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1. Summary

1.1 Zusammenfassung

Mikroorganismen sind ein wesentlicher Bestandteil der Rhizosphédre und die Aktivitat und
Zusammensetzung der mikrobiellen Populationen in der Rhizosphéare beeinflussen die
Wechselwirkungen zwischen Pflanzen und dem Boden erheblich. Dariiber hinaus kénnen die
Mikroorganismen in der Rhizosphére die Entwicklung, das Wachstum und die Vitalitat der
Pflanzen positiv beeinflussen. In Weinbergen beeinflussen Bewirtschaftungspraktiken sowohl
das Wurzelwachstum der Reben als auch die Mikroorganismen der Rhizosphére direkt, aber
die genaue Wirkungsweise ist weitgehend unbekannt. In jungster Zeit riicken jedoch zwei neue
Forschungsansétze zur Verbesserung des Wachstums und der Gesundheit der Weinrebe immer
mehr in den Mittelpunkt: das ,,Plant Engineering* und das ,,Rhizosphere Engineering* (Kapitel
1). Beim ,,Plant Engineering*“ wird das Wissen iber die Wechselwirkungen zwischen Pflanze
und Mikrobiom fur Pflanzenziichtungsstrategien genutzt. Beim ,,Rhizosphédren-Engineering*
werden mikrobielle Gemeinschaften durch die Zugabe spezifischer Diingemittel, Nahrstoffe
oder durch Bioinokulation mit bestimmten Bakterien und/oder Pilzen veréndert.
Zusammengenommen bieten diese neuen Methoden ein Potenzial fir eine nachhaltigere

Entwicklung eines pestizid- und diingerreduzierten Weinbaus in der Zukunft.

Ziel dieser Studie war es daher, das bakterielle Rhizobiom von Weinreben (Vitis vinifera L.) in
verschiedenen Versuchsanordnungen zu untersuchen. Durch die Charakterisierung des
bakteriellen 16S rRNA-Gens kann eine Aussage (ber die vorhandenen bakteriellen
Gemeinschaften und deren Diversitat getroffen und unter verschiedenen Umweltbedingungen
verglichen werden. Dazu wurde zunéchst eine Methode etabliert, die es erlaubt, Rhizosphéren-
und Wurzelmaterial von Weinrebenpflanzen zu gewinnen und fir die Sequenzierung und
weitere Analysen aufzubereiten. Dies gilt sowohl fur Weinreben, die in Gewéchshdusern unter
kontrollierten  Bedingungen angebaut werden, als auch fir Varianten unter
Freilandbedingungen. Die Versuchsplane zielten darauf ab, Erkenntnisse Uber die bakterielle
Diversitat der Rhizosphére von Weinreben unter Einbeziehung verschiedener Rebsorten,

verschiedener Unterlagen sowie verschiedener Diingungsmalinahmen zu gewinnen.

Das erste Experiment verfolgte das Ziel, die Variabilitdt des Rhizospharenmikrobioms zu

untersuchen, die sich durch den Genotyp des Wurzelstocks ergibt und gleichzeitig den Einfluss
1



aller anderen Umweltfaktoren zu minimieren. Dies wurde durch die Untersuchung von vier
ungepfropften Rebenunterlagen gleichen Alters ermdglicht, die auf demselben Boden unter
denselben klimatischen Bedingungen angebaut und identisch bewirtschaftet wurden. Die
Bakteriengemeinschaften, die mit der Rhizosphare der Unterlagen 1103 Paulsen, 140 Ruggeri,
161-49 Couderc und Kober 5BB assoziiert sind, wurden mit der amplikonbasierten
Sequenzierungstechnik charakterisiert, die auf die Regionen V4-V5 des 16S rDNA-Gens
abzielt. Die vier Unterlagsreben wiesen Ahnlichkeiten in Bezug auf die Struktur der
bakteriellen Assemblage (richness und evenness) auf. Dennoch wurden Unterschiede in der
Zusammensetzung der bakteriellen Gemeinschaften festgestellt. Tatsachlich rekrutierten alle
untersuchten Unterlagen Gemeinschaften mit unterscheidbaren Merkmalen, was die Rolle des
Genotyps der Unterlage als treibende Kraft fur die Bakterienzusammensetzung bestétigt
(Kapitel 2).

Um die Auswirkungen von Edelreis und Unterlage zu entflechten, wurde die rRNA (V4-V5-
Region der 16S rRNA) aus der Rhizosphare der Rebsorten Riesling und Muller-Thurgau,
ungepfropft bzw. auf verschiedene Unterlagsreben gepfropft, in drei Versuchsanordnungen in
zwei verschiedenen Jahren sequenziert. Die bioinformatische Analyse mit Werkzeugen, die auf
die Robustheit von Kompositionsdaten ausgelegt sind, zeigte, dass die untersuchten Unterlagen
oder Edelreiser bzw. Kombinationen bakterielle Gemeinschaften mit unterscheidbaren
Merkmalen rekrutierten. Statistische Unterschiede wurden zwischen unveredeltem Riesling
und Muller-Thurgau, zwischen veredeltem Riesling und unveredeltem Riesling sowie zwischen
unveredeltem Miiller-Thurgau und veredeltem Miiller-Thurgau festgestellt. Damit wurde die
Rolle des Genotyps von Edelreisern und Unterlagen als Einflussfaktor fiir die Struktur und
Zusammensetzung der Bakteriengemeinschaften in der Rhizosphdre von Reben bestatigt
(Kapitel 3).

