphae isolation. From stable isotope root subsamples, fresh and dry weight was
determined for biomass estimates. Afterward, subsamples for stable isotope analyses were dried at
60 °C for 48 hours in paper bags, subsamples for colonization rates were stored in 70% ethanol

until staining.

Soil comprised the mesh bag soil from within the ingrowth core and the bulk soil around the
ingrowth core. Subsamples were prepared for stable isotope measurements (dried at 60 °C for 48
hours), soil hyphae extraction (fresh soil, stored at 4 °C, no longer than 14 hours), and
determination of microbial biomass C and N (fresh soil, stored at 4 °C, no longer than 48 hours).
Soil hyphae isolation was performed according to Brundrett ef a/. (1994), and root hyphae were
isolated following Klink e a/ (2020), with the modification from Brundrett ef a/. (1994) that hyphae
were not stained after isolation but collected in Eppendorf tubes and dried to constant weight at

60 °C in an oven.
Stable isotope analyses

Dried samples, except hyphae, were homogeneously ground in a ball mill (MM2, RETSCH, Haan,
Germany) and stored in desiccators until being weighed into tin capsules. Hyphae were pipetted
into silver capsules after diluting them in 100 uLL deionized water and dried at 60 °C. Determination
of PC/"C, ®N/"N, and C- and N-content was done with an elemental analyzer isotope ratio mass
spectrometer (Elemental analyzer NC2500, ThermoQuest, Milan, Italy; mass spectrometer
Deltaplus, ThermoQuest, Germany; ConFlo II, ThermoQuest, Germany). An pEA-IRMS

specialized on small samples was chosen for the determination of hyphal isotopic signatures.

The stable isotope natural abundances are expressed as 6-values relative to international standards.
Delta-values were calculated according to equation 1, whereby R describes the heavy to the light

1sotope ratio.
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SBC or 8 15N = (Rsample/Rstandard - 1) X 1000 (%0) (1)

The standard for C was Vienna-Pee Dee Belemnite (V-PDB; Riundara = 0.0111802), the standard for
N was ait (Rundara = 0.0036765). By calibrating with acetanilide (CsHsNH(COCH;)) C- and N-
concentrations wete calculated. Quantification of the incorporation of "N label from litter in the

mesh bag into shoots, roots, and soil was performed following the equations given in Keller &

Phillips (2019), with equation 2 for atom %b:
Atom % = (100 * STND * (/1000 + 1))/(1 + STND * (6/1000 + 1)) @)

With STND being the V-PDB standard value (0.0111802) and atmospheric N standard value
(0.0036765) for °C and "N, respectively. Following, excess "N were calculated (equation 3) as

Excess "N (ng) = (atom%or. — atom%u1)/100 * DW * (%N)/100 * 10° (3)

With atom%r. representing the atom% of the labelled litter and atom%ur. the atom% of the natural
abundance material. The dry weight of the plant material (mg) is DW and the N composition of

the respective tissue/compatrtment is %oN.
Recovery of "N label in the samples was calculated according to equation 4:
Recovery (% of input) = (total "N in shoots/roots/soil [mg] / total "N tracer) * 100 )

The distribution of "N to the individual N-pools was calculated as % of the sum of all "N

recovered at the sampling according to equation 5:

"N distribution (% recovered) =

100/sum "N recovered [g "N per pot] * "N content [g "N per pot] (5)
Microbial biomass C and N

Determination of microbial biomass C (MBC) and N (MBN) was conducted by applying the
chloroform fumigation extraction (CFE) method following Vance e 4/ (1987), Jenkinson (1988),
and Jenkinson & Powlson (1976). Thereby, a fumigated sample of fresh soil is related to a non-
fumigated sample, and the difference between the fumigated and the non-fumigated sample
represents the MBC or MBN. For the non-fumigated soil, C and N were extracted from 10 g fresh
soil with 40 mL 0.05 K>SO, by shaking for 1 hour on a laboratory shaker (GFL 3016, 150 rpm).
The suspension was filtered through Ahlstrom-Munktell filters (grade: 3 hw, 110 mm diameter)
and filtrates analyzed for organic C and N content at a multi-C/N analyzer (2100S, Analytik Jena).
For fumigated samples, the soil was fumigated in a desiccator with 80 mL ethanol-free chloroform
for 24 hours at room temperature. After fumigation, C and N were extracted by the same procedure

as for the non-fumigated samples. For calculating MBC and MBN, conversion factors of 0.45 for
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Krc and 0.54 for Ken were applied following Joergensen (1996) to allow for comparisons with
other studies. MBC or MBN were calculated as the difference of fumigated and non-fumigated

samples, the N content of the unfumigated samples represented dissolved N (DN).
Fungal colonization (AM)

