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Summary

Understanding soil microbial control over carbon (C), nitrogen (N),pdwadphorus (P) pathways in
plantsoil systems is crucial for advancing our knowledge of biogeochemical feedback mechanisms
and ecosystem responses to global change. Belowgroundsplhiteractions form vital links
between abiotic and biotic soil compans and provide hotspots for microbial processes. Isotope
labeling techniques and soil enzyme kinetics are effective in studying C and nutrient dynamics to
unravel the complex and diverse interactions between roots, soil particles and biota. Thigrstudy ai
to further elucidate C and N turnover in the rhizosphere in maize production systems and P
mobilization in the detritusphere of beech forests, guide sustainable soil management, and develop
new visualization technologies for soil microorganisms andraasy

To investigate the potential for resource reuse in existing root channels by cash crops, | conducted a
field experiment using®C and'®N to trace resource uptake by maize from root channels of cover crop
mixtures (legume/grass, legume/brassica, raggass). Results reveal that the legume/grass mixture
allocated the most C and N to subsoil root channels, with maize taking up to 6.5% of N from these
root channels. Legume/grass and brassica/grass mixtures enhangelih@ enzyme activities in
maizerhizosphere under drought, demonstrating significant potential for enhancing C stabilization and
N supply during maize growth, as well as maintaining microbial activity in maize rhizosphere under
drought.

P is an essential nutrient for microorganisms plaohts. Thus, understanding the microbial P use
strategies is of great value. | conducted an experiment d¥nh@s tracer to investigate whether
microorganisms maintain high P mobilization when microbial diversity decreases. The results show
higher acidohosphatase activity in-poor soil compared to-Rch soil, indicating strong microbial P
mobilization under Rieficient conditions. Additionally, higher incorporation of litféP in soil
microbial biomass in ¥poor soil with the decrease of microbialversity suggests functional
redundancy and rapid lite? acquisition by microorganisms ir@@or soil.

Based on these experiments, | identified limitations in existing visualization technologies for
microorganisms and enzymes and developed new approachddress them. These include using
micro-zymography with fluorescent substrates to visualize peroxidase activity on root tissue and
Fluorescence Lifetime Imaging Microscopy with phasor plot separation to differentiate stained
microorganisms from soil pécles, enhancing microorganism localization in complex soil matrices.
The outcome of my research contributes to a better understanding of C and nutrient pathways in the
soil, provides sustainable strategies for agricultural and forest soil managendeoffeas powerful

tools for future soil biochemistry research






Zusammenfassung

Um unser Wissen uber biogeochemische Ruckkopplungsmechanismen und die Reaktionen von
Okosystemen auf den globalen Wandel voranzubringen ist das Verstandnis der mikrobidlisaeEinf

auf Kohlenstoff (C-), Stickstoff (N-) und Phospher (P-) Flisse in Pflanz8odenSystemen
entscheidend. Unterirdische PflarRedeninteraktionen, insbesondere in der Rhizosphére und
Detritussphare, stellen wesentliche Verbindungen zwischen abietis und biotischen
Bodenkomponenten her und sind Hotspots flr mikrobielle Prozesse. Isotopenmarkierungstechniken
und die Kinetik von Bodenenzymen eignen sich zur Untersuchung-derdNahrstoffdynamik, um

die komplexen und vielfaltigen Wechselwirkungamischen Wurzeln, Bodenpartikeln und Biota zu
entschlisselnDiese Studie zielt darauf ab, den @Gnd NUmsatz in der Rhizosphare eines
Maisproduktionssystems, sowie dieM®bilisierung in der Detritussphére eines Buchenwaldes zu
entschlisseln, Leitlinien fir nachhaltiges Bodenmanagement zu definieren, und neue
Visualisierungstechnologien fir Bodenmikroorganismen und Enzyme zu entwickeln.

Um das Potenzial der Wiederverwendung von Ressourcen in bestehenden Wurzelkanalen durch
Hauptkulturen zu untersuchen, bieaich ein Feldexperiment mitC- und '*N-Markierungen
durchgefuhrt, um die Nutzung von Ressourcen aus Wurzelkanédlen von Zwischenfruchtmischungen
(Leguminosen/Gras, Leguminosen/Brassica, Brassica/Gras) durch Mais nachzuverfolgen. Die
Ergebnisseeigen, dass die Leguminosen/Grischung am meisten C und N in die Unterboden
Wurzelkanale verlagerte wobei Mais bis zu 6,5 % des N aus diesen Wurzelkanalen aufnahm. Die
Leguminosen/Grasund Brassica/GraBlischungen forderten die Aktivitat der-Kreislauf-Enzyme

in der MaisRhizosphare unter Trockenstress, und zeigten signifikantes Potenzial zur Verbesserung
der GStabilisierung und Nersorgung wahrend des Maiswachstums sowie zur Aufrechterhaltung der
mikrobiellen Aktivitat in der MaisRhizosphare untefrockenheit.

P ist ein essentieller Nahrstoff fir Mikroorganismen und Pflanzen. Daher ist das Verstandnis der
mikrobielle RNutzungsstrategien von groRRer Bedeutung. Ich fiihrte ein ExperimetiPrais Tracer

durch, um zu untersuchen, ob Mikroorganishenabnehmender mikrobieller Diversitat eine hohe P
Mobilisierung aufrechterhalten. Die Ergebnisse zeigen eine hohere Aktivitat der sauren Phosphatase
in P-armen Bdden im Vergleich zueichen Boden, was auf eine starke mikrobiellddbilisierung

unter RMangelbedingungen hinweist. Zusétzlich deutet die hohere Uberfiihrung vorBtieulie
mikrobielle Biomassdn P-armen Bodden bei abnehmender mikrobieller Vielfalt auf funktionale
Redundanz und eine schnell\Rquisition durch Mikroorganismen in-&men Bdoden hin.

Auf Grundlage dieser Experimente habe ich Einschrankungen bestehender

Visualisierungstechnologien fur Mikroorganismen und Enzyme identifiziert und neue Ansatze



entwickelt, um diese zu Uberwinden. Dazu gehéren die Anwendung der-Ediktographé mit
fluoreszierenden Substraten zur Visualisierung der Peroxidaseaktivitat in Wurzelgewebe und die
Fluoreszend ebensdauelmagingMikroskopie mit Phasendiagrammtrennung, um angefarbte
Mikroorganismen von Bodenpartikeln zu unterscheiden und so die &kahg von
Mikroorganismen in komplexen Bodenmatrizen zu verbessern.

Die Ergebnisse meiner Forschung tragen zu einem besseren Verstandnismek@Vege im Boden

bei, bieten nachhaltige Strateg fur das landwirtschaftliche und forstliche Bodenmanagement und
stellen leistungsstarke Werkzeuge fur die zukinftige Forschung zur Bodenbiochemie zur Verfiigung
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1 Extendedsummary

1.1Introduction

In terrestrial ecosystems, plants provide energy and nutrients for microbial metabolism through root
exudation and litter decomposition (Zhao et al., 2021; Hobbie et al., 2015; Finzi et al., 2015). They
significantly influence biogeochemical cycles and are crucial in regulating ecosystem biogeochemistry
(Bardgett and Wardle, 2010; Bastida et al., 2021gntRlerived carbon (C) and nutrients follow
different pathways based on their properties, localization, and availability to soil microorganisms
(Feng et al., 2022; Ladygina and Hedlund, 2010; Lange et al., 2019). Soil microbial activity plays a
vital role in C stabilization and nutrient retention, underlining the importance of understanding key
microbial processes in soil (Lange et al., 2015; Trivedi et al., 2013). However, quantifyinrgapint
microbiatdriven reactions remains challenging due to thetetmgenous distribution of
microorganisms in soil and the high dynamic of these reactions (Smercina et al., 2021). In recent years,
isotope technologies have been widely applied to trace organic matter transformations driven by plant
and soil microorganism(Dorodnikov et al., 2011; Chen et al., 2019; Kuzyakov and Schneckenberger,
2004). Moreover, it is welkknown that exoenzymes, released by plants and microorganisms in order
to generate soluble oligomers and monomers that can be readily transportetisShigay a central

role in the depolymerization of macromolecular organic compounds in soils (Sinsabaugh et al., 2002).
Accordingly, the combination of enzyme quantification and tracing techniques has proven effective in
analyzing microbially controlledransformation processes in soils (Ai et al., 2023; Dippold and
Kuzyakov, 2013; Sun et al., 2024). Integrating isotope tracing technologies with soil enzyme analyses
allows the determination of direct and indirect contributions of various factors torgailio matter

(SOM) transformation. This approach helps idemnti key driving factors in SOM transformation.
Understanding soil microbial control over C, nitrogen (N), and phosphorus (P) pathways is crucial for
advancing our knowledge of biogeochemicakdback mechanisms and lelegm ecosystem
responses to global change.

1.1UJUsiagtopes i ncatrrizaocd nrgu tsroiidnt cycl es

In recent decades, radioactive isotopes, ¥@, 3P, and®S and stable isotopes, e 4G, 1°N and*®0

have been widely used to trace element pathways and understand the mechanisms of SOM dynamics
(Ai et al., 2023; Lehmann et al., 2018; Ma et al., 2021; Muller and Biinemann, 2014; Kuzyakov et al.,
2000; Sauer et al., 2006; Wang et al., 2023; Werth andakoxy 2008), especially in the rhizosphere
(Mayer, et al., 2003; Pausch and Kuzyakov, 2011; Spohn and Kuzyakov, 2013; Stevenel et al., 2019;
Teixeira et al., 2024; Wang et al., 2021), a hotspot for microbial activity, cycling of nutrients, and
turnover oforganic matter (Kuzyakov and Blagodatskaya, 2015).

The application &€f fomhe tstaabihg is®odope turnove
Kuzyakov et al. (2000) . Lati€r ,i ngps@oliitl c astyisot nesms
i ntr odauuceerd e(tS al . , 2006) , and used to study t|
tracer sttudenersi cuhsmenngt o fh akdeeahto wann d hikha milo eayf b ®irt 3
of the totalt raasnssifmirioractddes wei é:he2 C from r hizoo
SOM, whiBl 2%0i1 8 incorporated into microbial b i
Gi nkel et al ., 2000), the remaining C walse ei t ||
useltofposes safety and environmental concerns,
rather difficult despite theirfr€&haghtsaoasitall ¢
|l omgrm ecol ogi cal st 2oy , ( kinady a khev mett hald. has

e.g., to (1) QGQaamasiftyi omiizro spdielr eaggregates an
and (2) track the pathways of plant C amguts
al , 2021; Werth and Kuzyakov, 2008) .
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'€ | abeling has been successfully used te det e
from the root surface to the surrdendved <€oil
aggtegaand soil pores (Qiao et al ., 2014; Tei>
i nstance, Teirxeepotrdtoetd t &le. %@ pddf2 Brieyc e(nNSt7Zd g r de pd s
was stored in macroaggregabés-dﬂenlilﬁﬂt@m)wastiro
soil poresem haat dwearme t>er2 ( Qi ao et al ., 2014) .

accessi bidleirti weaf Cr d @tr soi | mi croorgani sms.
Notably,gr owi ng pl ant roots can deeply penetinate
roodeéeri afed h@i r decay ( PEese lmdpaies areprefeeemtially reu2ed ByQhe .
following plants. This is supported by the observation efvatte t a | that @060kt Jiving

roots in soil are distributed within 1 mm distance from soil macropores. The exudates in the
rhizosphere of the plants that reuse biopores will enhance the microbial activity and, thus, affect the
dynamics of C gcling within these poredd st u d%& ussuiccgessful |y traced
rodéerived C in a soil with i nt adcetr ilpoerden sa rpotsii tt e
associated with > 90 Om penteisag!l pryeidoanty @wvow
channel s (Qui gl ey Homwe vkerra v ct hheen kdoe,r |1 2/022d2t )C.oac o & m

bi opores by microorganisms in the rhizosphere
The pat hwadyesr iovfendptiGae@tr hi zosphere (Figugxe (R)
assimilation i n mi crobi al bi omass,; ( 3) stor
exudates/ extracellular polymeric substanaes i
et al., 2007). Itth ahta st hbee etno tdael mornesiteraastee dof as si
by exudation varied in diiflferiemntr elcosyesd eimms : f
notably | ower thani3@gr iacnudl t qrr &8 &) sayris@@seants3 @ t2 Oa |
Pausch and Kuzyakov, 2 0 kc8r,g pZaasnsg @agr oaflor,e s2t0rly9 )
transf &@rpoédtdot@l assimilated C into the soil,
(9% and wite)l qhoilu. &t al ., 2022). About half
all ocate to | owground is found in roots, an
deriveda@Go remai ning G |i smitcrraonbsifaelr rbeido ntaos :

'dnpulhee Isawalyi ugithg trace C
strated that r hWiPoadfeptoctabuleeloc
Mg .etPraelvi oud€Crleaméltisndaive & houw
e OC cycle in soil and continue

Domanski , 2
grassl and d
respiration
for tracking th
gaps.

% i “.\ A% .
! Iy - . , ¢
i _ J 130 P‘.— d 0 uts G J > vy 13 > 130 e
e R B C-Fauna -Inetromass
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Figure1The mifnlbuextesseen t he C p-eomikc wao drhg aanitshme Py
et al ., 2021) .

Labeling techniques with the stable N isotdpe are widely used to investigate N transformations in
soil ecosystems, offering detailed insights into N dynamics and maeaggractices referring to
three aspects: (1) inorganic N as plant nutrient, and (2) organic N transformation, and (3) the coupled

16



mobilization of C and N (and/or P) in OM. In detail, a study udigtechniques reported thati40

50% of N applied as fetizer was utilized by maize (Guo et al., 2021), providing insights into N
uptake efficiency for higlyield crops.’®N labeling through the stem was successfully applied to
Brassica napusCentaurea jaceandLolium perenngand 4 6 % of the total applie’N was retraced

as root exudates in the soil (Hertenberger and Wanek, 2004). Interestingly, the oxidation of labile
organic N to N@ accounted for between 63 and 83% of totakN@oduction especially in a lo®

soil, suggesting a novel nitrification thavay (O'Neill et al., 2021). The efficiency 6IC allocation

and®®N uptake showed similar patterns between daytime and nighttime in maize and wheat, suggesting
a close coupling between C allocation and N utilization (Liu et al., 2021). The combineti‘tide
and®3C allowed quantification of the C: N ratio of SOM mineralization processes, e.g., C: N ratio of
the basal (norimed) mineralized flux from SOM was reported to be 20 for rhizosphere soil (Murphy
et al., 2015). Combining’C and™N stable isotope labeling effectively clarifies the coupling patterns

of C and N allocation, and the competition between plants and soil microorganisms for N uptake
(Kugliena et al., 2014; Fu et al., 2021).

The P radioisotope®P and®*P) technigie qualitaitvely determines P uptake, transformation, and
movement in soils (Di et al., 1997; Meyer et al., 2017; Muller and Biinemann, 2014; Siegenthaler et
al., 2020; Wang et al., 2024; Zhang et al., 20%P) has lower radioactivity and longer hilé time

than 32P, making it more suitable for experiments that focus on tracingtReiplantsoil system
(Robinson et al., 1969). Many studies usitigjtracing follow the approaches of Oehl et al. (2001) and
Biinemann et al. (2004). Recent studies have appiettbeling to prove that subsoil communities

are well capable of mobilizing and using complex organic P sources (Ai et al., 2023), and that P can
be taken up by perennial crop species from soil depths down to 4.2 m, especially linderdP
conditions in thetopsoil (Han et al., 2021). It is worth noting that key studies have focused on
discussing P turnover in |lo® soils and on proposing sustainable suggestions to alleviate P deficiency.
Previous researches have provided substantial insights into planhiarabial strategies for P
acquisition. However, with the increasing trend of microbial diversity loss due to human activities, it
remains unclear whether soil microbial communities will be able to maintain their imgtbi#zation
capacities.

1. Im&2gig techniques in soil enzyme visualizatic

Enzymes play a crucial role in breaking down large organic molecules that originate from plants and
microorganisms. These processes are fundamental to the cycling of C, N, P, and other essential
nutrients in soil(Sinsabaugh, 2010). The possibilities for the study of soil enzymes have evolved
significantly, particularly through developing enzyme kinetics and zymography (Bilyera et al., 2021;
Ma et al., 2018; Tian et al., 2020). Enzyme kinetics, based on the MsNBiten modellichaelis

and Menten, 1913 has been pivotal for understanding enzyme activities by quantifying the rates of
substrate conversion. Early research in this area, e.g., by Sinsabaugh (2010) and Nannipieri et al.
(2012), established foundatial principles for soil enzyme functions. Razavi et al. (2015, 2016)
explored nonlinear temperature sensitivities in enzyme kinetics to improve the understanding of soll
enzyme dynamics under different climate conditions. Alvarez et al. (2018) furtherdexjthis work

by showing that increasing temperature decreases enzyme catalytic power in soil C cycling. Moreover,
the method of zymography emerged as a technique for visualizing enzyme activity distribution in the
rhizosphere, providing a more compreheawiew of enzyme functions (Razavi et al., 2019; Spohn

et al., 2013). Zymography addresses the limitations of enzyme kinetics by allowing for the spatial and
temporal mapping of enzyme activitiestime natural soil matrix.
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Zymography techniques have evolved considerably since their introdudtam initial visual
methods to advanced quantitative approaches (Figure 2) (Bilyera and Kuzyakov, 2024). The
development of soil zymography was basedaamlorimetric gel to analyze amylase and protease
activity on the rooted soil surface (Spohn et2013). Later, Spohn and Kuzyakov (2014) advanced
fluorescent substrateased zymography by recording the signal by camera under ultraviolet (UV) light.
Guber et al. (2018) made a major advancement by developing quantitative soil zymography, which
improved measurement accuracy through detailed examinations of substrate and enzyme diffusion
processes. Guber and Kravchenko (2021) introducedléipse soil zymography, addressing previous
limitations in temporal resolution.