Um die Auswirkungen unterschiedlicher Stickstoffdiingungen auf das Mikrobiom der
Rhizosphare zu untersuchen, wurde 2020 und 2021 ein experimenteller Weinberg mit Reben
(Vitis vinifera L. cv. Pinot Noir) in Grolicontainern zum Zeitpunkt des Austriebs untersucht.
Die Reben wurden mit zwei unterschiedlichen Stickstoffgaben pro Jahr (NO 25 kg/ha und N1
75 kg/ha) individuell gediingt. Zur Untersuchung der jeweiligen Bakteriengemeinschaften
wurde Rhizosphdarenmaterial entnommen und anschliefend eine RNA-Extraktion mit

anschlieBender Sequenzierung zur Charakterisierung des aktiven Bakterioms durchgefiihrt. Die
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Studie ergab signifikante Unterschiede in den bakteriellen Gemeinschaften in der Rhizosphére
in Abhéngigkeit von der Diingemenge und der Beprobungstiefe. Die Ergebnisse kdnnten dazu
beitragen, die Wirkung der Stickstoffdiingung aus das Mikrobiom zu verstehen und langfristig
die Dungung im Weinbau zu verringern, was zu einer nachhaltigeren Bewirtschaftung der

Weinreben fuhren wiirde (Kapitel 4).

Die Ergebnisse dieser Studien kdnnen tGbergeordnet dabei helfen, mit den neuen Erkenntnissen
eine gezieltere Pflanzenerndhrung in Form von genaueren Dilngeempfehlungen zu
ermoglichen, um die damit verbundenen Kosten auf wirtschaftliche und umweltfreundliche
Weise zu senken. Eine genauere Kenntnis der Spezifitdt und Dynamik des Mikrobioms in der
Rhizosphare der Weinrebe unter verschiedenen Bewirtschaftungspraktiken, Rebsorten,
Unterlagen und Dingungsniveaus sollte gezielte Anpassungsstrategien fir immer haufiger

auftretende Extremjahre ermdglichen und zu einem nachhaltigeren Weinbau flhren.

1.2 Summary

Microorganisms are a substantial component of the rhizosphere, and the activity and
composition of rhizosphere microbial populations markedly affect interactions between plants
and the soil. In addition, the microbiota of the rhizosphere can positively influence plant
development, growth and vitality. In vineyards, management practices influence both grapevine
root growth directly and the rhizosphere microbiota, but the exact mode of action is largely
unknown. Recently, however, two new research approaches are increasingly coming into focus
to enhance the grapevine growth and health: plant engineering and rhizosphere engineering
(Chapter 1). In plant engineering, knowledge about plant-microbiome interactions is used for
plant breeding strategies. In rhizosphere engineering, microbial communities are modified by
adding specific fertilizers, nutrients, or by bio-inoculation with certain bacteria and/or fungi.
Taken together, these new methods suggest a potential for reaching a more sustainable

development of a pesticide- and fertilizer-reduced viticulture in the future.

Consequently, the aim of this study was to investigate the bacterial rhizobiome of grapevines
(Vitis vinifera L.) under different experimental designs. By characterizing the bacterial 16S
rRNA gene, a statement on the existing bacterial communities and their diversity can be made

and compared under different environmental conditions. For this, a method has to be established
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that allows to obtain rhizosphere and root material of grapevine plants, and to prepare it for
sequencing and further analyses. This applies both to grapevines cultivated in greenhouses
under controlled conditions as well as to variants under field conditions. The experimental
designs aimed to gain knowledge regarding the bacterial diversity of the grapevine rhizosphere
including different grape varieties, different grapevine rootstocks as well as different
fertilization measures.

The first experiment aimed to investigate the variability of the rhizosphere microbiome
resulting from the genotype of the rootstock while minimizing the effect of all other
environmental factors. This was made possible by investigating four ungrafted grapevine
rootstock varieties of the same age, grown on the same soil under the same climatic conditions
and managed identically. The bacterial communities associated with the rhizosphere of the
rootstocks 1103 Paulsen, 140 Ruggeri, 161-49 Couderc, and Kober 5BB were characterized
with the amplicon based sequencing technique, targeting regions V4-V5 of 16S rDNA gene.
The four rootstocks showed similarities concerning the structure of the bacteria assemblage
(richness and evenness). Nonetheless, differences were detected in the composition of the
bacterial communities. Indeed, all investigated rootstocks recruited communities with
distinguishable traits, thus confirming the role of rootstock genotype as driver of the bacteria
composition (Chapter 2).

In order to disentangle the effect of scion and rootstock, the rRNA (V4-V5 region of 16S
rRNA) extracted from the rhizosphere of the grape varieties Riesling and Mueller-Thurgau
ungrafted vs. grafted on different rootstocks were sequenced in three experimental set-ups in
two different years. The bioinformatic analysis with tools designed to be robust for
compositional data showed, that the investigated rootstocks or scions or combinations,
respectively, recruited bacterial communities with distinguishable traits. Statistical differences
were revealed between ungrafted Riesling and Mueller-Thurgau, and between grafted Riesling
and ungrafted Riesling, and ungrafted Mueller-Thurgau and grafted Mueller-Thurgau. Thus,
confirming the role of scion and rootstock genotype as a driver of the structure and composition

of bacterial communities in the rhizosphere of grapevines (Chapter 3).