Staining of root samples of Festuca ovina, Medicago sativa, and Silene acanlis was conducted according
to the protocol of Phillips & Hayman (1970) and Vierheilig ez 2/. (2005). Briefly, roots were washed
three times with deionized water before being cleared with 10 % KOH (w/v) in a water bath
(W760, Memmert GmbH, Schwabach, Germany) for 30 min at 70 °C. Pigmented roots of Festuca
ovina were bleached in a solution of 5% (v/v) H,O, and 0.5% (v/v) NH3 for 10-30 min (depending
on pigmentation) at room temperature. After clearing and bleaching, root samples were washed
with deionized water three times. Roots were acidified with 1% (v/v) HCL for 5 min before
staining in a trypan blue (0.05%, v/v), acidic acid (33%, v/v), lactic acid (33%, v/v) and deionized
water (33%) staining solution at room temperature overnight. Storage of stained roots was
performed in a glycine-lactic acid-deionized water solution (3:1:3) in the refrigerator.

Colonization of roots with AM fungi was estimated by the hair-cross intersect method (Brundrett
et al., 1996) at a BA210LED trino microscope (Motic, Wetzlar, Germany). The colonization rate
was calculated by relating the number of fields of view with fungal structures intersecting with the
hair-cross to the total number of fields of view observed. Per plant species, individual 100 fields of
view were observed. Apart from AM fungal structures such as hyaline, non-septate hyphae,
arbuscules and vesicles also other fungi were present inside the roots. Most frequently, dark septate
endophyte (DSE) fungi were observed with dark pigmented, septate hyphae or microsclerotia

structures.
Statistical analyses and data evalnation

Figures were created with Software SigmaPlot (version 11.0, 2008), and statistical analyses were
performed with SigmaPlot or Software R (version 3.6.1, 2019). Data were tested for normal
distribution via Shapiro Wilk’s test and homogeneity in variance via Levene’s test. For parametric
data, #test (two-group comparison) was performed. For non-parametric data, Mann-Whitney
U tests (two-group comparison) or Kruskal-Wallis (F) rank-sum tests (multiple group comparison)
were conducted. Pairwise post hoc tests followed Kruskal-Wallis tests with Dunn’s method given
unequal sample size or Tukey method given equal sample sizes. P-values were adjusted with Holm-
Bonferroni correction, and an a = 0.05 was set as the significance level. Significant differences
between ambient and elevated CO; treatments of shoots, roots, mesh bag, and bulk soil of the
three plants for "N label and recovery in compartments, as well as for microbial biomass and

colonization rates, were evaluated with t-test or Mann-Whitney U test. Differences between hyphae
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in [a] zs. [e]CO; were assessed via the Kruskal-Wallis rank-sum test. For calculations of recovery

and N budget negative values were set as zero and values over 100% were excluded.
Results

Aiming to identify the impact of elevated [e] CO, conditions on plants with varying microbial
interactions to improve nutrient acquisition, we traced the transfer of "N labeled litter to plant
(roots, leaves), fungal (root hyphae, soil hyphae), and soil compartments of Siene acanlis, Medicago

sativa and Festuca ovina grown under ambient [a] and elevated [e] atmospheric COs.
Plant biomass, C- and N-contents and C:N ratio

The N- and C-content and the C:N ratio differed for all three plant species between plant organs

(shoots, roots) and soils (bulk soil, mesh bag soil).