Recent applications of zymograplechniques have demonstrated their effectiveness in exploring soil
enzyme functions and their implications for soil health and management. Bilyera et al. (2020) used
advanced imaging techniques to identify hotspots in bulk soil and rhizosphere, revegdifigasit

spatial variability of enzyme activities. Hoang et al. (2016) used zymography to study enzyme kinetics
and distribution in earthworm burrows, finding that the hotspot areas wér4ithes larger in the
burrows versus soil without earthwormsgakchenko et al. (2019) combinedry micratomography

with 2D zymography to investigate extracellular enzyme spatial patterns, showing that extracellular
enzymes were positively associated withi®®@ e m por es. Wang edtu al
zymograply techniques to reveal anoxic enzyme activities in paddy soils, and documented hew short
term aeration can overestimate enzymatic hotspot area in anoxic ecosystems.

The aboveamentioned zymography technology is based on camera imaging, which can have
insufficient magnification accuracy for studying tiny hotspots. Recently, Ghaderi et al. (2022)
innovated a micr@ymography method to detect hydrolase activity uridemicroscope, allowing

for high-resolution visualization of enzyme activities in soil aggteg andhe rhizosphere. These
advancements have significantly enhanced the sensitivity, resolution, and temporal observation
capabilities of zymography, though challenges, such as sensitivity foeéading oxidaseemain. In

fact, soil oxidoreduct&szymography was successfully developed by Khosrozadeh et al. (2022), who
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first introduced Amplex Red as a reagent to visualize and quantify distributions of phenol oxidase and
peroxidase activities in the rhizosphereZsfa mayd.. However, this is also amembranebased
imaging technology and it cannot fully reflect the enzytyjeamicsin plants and soil.

1. Mi &8r osbhcacspeyd | ocfal mizat o@mgani sms in soil

Soil biochemical processes are mediated by microbial communities whose composition and activity
are influenced by their habitat (Eickhorst and Tippkotter, 2008; Loeppmann et al., 2018; Wang et al.,
2020). Although \arious methods have been developed afidec to study the localization of
microorganisms in sqiklarge knowledge gap remains in understanding the dynamics and metabolic
landscapes of soil microbial communities at relevant spatial scales. Early advancements in microscopic
techniques for sornicroorganisms involved traditional light and electron microscopy (Beveridge and
Moyles, 2014). Currently, direct microscopy techniques such as confocal laser scanning fluorescence
microscopy (CLSM) are invaluable for determining the spatial distribufis@ibmicroorganisms in

their microhabitats (Eickhorst and Tippkotter, 2008; Li et al., 2004; Tippkoétter et al., 1986).

CLSM has proven effective for visualizing a diverse range of soil microorganisms, including protists,
fungi, bacteria, and rhizosphargcroorganisms (Jaafar et al., 2014; Li et al., 2004; Lo Piccolo et al.,
2010). However, this technique faces various challenges for soil microorganism localization, including
interference from the primary fluorescence of soil particles, intrinsic fluemésproteins, and
autofluorescent compounds, such as aromatic amino acids, siderophores, and cytochromes (Alimova
et al., 2003)in bacteria. These challenges can obscure the accurate interpretation of microbial spatial
distributions and interactions.

To enhance the visualization of soil microorganismmrovedfluorescent staining methods have been
developed. Techniques such as fluorescence in situ hybridization (FISH) are now commonly used,
often applied with CLSM to improve resolution and specificitippkotter et al., 1986; Fernandez
Suarez and Ting, 2008; P&tdge and Firestone, 2018; Bokota et al., 2021). However, the technical
limitations of the targeted detection @fuorescencdn a soil matrix persist, including issues with
autofluorescence, selution, and photobleaching artifacts from soil minerals and organic matter that
complicate digital image processing and analysis (Li et al., 2004; Watt et al., 2006).

In recent years, molecular fluorescence lifetime imaging (FLIM) has emerged as a@uectiat
provides both complementary and unique information about target biomarkers in cells (Balke et al.,
2018; Digman et al., 2008; Hayek et al., 2007). FLIM offers significant advantages by distinguishing
between different fluorophores and the intrirfiiiorescence of samples. For example, Lee et al. (2022)
reported obviously different signals of unstained fungal hypha and soil organic matter. However, the
application of FLIM is constrained by limitations such as slow image acquisition and processing,
complex implementation, and high instrument costs (Mannam et al., J0R(E). abetter approach to
simplify the analysis of FLIM images is required to provide detailed insights into the spatial
distribution and interactions of soil microorganisms.

1.2 Objectives

Themainpurpose of this work is to utilize modern isotope and imaging technologies to quantify and
visualize key processes in the N and P cycles of agricultural and forest soils, and to derive
sustainable soil use strategies that are applidabpeoduction practices. Additionally, it introduces

new methods, based on existing technologies, to accurately localize and quantify key processes driven
by plants and microorganisms in the soil. The presented studies include the following approaches to
obtain these objectives:

1) Using stable isotopé3C and'®N) labeling methods combined with soil zymography to assess
the allocation of plantlerived C and N in root channels, and assess microbial C and N
mobilization during the reuse of these robainnels by following plants (Study 1 and 2).

2) Using radioisotope®P) labeling combined with soil enzyme kinstio identify the functional
redundancy of microbial P mobilization (Study 3).
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3) Developing novel methogbased on microscopy techniques, to localize soil microorganisms
and visualize the spatial distribution of fashcting oxidase enzyme activityy order to
contribute to a comprehensive understanding of soil C and nutrient cycling processes (Study 4

and 5)
1.3 M aterials and M ethods

13. Experi mental setup

v ~

Westerland Y @ Baltic Sea

; Experimental Site
North Sea

Figure 3 Experimental sites ilgermany. The numbers on the figure represent the study numbers in
this thesis[https://de.wikipedia.org/wiki/Datei:Germany_general_map]png

The studies presented in this womkclude seven sampling sites in central and northern Germany
(Figure 3). To achieve the first objectiveeld experimentsvith maize as the main cr@fterdifferent
winter cover crops ere established The experiment irStudy 1 was conducted onlat the site
Hohenschulen (54°18'44"N, 9°59'46"E), an experimental farm ofaalersity, Germany. The soil

is a Luvisol with sandy loam texture. Taeperimental plotdncluding three cover crop mixtures and
control (black fallow in winter)were set up in the autumn of 2020. Maize was sown in May 2021 after
the cover crops had been killed by herbicaied the topsoil had been shallowly tilled togaee the
seedbed.

To compare the maize reuse of cover crop root channels under different soil types, the experiments for
Study 2 were expanded to three sites in the second YR&n exclusiorexperiments were set up at
the three experimental sites to e whether the C an in the root channels of cover crops help
maintaining microbial activity in maize rhizosphere under droagessThe three sites included two
experimental farms of Kiel University: (1) Hohenschulen; (2) Karkendamm (KD, 53°59%88.8
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9°55'51.0"E), with a gleyic Podza@nd sandy textureand one experimental farm of Gottingen
University:(3) Reinshof (RH, 51°29'08.5"N 9°53'34.9"E), with a Phaeozenasdikilty loam texture
With theo b j e oftidentif@ng the functional redundagoof microbial P mobilization, two beech
forest sites with contrasting soil P storage were selectestdioly 3. The Bad Briickenau (BBR) site
with aP-rich soil with 904 g ¥ of P stock (Brddlin et al., 2019) located in Northern Bavaria, Germany
(50°217.26" N, 9°5544.53 E) was chosen to takerih soil samples. The soil sDystric skeletic
Cambisol (WRB 2015) and has developed from Basalt (Lang et al., 2017). The Luss (LUE) site with
164 g m? of P stock (Brodlin et al., 2019) located in Lower Saxony, Germany (22°37' N,
10°162.37" E) was chosen to takegdor soil samples. The soiladHyperdystric Folic Cambisol and
has developed on sandy till (WRB 2015; Lang et al., 2017).

With the djectiveo fdeveloping novel methods to visualize the spatial distribution ofréasting
oxidase enzyme activitjratoccurs intensively in living root rhizosphere, a rhizotron experiment with
apple seedlings growing in two different soils freleidgralen (53°41'57.5"N 9°40'59.6"E) and Ruthe
(52°14'39.8"N 9°49'08.2"E) were set up 8tudy 4. The soil in Heidgraben is an Luvisol wihandy
texture The soil in Ruthe is a Luvisalith silty texture(Rohr et al., 2020).

To develop anovel microscopy methlibto localize soil microorganisms, the successfully verified
living microbial communities extracted from BBR and LUE sites in study 3 were chos8tuéiy 5.

13. 3oahd pdmamlti rsg

Both dant and soil samples weosllectedfor Study 1: Aboveground biomass of the cover crops
(labeled with3C and®®N, details in 1.3.3.1 and 1.3.3.2) was sampled before sowing maize in May
2021 to determine the assimilate@ and'®N. Soil samples from cover crop root channels (initially
empty at the firssampling time, with and without maize rhizosphere at the second sartipig)g
were collectedrom 0f 30 cm and 3060 cm depth incrementsom soil profiles by carefully scraping

out theinside of the channelsith a micro spatulagand bulk soil sampleseve collected from both the
cover crop variations and the control (only bulk soil). Additionally, two maize plants growing within
the sampling area were collected to determinértvesferof 1°N from the cover crop root channéts

the maize crop

For Study 2, soil samples from maize rhizosphere in the subsoil laye6Q3fm) were collected.

Soil samples foStudy 3 and 5were taken from the Ah horizon of the respective site at six randomly
chosen positions. European beech seedlif@gys sylvaticaL.) were also collected from the
randomly chosen positions at the two sampling sites.

The thizotronsin Study 4 werefilled with soil from the site$1eidgraben and Ruthéfter dried and
sieved, the soil was filled into the rhizotron with a bulk density.d g cm?, and the water content
was adjusted to 6% of water holding capacity

13. Bsotopemkeaheldsng
1.3.3.1'°C pulse labeling

The*CQ;, pulse labeling was performed 8tudy 1 according to Bromand et al. (2001) and Zhou et

al. (2022) in November 2020 and April 2021 on a subplot of each plot with cover crop mixture (Figure
4). The labeling area was covered with a cuboid chamber to allow for unhindered photosynthesis
during the &bel. Every chamber had two beakers with Nai@; (98 atom %'3C, SigmaAldrich,
Germany). The®CO; was released by injecting an excess amount s Q4 (85 % w/w) into the
beakers by using a syringe from outside the chamber.
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Figure 41 € pulse Iiabeling of cover crops. (a) Pre
NaHoQin the chamber; (c) Sealed chamber with t

1.3.3.2'5N leaf labeling

In Study 1, 1°N leaf labeling was used to trace the allocation of cover-desived N in their root
channels and the reuse of this N by maize.*fNavas prepareth a solution containing'tN H ) SO
and N&°NOs. For labeling, three leaves from three adjacavier cropplantswere cut off from both
sides of the midrib, leaving only the midvein. These three midveinsimerersedogether in a plastic
vial containing®™N solutionand sealed with parafilifFigure 6) Themidveinsremained fixed in the
vials for one week to allow for plant uptaks;

’ » = 2

Fi g6¥Ne | abel ing for (a) red clover, (b) tall f

1.3.3.3%P labeling

In Study 3, beech trees collected from two experimental sites were cultivated in climate chambers
under artificial light at 20°C for four weeks, until the buds opened and leaves emerged. Each plant was
fed with®*P  as a *P1O rutisnokpplied to the beech stem using the wick labeling method
(Russell and Fillery, 1996; Mayer et al., 2003). A small hole was drilled into the stem, into which a
cotton wick was inserted and the hole sealed with plasticine to minimize harm to th& p&aother

end of the cotton wi*®® wasel 8 ub thetratsferdnfoihe planth € a H
After 96 hours, the solution was completely absorbed

134Enzy me kanndetziycnrsogr aphy met hods
1.3.4.1Enzyme kinetics

The kinetics of enzymes that target &d Ncontaining organic compounds were assayed using
fluorogenically labeled substratéRazavi et al., 2015)The 4-methylumbelliferone (MUFbased
fluorogenic substrate-methylumbelliferytb-D-glucosice was usedd a s sglisdask activity
(GLU), and the faminc-4-methylcoumarin (AMChased fluorogenic substratelleucine7-amido
4-methylcoumarin hydrochloride was used to assess the activity of leumime peptidase (LAP) in
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Study 1. Three types of 4nethylumbelliferone (MUFRpased fluorogenic substrates were used to
assess the activity of-Gcling enzymes irStudy 2: 4-methylumbelliferytb-D-glucosice f o F b
glucosidase (BG) activity,-thethylumbelliferytb-N-acetytD-glucosaminide fo cellobiohydrolase
(CE) activity, and 4nethylumbelliferytb-D-xylopyranoside for xylanase (BX) activitfhe enzyme
activities were determined at a range of substrate concentratlansescence (caused by the release
of MUF from the substrate) was measd with the micro-plate reader CLARIOstar Plus (BMG
LABTECH, Ortenberg, GermanyEnzyme activity was calculatedcording to thélichaelisMenten
equation(Michaelis and Menten, 1913; Nannipieri et al., 2012

1.3.4.2In-situ zymography

Zymography was conducted in the maize rhizosphere to examine the spatial pat@mcliafig

enzyme activity influenced by cover crop mixturesSindy 2, following the protocol established by
Razavi et al. (2016). Membranes saturated witlethylumbellferyl-b-D-glucoside (abcr GmbH,
Karlsruhe, Germany)&reu s e d t ogludosidase adtivityb The calibration was performed using
membranes soaked in MUF solutions with a range of concentrations. Membranes were photographed
(EOS 6D, Canon, Tokyo, Japamder UV light (365 nm wavelengtihe membranes were attached

to cover rhizosphere soil andaize pots and photographed as described abbwage analysis was
performed using ImageJ (Fiji 1.54f) and MATLAB R2023a (The MathWorks, Inc., USA).

1.3.4.3Resorufin-based Micro-zymography

In Study 4, a novel technique to quantify and visualizedhtvity of peroxidase on fresh roots, based

on the substrate Amplex Red, which forms the fluorescent product resorufin when oxidized, e.g., in
the presence of #, (Khosrozadeh et al., 2022), was developed and introduced. A microscope (Zeiss
Axio Imager ML, setting: 540552 nm excitation and 5¥640 nm emission length) was used to detect

the fluorescence caused by the peroxidase activity of the root tissues. A series of images recorded as
video of approximately 5 to 10 min was used to monitor and qydhgfperoxidase activity

1.35 Florescert imaging of silsand microorganisms

In Study 5, a novel method for localizing microorganisms in the soil was developed and introduced.
To test the designed techniglh od ot or ul a a mB & ¢ il dadghitmielrsidisred and
stainedwith BacLi ght E Green ( absor ptlmagimg/wasmorslsctedan ~
CLSM and STED using a STELLARIS 8 confocal scanner unit (LEICA Microsystems, Wetzlar,
Germany) to assemble a higksolution image ofthee | | sdé si zes and mor phol
fluorescence lifetime imaging microscopy (FLIM) into the STELLARIS confocal platform (LEICA,
Wetzlar, Germany) allows for comprehensive FLIM analysis during image acquisition

1.4Main results and discussion
1.4.1 Synthesisof highlights and main results of the studies

Using stable isotopeiC and!®N) labeling methods combined with-situ zymography successfully
confirmed the allocation of cover crajerived C and N to the subsoil, and the reuskeifl resources
in the cover crop root channetstherhizospheref the following maizgStudy 1). Furthermore, the
positive effect of covecrop-derived C orthe maintenance of enzymatic procesedbe rhizosphere
of maizeunder drought was confirmed by timesituzymography and enzyme kinetics analySisifly

2). In addition, the functional redundancy of microbial P mobilization was coeéirby radioisotope
(**P) labeling combined with soil enzyme kinetics analysis. Microorganisms maintained a high P
mobilization capacity despite reduced microbial community diversity, especiallydéefiétent soil
(Study 3). The novel methods to visualizke spatial distribution of fageacting oxidase enzyme
activity (Study 4) and localize soil microorganismSt(dy 5) were successfully established, providing
more possibilities for a comprehensive understanding of redox processes in the rhizospihere
combinationwith already established technologies.