In order to investigate the impact of different levels of nitrogen (N) fertilization on the
rhizosphere microbiome an experimental vineyard with vines (Vitis vinifera L. cv. Pinot Noir)

in large containers was examined in 2020 and 2021 at bud break. The vines were fertilized with

4



two different levels of nitrogen added per year (NO 25 kg/ha and N1 75 kg/ha) individually. In
order to examine the respective bacterial communities, rhizosphere material was sampled and
a subsequent RNA-extraction followed by next generation sequencing was performed. The
study revealed significant differences in the bacterial communities in the rhizosphere regarding
fertilization levels and sampling depths. The results may help to understand the effect of
nitrogen fertilization on the microbiome and, in the long term, reduce fertilization in viticulture,

leading to more sustainable vine management (Chapter 4).

Hence, superordinate, the future aim is to use new insights to enable more precise plant nutrition
in the form of more accurate fertilization recommendations in order to reduce the associated
costs in an economical and environmentally friendly way. A more precise knowledge of the
specificity and dynamics of the grapevine rhizosphere microbiome under different management
practices, grape varieties, rootstocks, and fertilization levels, should enable targeted adaptation
strategies for increasingly frequent extreme years leading to a more sustainable viticulture.
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2. Introduction

Rising temperatures, drought and extreme weather phenomena are just some of the effects of
climate change in progress. During the last years, the annual mean temperatures in Germany,
and also in Geisenheim (Figure 1), have increased rapidly, and an end of this increase is
currently hardly assessable. Geisenheim is located in the middle of the wine-growing region
Rheingau with approximately 3200 ha vineyards, where primarily the grape variety Riesling is
cultivated (Deutsches Weininstitut GmbH 2019). Grapevines (Vitis vinifera L.) are highly
sensitive to climatic changes, especially with regard to temperatures. This makes them
particularly interesting for forecasting the consequences of climate change and the
corresponding development of adaptation strategies. Furthermore, grapevines are one of the
economically most important fruit crops worldwide (Alvarez-Pérez et al. 2017; Andreolli et al.
2016) mainly used for wine production. Since grapevines are susceptible to various pathogens
(Lakkis et al. 2019; Trotel-Aziz et al. 2008) and biotic and abiotic stresses, it is essential to
protect the vines and grapes by applying pesticides and fungicides (Carro-Huerga et al. 2020).
Climate change further increases the need for protection (Karimi et al. 2020) due to pathogen
pressure and water limitation. In total, around 35 % of pesticides are used in viticulture
(Compant et al. 2013), which accounts for only 0.005 % of the world’s arable land (Klein
Goldewijk et al. 2017; OIV 2016). However, increased environmental awareness of consumers
and producers promotes the desire for sustainable viticulture (Giri et al. 2019; Compant et al.
2013) and a drastic reduction of all types of chemical inputs (Salmon et al. 2020). To make
viticulture more sustainable, alternative strategies are required to control serious grapevine
diseases such as Plasmopara viticola and Botrytis cinerea (Lakkis et al. 2019; Yamamoto et al.
2000).

In addition, in vineyards, grapevines are cultivated for very long periods of time. The
grapevines remain in the vineyard for at least 25 to 30 years and are usually replanted when the
plant becomes over-aged, with no change of area. The vineyard ecosystem is often
characterized by dry, sunny slopes with soils rich in skeletal nutrients and poor in water, with
potentially high mineralization rates and a specially adapted animal and plant community. In
this context, cultivation takes place on soils with an extreme range of variation in terms of
biological, physical and chemical properties of the soil. Thus, viticulture is confronted with

several challenges: Rising temperatures, higher risk of sunburn, drought stress, extreme weather
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conditions and pathogenic pressure during increasing bans on pesticides or fungicides,
respectively. Moreover, climate change has an impact on the ripening phase, the yeast-
assimilable nitrogen (YAN, Bell and Henschke 2005) and thus a change in the aroma profile
(Pons et al. 2017). Thus, the need is high for alternative methods to be able to carry out
winegrowing and viticulture in the future. Also, the challenges of maintaining and promoting

soil health is a concern for viticulture.

i i i ¥ Hochschule
_Klima Geisenheim eI
Jahresmitteltemperatur (Januar - Dezember) Unjversity
3.0 . 13.0
Zu warm 2018
2.0 [ 12.0
3 [1904] | [2007
g )
1934 —_—
% 1.0 [1921] (1949} T7959) i 110 O
E [1911 1976 <
=1
= §
£ ®
S L 100
> E
2 [2010) £
5 2
s (1906} °0 =
3 [1985]
2 ! [1963]
< 1888 [1940] =
1940
2.0 8.0
. zu kalt
£ 30 7.0
= i N O N O N O N O v O N O n o m o m o v o n O v o v o v o wm
2§ 0 O OO O ™ = NN m g g N I W W M~ KM~ 0 0 O O © O ™ — NN N
g 0 0 W o O O OO oD D OO OO O O O O O O O
23 - Y Y TrY TrY TrY T ™™ ™ ™ ™ ™ '™ '™ '™ " ©™ v 7™ v v v v © NN &N &N &N N

Figure 1. Annual mean temperatures in °C in Geisenheim from 1885 to 2021. Blue bars
indicate lower temperatures; red bars indicate higher temperatures compared to the
yearly average temperature (Source: Deutscher Wetterdienst (DWD)).
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2.1 Soil — the fundamental of our life

“Land, then, is not merely soil;
it is a fountain of energy flowing through a circuit of soils, plants, and animals.”

Aldo Leopold, A Sand County Almanac, 1949

Soil is defined as a transformation product of mineral and organic substances of the outer earth
crust interspersed with water, air and living organisms with its own morphological organization.
The totality of soils forms the pedosphere and soil formation (pedogenesis) refers to the process
by which soils are formed which is influenced by six factors: climate, parent material, time,

relief, organics, and humans.