Festuca ovina had higher C- and N-content for shoots and roots under [a]CO», while for soils under
[e]COz conditions (Fig. S 3). The C:N ratio was higher under [a]CO: for roots and soils but similar
for shoots under [a] and [e]CO: (Fig. S 3). Both root and shoot biomass increased under [e]CO»
conditions, with about a doubling in root biomass under [e]CO; relative to [a]CO.. Further, the

root-to-shoot ratio of F. ovina increased under [¢]CO: relative to [a]CO; levels (Fig. 1a).

Medicago sativa had higher C content for shoots and roots under [a]CO,, while for soils it was higher
under [e]CO; conditions (Fig. S 4). N content was higher under [a]CO; for shoots and tendentially
for roots, while for soils it was higher under [¢]CO,. The C:N ratio tended to be higher for roots
under [a]CO,, for shoots under [e]CO,, and for soils under [a]CO, conditions (Fig. S 4). Shoot
biomass slightly increased under [e]CO: conditions, while root biomass was higher under [a]CO.
relative to [e]CO; levels (Fig. 1b). Root-to-shoot ratio was higher under [a]CO; than under [e]CO:
conditions (Fig. 1b). Further, it was observed that the number of nodules remained relatively
constant under [a] and [e]CO., with slightly bigger nodules under [e]CO; (observation, no data).
All nodules of M. sativa were active at the point of harvest, as indicated by the presence of

leghaemoglobin.

Silene acanlis had a higher C content in roots under [a]CO; and tendentially for shoots (Fig. S 5).
Conversely, C contents of soils were higher under [e]CO.. N content was similar for roots, shoots,
and bulk soil under [a] and [e] CO»; only in the mesh bag soil it was higher under [¢]CO, conditions.
The C:N ratio was similar under [a] and [e] CO; (Fig. S 5). Shoot biomass of S. acaulis was slightly
increased under [e]CO,, while root biomass remained similar between [a] and [e]CO: levels
(Fig. 1c). Further, no significant effect to root-to-shoot ratio was observed between [a] and [e]CO»

conditions for . acanlis (Fig. 1c).
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Transfer and recovery of "N label and total N budgets

Label from the organic material in the mesh bag was detected in shoots and roots of all three plant
species, with a trend of more "N label in shoots and roots under [€]CO; conditions (Fig. S 1). Total
"N recovery was significantly higher under [e]CO: relative to [a]CO; for all three plant species
(Table 1).

Table 1: Total "IN recovered as percent (%) of input, given with standard deviation, for Festuca ovina, Medicago sativa, and
Silene acanlis. Significant differences between the [a] and the [e]CO2 conditions for the respective plant species are indjcated by

different superscripted small letters.

Festuca ovina Medicago sativa Silene acanlis
Ambient CO, Elevated CO; Ambient CO, Elevated CO, | Ambient CO; Elevated CO;
48.8t72 71.0x16P 40.1£10a 80.8+8b 57.6+8a 77.5+10p

Under [a]CO;, more "N was recovered in shoots (~ 7%; #= 2.35, df = 22, P = 0.028), roots (~5%;
U = 33, P = 0.0206), and mesh bag soil (~ 87%; n.s.) than under [¢]CO, for mycorrhizal Festuca ovina
(shoot ~5%, root ~2%, mesh bag soil ~70%). For bulk soil, more "N was recovered under [e]CO2
(~23%; U = 32.5, P = 0.019) (Fig. 2a). For facultative mycorrhizal Medicago sativa more "N was
recovered at harvest under [¢]COx in shoots (~4%; ¢ = -3.505, df = 22, P = 0.002), roots (~5%;
U =31, P = 0.017) and bulk soil (~15%; U = 13, P < 0.001) than under ambient CO, (shoots
~2%, roots ~2%, bulk soil ~3%). For mesh bag soil, more "N was recovered at [a]CO. (~92%)
than at [¢]CO, (~78%; U = 15, P = 0.001) (Fig. 2 b). For weakly-mycorrhizal Silene acanlis, shoot
(~ 16%; n.s.), root (~ 0.2) and bulk soil (~ 19%; U = 21, P = 0.031) had more "N recovered under
[e]CO:x relative to [a]COz (shoot ~13%, root 0%, bulk soil ~6%) (Fig. 2c). Mesh bag soil had more
"N recovered under [a]CO, (~81%; #= 3.350, df = 18, P = 0.004) than under [e]CO: (~65%).