23



Study 1 The resultshow thathe root channels of tHegume/grassover crop mixturén the subsoil
containeds-fold more Cat BBCH33 compared to the root channels oflifessica/grassover crop
mixture,whereas the N content in the root channels of all three cover crop mixtures was comparable.
Themicrobial biomass in the subsoil root channels ofégame/grasmixture conained 3 times more

cover cropderived C at maize germination and 5 times more cover-aedpged C at BBCH33
compared to both mixtures with brassica (Figure 6). In the rhizosphe@zd# reusing brassica/grass

root channel@ the subsoilp-glucosidasend leucineaminepeptidase activitiewhere considerably
higher than in theoot channels of thewo mixturescontaining legumesViaize used up to 6.5 % of

the cover crop derived N from the legume/grass mixture, which covered up to 1.1 % of the N demand
of maize at BBCH33, indicating a high potential of legume/grass mixtures to contribute to the N supply
of maize through the provision of nutriemth root channels (Figure 6).
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Figure 6 Graphical abstract summarizing thean results of Study 1. Dee@nd shallowrooting cover crop
mixtures optimize C and N allocation in the subsoil and provide C and nutrient resources in their root channels
for the following maize root.
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Study 2 Cover cropresiduesinduce site-specific effects on microbial C mobilization in the
rhizosphere ofmaize eusing the root channels of the cover crgpgure 7). Precropping with cover
crops significant | y -geoodidase calabiohydrotaseaaod xylanasthine s o
rhizosphere ofnaize under droughdtressin root channels in soil with sandy loantexture (HS)
suggestin@ctivecellulose and hemicellulose degradation at maize growth stage BBCHsMitrast,
b-glucosidase and cellobiohydrolase activitiesre lower in the rhizosphere of maize reusing root
channels of both cover crop mixtures containing grass in soil with sandy texture (KD), independently
of the water supply, indicating lower decomposition rates in these root channels compared to the root
chanrels in the soil with sandy loam texture. In soil with silty loam texture (RH), activities of all three
carboncycling enzymes in the rhizosphere of maize reusing cover crop root channels was reduced
under drought condition compared to the respective desvinder nomdrought conditions.
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Figure 7 Graphical abstract summarizing theaim results of Study 2. The effect of cover crop mixtures on three
C-related enzyme activities in maize rhizosphere under rainfalldaodght conditions. (HS: Hohenschulen,

KD: Kar kendamm, RH: Rei nshof . 6+06 represent® inci
represents reduction of enzyme activities by cover crop mixieswo cover crop mixtures (Legume/grass

and lggume/brassica) used in this experiment performed similarly across sites.)
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Study 3 The acid phosphatase activity at thpddr site was overall higher thére acid phosphatase
activity at the Prich site, and it was unaffected by the microbial divenstguction (Figure 8)This
indicates thatnicrobial P mobilization exhibita high functional redundancy, particularly at the site

with low P stock. Higher recovematesof litter-derived*3P in the soil microbial biomass anid the

soil labile P pool wer detected ithe P-poorsoils, suggesting a tight cycling of litteterived P irthe
microbial biomass and the soil solution. The results suggest that the functional redundancy of microbial
P acquisition at Boor forest sites keeps all essenti@icesses ongoing even under loss of biodiversity.
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Figure 8 Graphical abstract summarizing theam results of Study 3. The microbial P mobilization under the
stress of microbial diversity reduction in beech forest soils@tfPand Rpoor site. The recovery &P in soil
labile fractions and soil microbial biomass, as well as the acid phosphattiséty at each experimental site,
are displayed
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Study 4 A visualization approach, based on mizsonography withafluorometric assay via Amplex
Red, with high resolution for spatial and temporal investigation of the oxidative reaction
peroxidaseswasdevelopedn this study (Figure 9)he linear correlation between the concentrations
of resorufin (#0.01 mmol) and the average gray valpeoves an accurate reference for quantifying
the rate of peroxidae activityin the rhizosphereThe rootoveredden®ly with root hair had Zold
higher peroxidase activitand 11-fold larger hotspoextendthan the roots wittsparseroot hair
coverage Peroxidase activity wasfld higher at thecalyptra (root capdhan in theapical meristem
(region of cell divisiol The resultsshowed that Amplex Relblased zymography can accurately
guantify the peroxidase activity of rootstae microscale, and visualize the spatial distribution of
peroxidase hotspots.
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Figure 9 Graphical abstract summarizing theain results of Study 4. Flow chart of usitige Amplex Red

based micrezymography method to quantify and visualize peroxidase activity in the rhizosphere of Apple
seedlings.
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Study 5: Steadystate fluorescence intensitgnagingis a basic microscopic technique in ecological
cell biology. However, intensithased measurements are vulnerable to artifacts,flelorophores

with similar excitation and emission spectra may be impossibtiffierentiateusing steadistate
fluorescence intensity imaging. These limitations were overcome by using fluorescence lifetime
imaging microscopy (FLIM) in combination with theghasor approach to unravel the spatial
distributionof microbial cellsin soil and mineral microspheres (Figure 10). The phbhased FLIM
techniquerevealed that microorganisms had a fluorescence lifetime bi1.B2is, whereas minesal

and organamineralassociationgenerally displayed shorter lifetimes.
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Rhodotorula mucilaginosa
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Figure 10 Graphical abstract summarizing theain resultsof Study 5. Phasor distributions of purely stained
Rhodotorula mucilaginosa in combination with glucestivated forst soil underconfocal laser scanning
microscopega and b). €e: The phasor plot approach allows to distinguish three populations with different
fluorescence lifetimes from image b.
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1.42 Stable isotope tracing reveals reuse of cover crop root channels the following cash crops

Given the importance of the organic material in root channels as resource for soil microorganisms and
following plant roots (Banfield, 2022), | first investigatia® content and composition of cover crop
derived C and N ihe root channel®f different cover crop mixtureat different time pointsifter

maize germinatiomo determine the potential of cover crderived resources to be beneficial for the
following cash cropsTotal norparticulate over cropderived C and Nbercentagén root channelsf

the topsoil increased &nd 305fold from maizegermination to BBCH 33, respectively, indicating

the gradual decomposition of root residtieereby releasing C aridi from the particulate to the nen
particulate poo(Figure 1-1, 1-2).

The microbial biomass in the subsoil root channels of the legume/grass mixture contained 3 times more
cover cropderived Cat maize germination and 5 times more cover cdepved C atBBCH33
compared to both mixtures with brassi¢Figure 1-1). This indicates that the winter-hardy
legume/grass mixture enhasoetermediatemicrobial C stabilizationAdditionally, theincorporation

of cover cropderived N into microbial biomass {N) was higher inthe root channels of the
legume/grass mixtures as wdligure 1-2).

Secondly, | determined the partitioning of C and N fromdineer crop root channels to soil organic
matter and/or nutrient supply of the maize crop by tracing'¥@eard >N remaining in the root
channels of the labeled cover crops when reused by maize root, as well as the propBhitcakeh

up bymaize.The root channels of the legume/grass cover crop mixture in the subsoil contéoteed 5
more C at BBCH33 compatéo the root channels of the brassica/grass cover crop m{Kigtee 1-

1), whereas the N content in the root channels of all three cover crop mixtures was confpanaige

1-2). Moreover,6.5% of the N in the maize plants at growth stage BBCH#& cover cropping with

the legume/grass mixturesascover cropderived, and this covered up to 1.1 % of the N demand of
maize at thiggrowth stage Figure 1-6), demonstrating that legume/grass mixtoaa significantly
contribute tahemaize N supply.

After proving the reuse of resources in cover crop root channels by maize roots, | investigated the
effects of cover crop mixtures on sites with different soil typeder drought and nearought
conditions Covercroppingwith legume/grass and brassica/grassturessignificantly enhanced the

act i vi-dglucosidasepckllofiohydrolase, and xylanase in the rhizosphere of maize under drought
stress in root channels in soil with a sandy loam texture (Ai8ure 21, 2-2). Thisindicakes an
intensiveorganic mattedegradation irthe maize rhizosphere at BBCH 50 (Sinsabaugh and Follstad
Shah, 2011). In contraseénzymeactivities were lower in the rhizosphere of maize reusing root
channels of these cover crop mixtures in soil with sandyitext<D), independently of the water
supply(Figure 2-2), indicating lower decomposition rates in these root channels compared to the root
channels in the soil with sandy loam texfuralicatinga generalljjower microbial activityin sandy

soils (Figure 2-3). This is in line with the study of Siebielec et al. (2020), which revealed that the
microbial community is more sensitive to drought in sandy soils, and the input of additional OC is of
great importance to protect microbial activity in sandy soilsthinsilty loam soil, although the
reduction of the rainfall was the same as the other sites, the soil moisture remained relatively high
during the drought experiment duethe high-water holding capacity of this soil. The larger hotspots
area in maize tihosphere in this silty loam soil, compared with the other soils, represented the
a c c e |l eglueosigaske adiivity in the maize rhizosphere due to the more beneficial soil moisture
regime Figure 21, 25). The observed sHspecific effects of cover cpomixtures on maize
rhizosphere enzyme activity are in line with Muhammad et al. (2021), who demonstrated that the effect
of cover crops on microbial C:N ratio in the soil was higher in medaxtured soils (e.g., sandy loam

soil in my study) compared twarser or finetextured soils

1.4.3Radio isotope tracing reveals functional redundancy of microbial P mobilization
The regulation of microbial mobilization of C and nutrienssgoverned by microbial C:N:P
stoichiometry (Mooshammer et al., 2012), #fere, understanding the microbial P use strategies is of
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great value. Moreover, P is an essential nutrient for microorganisms and ptahthie amount of

plant available n forest soildecreases with forest succession (Prietzel et al., 2020; Zhyz921).

| found a higher activity of acid phosphatase ipd®r soil than in Rich soil (Figure 31), this is in

line with the high activity of acid phosphatgseviouslydetermined in lowP forestsoils(Lang et al.

2017; Mller et al. 2020)'he P-poor soil showed similar acid phosphatase activagardless of the
diversity of the microbial community (adjusted by dilutiaf the microbial inoculumin the
experiment)demonstrating the redundgnof miaobialfunctionswith respect t& mobilization under
P-deficient conditions. As long as C andaMailability isnot limited, microorganismsemainableto
produce acid phosphatases at similar activities asrichPsoil (Loeppmann et al. 2020). The sianil

acid phosphatase activity in all dilutions of microbial inoculum demonstrated an overall functional
redundancy of microbial P mobilizationtime P-poor soil Figure 31).

The recovery of littederived **P in microbial biomass regardless of the dintidegree of the
microbial inoculum indicates that the immobilization of litterived®*P was not affected by microbial
diversity in the Ppoor soil Figure 3-3). The 2fold higher microbiabiomas<” in Rpoor soil Eigure

3-3) is in accordance with thieigh microbial P immobilization (i.e., the tighter cycle of P among
microbial biomass P and soil solution) irpBor soil as demonstrated by Binemann et al. (2016), and
Pistocchi et al. (2018). Notably, the higher recovery of }ttBrin soil microbiabiomass demonstrates

a higher proportion of litter P contribution to the microbial P pool in #podét soil Figure 3-3),
suggesting the fast acquisition of litlerby microorganisms under P deficiency. The small variation

in microbial C:N:P ratios alonghe gradient of decreasing microbial diversity showed a clear
functional redundancy of microorganisms at thpder site Figure 35), with the aim to maintain
stable microbial element ratios. This reflects a fast recovery agmweh of the microbial gilds
already adapted to a balanced mining of nutrients across all dilutions. Irrespective of the total soll
nutrient pools, the microbial elemental demand influences the nutrient concentration in the soil
solution through microbial communigpecific mobiization mechanisms, which are regulated by the
element stoichiometry in the soil solution (Chen et al., 2016). Microbial resilience is connected to
specific population traits, such as the ability to grow rapidly and to exhibit physiological plasticity
(Allison and Martiny, 2008). Such features allow microbial communities to recover from
environmental perturbation (Schimel et al., 2007; Shade et al.,.2012)

1.4.4Novel imaging techniquedo visualize and localize soil microorganisms and enzymes

In previous studies, methods for visualizing enzyme activity have primarily focused on hydrolases.
This is partly because studying oxidative enzymediffecult due to their fast turnover ratesg.,
phenol oxidase canirn-over20-fold faster thanthe fiyr o | y t i cglueosidase disor 2006)

To address this limitation, | developed a method using fluorescent substrates to quantify and visualize
peroxidase activity and distribution based the already existing micraymography technology
(Ghaderi g al., 2022) The calibration showed a strong linear correlationB09) between gray
valuesin the imagend resorufinfluorescenproduct of Amplex Red after oxidation) concentrations
(Figure 41), and correlations between time £t10 seconds afteapplication) and mean gray values
were also proved (R 0.95) Figure 41). This technique successfully differentiated peroxidase
activity at high spatial resolutigshowing 2fold higherperoxidasectivity in the rhizosphere abots

with dense roohair coveragecompared tdhe surface of rootwith low density ofroot haircoverage
(Figure 45). The method also revealed that peroxidase activity is twice asonighe root cap
compared to the cell division zonéigure 46). This isin line with previous findings that peroxidase
activity is predominately localized #teroottip (Hall and Sexton, 1972%imilar observations of low
peroxidase activity in the cell division zone were also confirmed by Dunand et al. (2808).the
Amplex Redbased micreeymography method provides a robust tool for distinguishing specific
peroxidase activitieat the micrescale with high spatial resolution

Fluorescenc®ased microscopy methods not only provide advantages in enzyméyactaging but

can also contribute to exploring the spatial distribution of microorganisthe ikomplexsoil matrix.
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Current soil imagingechniques are challenged by, etlge, autofluorescence of soil componessh

as quartz minerals and orgamoineral associationswhich complicate pogtrocessing and biases
outcomes (Schultz et al.,, 2011). Combining transmitted light and reflection channels in confocal
scanning enhances the distinction between microorganisms and mineral surfaces, supportig the dire
visualization of aggregate formation procesatethe microscale (Krause et al., 2019). To isolate
artifacts, | determined the characteristic fluorescence lifetime profiledBdatlus subtilis(1.3 + 0.1

ns) andRhodotorula mucilaginosél.2 = 0.2 ns)n phosphatebuffered salindFigure 55, 56). The
fluorescence lifetime imaging microscopy (FLIM) combined with the phasor approach effectively
differentiates between soil microorganisms and gaiticlesby capturing dynamic quenching effects

and prowding a twadimensional phasor space visualization (Chen et al., 2013; Becker et al., 2004).
This methoddemonstrated minimal interference from mineral backgrounds and enaluliegr
separation of microbial signals from soil components (Datta et al.; B#®6t al., 2016). The phasor
based FLIM approach demonstrated that microorganisms exhibited a distinct fluorescence lifetime
(1.21 1.3 ns) compared to minesadnd organemineralassociationswhich typically showed shorter
lifetimes Figure 56, 57; Chen et al., 2013)Moreover, théechniquas more reliable than intensity

based methods for distinguishing microbial signals from the soil matrix, as it minimizes interference
from autofluorescence and provides stable lifetime measurements over time gDatta 2020;
Lakowicz et al., 1992). Despite limitations like variability due to cell age or metabolic state, FLIM
combined with the phasor approactagromisingtool for future soil microbiology research

1.5 Conclusions

The results in my study underline that:

1) Plant rootderived OM in root channetsanprovide easily available resources for subsequent
growing plant rootand their microbiomeas demonstrated BYC and*N labeling. Specific
cover crop mixtures, such as legume/grass combinations, can promote microbial Cifixation
the subsoibndtheir root channelprovide readily available Nor maize nutrition

2) Functions involved in mrobial P mobilizationare highly redundantin soils, and ths
functional redundancy is highly sipecific, depending on theoil P stockof the site
Microbial biomas# plays a importantrole as intermediate P reservoir for microorganisms to
cope with soil Rdeficiency.

3) Amplex Redbased micrezymography method provides a robust tool fasualizing
peroxidase actiwt at the micrescale with high spatial resoluti@nd FLIM with the phasor
approach can effectively differentiate soil microorganisms fridme organemineral
backgroundn soil, providing a reliable tool for soil microbiology research by minimizing
autofluorescence interference and offering stable lifetime measurements.