However, soil as the fundament of terrestrial life provides various essential functions. This
includes, for example, control functions such as storage, filtering, buffering, and transformer
functions, the basis of life for microorganisms, plants, animals and humans, the basis for
agricultural use, raw materials, and areas for settlement and traffic as well as historical functions
as a component of landscapes and as an archive of landscape history. For this reason, soil is
considered to be particularly worthy of protection, which has been specified in the
‘Bundesbodenschutzgesetz’ since 1998. This states, that the sustainable safeguarding of soil
fertility and the performance of the soil as a natural resource must be ensured through
agricultural use. Consequently, the importance of soil for global food and nutrition security, the
agroecosystem, the environment, and human life has exponentially shifted research questions

toward soil health.
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2.1.1 The importance of soil health

A healthy, diverse and active soil life is of great importance. According to the European
Commission (European Commission 2021) soils are considered healthy when they are in good
chemical, biological and physical condition and are thus able to permanently provide as many

of the following ecosystem services on a permanent basis:

o provide food and biomass production, including agriculture and forestry;

o absorb, store and filter water and transform nutrients and substances, thus protecting
groundwater bodies;

o provide the basis for life and biodiversity, including habitats, species and genes;

o actas a carbon reservoir;

o provide a physical platform and cultural services for humans and their activities;

o actas a source of raw materials;

o constitute an archive of geological, geomorphological and archaeological heritage.

Hence, basing on the above, soil health is the ability of soil to provide a range of ecosystem and
agricultural functions and services. This implies, the maintenance and development of soil
health and fertility is the key factor for our agricultural productivity. The productivity of
agricultural systems is greatly dependent on the functional processes of the soil microbiome (as
reviewed by Pankhurst et al. 1996).

All ecosystem services mentioned before as well as maintaining soil health are also relevant for
vineyard soils. In vineyard soils, one of the main issues regarding soil health is the problem of
nitrate leaching, and they are often considered as an important driver for nitrate contamination
of groundwater. The reason for this is the special type of viticultural management. A high
nitrogen pollution potential result, for instance, from the short vegetation period of about 150-
180 days (May to October), a late start to vegetation (late April/early May), the low nutrient
efficiency of grapevines, drought stress problems, or high mineralization rates in case of
repeated tillage (Nendel and Kersebaum, 2004). The mineralization of nitrogen and the nitrogen
cycle is regulated completely by soil microorganisms (as reviewed by Jetten 2008). Therefore,
for maintaining soil health and agricultural services, it is not only important to consider the
physical and chemical properties of the soil, but also the soil biology, and, in specifically, the

soil microorganisms.
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2.1.2 The soil microbial community

Numerous biotic and abiotic processes take place in the soil, which are linked to key ecosystem
functions such as the cycling of nitrogen and other nutrients (Koberl et al. 2020). To provide
such soil functions, diverse and active soil microorganisms are required (Di Giacinto et al.
2020). For analysis of the soil bacterial community molecular methods are used which include
DNA or RNA extractions form the soil samples and for taxonomic structure analysis the 16S
RNA gene is amplified and sequenced in a metabarcode approach. Bioinformatic tools can be
used to determine the taxonomic affiliation and frequency of the bacteria as well as diversity
parameters for the sequence data. The results can be summarized as microbiome data which
can be completed by sequencing of the total DNA (functional metagenomics) or the expressed
RNA (rRNA, mRNA and tRNA for transcriptomics). The results of soil microbiome studies are
often linked to soil health and agricultural productivity. The closer examination of the microbial
soil life is increasingly becoming the focus of international research, especially in view of
climate change and the changing environmental conditions in this context (Figure 2A). The
microbiome, which comprises all microorganisms, including fungi and bacteria, is central to a
healthy soil life and plays a major role in the vitality of the plants being cultivated. The positive
effects of soil microorganisms on plant health and the associated mechanisms of action have
already been presented in many reviews (for example in Babalola 2010; Lugtenberg and
Kamilova 2009; Trivedi et al. 2020; Nazli et al. 2020).
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Figure 2. Number of published articles per year in google scholar for A) key word ‘“soil

microbiome climate change’ and B) key word ‘vineyard soil microbiome‘.
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The composition of bacterial communities in soils are shaped by different environmental factors
such as soil pH, temperatures, or soil texture (Figure 3, as reviewed by Fierer et al. 2007). In
addition, Wang et al. (2019) investigated soil pH affecting the bacterial communities in
agricultural soil. Tan et al. (2020) discovered mean annual precipitation and soil pH as the major

environmental factors shaping soil bacterial communities in maize soils.

Soil pH
Organic carbon quality and quantity
Soil [O,] and redox status

Soil moisture availability

Nitrogen and phosphorus availability
Soil texture and structure
Temperature
Plant species identity

Predation and viral lysis

.
-

Less important More important

Relative importance in structuring
soil bacterial communities

Figure 3. Biotic and abiotic factors that can influence the composition of soil bacterial
communities (as reviewed by Fierer 2017). A hierarchy of biotic and abiotic factors that can
influence soil bacterial communities, and their relative importance in influencing the structure
of soil bacterial communities across space or time. ‘Importance’ is defined here as the ease of
detecting the effects of these factors on the overall composition of soil bacterial communities.
These factors are not necessarily independent and can correlate with one another (for example,
soil texture can influence soil moisture availability). Furthermore, the importance of these
factors will depend on the soils under investigation and the bacterial lineage in question. The
shading of each box qualitatively indicates how well we understand the specific effects of each
factor on bacterial communities; darker shades highlight factors that have been reasonably
well-studied.
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2.2 Digging deeper — the rhizosphere