Plants showed different patterns in total N budget in shoots and roots, while most total N was
present in the bulk soil. Festuea ovina had equal amounts of total N in shoots (~ 1.6%; n.s.) under
[a] and [e]CO,, but more total N in roots (~4.3%; U = 20, P = 0.003), mesh bag soil (~ 2.6%;
t=-5.653, P < 0.001), and bulk soil (~71%; #=-5.799, P < 0.001) under [¢]CO; than under [a]CO,
(roots ~ 2.6%, mesh bag soil ~2.1%, bulk soil ~45%) (Fig. 3a). Medicago sativa had more total N in
shoots (~6%; U = 6, P < 0.001) and roots (~16%; U = 0, P < 0.001) under [a] then under [¢]CO-
(shoots ~4%, roots ~7%), while it was opposite for mesh bag ([a] ~ 2%, [e] ~3%; ¢ = -5.480,
P < 0.001) and bulk soil ([a] ~50% [e] ~76%,; # = 5.192, P < 0.001) (Fig. 3b). Silene acanlis had more
total N under [e] relative to [a]COx levels for shoots ([a] ~ 3.9%, [e] ~5.2%; U = 23, P = 0.045),
roots ([a] ~0.45%, [e] ~0.48%; n.s.), mesh bag soil ([a] ~2.2%, [e] ~ 2.4%; = -3.263, P = 0.004)
and bulk soil ( [a] ~62%, [e] ~ 69%; n.s.) (Fig. 3c). As total N values were rather small for MBN
and dissolved nitrogen (DN), these are given in Fig. S 2.
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Stable isotope patterns

Plant leaves were more 8"”C-depleted under elevated CO. than under ambient CO; (Fig. S 6) for
all three plant species. Patterns of 8°N were relatively constant between ambient and elevated CO..
Medicago sativa had lower 8N values (between ~5 to 10%o) than Festuca ovina and Silene acaulis
(between 20 to 40%o). The same holds for plant roots, which were also more 8"°C-depleted under

elevated CO; than under ambient CO; (Figure S 7).

For soils, both bulk soil and mesh bag soil were more §"°C-depleted under elevated CO; than under
ambient CO; (F. ovina bulk soil: #= 6.137, df = 22; P < 0.001; mesh bag soil: U = 31.5, P = 0.021;
M. sativa bulk soil: t = 5.672, df = 22; P < 0.001; mesh bag soil: U = 35.5, P = 0.04; . acaulis bulk
soil: U =10, P = 0.003; mesh bag soil: #= 8.476, df = 18, P < 0.001).

Hyphae isolated from F. ovina roots were mostly similarly "N-enriched between [a] and [e]CO>
conditions, with highest values ~ 50%o enrichment in 8N (Fig. 4a). Soil hyphae were more
enriched in 8N under [a]CO; (~ 200%o) than under [e]CO, conditions (H = 42.2, df = 7,
P < 0.001; Fig. 4d). Hyphae isolated from Medicago sativa roots had similar 3"°N values under |[a]
and [e]CO; conditions with highest values ~ 18%o (Fig. 4b). Soil hyphae were more "N-enriched
under [a]CO; (~ 195%o) than [e]CO; conditions (H = 35.3, 4f = 7, P < 0.001; Fig. 4e). Hyphae
isolated from . acaulis roots showed similar 8N values under [a] and [e]CO, conditions with
highest values of ~ 22%o and hyphae under elevated conditions showing a trend for higher "N-
enrichment relative to ambient CO, conditions (Fig. 4c). The “C-enrichment of root hyphae was
tendentially a little higher under [a]CO,. Soil hyphae were more ""N-enriched under [a]CO:
(~ 180%o) than under [e]CO; conditions (H = 34.6, df = 7, P < 0.001; Fig. 4f). N-content of root
and soil hyphae tended to be higher under [e]CO: concentrations than under [a] CO, concentrations
(Fig. S 8), and root hyphae always had higher N-content relative to roots of all three plant species
(Fig. S 9).