Overall, this study enhances the understanding of the interconnected C, N, and P cyclesaimdsoil
reveals the key role of microorganisms soil C and nutrient cycling, using advanced imaging
techniques and isotope labeling. Future research should combine comprehensive isotope labeling
methods C, N, *¥P) with advanced imaging techniques such as FldMprecisely track and
visualize nutrient cyahg at the so#plantmicrobial inteface
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Abstract

Planting cover crops is wedlstablished as a sustainable farming strategy to improve soil fertility,
prevent nutrient leaching and increase soil carbors (€)o. tin&usling deepooting species in cover

crop mixtures increases the proportion of root detsand boosts C and N allocation to the subsoil.
Howevert he turnover of C and nitr-oged bW)cashcovwe
u n ¢ | Te address this gap in current knowledge, we conducted a comBed'®N labeling

study o three cover crop mixtures (legume/grass, legume/brassica, brassica/grass) withndeep
shallowrooting species from different functional classes (legufréolium pratense Trifolium

repens grass:Festuca arundinaced.olium perenng brassica:Raphams sativus var. oleiformjs
Brassica napusata Luvisol field site in Northern Germarijhe kinetics of €and Ncycling enzymes

were determined by fluorometric microplate assays. The results show thaetlgeu me / gr as s |
all oc,atreadsffecdi mer & C to the empt yi6r0o@tm)c ltcaampe
to the | egume/ brassica and brassical/grass mi >
among t hr eTde midrobial biomass.in the root channels of the legunsdgnaixture
incorporated 3to 5 fold more cover crop derived C compared to the microbial biomass in the root
channels of the mixtures with brassican di cat i ng enhanced microbi al
the | egume/ gr B@glsuome xiadhadse-d reitpoepntel dase acti vity
rhizosphere of maize roots reusing brassicalg

in the rhizospsieme tofe maa xte alkannels of the t
| eignes, highlighting the inteddamamd nfgorofe mzoyme
and the enzyme requirement to release N from s
the | egume/ grass mi x% uorfe diestpsa nNheat i BBCHB 3t et &g
t hat combandngheé®épwg species of |l egumes and
promotes the microbial stabilization of-c€Copn t

deri ved N.
Keywords: deeprooting cover cropss h a kréotingicover crops, root channel¥; pulse labeling,
15N leaf labeling, enzyme kinetics, C and N mobilization, legume, grass, brassica.
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1. Introduction
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p root channel s.
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. exkampl e, the productivity of | egumes is
, 200QGar Rlaan?2 etezal . , 2015) . However, t he hi
umes-l agd mesencan maxi mi ze stelrevipcreosy, i ssiuacrh afs
ching and increasing the pesalppdfyi omrgg aNn iscoaulr
|l owing cash crops. Legumes mixed with bra:c
ume monoculeturads , ( QOU#8Bdel Additionally, | e
ective at increasing SOC content due to th
e of grass residues compared to | edumes eal
, 2023; Vann et al ., 2019).
roving the accessibility of subsoi l resousl
mote cash crop productivity (Feng etoa@atiing:
pent a promising and sustainabl e met
f sTkasep et al ., 2020) by <creating
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Moreover, the OM residues in t
et al ., 2014; Kuzyakov and D
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decomposition, C contents in r
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expansion of the root system of cover crop mi
(Amsi | i and Kaye,Ga&r0ilg etavaler, RaMMi®lkumEhiod ¢
channels available to the following cash crop:
The quality of residue predominantly control s
2016) , e. g., | egumes witqguwad iltgyw d€&rc oo saliefs a e
grass and brassica with high C: N (Bar el et a
crops, C and N in the biomass can be incorpot
nutrient sourgcaenifsoms s(oLiilanngi certooarl ., 2017; Paul
and N to soil mi crobi al bi omass (Kuzyakov and
2003) . Due to the immobility of deadiobnobsa, th
rhizosphere of cash crops will be amplified i
201 8; Hoang et al ., 2017) . The microorgani sms
root channels cantdiemrtctsypmbleynneffi omfcowmemucr o]
has received |little attention.
This study aims to investigate how -tamda rsdatl | ©
rooting species affect thehemirchriozboisaplh eC eamd N |
crop maize (Zea mays). We conducted a field ex
includingndh-dekepivnhg species!Cifplul eve t'aNb gll éradg :
| abeling &lHe,i n20k%H; eRei xoto et al ., 2020; Som
used to traedertiveedc oCvearndcrNopin different pool s
to compare the C and N mobilizatd otnhaitn: t(hie) ntaoi
of dered shalbtowg cover crops differ in their
cont ai ni m@gt idreegpl egume species deliver more C
mi crobi al C ainm MNaiazsimhil aodspmere i s enhanced
from cover crop root channels can make a not a
2. Materials and Methods
2. Elxperimental site and design
The field expedumeet hevaexperi ment al farm A HCc
9A59' 46" E) , of Ki el University, Ger many. The
classified as Luvisol with santdayt iloona matt etxhteu rsei
and the mean t eMskelr28022)urTehei spH .o4f AChe t op,sotithei
organic eat bos?ltoantdngt hge t ot al nibtrogen conten
The field experiment in Hohenschulen was set
each of the three cover crop mixturesngTeabl ac!
fallow in winter) where established as a rand
terrain and soil. Cover crops were sown in Se
tilling and maize sowing in May 2021 (Tabl e 2
Tablel-1Var i ati ons of coveandhalplomit xthgr e ewii tels dea@p co
are named according to the functional pl ant speci ¢
Variati g Cover crop species

Deerppoti ng species Shal-lmowt i ng species
Control |0 0
Legume/cRed cToveol i( ulm )pra'_[ensWhite T:r1iofvce_|ril(m)rep

1Tall Festuea(ayundinadGer man rLyod gruars)sp e(r e

Red cTowvepl @ulmn)s e Whit e Tdiofvelri m) rep

Legume/kOiI rRadp hsahn d . s afaievd ®r|Wi nter f Brageirclapes:

Oi | rRaadp hsahn 4 . s afaiev d ®r|Wi nter f Brageirclap)ac
Tall Festaweuan(di)naceae Ger man rLyod g ruars)sp e(r e |

Brassi cg
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Table}2Descroptcomer crops and foll owing nhaiizzaet icounl tlie

Cover crop growing season Mazie growing season
Sowing density Sowin Fertilization (kg N
Variation . (kg ha?) Fertilization . ng ha?)
Time (kg N ha?) Time density 20.05.20
Single  Sum (plants m?) 51 7 23.06.2021
08.2020 2021.05
Control 05.2021 ] 2021.08 19 90 80
35
08.2020 3.5 2021.05
Legume/grass 052021 3.5 14 30 2021.08 10 90 80
35
35
. 08.2026 3.5 2021.05
Legume/brassica 052021 3.5 14 30 2021.08 10 90 80
35
35
. 08.2020 3.5 2021.05
Brassica/grass 05.2021 35 14 60 2021.08 10 90 80
3.5

2 .1Z Qp u llabaing
The€Qpul se | abeling of the covB8romaofdsewasl pel

Zhou et ianl .No(vzeOnto2e)r 2020 and April 2021 on a s
of the randomi zed bl b ku ldsadnadsn a(pspd & eadb d wve )c.h aTn
m area, 0.5 m height) consisting of four met a
more than 90% transmittance of photosynthetic
burietdo the soil and sealed with wé&Qismdilde Etlt
chambers. Every chamber was equif@eOd wWwit®tm t we
Si gAladrich, Germany) to all owcttevdb, ceacste caift i wlei

t Y€ Qconcentration inside tlfeQwaksamkedreatsed2 ®§O0
excess awdB¥h wfwH into the beakers by wusing
The second pul sfet ewa st hree | feiarssetd, 3arhd at he chamber
after the second pul se.

2 .13 | elabkling of deepr o o tcover-grop species

To trace the faith of roederived N in the subsoil, thee e @opting covercrop species (red clover, tall

fescue and oil radish) were labeled with a solution®™H ) SO™@ndi Nadi st il | e
November 2020 . Taa'I soluton was praparadlin two different concentrations to
account for the different biomass of red clover, tall fescue and oil radish. Red clover and tall fescue
were leave labeled with 0.98 AN solution with a concentration of 3.98mol*°N L. The dl radish

was labeled with 27.78 m?N solution with a concentration of 1.4@mol >N L. Three leaves from

three adjacent plants were cut off from both sides of the midrib, leaving only the midvein left. The
three midveins were inserted into the vialthvihe tracer and fixed with elastic film.

2 .P4l abnito ma sss isd&ammplishg
Cover crop aboveground abelingsagid owas shampll ¢d bferf

application to determine t®healldnount of cover
Soil sampl es f channelscro viehra@'mld o p a b epbliontgs smelr e t ake
wal | of a soil pit (1 m wide, 1.2 m deep) at
mai ze vegetative growth bBéeagmaBBEHBGB80( I20ma 3r €
soi l depth. The soil samples from cover crop
date, withoutusead imyg maioztes roaotrse at t he seconc
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samp(lceosnt r ol sampl es) wer e s &3plarcan eloy |c odlelpd cht)e
(3®0 cm soi l dept h) Not e: Vi si ble root rema i
material) were removed fr orfi ttthe rsmotl anaaremelall
Each soil sample was separated into two subsa
soil mi crobi al bi omass C within one2Wé@ek aftel
Two mai ze md awittshigm otwne sampling area were col
of the N in the maize could be traced back to

2.BBnzyme Kkinetics

The ki ntegtliucccosafdase ( GLU) and | eucine aminope
f | ugoerna c | abel edet hyb uutmbdihe 41 € ¢ gy H d £ a c7aanmd -4 &

met hyl coumarin hydracdhadrodiimge,t a eR @ 2zREu ovred syckeeln.
measur ed wiltaht ea rneiacdreor CLARI Ostar ®J) uGeir( BMGy L A

2. i crobi al bi omass carbon and nitrogen

The c¢hlfoumifgaxm roammcti on met hod was applied to ¢
( @) andci)N(BMookes et al ., 1985; Wu extmahcted?9!
0.5 8MQEK30 mL), a second set of samples was

subsequently extSrGQacBethwf tu mi-fQuanbiegia t&ndd enxotnr act ¢
and analyzed with a TOC/ TalCytainkl yera, @@Muazd, G
calcul ated as the difference bttmegatedtsampetek
conversikogn offae Wu aleSt .ahMwasleaOrul ated as the dif
N from duandamemated samples (@#thfaBrodadkessked
1985)

2 Y€ ahMd analysis of plant and soil
Pl ant abovegr ounddr ibeido naats s6 OwassC ofvoern 72 h for c«

unt il constant weight, mechanically shredded,
wer e -dorvieend at 105 AC f or .24Thhe asnadmpglreosu n(d5 immg af
mg soil samples) were sealed in titn atMdpastudmes t
using an el emental analyzer Costech ECS 4010

[
coupl edt a oC ai sDetlope rati o mass spectrometer (T
2.@Bal cul ati ons
2. &al culoaft€i amd i n cover crop biomass and so

i
The per cecovertcamaived€C[ 6 JandN 0 i ncorporated into sp
N pooPlasusch et al ., W®d6detZdrromi red adcconrdi2rzg t

w 0 P h 0 P h88 « .

b Q

° ., priT ° i

0 A 0 A
0 b P h P h88 0 'Qﬁ
pTIT

wheré o, pand0 p, prgarepredepin the specific C pc
unl abel ed samplreespr erseesnptesc ttihvee l tygt al C c¢caontteret

| abeled damplaesdi b hregf epredentin the specific
| abel ed and unl abelberde psraenspel netss, trhees pteocttalv eN yg o |
pool in thesl alldleed osgamplC and N content of t

considered the total C and N pools of these cl
the cover crop channels does notasi wae¢lsude evirDio
of the cover c¢crops (particulate cover crop ro
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sampling of the soil material ofS®@cxt rrectpelkcitd
N represents Ntipeol abifl ¢ h€&s amardanoenltse,nta mrde ptriee

soi l mi crobial C and N pool in the root chann
The maize upt-dkeiovbdcdveébbh) cwap cal cul ated acc
& ' Ro @R 0 @i R QLR L B L L T
v P h v b ha88
The cowerricireadp N in maize N (%) was calcul ated
6 ¢ 0BI APR QR 8 ® - C P 1% pnn ok
Wher el b F repres@ntssin t he mai ze from t hi
0 b regf epr esengisn the maize fhom gheprcondmi
0 pbin the | abeled doverysgrepp etsiemmas $,he natur
of 0 pbof coveéer chomppresents the N content (%)
2.8.2 Calculation of enzyme kinetics
Enzyme activities weFrlel ndeeatre remit mudeda t bihe eiWid st e m g
equation (eq. 4B (RPrGsamphPR&A) Ver si on
, w Y R
W B ————
V) Y

Wheoies the react ilovelsodihtey maxmanlalgr ate of en
substrate «orsceérhter astuibosnt,r ate conaaedttSad issanbatr
concen(tMiachaoeal i s and Menten,. 1913; Nannipier:.

2. &t &t iasntailcyasli s

>

S0 >—+0 —+~—

I statistical anal yses were performed using

variancal [ AN@GYA) ,were tested foMI khotmalt ) c
mogeneity of valrwieaanyc eA NBWAr twlaest tp'eg ftoegane)d. t o
cover crop mixtures'€anad <dmpltiong@!lt iCmep opdi r
anh®lismefC the cover cr b irnootthec hlaaniell es, C amalc
ot chNaninmeltsh,e total N pool 'Nfiwdh TCheecovcenp
anneids ,i nantdhe | abile N pool of the cover cr
gni pd c®.NG5), the meanb Wekeycompd&@bDetdespi< at t
. 05. -Walulsikaltest foll oweadc btye Dtunwa s' &1 sedld fasr
alues in the maize rhizospheofe GleWsamd) ICAR,e
rdpweldN i n maize N

. Resuls
Al l ocation of C and N in empty cover crop r

- W W O<OWO=-00 IO

0
he cowerr icvreadp C i ncorporated in the total C p
-fold from T1l to302cmh atheegumdg/sgpriaxes( Oand S
urdela) , and thHercoedr Ccriommpor porated in
annel s -fimlcd efarseerd u#leld )o. TI2n (dcomgtrast, t hiee cov
d nofromafddeto T2.

O 0O—w
—~+ O

F
h
i
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(a) 0-30 cm (b) 0-30 cm (c) 0-30 cm

™ T2 i ™ T2 ™ T2
40 R 1.00 0.5 ek
30 ors . Eos
s o 803 .
BE20 ' £050 o .
T a 2 oo hé 202 =
g5 & = s
S5 . B oz N =N, | E“
Se - . |8 . B e s, . ° | Variations
Og 0 esen LJ £ 0.00 * ko ¢ 500. +
s < g Legume/grass
= - k=] - S - (]
5 E ()30 ?? cm - % ()30 ?:) cm . 8 () 30 rsTo1 cm Y §8 Legumetbrassioa
o2 s T S 100 e - Oqs || === BR Brassica/grass
G 3 2 8
g5 s €04
8% 6 §075 8 .
e £ 3] S0a 1
g ,
4 0.50 =
Ba % %02 .
2 o 0.25 o B ©
Aa Ba Bb e 0.1 %ﬁ
e . Bb 2= Ed
0 * +"" 0.00{ © a"" 0.0 -I-
Figure I-1Cover-derioped C incorporated in (a) totan C pc
and (c) Il abile C pool i n empty coev)ers uchrsoopi hmeoaopt o itcrin
(T1: maize germination; T2: maize growth stage BB
and their i nteract-waygy WhlO®Wetrécettseeck r s sii mgli cwbe sig
bet ween coveri actrioopn smiwittuhrien voare ti me point in each
significant differences between the main factor o
interaction effects of himMecpointdse)ferhshees sket we
points within each soil |l ayers (6**6 represents p
the time point with a significantly higher result
(a) 0-30 cm (b) 0-30 cm {c) 0-30 cm
T1 ] T2 T1 T2 T1 T2
15, Fokd 0.25- 0.100- REE
o | 8020 . "’_33\00757 '
% 10] 250.15 L §_
5% . i = Z 0.050- &
= go10 £
BE°® ! g L Eoogs
§ & 80.05 - | '-E
3% 8 . B . Variations
55 0l cese ese auee « * Eo00 W -  0.000 . !
£3 = g Legume/grass
Zg (d3060em ... 8 {(e30-60ecm ... 8 30-60cm .
3g M T 2 T ow e om0 r - B Legumebrassica
§§30 “ 30-05' %0-05' o 81 Brassica/grass
o Q = 2
$3 5 004 2 pos 1
g %20 3 Y
o O 0.03- T g
e = 0.04-
- >
10 0.02 8 .
0.02-
0.01- .
01 CCO0 sees esse == 0.00- i 0.00 5! eess T
Fi gu2@ovier-derioped N incorporated in (a) totali,cN po
and (c) |l abile N pool i n ¢opspiltay dc eehers(uchrsopi Ir oaott tcvin
(T1: grarimienati on; T2: mai ze growth stage BBCH 33).
and their interactwiaggn AMEIVA .t Astted i kisng etpwe sent s
mai n factor of ti mer spo(iont*sd wietplriers eena csh ps o<i 10 .10aly, e O

were noted under the time point with a significan
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D