Agricultural productivity is based on a microbial activity, much of which takes place in soil
(Bakker et al. 2012), dependent on the functional processes of the soil microorganisms (Vega-
Avila et al. 2015). However, the most important microorganisms in terms of plant nutrition,
plant health and crop quality, inhabits the soil that directly surrounds the plant’s root space —
the rhizosphere (Berg and Smalla 2009). The term ‘rhizosphere’ was first defined by Lorenz
Hiltner in 1904 (Hartmann et al. 2008). The definition of the rhizosphere is now characterized
as the area of the soil that is physically, chemically and biologically influenced by the living
root of the plant (Bertin et al. 2003; Ryan et al. 2009; Ottow 2011, Figure 4). Furthermore, the
rhizosphere is characterized by high concentrations of plant-derived organic exudates, the
release of root cap mucilage and of root border cells (Vieira et al. 2020). Thus, in terms of root
growth and community development of macro- and microbiota, the rhizosphere is of great
importance (Bertin et al. 2003). The intimacy of this interface between plants and their
environment is essential for the acquisition of water and nutrients and for beneficial interactions

with soil-borne microorganisms (Ryan et al. 2009).
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In particular, the rhizosphere microorganisms can positively influence plant development,
general vitality and plant growth by providing and acquiring nutrients. These microorganisms
influence plant fitness in various ways, for example, via pathogen suppression, nitrogen
conversion, phosphorus availability, mineralization and preservation of soil organic matter,
stimulation of plant growth and fruit development (Berendsen et al. 2012; Schlaeppi and
Bulgarelli 2015; Duran et al. 2018; Hu et al. 2018; Zhang et al. 2019a; Li et al. 2020).
Consequently, the involved bacteria are also referred to as plant-growth promoting
(rhizo)bacteria (PGP(R)B) (Trotel-Aziz et al. 2008; Compant et al. 2010). PGP(R)B can have
a positive effect on plant growth via direct or indirect mechanisms. Direct mechanisms include,
for instance, the mobilization of nutrients. Many of the PGP(R)B make poorly available
nutrients, such as Phosphorus (P), Zinc (Zn), and Iron (Fe), available to the plant. Phosphorus
is one of the most important macronutrients for the plant as it is involved in many physiological
and biochemical processes such as cell division, photosynthesis, respiration, root system
development, and biosynthesis of macromolecules (Sharma et al. 2013). However, only a small
amount of phosphorus is present in the soil in plant-available form (Sharma et al. 2013). Various
microorganisms are an essential component of the natural phosphorus cycle and thus involved
in the transformation of phosphates in soil. The bacteria that have the ability to make
phosphorus soluble in soil are called P-solubilizing bacteria (PSB). These PSB can convert
insoluble inorganic phosphates into a plant-available form (Hakim et al. 2021). These PSB
include microorganisms such as Arthrobacter, Bacillus, Brevundimonas, Delftia, or
Enterobacter (Sharma et al. 2013).
Zinc is also an important plant micronutrient that plays numerous important roles in the plant
life cycle, such as in DNA transcription (Hakim et al. 2021). In most soils, zinc is in inaccessible
or unavailable form to the plant (Saraf 2017). PGP(R)B such as Acinetobacter, Bacillus
thuringiensis, Burkholderia cenocepacia, or Gluconacetobacter diazotrophicus can increase
the availability of zinc by making complexes of zinc soluble and alleviating zinc deficiency in
plants (Saravanan et al. 2011).
Iron is also among the micronutrients that play an important role in cellular processes essential
for plant development and growth since it serves as an important co-factor in enzymes of,
photosynthesis and respiration, and synthesis and protection of DNA. This nutrient is also
difficult for the plant to obtain, especially in calcareous soils. Deficiency of iron leads to
decreased photosynthesis, lower yield and quality of fruits in the plant (Zhang et al. 2019b).
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PGPR such as Agrobacterium tumefaciens, Azospirillum, Azotobacter, Bacillus, Enterobacter,
or Mycobacterium make iron in the soil available to the plant, thereby promoting growth and
productivity (Hakim et al. 2021).

Nitrogen (N) is among the most important nutrients for plants, as the macronutrient is essential
for the synthesis of nucleotides and proteins including enzymes (Tisdale et al. 1993). Our
atmosphere is composed of 80 % molecular nitrogen, but it is not available to plants in this
particular form. Indeed, plants can only uptake nitrogen in the form of ammonium and nitrate
through their roots. Specific PGP(R)B processes make it possible to convert molecular nitrogen
from the air into ammonium via biological nitrogen fixation, thus making it available to the
plant. Nitrogen fixation can be catalyzed by soil free-living bacteria and archaea aiming to cover
majority their own N-need. Nevertheless, the nitrogen metabolisms of these free-living
microorganisms also contribute to the N-supply of plants. Besides a specified symbiosis
between rhizobacteria such as Rhizobium, Bradyrhizobium, Ensifer, Azorhizobium and
Mesorhizobium, and legumes exists which more specifically manages the C and N exchange
between the symbiotic partners (Sindhu et al. 2019).

Moreover, PGP(R)B can produce phytohormones which act as chemical messengers and can
influence the physiological functions of the plant even at very low concentrations.
Phytohormones can be divided into five different classes: Auxin, Cytokinin, Gibberellin,
Abscicic Acid, and Ethylene (Olenska et al. 2020). Many different taxa of PGP(R)B can
produce these phytohormones, thereby promoting plant growth. Auxin controls almost all
processes related to plant development. PGP(R)B that produce auxin improve root growth as
well as growth and yield of a wide variety of crops (Ali et al. 2014; Imran et al. 2014).
Mitigation of abiotic stresses such as drought, salinity, and soil contamination are also achieved
by auxin-producing PGP(R)B (Kudoyarova et al. 2019). These PGP(R)B include for example
Bacillus thuringiensis, B. amyloliquefaciens, B. simplex, Enterobacter aerogenes, or Moraxella
pluranimalium (Hakim et al. 2021).