Microbial biomass C and N

A broadening of the MBC:MBN ratio with increasing CO, was visible for all three plant species

microbial biomass in bulk and mesh bag soil.

Festuca ovina had lower MBC under [e]CO; in mesh bag soil (# = 5.592, df = 22, P < 0.001) and
similar content for bulk soil under [a] and [e]CO.. For MBN content this was higher under [a]CO>
than under [¢]CO, for both bulk (# = 9.166, 4f = 22, P < 0.001) and mesh bag soil (U= 2.0,
P < 0.001), while MBC:MBN was higher under [e]CO, for bulk soil (U = 0; P < 0.001) and for
mesh bag soil (= -2.853, df = 22, P = 0.009; Fig. 5a).
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Medicago sativa had similar MBC contents under [a] and [e]CO. for mesh bag soil, while higher
MBC under [a]CO; for both bulk soil (#= 2.469, df = 22, P = 0.022; Fig. 5b). Microbial biomass N
was higher for the [a] CO; treatment for both bulk soil (#=5.978, 4f = 22; P < 0.001) and mesh bag
soil relative to the [e]CO; treatment (# = 2.112, df = 22, P = 0.046). The MBC:MBN ratio was
higher under [e]CO; conditions for bulk soil (# = -3.488, df = 22; P = 0.002) and for mesh bag soil
(U = 23.0; P = 0.005; Fig. 5b).

Silene acanlis had higher MBC and MBN contents under [a]CO; than under [e]CO; for bulk (MBC:
U = 0; P<0.001; MNB: U = 6.0, P = 0.002) and mostly mesh bag soil (MBC: 7= 3.597, df = 18,
P = 0.002; Fig. 5c). Conversely, the MBC:MBN ratio was higher under [¢]CO; for bulk soil
(U= 11.0, P = 0.006) and by trend also for mesh bag soil (Fig. 5¢).

Mycorrhizal colonization

Mycorrhizal colonization measured in terms of the presence of AM fungal structures (arbuscules,
hyphae, vesicles) increased under [¢]CO; conditions in roots of all three plant species. Mycorrhizal
F. ovina increased its colonization rate from 79% =+ 17 under [a]CO: to 85% £ 11 under [e]COs,
while facultative mycorrhizal M. sativa increased from 57% + 12 under [a]CO, to 60% * 14 under
[e] CO; conditions. Under [a]CO: conditions, weakly-mycorrhizal S. acanlis had a colonization rate
of 13% £ 5, which increased statistically significant (# = -2.567, 4f = 18, P = 0.019) to
21% % 9 under [e]CO..

Biomass of soil hyphae measured as dry weight after isolation from soil slightly increased under
[e]CO: for F. ovina (from 0.1 to 0.2 mg/g soil). At the same time, it decreased slightly under [¢]CO;
relative to [a]CO, for M. sativa (from 0.2 to 0.1 mg/g soil). Soil hyphae biomass remained relatively

similar under [a] and [¢]CO; conditions for S. acaulis (both 0.2 mg/g soil).
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Discussion

We analyzed the response of plants with different nutrient microbial interactions to acquire
nutrients to elevated CO; conditions. Despite different nutrient acquisition strategies, the response
of plants remained remarkably similar, benefitting more from soil nutrients than soil
microorganisms. Thus, a progressive nutrient limitation was not confirmed for plants, but soil
microorganisms suffered from nutrient scarcity. These results highlight the need to account for all

(eco)system constituents when addressing the effects of [e]CO. and climate change.
Response of soil microorganisms

Soil microorganisms were found N-limited under [e]CO; conditions and slowed down their activity
and decomposition processes as visible in decreasing MBN values and a widening of the
MBC:MBN ratio. The higher remains of labeled litter in the mesh bag soil further support this
deceleration of microbial activity under [e]CO: conditions. Considered together with a higher "N
label in bulk soil under [e]COs, it appears that at elevated CO, conditions, immobilization of N in
soil occurs, as Johnson (2006) described for forest systems in which N becomes accumulated in
the soil and the forest floor (see also Graaff ez a/., 2007). Manzoni ez al. (2010) further described an
initial nutrient immobilization in litters by microorganisms in nutrient-poor systems accompanied
by a reduced C use efficiency of the decomposers. This nutrient immobilization prevails until a
critical value of the nutrient concentrations is reached (Manzoni ef al., 2010). Additionally, elevated
CO:; frequently results in a reduction of inorganic N due to altered activity of microbes, causing
increased C losses (Manzoni ¢f al., 2010) and likely a reduced availability of NH," for plants, which
was found a preferred plant N-source under elevated CO; (Cheng ef al., 2012).