OO0 < +*TAaONw

ngl yi60i tm)he thebeirldemi&ega Cf iacwe IpcC
ool of the | egmudhedl gir ehd g hrea o tc oanpaarmr real
i ncor porlatoefd tihne tlheeg utnoet/ &lr aGsp@a an-
M tly. (Espgecially at T2detrtheepgerCcemicag
C pool of t he-alna¢g dnRed/ ghriagshse rr oooote pcalhr &
C incorporated in the total C pool
channel s of t h-anldfeabludnelligg laesrs pne rcd arm tee
[ C | mctohrgprortalkbemahred st 6dh t he | egume/ br ass
tures at botheltel)me Tpheei nhtisg h(esitg p e@rea a nvtealg eC
Or po miawtaesd fiound at T2 in | egume/ grasier mvedu
corporated in the | abile C pool of the ro
refasled #r omuTrlelft)o. T2 (Fig
the topsoil, theder iwaesd oMliyndorpgdreatceod eirn c
snelf all three coverle2anop Howetver e-d d rhiev e€db v N
orporated into the total N pool of tfhel d oo
m T1 to T2. Li kewi selerti Wendpdrpcoe natt aegde i onf tchoe
root channels of-faltd bobgbercablRtEhi kxhaneTFW
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ing that the microorganisms in the r@wobdf che
erdeciropdni®Nvem &Nt T1 when the tddrailvedkrMewmas
t he ruordeb )c.h abensepist  Fh igglleeri varmdo Nn ti sn  d fh ec
|l abile N pool of thaessomsert lUreoanhdchht
at T2 compared to T1, the mi edreoroirvgead il

hei unrlbdmasdssi({ mi gar trend was al so -evi de
vedomMNatemdoirp the total N pool and the | abi
mi Xtures were signiufrieeda,ntfl)y, hb wthdedrh icavte adr 2N\
or pomiatheodveidn ndw di ffer encue &be)t ween T1 and T

@D @

- 0 Q__'BQJ_OD""_“_'O__'O_'B O 40—+ = 9o —«+ —
- = o>

> M35 TS O0O0O0OTSTT"TOD IS S —TD TS TS DODODOOO S

a
c
0
e
t
Vv
w
d
X
t
r
0
c

3. Mhcorporation of cover crop-derived C and N in cover crop root channels reused by maize
roots

Thamount of-deoveedc€opncorporated in the total
crop root channels reused by maize roots in
mi xturwersk3@ki oc) , however, wdi fohsreeveas rwimah kK i
i ncorpor at-dromp oderciovveedr C i n the microbial bi

corpofatdd mbtbe-deoveerdamiCom nttloe Creused root
gume/ gr ass mi xrteuursee dc ornopoatr ecdh atnon etlhse ofurtédrel | e

) . I n contrast to thertoppdeirli,veidndoripnortahtda c
bstantially among the reused root ¢ harnonoetl s

annels of the | eguméd/odrda smo rmidxtoivhe& d cc&rotipani n e
ol compared to the reused rooturceébdn.nel s of

e composition of the colegrattfrept mi xe¢ uirrrcsodp @
rived N into the different N pools wrfleddhe r

However, the coetirvédt Nohoofheotvetakrbdbppo
e bulbvafsol2dd hi gher at the | egume/ grass pl ot s
assical/ gurdedd)Tlpd ofgesr d &n tga gdee ra fv ecdo vNe ri nc rtohpe | a
used | egume/ gr ass r ooeftolcdh ahningehl esr itrth @tmh et dxsbu Hdsc
e |l abile N pool of the reused rooutr e¢fplannel s

TS oOT0OQ0O T OV W~
¢ B e I R i i = B¢ Ben |

3.3 Enzyme activities in maize rhizosphere and N uptake of maize plant

I n the mixtures containing | egumes, both GLU
subsoill5)0 Fi gdgheebrassical/grass mixture shows a
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in the subsoil .
I n the da@ps GiLIUAFA WS higher in the reuseg bymeaizggr as
compared to the brassical/gracsléayoabditcWbARel s
| egume/ br assirausedbymazzeach 8dfnodllds hi ghermapdmpa&aPed
the | egume/ grass root channelreusedbydnaizehees pgaime
( Furdesb)
(a) 0-30cm (b) 0-30 cm (c) 0-30cm
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Figure 1-3 Cover cropderived C incorporated in (a) total C pool of maib&osphere reusing cover crop root
channels, (b) i, and (c) labile C pool in maize rhizosphere reusing cover crop root channels in the topsoil
and the (de) subsoil at T2 (maize growth stage BBCH 33). The effects of cover crop mixtures and soil layers
and their interaction were tested using Kruskéllis-Test followed by Dunn's test as pbst test. Lowercase
letters indicate significant differences between cover crop mixtures in each soil layer (p < 0.05).
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Figure 1-4 Cower crop-derived N incorporated in (a) total N pool of maize rhizosphere reusing cover crop root
channels, (b) N¢, and (c) labile N pool in maize rhizosphere reusing cover crop root channels in the topsoil
and the (de) subsoil at T2 (maize growsitage BBCH 33). The effects of cover crop mixtures and soil layers
and their interaction were tested using Kruskéllis-Test followed by Dunn's test as pbst test. Lowercase
letters indicate significant differences between cover crop mixtures irseddayer (p < 0.05)
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I n the swlhs @iAlIP,-fwdlsd 4hd gher in the ifeusaddysmazea/ gr
compar gdftd AP i ngt hasshamgaoene s ed b yurbedd)z, e ¥rFd gV
of GLU showed a similar, ualdichhough not signi fi
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Figure 1-5 b-glucosidase activity in the (a) topsoil and (c) subsoil, and leucine aminopeptidase activity in the
(b) topsoil and (d) subsoil activities in maize rhizosphere reusing cover crop root channels in the topsoil and
the subsoil at T2 (maize growth stage BBCH 33). The effects of cover crop mixtures and soil layers and their
interaction were tested using Kruskahllis-Test followed by Dunn's test as phst test. Lowercase letters
indicate significant differences between cover crop mixtures in each soil layer (p < 0.05)
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Figure 1-6 Percentage of (a) maize uptake of cover edepivedN (%) and (b) cover cregerived N in maize
N (%). The difference of cover crop mixtures was test by KrWkdlls-Test followed by Dunn's test as post
hoc test (p < 0.05)Capital letters indicate significant differences between cover crop mixtures
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The composition of the cover c¢crop mixdteuriev esdi g\
by maiwrele6) Fi dMaizpe most devewedr dNp (6.5 %) whe
channels of the | egume/ grass mixture, foll owec
Coverderioped N contributed most tor maheel &dlgwime
mi xture (1.1 %), followed by | egume/ brassica
4. Discussion

4. Dynamicovef-derioped aClamr@atNon in cover crop ra

I n the topsoil , tdheer iivnecdr eCa saen do fN cionv etrh ec rwoapl | s
T2 documents the contiouvuopsrdetompesiduieeniaf a
germination (T1) to maize growth stage BBCHS3
i ncr eigbsye 40 Hbaynd 1IN % i n-aamadlysh asl, metpeecx tau rl eyd isr
( Muhamma2021t) alComparing cover crop mixtures v
found that the inderporat Comnadf Ncownero aenicp obi
| egume/ grass and the brawsitdaltdrea spsr ong
on of cover crop residites tfhreonm abl |
ncreased -dbeiagedi Nabnlithg bDdpsowvekr
oil, thdertrovalbefmownt chifanneVv &ar i arcop
d only after the | egume/ grass mixt
ni wed etrotcalopC from T1 to T2. This
I radi sh and consequently already
hannels. Accordingly, the results
I from T1 ottdh ™A xitrurtelse cromdtai aovh amgn
advanced channeling of C through

ume/ grass mixture. The primary <c¢h

ideon and nutrient release are th
pl ant tis s (Adhi kari et al., 2024; Johnson
high lignin content and wiedreranC: N erlaetai soes nguetnreir
| onger t iChea eperailods 2(021; K¢ghl-Gagcied ati .al 20 23(
in our study, the hidgehreirv epd oQ oirnt isourb soofi |c orvoeort c
mitxur e compared to the | egume/ brassica mixture
decomposition of the winter hardykilldgeuwmebsr asnsd
mi croorgani sms i ncoderoirwd tteC mobtcom@asy ®ri trtope s
of the | egume/ grass mixtur e novdrhparsad stea uteme | o1
to necromass, o-oentwdi rmihreg paomatriyt Cents contri
matteri poglet Lal ., 2017) . Di fferent from C, t
radi sh roots in wint-aradcywnpért uesred ibry tthe mwiix
reduce |l osses via |leaching (Hirsh et al ., 202

S
I
S
growt h p
brassica
witnekri | | e
these ro
|l abil e C o]
already mor
winhardy | e
(1)
u

0
&
i

C

0

e
g

crop reoimgpos
sue

4. Par t i toitoonvienrgderioped C and N in maize rhizospt

Thttotahtent oderciowed Criop cover crowasaibdi mihlaa
range as in the empty cover crop root channel
the root channels were reused by mai zker itvheed nX
into their bi omass i n sl eguwnme/cghraansnse | asn dt hbarna sisr
channel s - elrnt itlhiezeme ltlopsoi |l , microorgani sms i n
cover-derrioped N from the root channel s, becau
mi cromi akr Bl e 3 at (Gesseter eadl., 2010; Schimel and Bennett, P004Ho we v e r
amongst the mixtures, the assimilation of N &
hi gher edeewdrviecdr otphe mi xtures with grass than i
Il n agroecosystems, rootsi dieaemelt or besesisent s aa
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zone where root channeHageaednr npearsd s Buwhdedte, dhE

penetration resistance is high, making it mor
ma t (Chen and Weil, 2010; Wahlstrom et al.,, 2021) Our f i ndi ngs reveal
channel s of the | egume/ gr ass-demiixvteudr e C ctama a iNr
|l egume/ brassica and brassical/grass root channe
the root residues in |ltegdgmasimptl et eds mwo ntt ec h a
decomposed. However, t hear gnei | d mocuomtsse qaufe na tl tyr &
mi crobi al mewilbbd h ¢ s ea s wh gbhcylh tshtel neuxluadtaetde s ®f t h

t hatr egaucshte d & t e BB (Kbzg8aBov &nd Blagodatskaya, 2015; Liu et al., 2022; Ma et

al.,2023) Accordinglderthedce&€vandcNowere highly peée
i n stuhbes oc¢ h a nmfe btehgeu mentigxrtausrae  wer e al ready reuse
high C and N assimilation capacity of microor
mi crobi al bi omass in these root channels (Fig

4 . 3 Niutprtoagkeen reazynacta@idty ih roaize rhizosphere

The contrasting distri butcihbamnmefl senz ypme mad tziev ii
and subsoil suggests that the decomposition p
di ffer in these two zadnddermost tlempelrnt caesed
topsoi l &Gill cand Burke s2002; Sanaullah et al.,, 2011) The contrary tr
activities in topsoil and subsoil bet ween th
mi xXture are a resuldemdod henzywnmeer pwo cuatgi oonf,
requirement to release N from substrate. I n t
the proportion of rootcdantpai,niwng hr oot e;isu dat &3
is hight-eBpbdy from root exudates for the for
LAP) IS most l'i kely higher in the rhizospher:
BBCH33. However, the actually dewmwebbpthg epgwi
Ssubstrate decomposi ti,onahfaebrdeecmenrpgoysidndnNoOfFf elt
brassical/lgrass root channel s wil| require mo
residues in the rreosotc ochhtaaninreil nsg olfe gnuinmxetsu I n tF
abundancy of maize root tips r eduecseusp ptlhye fsourp pel
production and enzyme requirement for suthestr a
provided by the cover crop root residues. Thi
mi xture, which provides both easily available
form the already extenswivellighlded obnpassidc a.e mai
An i mportant function of cover crops is to ca
the residues of the | atest cash Hpuermanaetal.a2022; c ar

Rougeetal., 2023) We wer e able to prove that maize ass
N already at mai ze growth stage hBeBEgHM8/ gwas s hi
can si gminftirad éruttley tow the N supply of the maize
of the N deatanRBBOHGWBnairzesul ts show that N tran

| egume/ grass root channel s i s faonr enfafiezcet i oviel tsiu
mi xture with the | owest capacity of N supply

composed of | eegunrds darhd as swicrat. e rAGendschretal. (R@R2)t o t
cover crops with high N contents, such as <cl o
|l osses from |itter mineralizati®ki bved bhaswi

have been proven to have no po s(Tatielloret al.e2032)e c t

Haowever ,kiwliine@rcrops can form a protective mul
reduce evaporation and preserve water resour CEe
(Gentschetal.,2022) so when considering thekiclolmbd nartd ps
included to i mprover ondiiln-tnaavdsatt uerreo,p sa nsdh odud edp b
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maxi mum N .utilizati on
Conclusion

This study compared the C and N all camadi omal Ino
rooting coveerf foefcotp ® vyceeamidwedodpeC and N on microbi

root channels reused bynarhaiizne.s tQudry i enxgp etrhiemernet
channels by maize roots in the-anidelsdhalduorwg esa
crops can not only allocate newly assimilated
rettahhins C and N in the root channels during tF
cover crop mixtures, |l egume/ grass -ddoweedt Get
mi crobial community of the odaiall esdéhibEd b ey oent
channels. The | egume/ grass mixture also showe
in their root channels to the foll owing maize
mi xXturmes remal ear . To support the integration

agroecosyséeemsexpengments should be conducted
accurately wuderiiwved crowterri enmtopctac hemmampse t he ¢
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Figure S1-1 Contents of soil organic C and N in (a, b) soil, in (c, d) microbial biomass, and in (e, f) extractable
pool in the rhizosphere of cover crops in the topsoil and the subsoil at two time points. The effects of cover crop
mixtures and time points and themtéraction were tested using tway ANOVA (add supplementary table of

the statistical result). Lowercase letters indicate significant differences between cover crop mixture variations
at all time points, within a soil layer (p < 0.05, with interactioreeté of cover crop mixture variations and

time points). Asterisks represent significant differences between the main factor of time points within a soil layer
(6*6 represents p < 0.05; O6**06 represenotedungertke 0. O
time point with a significantly higher result than the other.
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Figure S1-2 C:N ratios in (a) soil, (b) microbial biomass, and (c) extractable pool in the rhizosphere of cover
crops in the topsoil and theibsoil at two time points. Lowercase letters indicate significant differences between
cover crop mixture variations at all time points, within a soil layer (p < 0.05, with interaction effects of cover
crop mixture variations and time points). Capital ¢t indicate significant differencestweerthe main factor

of cover crop mixture variations within a soil layer (p < 0.05, without interaction effects of time points).
Asterisks represent significant differences between the main factor of time pomis wit a s o i | | a)
represents p < 0.01). Asterisks were noted under the time point with a significantly higher result than the other.
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Figure S1-3 Contents of soil organic C and N in (a, b) soil, in (c, d) microbial bi@nasd in (e, f) extractable

pool in the rhizosphere ahaizein cover crop root channels in the topsoil and the subsoil at T2 (maize growth
stage BBCH 33). The effects of cover crop mixtures and soil layers and their interaction were tested using two
way ANOVA (add supplementary table of the statistical result). Lowercase letters indicate significant
differences between cover crop mixtures in both soil layers (p < 0.05, with interaction effects of cover crop
mixtures and soil layers). Capital letters indie significant differences between the main factor of cover crop
mixtures (p < 0.05, without interaction effects of soil layers). Asterisks represent significant differences between
the main factor of soil | ayerps <( 60*.60 1r;e pér*e*s*edn trse ppr ¢
Asterisks were noted in the soil layer with a significantly higher result than the other.
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Figure S1-4 C:N ratios in (a) soil, (b) microbial biomass, and (c) extractable poohaize rhizosphere in

cover crop root channels in the topsoil and the subsoil at T2 (maize growth stage BBCH 33). The effects of
cover crop mixtures and soil layers and their interaction were tested usingdawdNOVA (add supplementary

table of the statigcal result). Lowercase letters indicate significant differences between cover crop mixtures in
both soil layers (p < 0.05, with interaction effects of cover crop mixtures and soil lagam)alletters indicate
significant differences between the miiotor of cover crop mixtures (p < 0.05, without interaction effects of
soi l |l ayers). Asterisks represent significant dif
< 0.05). Asterisks were noted in the soil layer with a significdrither result than the other.
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Abstract

Deepoting cover crops increase C input in agr
crops to cope wigth driomgheé ,chgngpeoveding soil
soil to support rhigwsptheedieesachadwd tiynv edotwieg &tre
rhizosphere of cashr ¢otoiprsg gocomwe mgcradpge.r Toe efpi
designed a field experiment to compaard tddealelfd
rooti ng(cd peveirdgr as pon-0F @alsisng aéd yzywmes actiddai es
mayws ) rhizosphere at three experimental sites
and silty Il oam) in Germawgas ARsdablglsthesdt des s n
determine the effects of cover crops on enzym
under drought. We determined the hotspots are
Ccycliyme eamzti vities in maize rhizosphere by
showed that, under drought, cowelri cg oe@n 2y md ua
mai ze rhizosphere in sandy -clyocaimynysne lactamwd tmne
rhizosphere in sandy soil and silty | oamy soi
mai ze rhizosphere were negatively correlated
conclude thadvdarhecredg®ecdnotfhe increase of sub:
of mai ze exposed t o -sdpreocuigfhitc.stress is highly

Keywords: winter cover crops; deegoting species; subsoil C mobilization; drought stréss;
glucosidase activity; cellobiohydrolase activity; xylanase activity.
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1. Introduction

Cover crop mixtures increase belowground carbon (C) amount, accelerate C cycling due to fresh C
input, and change the associated belowground microbial communitiesctwitiea, and abiotic
properties in farming systems (Finney and Kaye, 2017; Smith et al., 2014; St Aime et al., 2023; Stavi
et al., 2012; Tamburini et al., 2020; Topps, 2021). Increasing plant diversity in agricultural ecosystem
can also reduce C loss, pnove soil water retention and ensure plant primary productivity under
climate change, e.g., under drought stress (Eisenhauer et al., 2013; St Aime et al., 2023, 2020).
However, knowledge gaps remain in terms of if and how cover crop mixtures help elerfgltash

crops to cope with drought, and how microbial activity in cash crop rhizosphere in the subsoil is
affected by cover crop residues under drought.