However, rhizobacteria also provide indirect mechanisms such as biological control of
pathogens through the production of ACC deaminases, antibiotics, lytic enzymes, and induced
systemic resistance (ISR). The diversity of PGP(R)B is not fully discovered and varies with
plant species or cultivar, soil composition, crop rotation, and other environmental conditions.
Among the indirect mechanisms of PGP(R)B is the biological control of pathogens. The
application of PGP(R)B to the soil is an environmentally friendly and effective way to promote
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sustainable plant growth and soil fertility, as it has the potential to reduces the need for chemical
pesticides or fungicides. For instance, some PGP(R)B, such as Bacillus, Pseudomonas,
Azospirillium lipoferum, and Rhizobium are able to produce ACC deaminases, helping the plant
to better survive stress conditions (Ali et al. 2020). ACC deaminase reduces the level of
pathogen-induced ethylene in plants by degrading the precursor of ethylene (Saraf et al. 2010).
Thus, PGP(R)B producing ACC deaminase act as effective biological regulators against
phytopathogens such as Botrytis cinerea, Rhizoctonia solani, Fusarium oxysporum, or
Xanthomonas oryzae. Similarly, also abiotic stress is mitigated by ACC deaminase producing
PGB(R)B as demonstrated for Hartmannibacter diazotrophicus for salt stressed barley plants
(Suarez et al. 2015). Several other mechanisms have been reported for rhizobacteria-mediated
tolerance of the plant to abiotic stressors (Asghari et al. 2020). In this context, the tolerance
level strongly depends on the ability of PGP(R)B to stimulate the plant system to express
transcription factors, flush out reactive oxygen species, or stabilize biomass (Habib et al. 2016;
Chatterjee et al. 2020). Inoculation of the soil with these PGP(R)B can reduce abiotic stresses

such as drought stress, salt stress, or heat stress.

All these characteristics are known, but the interactions of microbial communities and the roles
of individual candidates remain to be elucidated. Recent technological developments in this
regard have paved the way for more in-depth testing and associated elucidation. A different
investigation approach than, for example, the isolation and further propagation of
microorganisms from the root zone alone by classical cultivation methods, is a molecular
biological investigation followed by a bioinformatic evaluation of microbial communities and
their respective abundance in the rhizosphere. To examine the microbiome more closely,
molecular biological methods such as metagenomics and next-generation sequencing (NGS)
have become essential (Berlanas et al. 2019). Such techniques may also help to identify
beneficial organisms to develop bio-inoculants that can be used not only to improve plant health
but also to eliminate unwanted microbes (Giri et al. 2019). Bulgarelli et al. (2012) described a
method in which rhizosphere and endophytic bacterial communities can be compared and
characterized at the DNA level. This was investigated for Arabidopsis thaliana cultured under
laboratory conditions using two different natural soils (Bulgarelli et al. 2012). In 2015,
Bulgarelli et al. conducted a similar study with barley (Hordeum vulgare) (Bulgarelli et al.
2015). Wild and domesticated barley were also grown in natural soil under laboratory

conditions and the bacterial communities of the rhizosphere and the communities of endophytes
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were studied, compared and taxonomically evaluated at the 16S rRNA level (Bulgarelli et al.
2015). As also postulated by Pérez-Jaramillo et al. (2016), the genetic diversity and abundance
of different bacterial taxa was clearly seen in the direct comparison between wild and
domesticated barley. However, the referred studies again deal with annual plants and model

organisms such as Arabidopsis thaliana, which facilitates sampling.

Systematic rhizosphere investigations with molecular biological evaluation have so far mostly
been carried out with the model organism Arabidopsis thaliana, barley (Hordeum vulgare) or
similar plants. Since these plants are annual plants, it is easy to use the complete plant and to
secure rhizosphere sample material. In the case of the permanent crop wine, such investigations
are more difficult, since grapevines can root very far to a depth of about 6 meters, but also up

to 32 meters in some cases (as reviewed by Ollat et al. 2015).

Furthermore, previous research usually deals with the consideration of the taxonomic diversity
of the microorganisms located in the rhizosphere. In order to gain a better understanding of all
the complex processes of the rhizosphere microbiome, an investigation at the 16S rRNA level
is recommended. Thus, an insight into the respective "status quo™ of the active microbiome can
be gained, as well as possible statements about the recruitment of the microorganisms on the
part of the grapevine can take place. A more precise knowledge of the processes may in future
allow better conclusions to be drawn on the actual recycling of nutrients. The knowledge on
expressed enzymes ideally is completed with chemical measurements in the close proxy of the
root. These measurements typically require higher sample amounts compared to molecular
analysis also because different nutrients are analyzed using various methods. Beside the
important plant nutrients N, P and K also trace elements are required in viticulture. The sum of
these results could lead to a more targeted fertilization recommendation, for example regarding
the timing and optimization of nitrogen fertilization, as well as a targeted use of foliar fertilizers
and fertigation measures or even management recommendations (especially in response to
extreme years). Fertilizer and/or pesticide use could be reduced while maintaining healthy

plants, adequate yield and increasing sustainable management.
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2.3 Grapevine and its microbiome