Thus, while the accumulation and/or immobilization of nutrients in microbial tissues and soil
under [e]CO; conforms with the PNL hypothesis (Luo e# 2/, 2004; Johnson, 2000), the three plant
species of our study were not yet found to suffer from nutrient limitation severely. While this effect
might occur after a longer duration of the experiment (see Johnson, 2000), we suppose that the
spatial limitation in our pot experiment likely accelerated the reaching of the reversal point from

nutrient gain benefit to PNL-driven nutrient limitation (cf. Johnson, 20006).
Response of plant species

As frequently described in the literature (Zak ez /., 2000; Ainsworth & Long, 2005; Johnson, 2000),
exposure to [e]CO; resulted in a positive effect on plant biomass (shoots, roots variable), likely
attributed to a kind of CO fertilization effect (Notby ez al, 2009; Zhu et al., 2017). Interestingly, all
three plant species appeared to invest the surplus in C into plant-own nutrient acquisition from soil

and out-competed microorganisms. This finding contrasts with the PNL hypothesis and the
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assumption of plants being the losers in the competition with microbes for soil nutrients (Luo ez
al., 2004; Johnson, 2006). The ability of plants to out-compete soil microorganisms for nutrients
was described by Schimel & Bennett (2004), who highlighted the association with mycorrhizal fungi
and access to microsites as prominent reasons for plants’ success over microbes (see also McClain
et al., 2003). The colonization with AM fungi tended to increase for all plant species under [e]CO»,
and hyphae likely serve as an elongation of plant roots to support nutrient access. Thereby, they
contribute to plants’ out-competition of soil microbes (Schimel & Bennett, 2004). This finding
agrees with (Zhu ez al, 2017), whose model estimates taking enzyme-substrate relations into
account predict the ability of plants to out-compete microbes and suppress microbial nutrient
acquisition in topsoils.

Alternatively, microbial immobilization of N under [¢]CO: (cf. Johnson, 2006; Graaff ¢ al., 2007,
for wheat) may be a trial of microbes to protect N from plants and AMF. Both plants and AMF
mainly rely on the uptake of N from the soil solution. Thus immobile N would accumulate and
starve the microbial biomass with time, as plants and/or AMF rapidly take up every N released to

the soil solution.

The finding of a decrease in root biomass of legume Medicago sativa under [e]CO, was surprising, as
frequently positive responses of legumes towards [¢]CO, were reported (e.g. Temperton ef al., 2003;
Karthikeyan, 2017). However, Arnone (1999) described that this positive response of legumes
towards [e]COz is not always consistent. Thus, despite showing similar patterns in out-competing
soil microbes for soil nutrients, the benefit to the three different plant species appears variable,
with Festuca ovina showing the highest benefit in biomass growth, followed by Silene acanlis and

Medicago sativa.

All three plant species showed a decrease in biomass C- and N-content with [e]CO», despite a trend
to positive responses of biomass yield. Johnson (2006) described the presence of lower tissue N
for forest trees exposed to elevated CO; levels while establishing greater biomass or an increase in
N uptake. Further, Taub & Wang (2008) found a decreased plant tissue N-content under [¢]CO;
due to dilution by biomass increase, decreases in transpiration, changes in root architecture, and an
increase in N losses. They described that under [e]CO; an improved photosynthetic N use
efficiency together with the downregulation of photosynthetic enzymes reduces the plant N
demand and thus root N uptake (Taub & Wang, 2008). In addition, increasing concentrations of
photosynthesis-derived compounds and increased C assimilation cause an N dilution in plant
tissues (Long e# al., 2004; Norby & Iversen, 2006; Taub & Wang, 2008), which often results in

reduced plant tissue N-contents under [e]COs.
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An efficiently functioning photosynthesis is supported by stable isotope patterns of leaves and
roots. While N values remained relatively constant, the more depleted °C values under [e]CO.
indicate open stomata (Dawson ef a4/, 2002; Fry, 2008) and utilization of CO, available in the
atmosphere. The lower "N values found for the legume Medicago sativa suit patterns typically
described for legumes performing N-fixation of atmospheric air (Fry, 2008; Peoples e# al., 2015),

with likely some additional N gain from the soil.
Response of associated microorganisms | mycorrhizal fungi