Deeprooting cover crops have been broadly discussed due to their potential to enhance subsoil C
starage and access nutrients and water from the subsoil with theireBepng roots (Hoekstra et al.,

2015; Peixoto et al., 2022; Pierret et al., 2016; Rasmussen et al., 2020). Considering the slow C
decomposition rate in subsoil (Button et al., 2022; idplgt al., 2017; Salomé et al., 2010), the input

of fresh C by the cover crop roots can be a vast energy source for microorganisms living in the
following cash crop rhizosphere. Subsoil microorganisms have also been shown to benefit from cover
crop carbonnputs, as they assimilated a large proportion of coverdesyed C into their biomass,

and their activity and diversity also increased (Fontaine et al., 2007; Liang et al., 2018; Peixoto et al.,
2020). Moreover, cover crop mixtures that combine dead shallowrooting species have been
proven to be more efficient in utilizing resources in deep soil depths (Berendse, 1981; Han et al., 2022;
Oram et al., 2018). However, this positive effect may also origin from the combination of different
functional chsses, e.g., legumes and nonlegumes, in the mixtures, and not only from combining
shallow and deepooting species (Hoekstra et al., 2015).

Recent studies in diverse agricultural systems have demonstrated a link between plant biodiversity and
functional traits, e.g., increasing rhizodeposition, and improving litter quality (Cortez et al., 2007;
Finney and Kaye, 2017, Li et al., 2014; Redin et al., 2014, Tribouillois et al., 2015). For example, a
higher plant diversity in cover cropping would increase ¢hemical diversity of rhizodeposits,
including carbohydrates, organic and amino acids, phenolics, fatty acids, sterols, enzymes, vitamins,
hormones, and nucleosides (Dignac et al., 2017; Jones et al., 2009; Steinauer et al., 2016). Functiona
classes of @aver crops with high root exudation rates or large C inputs (e.g., grasses) have distinct
functional traits that would favor a beneficial microbial community (Faucon et al., 2017; Pausch and
Kuzyakov, 2018), thus, affect microbial C mobilization process.

The different biochemical, physiological, and morphological traits of cover crop species lead to various
organic C (OC) compositions as different substrates for the microbes living in the next cash crops'
rhizosphere. This carfgver effect is critical irshaping soil biodiversity and agroecosystem functions
(Crotty et al., 2016; Faucon et al., 2017; Lange et al., 2015; Tiemann et al., 2015). Cover crop roots
may trigger microbial activity in the subsoil by releasing a large proportion of glucose, celandse
organic acids (Fontaine et al., 2007; Heitkotter et al., 2017; Karhu et al., 2016). Cover crop diversity
and the chemical composition of their residues may affect soil microbial activity and diversity on
different levels. For example, legume spediese been proven to strongly accelerate soil enzyme
activity compared to nonlegume species (Lupwayi et al., 2021; Lupwayi and Soon, 2016). Cover crop
mixtures increase microbial functional diversity more than monocultures during the decomposition of
residies (Drost et al., 2020).

The reduced soil moisture under drought conditions affects thegaamteractions by reducing plant

root activity, soil microbial activity, and plant primary productivity (Ciais et al., 2005; Fu et al., 2020;
Ge et al., 2022Jones et al., 2022; Qu et al., 2023; Wang et al., 2021; Zhang et al., 2023). Organic
matter input helps the soil to retain moisture under drought, and improves the diversity and activity of
soil microbes (Bastida et al., 2008; Hueso et al., 2012). Faatey deficiency, soil microbes tend to
adjust their substrate use strategies to retain cellular motility (Schimel, 2018). The functional response
of soil microbes to drought is altered by substrate quality (Malik et al., 2020). Selection of cover crop
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mixtures based on the chemical quality of cover crop litter could affect microbial community related
to resource acquisition and will affect drought tolerance of soil microorganisms, which may in turn
retain the following cash crop root activity.

Enzymes, eareted by both plants and microbes, are the main mediators of organic matter
decomposition (Nannipieri et al., 2018; Sinsabaugh et al., 2008). Even a small shift in the activity of
one or two enzymes can significantly alter the decomposition rates ofongatter (Caldwell, 2005;
Sinsabaugh et al.,, 2002). The higher chemical diversity of litter residues of cover crop mixtures
compared with monocultures leads to a higher diversity of the extracellular enzymes and increases the
probability of priming effec occurring (Fontaine et al., 2003; Wu et al., 1993). Soil enzyme activity
also has been widely used for assessing soil quality changes by agricultural managemerRR(@&arcia

et al., 2008; Ghosh et al., 2020; Xu et al., 2020). It is of great value teagvabil enzyme activity in

the cash crop rhizosphere after cover cropping to be able to select the best group of cover crops to helg
the subsoil microorganisms, as well as the cash crop, to overcome drought stress.

In this study, field experimés with winter cover crop mixtures and a control variation were conducted

on three experimental sites with different soil types. All plots were subsequently planted with maize
(Zea mayd..), and rain shelters were used to simulate summer drought durimgailae growing
season. We determined the activities of cellulose, cellobiose, and Xylooligosaccharide hydrolysis
enzymes as affected by the interaction between cover crop residues and living maize roots in the
subsoil. We assessed the effects of covermigfures on enzyme activity in the following maize crop
rhizosphere in the subsoil under drought and under normal rainfall conditions. We hypothesize that:
(1) cover crop mixtures promote microbial hydrolyzation of OC in maize rhizosphere in the subsaill,
with higher Gcycling enzyme activities in legume/grass due to the loW 1@tio of legume residues
compared to brassica; (2) the legacy effects of cover crop mixtures on OC hydrolyzation in maize
rhizosphere under drought are ssfgecific and highly retad to soil water content and texture; (3)
cover crop mixtures show larger effects on enzyme activities in the following maize rhizosphere under
drought than under rainfall condition, as microorganisms require more energy resources to maintain
microbial adivity to overcome water deficiency.

2. Materials and methods
2.1 Experimental sites and design

The experiment was conducted in three sites in Germany, differing in soil types. Two experimental
farms of Kiel University (1) Hohenschulen (HB}°18'46.5"N 9°59'55.0"E), with a Luvisol soil (IUSS
Working Group WRB, 2022). The average (182020) annual precipitation at this site is 769 mm
and the mean temperature is 9.4 °C. (2) Karkendamm (KD, 53°55'38.8"N 9°55'51.0"E), with a gleyic
Podzol soil. The 30Byear average annual temperature is 8.6 °C and mean annual precipitation is 865
mm. One experimental farm of Goettingen Uiniversity (3) Reinshof (RH, 51°29'08.5"N 9°53'34.9"E),
with a Phaeozem soil. The loitgrm average annual precipitation at site is 645 mm and the mean
temperature is 8.7 °Goil properties in the subsoil tifethree experimental sitstiows in Table A.

Table 21 Soil properties in the subsoil of three experimental sites. Soil watgent was measured at rainfall
side and simulated drought side at sampling time. (OC: organic carhotgtBl nitrogen)

Sites Soil texture| pH OC content | Ntcontent | Soil water content (%)
(0.01M (%) (%) Rainfall Drought
CaCb)

HS Sandy loam 6.5 0.67 0.07 13.37 11.33

KD Sandy sand 5.2 0.65 0.04 7.86 3.09

RH Silty loam | 7.2 0.56 0.05 29.41 27.84

Two cover crop mixtures (legume/grass; brassica/grass) and a control (black fallow in winter) were
set up at the three sites in autumn 2022. The legumesTwigskum pratensed.. (red clover, deep
rooting) andTrifolium repend.. (white clover shallowroating); grasses weréestuca arundinaceae
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(tall fescue, deepooting) andLolium perennéGerman ryegrass, shallenwoting); and the brassica
group containedRaphanus sativus. var. oleiformis(oil radish, deegooting) andBrassica napus.

(winter foragerape, shallowrooting). Each variation had 4 plots with a size of 6 x 12 m as replicates.
Plot replicates were randomly distributed in a block design at each site. The cover crops were grown
until May 2023. After cover crop termination with an herbicidel ahallow (15 cm) tillage of the
topsoil, maize was sown. One month after sowing maize, subplots with rainfall reduction were created
by covering the spaces between the maize rows with inclined greenhouse foil lanes tolexalutte

of rainfall in everyplot. Water content sensors (Teros 10, Meter Group, Minchen, Germany) were
installed in the control plots (in 30 60 cm d
and rainfall side) at each experimental site. At maize germination, plastiwiredows (30 x 55 cm)

were vertically inserted into the soil for conducting zymography at each drought side and rainfall side.
Each root window was placed 2 m from the plot borders to avoid boundary effects.

2.2 Soil sampling

Soil sampling was contted at maize growth stage BBCH 50 in July 2023. Soil profiles (60 cm deep,

1 m distance from the plot borders) were dug out in all plots at three sites. Soil samples from maize
rhizosphere in the subsoil layer (80 cm) were collected from the profilealls by carefully scraping

out the immediate vicinity of the roots with a micro spatula. The soil samples were stored at 4 °C for
transport to the lab. Subsamples for enzyme activity measurement were immediately separated into
sterile centrifuge tubes, astiortterm stored at 4 °C in the fridge for subsequent analysis.

2.3 Soil in-situ zymography

Zymography was performed at maize growth stage of BBCH 50 as an in sitovasive technique

to study the spatial patterns ofd@cling enzyme activity in mae rhizosphere as affected by cover

crop mixtures as preropping strategies. We followed the protocol of Razavi et al. (2016). Membranes
saturated with 4nethylumbelliferone (MUF) substrates were used for visualization of enzyme
activities. 4Methylumbellferyl-b-D-glucoside (abcr GmbH, Karlsruhe, Germany) was used as
substr at e-glutosidast edtiatyc Polydmide membrane filters (Tao Yuan, China) with a
diameter of 20 cm and a pore size of 0.45 mm were cut into 10 x 10 cm pieces and satur#ted with
4-Methylumbelliferytb-D-glucoside. In the field, the root windows were opened just before
conducting zymography, and the membranes saturated with substrate were attached to the soil to where
maize roots were. In each plot, two pieces of membraneutas 45 cm depth, respectively. After
incubation forone houythe membranes were carefully lifted off the soil surface and soil particles on
the membranes were gently removed by br@ie hourof incubation time was selected based on
preliminary experiments.

The calibration was based on zymography of 2 x 2 cm membranes soaked in a solution of MUF with
concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 mM. The amount of MUR®@a an

basis was calculated from the solution volume taken up by the membrane and its size. The membranes
used for calibration were photographed (EOS 6D, Canon, Tokyo, Japan) under UV light (365 nm
wavelength) and analyzed in the same way as membranesdajppihe field (Razavi et al., 2016).

2.4Image processing

The fluorescent images were processddATLAB R2023a (The MathWorks, Inc., USAgccording

to Razavi et al. (2016). All images were first transformed tbifL§rayscale images as matrices and
corrected for light variations and camera noise. The scaled black flat field identical in all images was
considered as a background (reference object) during the whole image processing, and this gray value
was used as the referencing point. Thereafter Weeleded an average background gray value through

the zymograms of calibration lines at MUF concentration of zero, and subtracted this value from all
the zymograms (Liu et al., 2017). The gray value of each zymography pixel was converted to enzyme
activity using the calibration regression line obtained from a series of MUF concentrations. Hotspots
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were considered to be areas in which the gray values of five adjacent pixels (each equals 0.1 x 0.1 mm)
all exceeded the average gray value of the whole imagge>(0.7) (Hoang et al., 2016).

2.5Enzyme kinetics

The kinetics of three enzymes that target organic C compounds were assayed using fluorogenically
labelled substrates (Razavi et al., 2015). One gram of fresh soil was added to 50 mL sterile water in
autoclaved jars and shaken on a horizontal shaker with 180 rpm for 30 minutes. Three types of 4
methylumbelliferone (MUFpased fluorogenic substrates were used to assess the activity of enzymes:
4-methylumbelliferytb-D-g | u ¢ o s i dgusosidase gBGhacfivity, 4methylumbelliferytb-N-
acetytD-glucosaminide for cellobiohydrolase (CE) activity, andmdthylumbelliferytb-D-
xylopyranoside for xylanase (BX) activity. Substrates and chemicals were purchased from abcr GmbH
(Karlsruhe, Germany). The enzymetigities were determined at a range of substrate concentrations
(0, 5, 10, 15, -12dl), The2satyratidn @gncertrations ef the fluoragenic substrates
were determined in preliminary experiments. Fluorescence (caused by the reledsk fsfbM the
substrate) was immediately measured with a mptate reader CLARIOstar Plus (BMG LABTECH,
Ortenberg, Germany).

2.6 Calculations

Enzyme activities were determined by fitting Aorear saturation curves of the Michaelienten
equation 1 in GraphPad Version 8 (Prism, Boston, USA):

, w Y

© oY P
Where V is the reaction velocity (nmotg?), ® is the maximal rate of enzyme activity at saturated
substrate concentration, is the substrate concentration aifhof thew and S is the substrate
concentration (Michaelis and Menten, 1913; Nannipieri et al., 2012).
The geometric mean of the assayed enzyme activities (GMea) was calculated by equation 2 (Hinojosa
et al., 2004; PaFerreiro et al., 2012):

GMe@nMUFQ s o) #1I6 O 6 0 6 ® q

Where BG, CE, a n-glucBsKlase atyityedlaiohydradaseiattivithand xylosidase
activity, respectively.
Soil functional di versity was c alkqation8{(Ghasheds S
al., 2020; Lagomarsino et al., 2011; Raiesi and Beheshti, 2014):

SEATTAEGAXODEAD 0 0:0 o
Where,0 is the ratio of each of the three enzymes activity to the sum of all enzyme activities.
To compare theffect of cover crop mixtures on maize rhizosphere C cycling mechanisms under
drought and under normal rainfall condition, thecyeling enzyme activities were converted into
effect size following equation 4 (Wang et al., 2023):
s (@3] 00
0"Q QL cHPQ —
' Oo
WhereO 06 andOo represent the enzyme activity in maize rhizosphere in cover crop mixtures
and in control, respectively.

pTT T

2.7 Statistical analysis

Statistical analyses weperformed in R studio (Version 2023.06.1+524). All data were tested for
normal distribution (ShapirdVilk test) and homogeneity of variance (Bartlett's test). Outliers were

tested by Nalimogs test and removed (1 within one vaition). Tweway ANOVA wasperformed
to test the main effects of cover crop mixtures and drought/rainfall conditions on hotspots area,
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geometric mean of enzyme activity, Shannonos
on enzyme activities. After getting significanmemain effects and interactions € 0.05), the means
were compared with Tukey's HSD test. Correl af
GMe a, h ot s-placosklaseaactwity,, andbsoil water content in control plots were done
respectivel by Spearman correlation coefficieqt<€ 0.05) to test whether the enzyme indicators in
soils are highly <correlated with the 1nitial
diversity index with geometric mean of enzyme activity and effieet on enzyme activities in cover

crop mixtures were tested by Spearman correlation coeffipen0(05).

3. Results
3.1Hotspots area in maize rhizosphere

The hotspots area from small to large atws brassica/grass legume/grass: control (Figure 2-1

a). The hotspot area wadeald higher in control than in brassica/grass mixtures at HS, disregarding
drought and rainfall conditions.

Zymograms showed | ess -gucesidadenactivities ai K@ ste than dt HE o w e
(Figure2-1 b). Commr ed with <control, usi ng c-glucesidasec r o p
activities and hotspots ar ea adlucokidase aciivities aedf f e c
hotspots in maize rhizosphere were similar under rainfall and drought conditions.

Zymogr ams s h-glucesdlasénactyity and larger hotspots area from RH than HS and KD
(Fig. 1c). The me egiuasidase tindendraughipwad higherirr legamelgrass énd
brassica/grass than in control, while the median cfjuis area was highest under rainfall in control.