As already indicated, the microbiome, especially that of the rhizosphere, is of great relevance
for the grapevine health. In the last five years, more than 2500 papers about the vineyard soil
microbiome have been published, revealing the increasing interest of the scientific community
in this research area (Figure 2B). However, there is not only a rising interest in the role of the
soil microbiome for grapevine health, but also for wine quality since it has been demonstrated
that the (endophytic) microbiome of grapevines has a major impact on the regional terroir of
wines (Pacifico et al. 2019; Zarraonaindia et al. 2015) and may correlate with fruit and wine
quality (Zhou et al. 2020). The definition of the terroir concept is given by the International
Organization of Vine and Wine (OIV 2010) as: “a concept which refers to an area in which
collective knowledge of the interactions between the identifiable physical and biological
environment and applied viticultural practices develops, providing distinctive characteristics
for the products originating from this area. “Terroir” includes specific soil, topography, climate,
landscape characteristics and biodiversity features” (OIV 2010). Soil and landscape
characteristics have already been studied, however, the impact of the microbiome of grapevines
on the terroir is still unraveled (Belda et al. 2017; VVaudour et al. 2015).

The vineyard microbiome has been studied many times (such as by Hendgen et al. 2018), but
only general soil samples have been studied, or soil samples taken "near the roots" (at different
depths) and these defined as rhizosphere in the following. Of course, this does not include fine
root hairiness of the vine, a detailed consideration of chemotaxis and especially a good
reproducibility of the results can consequently not be guaranteed. It is therefore of great
importance to first develop a method that allows actual rhizosphere (i.e. soil immediately
surrounding the root) as well as fine roots to be sampled and examined. Furthermore, some
studies deal only with fungal (such as Schreiner 2003; Pancher et al. 2012; Holland et al. 2014),
and others only with microorganisms of bacterial origin (Marasco et al. 2018; Burns et al. 2016;
Burns et al. 2015). Schreiner (2003) was able to show that there are minor differences in the
ability to form mycorrhizae-colonization between different grapevine rootstocks, but that other
factors, have a major influence on the colonization of roots by arbuscular mycorrhiza fungi. In
addition, Holland et al. (2014) observed that arbuscular mycorrhiza fungal communities
differed significantly from host identity (grapevine or interrow plant roots). A study conducted

by Pancher et al. (2012) indicates that fungal communities in vines from organically managed
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vineyards differ from those from vineyards using integrated pest management. In contrast,
Burns et al. (2015; 2016) investigated the soil bacterial diversity and composition by geographic
features (Burns et al. 2015) and vineyard management. In another study conducted by Marasco
et al. (2018), it was shown, that richness, diversity and bacterial community networking in the

root compartments were significantly influenced by the rootstocks.

It has also been shown that, interestingly, microbial communities in vineyards are present
regardless of season and time of year and are subject to little variation (Corneo et al. 2013). In
their study, Corneo et al. (2013) found that temperature has no effect on microbial community
structure. They conclude that the microorganisms are probably able to adapt quickly to seasonal
temperature variations, but in return are more sensitive to permanent, stable differences in

physico-chemical parameters (Corneo et al. 2013).

In vineyards, management practices influence soil characteristics, consequently affect the
grapevine root system, and further impact the overall assemblies of the microbial communities
(Vega-Avila et al. 2015). During the vegetation period, vineyard soils are subjected to a series
of management practices to promote the growth and health of the grapevines, such as tillage,
weed control, fertilization, and the use of pesticides and fungicides (Cordero et al. 2020;
Hendgen et al. 2018).

Agricultural, or viticultural production respectively, is confronted to continuous challenges for
improving crop yield while optimizing the use of fertilizers, water, and pesticides (Cordero et
al. 2020). Moreover, adaption to climate change, including rising temperatures, drought,
incoming radiation, and disruptive weather patterns due to increasing levels of atmospheric
CO,, is a key to the future of viticulture. The vegetative and reproductive cycles of the grapevine
are depending heavily on weather and climatic conditions (van Leeuwen and Destrac-Irvine
2017; Naulleau et al. 2020). Therefore, a new approach for facing future challenges in
viticulture must be developed, also with regard to the reduction of fertilizer and pesticides (as
reviewed by Dries et al. 2021).

The microbiome of the rhizosphere can be described as very heterogeneous, which also depends
to a large extent on the type of vineyard management. It has already been shown that microbial
diversity in organically managed vineyards is demonstrably different from the diversity of
conventionally managed areas. Hendgen et al. (2018) cite higher cumulative soil respiration,

greater microbial mass, higher microbial activity, and better microbial-to-organic carbon ratios
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as characteristic effects of bioorganic or biodynamic management. Vega-Avila et al. (2015)
also detected higher bacterial diversity in the ecological variants studying different vineyards
in Argentina. DNA extraction and next generation sequencing were performed in both studies
to obtain a comprehensive overview of taxonomic microbial diversity and abundances
(Hendgen et al. 2018; Vega-Avila et al. 2015).

In contrast to Vega-Avila et al. (2015) and Hendgen et al. (2018), which describe the status quo
in a vineyard soil with respect to microbial communities, other studies address specific
questions and individual bacterial "candidates” after DNA isolation from the vineyard
rhizosphere has occurred. Salomon et al. (2014) described a molecular study of rhizosphere soil
from an Argentine vineyard and subsequent selection of two bacterial strains for further study.
Moreover, Salomon et al. conducted additional in vitro studies using potted grapevines with
Vitis vinifera to test the two bacterial strains (Bacillus licheniformis Rt4M10 and Pseudomonas
fluorescens Rt6M10) to gain further insight regarding the PGP(R)B selected (Salomon et al.
2014). Despite the progress made in describing the grapevine microbiome and its effects on
growth, yield, and product quality, little is known about how different factors such as grape

varieties and rootstocks influence the grapevine microbiome (Awad et al. 2020).