Other than soil microorganisms, root-associated mycorrhizal fungi did not suffer from N-
limitation, as indicated by an increasing N-content of hyphae under [e]CO,, while MBN generally
decreased. Hyphae appear to function as elongation of the plant root, while priming of soil
microorganisms seems to be negligible. This finding of plants’ support of associated mycorrhizal
fungi agrees with Drigo ez a/. (2010), who described a rapid transfer of photosynthetically processed
C to arbuscular mycorrhizal fungi. Whether a gradual liberation of C via priming of soil
microorganisms (cf. Drigo e# a/., 2010) occurs cannot be conclusively stated but seems to be of a
relatively minor extent. Thus, it appears that the association with mycorrhizal fungi supports the
competitive advantage of plants over soil microbes under [¢]CO; in our study and conforms with

Schimel & Bennett (2004) and McClain ez a/. (2003).

Contrary to root-associated, mycorrhizal fungi, the community of soil fungi appeared to suffer
from N-limitation similarly to the other soil microbes under [e]CO; concentrations, as indicated by
lower 8N values under [e]CO> than under [a]CO: concentrations. Thus, the activity of soil fungi
appears to decelerate with [e]CO; relative to [a]CO,, likely resulting in limited inorganic N
availability and a subsequent reduction of the C use efficiency of decomposing microorganisms (cf.

Manzoni e# al., 2010).
Conclusion

Our results provide clear evidence for plants’ greater nutritional benefit under [¢]CO; conditions
compared to soil microorganisms, while associated mycorrhizal fungi are not affected. This
highlights the need to consider all constituents of a system in predictions for climate change
scenarios, as a positive effect on plant yield or mycorrhizal growth may conversely cause soil

microorganisms’ restrictions by nutrient limitation.
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Fig. §5: N-content [mmol g dwt'] (a), C- content [mmol g dwt'] (b) and C:N ratio (¢c) of Medicago sativa shoots, roots, mesh bag soil and bulk soil. Significant differences between

the ambient CO; treatment (white) and the elevated CO; treatment (black) are indicated by an asterifes *.
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Fig. §5: N-content [mmol g dwt'] (a), C- content [mmol g dwt’] (b) and C:N ratio (¢) of Silene acanlis shoots, roots, mesh bag soil and bulk soil. Significant differences between the

ambient CO; treatment (white) and the elevated CO; treatment (black) are indicated by an asteriks *.
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Fig. $6: Dual isotope scatter plot of stable isotope patterns of " C and "N for leaves of Festuca ovina (a), Medicago

sativa (b) and Silene acanlis (c), respectively. Closed circles indicate leaves grown under ambient CO; treatment; open

Squares indicate leaves grown under elevated CO. treatment.
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Fig. $7: Dual isotope scatter plot of stable isotope patterns of " C and PN for roots of Festuca ovina (a), Medicago
sativa (b) and Silene acanlis (c), respectively. Closed circles indicate leaves grown under ambient CO; treatment; open

Squares indicate leaves grown under elevated CO, treatment.
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Fig. $8: N-content [mmol g dwt'] of root and soil hyphae of Festuca ovina (a), Medicago sativa (b) and Silene
acaulis (c), respectively. Significant differences between ambient CO; (white) and elevated CO; (black) treatments

are indicated by an asterisk *.
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Fig. 89: N-content [mmol g dwt'] of roots and root hyphae of Festuca ovina (a), Medicago sativa (b) and Silene
acaulis (c), respectively. Significant differences between the ambient CO., (white) and the elevated CO; (black)

treatment are indicated by an asterisk *
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