3.2 Effect size otover crop mixtures on C-cycling enzyme activities

Using cover crop mixt urgusosidaseaceliebobhygralase, and xylanase f f
activity in maizerhizosphere at HS under drought, and the effect sizes of cover crops were significantly
higher under drought than under rainfall condition @iFég2-2 a-c). Within drought condition, the
posi ti ve e-dlicesdase ativiy avas-tbld higher of massica/grass than legume/grass
mixture. The effect size on cellobiohydrolase activity wesld larger under drought than under
rainfall conditions, and the effects from brassica/grass and legume/grass were similar. The effect size
of covercropswaslowr on xy | anas glumsdase,calldbiphydrorasen on b

Use of cover c r o p glucoselasa and weatldbiphydelbsk adtiites dn nfaize
rhizosphere under rainfall and drought conditions at KD f@@-2 d-e). Legume/grass affected
xylanase activity positively under drought but negatively under rainfalu(E@y2 f). Brassica/grass
negatively affected xylanase activity under both rainfall and drought conditions.

Contrary to HS, using cover crop mixtures showed higher effect fzas -gllicosidase,
cellobiohydrolase, and xylanase activity in maize rhizosphere under rainfall than drought at RH, and
the effect sizes of cover crops under drought were all negativeir@-832 g-i). Noticeably,
legume/grass showed positive effect simecellobiohydrolase and xylanase activity. Brassica/grass
had positive effect size on cel |l ob-gluocdsigaderand as e
xylanase activities.
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Figure 221 Z y mo g r a-ghsosidake abtivity and hotspots distribution of maize rhizosphere in the subsoil
(30-60 cm) under drought and rainfall condition at three sites. Maize was growing after cover crop mixtures or
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The GMea in maize rhizosphere was significantly higher under drought than rainfall at ti® 2Fig

3 a). Under drought condition, the GMea wa®l higher in brassica/grass than control. Using cover
crops did not change the GMea under rainfall condition at HS. KD had a similar range of GMea as HS,
but using cover crop variations did not significantlfeaf GMea compared with the control at KD
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(Figure 2-3 b). GMea was lowest at RH among the three sites, and there was no difference between
variations and conditions (Rige 2-3 c).
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Figure 23 Geometric mean enzyme activity (GMea) in the rhizosphere of maize in control and after cover
cropping at three sites. Capital letteepresensignificant differences betwedroughtand rainfall conditions.
Lowercase letters represent significant diffeze between variations under drought and under rainfall
conditions (n=4, p<0.05).
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Shannondés diversity index i n mdawagretaffebteddycoverh e r e
crop mixtures and conditions (kige2-4a ) . Shannonotés diiM.6xasKDiandit n d
was significantly higher under drought than under rainfall conditioru(E@¢4b ) . At RH, Sh:
diversity index was 0.72.10 (Figure 2-5 c), without impact from variations and conditions.
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3.4 Effects of cover crops on enzyme activities under drought and rainfall conditions

The Shannonds diversity index in initre2bla). soi l
GMea in maize rhizosphere was negatively correlated with soil water content in the control at the three
sites (Figire 25b) . T he h ot glpcosidase activity averepogitively correlated with soil
water content in the control (Rige2-5 c-d), proving that the initial enzyme activities of the three soils
were closely related to their respective soil water contents.

Cove crop mixtures not only changed Shannonos
and the patterns oheé effects from cover crops differed between drought and rainfall conditions
(Figure2s6 ) . Shannondés diversity index was negatiywv
under both drought and rainfall conditions (fig2-7 a). The effect sizeofoer cr op mi xt u
glucosidase activity only showed a negative ¢
condition (Figire2-7b ) . There were significantly positiwv
index and effect size of cell@hydrolase and xylanase activities under drought conditiom(&y7

c, d), suggesting that a decrease of microbial functional diversity in maize rhizosphere by cover crop
mixtures may increase the effect on enzyme activities under drought.

4. Discussion

Cover crop roots and their residues can enhance the activity of enzymes in the soil (Chavarria et al.,
2016; Niewiadomska et al., 2020; Piotrowdk@fy ugosz and Wil czewski, 20
Using cover crops did not affect enzyme activities in mamzosphere at maize growth stage BBCH

50 at HS under rainfall condition, possibly because cover crop root residues have completed early
decomposition with a suitable soil water content when the samples were taken in July 2023. Cover
cropsaspreroppigy had gr eat p o sglucasidase, celioldiobydrolase, and xylanasen |
activities in maize rhizosphere under drought at HS, indicating intensive cellulose and hemicellulose
degradation in maize rhizosphere at BBCH 50 (Sinsabaugh and Foltstac2811). High cellulolytic
activities usually occur during early stages of plant litter decomposition (Moorhead and Sinsabaugh,
2006), the decomposition of cover crop residues in the subsoil at HS may be slowed down under
drought compared with rainfationdition. Considering only drought condition, the decomposition of
brassica/grass residues was in an earlier stage than that of legume/grass. Since there is not mucl
difference in cellulose content in the two mixtures (Garba et al., 2022; Pittman 2024), the
extended cellulose decomposition in brassica/grass mixture is probably caused by the large C/N ratio
(Clark et al., 1997; Kuo et al., 1996; Kuo and Sainju, 1998; Wagger, 1989). Cover crops increased
GMea in maize rhizosphere and tended to rediscenicrobial functional diversity under drought,
indicating that the microbial community at HS maintained its dominant species and was mainly
dedicated to decomposing pladgrived OC. Our first finding partially confirms the hypothesis that
cover crop nxtures promote microbial hydrolyzation of OC in maize rhizosphere in the subsoil, but
grass mixed with brassica increase€yCling enzyme activities in maize rhizosphere more than
legumes due to slower decomposition of the residues.

Despite cover crop esidues can provide more cellulose than control as a substrate for
cell obiohydrol ase, both | egume/ grass and- br a:
glucosidase and cellobiohydrolase activities in maize rhizosphere disregarding rainfall @giat dro
conditions at KD site, suggesting low microbial activity in the rhizosphere of maize after cover crops.
Additionally, the use of brassica/grass increased microbial functional diversity in the maize
rhizosphere under drought. Previous studies havertegpa significant increase of microbial
functional diversity by legumes in a wheat system (Nivelle et al., 2016) and by rye in a vegetable
system (Nair and Ngouajio, 2012). Our result suggests that the effect of cover crops on microbial
functional diverdly in maize rhizosphere is sipecific, likely related to the composition of microbial
community in the initial soil, and the effect is stronger under drought than under rainfall at KD. This

is in line with the study of Siebielec et al. (2020) which sadee that microbial community is more
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sensitive to drought in sandy soils, and the input of additional OC is of great importance to protect
microbial activity in sandy soils.

At RH, we observed neither changes in GMea nor changes in microbial functioeritgi but the

use of cover crops negatively affectedcyling enzymes in maize rhizosphere under drought,
indicating that cover crops were unable to alleviate dreughiced decrease in enzyme activity.
Under rainfall condition, cover crop mixturespecially legume/grass, had a significantly positive
effect on Gcycling enzymes, possibly due to the high N demand of microorganisms, because of
sufficient avail aiglucesidasaenbymesecreted by maize eoaots (Bsgn, 1993).
Thedisttb ut i on of hotspots in our r eglucdsitiase attieitydf er r
maize because highly active areas are only distributed on the root surface and the rhizosphere extensiot
of maize roots is typically very narrow (Ma et al.18). The larger hotspots area concentrated on the
maize root surfaces at RH, especially under rainfall conditions, suggests that maize roots at this site
contributed much to decomposing easily available carbon.

Studies have reported that using cover creps significantly increase the total amount of
microorganisms, promote microbial activity, and increase the abundance of bacterial community
during the growth of cover crops and even a long time after cover cropping (Balota et al., 2014; Feng
et al.,, 2021 Finney et al., 2017), our results suggest that the functional diversity of the microbial
community in the following maize rhizosphere may not be influenced by cover crop mixtures, probably
because the dominate microbial phylae in maize rhizosphererbadyahdjusted to the soil with the
different cover crop as organic substrate.

Cover crop mixtures had sipecific effects on C mobilization functions of soil microbial
communities in maize rhizosphere. This is in agreement with Rutan et al. (2023ugdested that

using cover crops may have differing impacts to bacterial diversity, evenness, and richness in maize
rhizosphere on different sites. However, Gregorutti and Caviglia (2019) have demonstrated that white
sweet clover and wheat did not affdut tactivity and abundance of cellulolytic microorganisms. The
different results as ours may come from (1) the cover crops being monocultures, greater biomass
production of cover crop mixtures than monocultures may cause a larger legacy effect on enzyme
acivities in soils (Couédel et al., 2018; Drost et al., 2020; Gentsch et al., 2020); (2) difference in soil
types, Muhammad et al. (2021) demonstrated that the effect of cover crops on microbial C/N ratio in
the soil was higher in mediutextured soils compad to coarser or fineextured soils. This is in line

with our findings that HS site, with sandy loam texture, showed the greatest effect size of cover crop
mixtures on Gcycling enzyme activities; (3) and lack of influence of living cash crop roots.nimzy
activity from newly colonized maize roots was shown to besgitific and highly correlated with
soil water conditions, which woul d a-dllicesdase mi cr
and cellobiohydrolase exudation are proven to beemelated to abiotic factors (e.g., pH, nutrient
availability, and clay minerals) than xylanase (Burns and Dick, 2002; Tischer et al., 2014), that
explained the greater sipecific effects of cover crops on cellulolytic enzyme activities than
xylanase.

The effects of cover crops on corn rhizosphere enzyme activities show distinct patterns under drought
conditions and rainfall conditions, possibly due to changes in plant root activity, microbial activity,
community composition, and soil wateoluble proprties under drought (Gao et al., 2021; Preece et

al., 2019; Wu et al., 2011). In cover crop treatments, high GMea tended to have low microbial
functional diversity disregarding drought and rainfall conditions, indicating that cover crops selected
specificmicrobial species with rapid C mobilizing functions. However, under rainfall conditions, the
Shannon diversity index was not related to the effect size of enzyme activity, indicating that microbial
functional decomposition under rainfall conditions did fudly rely on microbial enzymes to obtain
resources, plant and soil faudarived Gcycling enzymes may also be huge driving forces of C
acquisition. Under drought, plant root deposition was affected, microorganisms had to rely on their
own C mobilizingfunctions to survive. Drought stress mainly causes a reduction in the diversity of
the bacterial community (Gao et al., 2021). Consequently, the fungal community, the main producer
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of extracellular hydrolytic enzymes (Schneider et al., 2012), became nfieadd species due to its

high resistance to drought. This explained the decrease of functional diversity accompanied by positive
effects on Gcycling enzymes under drought conditioBs4 timesincrease in fungal biomass after
cover crop mixtures comparedth fallow has been reported by (Gentsch et al., 2020), supporting our
explanation that cover crop mixtures can enhance microbial community carbon mobilization by
strengthening the fungal community.

5. Conclusion

We evaluated the effect of using deapd shallowrooting cover crop mixtures on-€ycling enzyme
activities and functional diversity of soil microorganisms in the following maize rhizosphere in the
subsoil under drought and rainfall conditions. The effect of cover crops on subsoil enzymeiacti

the rhizosphere of maize under drought stress is highhggéeific, depending on the soil texture and

the corresponding water retention capacity. Cover crop mixtures promoted enzyme activities in maize
rhizosphere only in sandy loamy soil undieought at HS. Grass mixed with brassica increases C
cycling enzyme activities in maize rhizosphere more than legumes due to slow decomposition of the
residues. Cover crop mixtures did not positively affeety€ling enzyme activities in maize
rhizosphereunder drought at KD with sandy soil and RH with silty soil. Considering the balance
between subsoil enzyme activity and economic input of using cover crop mixtures, combining deep
and shallowrooting mixtures to support cash crops to overcome drougbsstray be the best choice

in mediumtextured soils. This discovery holds significant implications for sustainable farming
practices, as subsoil resources have been proposed to have huge potential for cash crops to overcom
drought stress. Specially desigineover crop mixtures based on different soil properties could be
applied as tools for the targeted subsoil management of microbial communities to deliver specific
functions as legacy effects and enhance overall ecosystem service to following cash crops.
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1. Introduction

European beechrégus sylvaticd..) is the most common brodéaf tree species in Central Europe,
occupying nearly 12 million hectares of forest area (Schraml and Rennebe?y Gelleet al.,

2007; Netzeetal.,2010 7) , but the future growth trend decl
(Martinez del Castilloet al., 2022). According to the Second National Forest Soil Inventory in
Germany (NFSI I1), 60 % of afagus sylvatica.. trees showed insufficient P nition (Niederberger

et al.,2019). Considering the highlighted decline of foliar phosphorus (P) concentration of beech
forests in recent decades (Jonatdal., 2015; Talkneret al., 2015; Langet al., 2017), a better
understanding of P cycling strategies is of great importance for improving sustainable forest strategies.
Different from farmland ecosystems, where P deficiency can be compensated by fertilization (Valkama
et al.,2009; Weeks and Hettiarlachi 2019), forest soils mainly rely on weathering ebé&aring
minerals (Buendiat al.,2010), atmospheric deposition (B&mi et al.,2010; Das and Lawrence
2013), and mineralization of littd? (Estiarte and Pefiue]@915; Sohret al.,2018; Penget al.,2023)

and microbial necromad? (Schmittet al.,2022), to cope with P deficiency. Soil microorganisms not
only decompose organic P via the production of extracellular enzymes but also, they are able to take
it up directly (Wasneet al.,2023) andmmobilize the organic P in their biomass (Richard2001;
Oberson and Jong2005). The absence of litter decreases the available P and the microbial functions
of nutrient mobilization in beech forest soil (Maillaatial.,2019). The importance of |Eli#ter-derived

P as an essential energy and nutrient source for the soil microbial community has been well discussed
(Richardson and Simps@2011), and the amount of leaf litter has been determined approximately 48%
of annual litter inputs, and the deaposition rate of leaf litter is 1.5and 2.8fold faster than fine

stems and fine roots in forests (Fresattetl.,2013). However, seeing as a whole litter composition,
information based on the effect of combined leaf and root litter on forest P cigctitily missing.

The concept of ecological stoichiometry reflects a powerful indicator to explore the functioning of
terrestrial ecosystems (Sterner and EI2047) and soil microorganisms can be linked to various
ecosystem functions and services fioilow the concept of ecological stoichiometry (Sinsabaugh and
Follstad Shah2012; Loeppmanret al.,2016; Baiet al.,2021) enabling the identification of key
ecological processes for carbon (C) and nutrient cycles of ecosystems. The regulation adlnficrob
mobilization under various soil nutritional levels is governed by microbial C: nitrogen (N):P
stoichiometry (Mooshammet al.,2012). Microorganisms cope with the imbalance of stoichiometry
between their biomass and the added organic substrate) ladjdisting microbial community
composition; (ii) releasing extracellular enzymes to mobilize additional nutrients; and (iii) regulating
their element use efficiencies l®/g., increasing the cellular respiration (Manzaeti al., 2008;
Mooshammeet al.,2014; Spohn and Widdj@017). An imbalanced element input to soil lead to-non
homeostatic properties and C: N: P variation of soil microorganism®{B&i2021). This leads to a
microbial diversity loss which has been demonstrated especially for &wiéstin recent decades
(Kennedy and SmithHL995; Holden and Tresed@013; Singh and Gupt2018; Preecet al.,2019).

There are studies indicating that the microbial resistance and resilience to changing environmental
conditions have positive relations with microbial diversity (Griffighsal.,2004; Girvaret al.,2005;
Philippot et al., 2013), while others shaed that highly redundant functional processes such as
respiration and C mineralization (Weetzal.,2006; Baumanet al.,2013). A recent study has revealed

that microbial biomass storage synthesis is a key mechanism for resistance and resilienobial micr
communities facing environmental change (Madone<t al.,2023), and the rase of soil microbial
biomass has been determined as the main P acquisition strategy in P deficient beech forests (Lang
al., 2017). Given the importance of the micraangsms as an initial driver and intermediate pool of

soil P cycling, researching how microbial diversity loss affects microbial P mobilization and uptake
remains an urgent issue.

The dilution/extinction approach has been used a number of times for naéinguiriginal microbial
diversity in a certain ecosystem (Garland and Lehrh889; Franklinet al.,2001; Griffithset al.,
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2001). The experimental simulation of microbial diversity reduction by serially diluting soil microbial
suspensions from the regpige soils has been proven efficient to induce a remarkable decrease of
microbial diversity with ongoing dilution (Wergt al.,2006; Tardyet al.,2014; Yanret al.,2015). To
assess the key mechanisms of microbial P mobilization in forest soils chstorgrP stock ({#poor

vs. Rrich soil), we produced®P labeled leafand rootlitter via radioisotope wick labeling, and
conducted six serial microbial dilutions of soils suspensionsrahsite (Skeletic Cambisol) and P
poor site (Hyperdystric Foli€ambisol). By renoculating the soil with its diluted native microbial
community and covering with labeled leahd rootlitter, we investigated the allocation of P during
the microbial decomposition of root and leaf litter. We hypothesized fhatckl phosphatase activity

is higher in Ppoor than in Rich soil because microbes under the pressure of P deficiency tend to
invest in the further production of phosphatases in order to mine additiond) MBP as an
intermediate P reservoir is higher inrieh soil since sufficient P is available and any resource
limitation is lacking 8) Microbial P mobilization is a function of low redundancy, which slows P
mineralization as a result of microbial diversity loss, and such a functional loss is acconianied
non-homeostatic microbial C:N:P ratios.

2. Material and Methods
2.1.Site description

Soil samples were taken from the Ah horizons of two European beech (Fagus sylvatica L.) forest sites
with contrasting levels of total soil P. The Bad Briickenau (BBR) site withhPsoil (Table3-1, P
stock is 904 g mi2 in BBR) iGerlmamat b 0iAR 1NO7r. t2F
The mean annual temperature is 5.8 °C and the mean annual precipitation is 1031 mm. The soil at
BBR is classified as Dystric skeletic Cambisol and has developed from Basaleflang017). The

Liss (LUE) sie with Rpoor soil (Table 1, P stock is 164 ¢ fin LUE) is located in Lower Saxony,
Germany (52A50621.7706 N, 10A16062.370 E). The
annual precipitation is 779 mm. The soil is classified as Hyperdystric Ealinbisol and has
developed on sandy till (WRB 2015; Laagal.,2017).

Table 31 Soil properties of the study sites.
Bad Briickenau (BBR) Luss (LUE)

Humus Layet Mull-like moder Mor-like moder
pH (H20) of A horizort 3.8 35

Texture (topsoil) (WRB 2015) Silty clay loam Loamy sand

P stock (mg §)? 1.02 0.08

N stock (mg ¢f) ? 7.8 15

C stock (mg @) ? 117 34

Clay in A horizon (%) 37 6

Fe oxalate in A horizon (mg¥y3 29.3 0.9

Al oxalate in A horizon (mg¢) 2 8.4 0.3

Y(Langet al., 2017);*(Brodlin et al., 2019b);3*(Brodlin et al., 2019a)
2.2 Sampling of plants and soil

European beech seedlingsa@us sylvaticd..) were collected at the beginning of March 2019. We
collected seedlings of beech trees from randomly chosen positions at both sampling sites. Soil samples
were taken from the Ah horizon of the respective site at six randomly chosen positions. The soil
samples were pooled, homogenized and cooled at 4 °C during transport.

2.2.1 Preincubation of soil and inoculation of microbial suspension
Soil samples were sieved (< 2 mm), divided into 800 g portions and gamma irradiated for sterilization.
Fifty grams of sieved and adiried, gammarradiated soil was preincubated in autoclaved microcosms
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for four weeks under laminar flow conditions. Graeinc water content of the soil samples was
determined by weighing and the water contents were monitored gravimetrically throughout the entire
experiment (Brodlinet al., 2019). To ensure soil aeration, microcosms were uncovered during
preincubation leadopto a partial loss of soil water content.

Theresident microbial community stock solution {l®as prepared by adding 1 g fresh soil tavll0
demineralizedvater (Gowsalya et al. 20148ubsequently, six levels of dilutioaq?, 102, 103, 104,

10°, 10°) were prepared from the stock soluti&nom each dilution level, 1 ml of soil suspension was
added to the respective microcosm, containing the sterile soil (Griffiths et al. 2004), before the
preincubation started.

2.2.2%P labeling of beech seedlings and littetlection
The beech treedat were collected from BBR and LUE were grown in climate chambers under
artificial light (11 h d*; 400W; KIND LED, USA) at 20 °C for four weeks, until the buds opened, and
the leaves emerged. Each plant was fed Wikhas 1 ml HPQ, solution to the bedcstem using the
wick labeling method (Russell and Fillery, 1996; Mayer et al., 2003). We drilled a small hole into the
stem, inserted the cotton string and sealed the hole with plasticine to avoid harm to the plant. After 96
hours the radiolabeled solutiavas taken up. To avoid solute residue in the tube, 1 avadgr was
added and the complete uptake of this volume of water was awaited before harvest. After 7 days of
labeling, we separately harvested and fresdrzed (Betai8, LSC plus, Martin Christ @bH, Osterode,
Germany) the roots and leaves from all trees. Before adding to microcosms, we homogenously mixed
the freezedried roots and leaves with a dry mass ratio of 2:1. All root and leaf litter were cut into 1
cn? pieces for easier decomposition. g@antify the total P content and tHe activity of the mixed
litter debris, 1 g of the litter mixture was ball milled and pressure digested with 65% &N60°C
for 12 h (Heinrichs et al. 1986). Thereafter, TR activity of the leaves and roots wasasured by
ICP-OES (ICAP 7400 ICROES Duo, Thermo Fisher Scientific, Dreieich, Germany) and via
scintillation counter (Hidex 300SL, Turku, Finland). THE activity of each plant biomass unit was
determined as follows (equation 1):

5 D0 0l RGO & Gf | L YEodadn

VAOWO QW sawllﬁddxb'ﬁéd(IQi p

2.2.3 Incubation of microbial inoculated soil withP labeled litter

To trace litterderived P mobilization, 1.44 g of homogeneously mixed litter debris, expneg half

of the annual litter fall and containing 2265 kBg*#t, was put on the soil surface in each microcosm

and incubated for four weeks at room temperature. The microcosms were aerated by opening the lids
every two days. The water content was atdjd gravimetrically every week to compensate the water
loss by evaporation. After four weeks of incubation, the microcosms were harvested, and the litter
debris was removed from the microcosms to maintain the homogenous isotopic activity in the soil.
Thesoil samples in the microcosms were collected and stored at + 4 °C until analysis (< 7 days). Five
grams of moist soil were dried at 105 °C for 24 h to measure the gravimetric soil water content.

2.3 Microbial biomass phosphorus (MBP), extractable phosphars (Resin) and microbial uptake
of litter -derived *P

MBP was determined by the fumigation extraction method using anion exchange resin membranes
(Kouno et al. 1995). Two grams of soil were horizontally shaken in 30 ml autoclaved water along
with a resin membrane (6 cm x 2 cm, #55164, BDH company) for 20 hours. Three subsamples were
prepared from each sample, namely, (1) a fumigated subsample with 1 ther@bl (Rum), (2) a
nonfumigated subsample with sterile watere{h), (3) a norfumigated subsample containing a P

spike of 1 ml solution (35 mg and 6 mg Pfpr BBR and LUE samples, respectively)sgr).
According to (Bunemann et ak004; Bliinemanet al, 2016) we did not account for the conversion
factor for cell lyses. To determine total P concentration, the eluates were dissolved in ammonium
molybdate reagent and the reducing agent ascorbic acid, and thereafter heated in a water bath (90 °C
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for five minutes. P concentrations were determined photometrically (820 nm, Tewmaindl, infinite
200, Switzerland) (Biinemann et,&016).33P activity in all three subsamples was determined by
mixing eluent and scintillation cocktail in a ratio of Zidd measuring them at a scintillation counter
(Hidex 300SL, Turku, Finland) (Wang et,&022).

2.4 Microbial biomass (MBC) and microbial biomass nitrogen (MBN)

MBC and MBN were determined using the chloroform fumigation extraction méBrodkes et a.

1982; Vance et g11987). Briefly, 7.5 g of moist soil was fumigated for 24 h using chloroform. To
measure the extractable C and N pool, the fumigated and the same amount of unfumigated soil was
extracted with 30 ml of 0.05 M #Qy in anoverhead shaker for 1 h with 40 rpm (Bruulsema and
Duxbury, 1996). After 10 min of centrifugation at 2500 g, the supernatant of the soil suspension was
filtered through Rotilabgondfilters (type 15A, Carl Roth GmbH & Co0.KG). The fumigated and
unfumigatedextracts were analysed using a TOC/TN Element analyzer (Analytik JenaNttilti

21005, Jena, Germany). The conversion factor of 0.45 and 0.54 was used to correct the content of
MBC and MBN for extraction efficiency, respectively (Jenkinson and Ladd, 1981)

2.5 Enzyme kinetics assay

We used 4methylumbelliferongphosphate (MUFP) to determine the kinetics of soil extracellular
acid phosphatases. Half a gram of moist soil was weighed into sterilized 100 ml glass bottles with
polypropylene lids, and 50 ml elutoclaved water was added. The soil solutions were shaken at 200
rpm for 30 minutes at 22 °C on a horizontal shaker. Thereafter, the soil solutions were sonicated
(UW2200, Bandelin) at 40 Jpulsed energy output for two minutes. Fifty pl of soil suspemwere
pipetted into 96wnell microplates (polystyrol black, Grainer bome, Germany). Then 50 ul of 0.1 M
MES buffer (GH13NOsSNa s, pH = 6.1) was added into each well (Marx et2005; Loeppmann et
al., 2016). The same pH of the buffer was chosen for better site comparability as done by (Loeppmann
et al, 2020) and (Fetzer et a021). Standard working solutions in each well were mixed with 100 pl
MUF-P substrate solutions with seven concentratiofspdfl, 20 uM, 50 uM, 100 uM, 200 uM, 300
MM, 400 puM. The microplates were incubated for three hours at 22 °C. Fluorescence (excitation: 355
nm; emission: 460 nm) was measured after 30, 60, 120, and 180 minutes of incubation using a Victor
1420050 Multi lakel Counter (Perkin Elmer, UK). Enzyme kinetics was determined via Michaelis
Menten equation (equation 2):

, w Y

() 5 ~ S
WhereV is the reaction velocity (nmotgh™), & is the maximal rate of enzyme activity at saturated
substrate corentration,0 is the substrate concentration at half ofdhe and Sis the substrate
concentration (Michaelis and Menten, 1913; Nannipieri et al., 2012).

2.6 Oxalate-extractable P (Rxa)) and dithionite -citrate-extractable P (Riith)

The content of P bound to pedogenie &ed Aloxides /-hydroxides was determined according to the
dithionate citrate method according to Prietzel et al. (2016). The extraction with dititibrate
bicarbonate alution was prepared using the method of Mehra and Jackson (2013), and Holmgren
(1967). The extraction with acidic ammonium oxalate following the method by Schwertmann (1964)
was used to quantify the P contents precipitated witlbdemd in poorly crystale pedogenic
minerals and Abound in Al(OH}, interlayer Al hydroxy polymers, imogolite, and allophane (Prietzel
etal., 2016; Werner et al., 2017). The amounts of extracted P in both extractions were finally measured
by ICP-OES (ICAP 7400 ICFOES Duo, hermo Fisher Scientific, Dreieich, Germany).
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2.7 Calculations

The measured P concentrations were converted to contents by dividing through the extracted amount
of soil. The soil MBP content was calculated as follows (eguatlon 3):
0 G "3QQ 0 G "3QQ

060430 6 o
Where0 and 0 are P contents of fumigated and famigated subsamplesand 0
(equation 4) is the recovered fraction of 3 N
: b 0 0
V) A a— T
B i N QQQ
Where 0 is the concentration of P measured in thepike subsample 3 afdspikes the amount

of P added with the 1 ml spike solution.

The®P activity in soil microbial biomass (SMBJas calculated according equation 5:

0 6n7Q 0 6 fQ
- v
0

Where 0 s the activity ofP in the microbial biomass,0. and 0  are the®®P activity

of fumigated and nofumigated subsamples.

rrrrr

ca
(@)

)
Q

The 0 was the total activity ofP in the soil microbial biomass per microcosm, and it was
calculated as (equation 6): _ S
0 on 0 o NQ Ol £AOIUA OO (0}

Wheresoil dry mass is the dry weight of soil per microcosm.
Therecoveryof litter-derived®3P in a given P pool was calculated according to equation 7:

~ 0 0n

Y p v gp PTTT p X
Wherethe 0 was the recovery of littedlerived®3P in a certain P pool, e.g. total soil P pool,
Presin and microbial P.0  wasthe total**P in the given P pool. 0 was the totaf°P

of applied litter.
The specific®P activity of a given P pool was calculated as follows:

3 DAADARDEORGE Lo N0
) Q 0 &0 P
Where the U is the activity of*3P in the given P pool, anilis the P concentration in the given P
pool.
The microbial P immobilization was calculated as follows:
OPAABDAEAMA OEORQU e e
0 i WEC Ol El= U 0 LA "NQ"Q w
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2.8 Statistical analysis

All the statistical analyseand figuresvere performe@nd madén GraphPad Version 8 (Prism, USA)

Kinetic parameters were fitted to the model equation (Micliddkaten equation) and the statistical
analysesAll data were tested for normal distribution (Shapivdk test) and homogeneity of variance
(Bartlett's test)Two-way ANOVA was performed taralyzethe significant differences of thmain
factorsof6 si t ed6, Omi crobi al gfollbwmedbyTounkde yaaisst dfp8sBaacr i n
test(p < 0.05.
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3. Results
3.1 Soil acid phosphatase activity

On average, Max0f acid phosphatase ingdor soil was 105% higher compared t@aMn P-rich soil
indicating a stronger need to acquire P. 'way ANOVA determined that t
statistically significant effect on Wx of acid phosphatase (kige 3-1 a). The \max of acid
phosphatases gradually increased by 252% fromh th010* dilution and with further dilution

decr eas 828 fronythe Tedel of 10to 10° and 1 dilution in Prich soil.

The catalytic efficiency (Ma/Km) was significantly highein P-poor soil inoculated with diluted
microbial community than4Ach soil (Figure3-1b) . The variable &6diluti or
the catalytic efficiency of acid phosphatase (fF@B-1 b), with a decrease of catalytic efficiency by

the increase of dilution of microbial communities at both sites. The catalytic efficiency gradually
decreased 94% in-fch soil, but increased 70% ingdor soil, by the decrease of microbial diversity.

3.2 Oxalate and dithionite -/citrate-extractable P

A significant ef f e aihcordirmedtthe expectations @aieh seil afidshpobre 0 0 |
soil (Figure 3-2 a). Likewise, the content of Bxa confirmed the contrasting amounts of different P
forms, fluctuatingrom 496 to 452 mg k§and from 39 to 48 mg kyin P-rich soil and Ppoor soil,
respectively (Figre3-2 b). Riit and Rxa accounted to 1o 11-fold highermean value in fich soil

than in Ppoor soil, respectively, a factor that agrees with the ratio in P stocks of these two sites (Table
3-1).

3.3 Specific®*P activity and recovery of litter-derived 3P in different soil P pools

After 4 weeks of incubation, the specifi® activity of total soil P pool was insignificantly changed
by the increased dilution levels withiarleh and Ppoa soil (Figure 3-3 a, Table3-2). Both Rpoor
and Prich soil, demonstrated a detectable recovétedrom the litter into the total soil P pool (g
3-3b). Therecoveryof litter-derived®P in total P pool of Rich soilwas significantly lower thathat

of P-poor soil (Figire 3-3b, Table3-2)

The specific>*P activity of SMB was higher in higher level of microbial dilutions (Te®b®). The
specific®*P activity of SMB was 4old higher in Ppoor soil inoculated by microbial dilution than
102 and 10" microbial dilution (Figire 3-3 ¢). Therecoveryof litter-derived®*P in SMB was overall
5-fold higher in Ppoor soil than in Rich soil (Figure 3-3 d, Table3-2). The specifi¢®P activity of
Presinshowed insignitant different among dilutions and sites (ig3-3 e, Table3-2). The recovery
of P in Resnwas Xfold greater in Rpoor soil than in Rich soil (Figure 3-3 f, Table 3-2). The
interaction of site and dilution lead to a significant difference amdaogashs in Rpoor soil, where
the soil inoculated with 1®microbial dilution showed significantly lower recovery*@® in Resinthan
10* to 103 dilutions.

The microbial P immobilization during the incubation time wdsl@ higher in Ppoorsoil than in P
rich soil (Figure 3-4). Within each site, the microbial P immobilization was insignificant between soils
inoculated with different dilutions, indicating an unaltered function of P immobilization.
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Figure 3-1 (a) Potential a&tracellular activity (May and (b) catalytic efficiency of acid phosphatase across
dilutions of microbial inoculum after mixed litter addition iarieh (BBR) and Ppoor (LUE) soil. Error bars
show standard deviation (n = 4). Lowease letters indicatsignificant differences among all dilutions within

one site (p < 0.05).
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Figure 3-2 Content of (a) dithioniteitrate extractable P and (b) oxalaextractable P in Rich (BBR) and P
poor (LUE) soils. Error bars represent standard deviation. Leaase letters indicate significant differences
among all dilutions within one site (n=4,90.05).
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Figure 3-3 (a) Specific®P activity of total soil P pool, (b) Recovery of applied literived®P in total soil P
pool, (c) specifi¢*P activity of SMB, (d) Recovery of applied littharived**Pin SMB, (e) specifi€P activeity
of Presin, and (f) Recovery of applied littelerived®P in Pesin Whiskers represent the minimal and maximal
values. Lowercase letters indicate significadifferences among dilutions within each site. (n = 4, p < 0.05).
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