The grapevine rootstock affects the whole plant physiology and is responsible for different
parameters such as phenology, biomass accumulation, grafting compatibility, rooting and
propagation ability, resistance to nematodes and pathogens, tolerance to lime, salinity, drought,
and nutrient uptake (for instance shown by Gong et al. 2011; Sivritepe et al. 2010; Granett et
al. 2001; Ollat et al. 2015; May 1994; Smart et al. 2006). For example, it was shown by Gong
et al. (2011), among others, that the rootstock 140 Ruggeri (Vitis berlandieri x Vitis rupestris)
has the ability to exclude CI-, while vines grafted on K 51-40 (Vitis champinii x Vitis riparia
'Gloire") can accumulate high concentrations of CI"- when grown under saline conditions. In
another study conducted by Sivritepe et al. (2010), that not only the rootstock has a supporting
role in the susceptibility to salt stress, but also the genotype of the scion plays a dominant role
in determining the biomass and the accumulation of inorganic ions in the grafted vines grown
under salt stress. They were able to show that the scions of the grapevine cultivars 'Miiskiile'
and 'Sultana’ reacted differently to salinity (Sivritepe et al. 2010). In a chapter written by Ollat
et al. (2015), the authors show a comprehensive table of different grapevine rootstocks and their
water stress adaptation, ranging from very low to very high. For example, the rootstock Boérner

(Vitis riparia 183 Geisenheim x Vitis cinerea Arnold) shows high water stress adaptation,
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whereas the rootstock 125 AA (Vitis riparia x Vitis berlandieri) shows medium water stress
adaptation (as reviewed by Ollat et al. 2015).

However, not only resistance to abiotic factors, but also to biotic factors can be affected by the
rootstocks of the vine. Granett et al. (2001) summarize that the use of resistant rootstocks
derived from native American Vitis has become the most important means of controlling
grapevine phylloxera (Daktulosphaira vitifoliae).

In conclusion, a better understanding of gradual differences in microbiological activities of the
rhizosphere microorganisms of grapevines under the different conditions such as grape variety,
rootstock, grapevine scion and rootstock combinations, fertilization and management needs to

be investigated.

2.4 Aim of this study

The variety of vineyard sites, climatic conditions, soil types, and grape varieties across the
world's wine-growing regions results in the unavailability of a general type of adaptation
strategy for vines facing climate change challenges (Schultz and Jones 2010). Therefore, an
approach for characterizing and understanding the structure and function of the rhizobiome is
considered as a first step towards its manipulation (Del Orozco-Mosqueda et al. 2022). Hence,
superordinate, the future aim is to use new insights to enable more precise plant nutrition in the
form of more accurate fertilization recommendations in order to reduce N-leaching, to increase
aroma formation and maintain yeast-utilizable N content, and to reduce the associated costs in
an economical and environmentally friendly way. A more precise knowledge of the specificity
and dynamics of the grapevine rhizosphere microbiome under different management practices,
grape varieties, rootstocks, and fertilization levels, should enable targeted adaptation strategies
for increasingly frequent extreme years.

Consequently, the aim of this study was to investigate the bacterial rhizobiome of grapevines
(Vitis vinifera L.) under different experimental designs. By characterizing the bacterial 16S
RNA gene, a statement on the existing bacterial communities and their diversity can be made
and compared under different environmental conditions. For this, a method has to be established
that allows to obtain rhizosphere and root material of grapevine plants, and to prepare it for
sequencing and further experiments. This applies both to grapevines cultivated in greenhouses
under controlled conditions as well as to variants under field conditions. The experimental

designs aimed to gain knowledge regarding the bacterial diversity of the grapevine rhizosphere
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including different grape varieties, different grapevine rootstocks as well as different
fertilization measures.
The investigations of this study were founded on the following questions:

1. Isitpossible to “engineer’” the grapevine rhizosphere for a more sustainable viticulture?
(Chapter 1)

2. Are there differences between the bacterial communities of the grapevine rhizosphere
regarding the grape variety, the rootstock, or different combinations, respectively?
(Chapter 2 and 3)

3. Are there differences between the bacterial communities of the grapevine rhizosphere
regarding different nitrogen-fertilization levels? (Chapter 4)

The first question was answered in the form of an extensive literature review. For this purpose,
publications of other authors were consulted, read, critically evaluated and summarized. To
answer the second experimental question, different approaches were taken, sampling potted
grapevines (the grape varieties Riesling and Mueller-Thurgau and their rootstocks) on the one
hand and grapevine in tubes (four different rootstocks without scion) on the other. For the third
question, large containers of grapevines grown under field conditions with two different

nitrogen-fertilization levels were investigated.
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Microorganisms are a substantial component of the rhizosphere, and the activity and composition of rhizosphere
microbial populations markedly affect interactions between plants and the soil environment. In addition, the microbiota
of the rhizosphere can positively influence plant development, growth and vitality. In vineyards, management
practices influence both grapevine root growth directly and the rhizosphere microbiota, but the exact mode of action
is largely unknown. Recently, however, two new research approaches are increasingly coming into focus to enhance
grapevine growth and health: plant engineering and rhizosphere engineering. In plant engineering, knowledge about
plant-microbiome interactions is used for plant breeding strategies. In rhizosphere engineering, microbial
communities are modified by adding specific fertilisers, nutrients or by bio-inoculation with certain bacteria
and/or fungi. Taken together, these new methods suggest a potential for reaching a more sustainable development of
pesticide-reduced viticulture in the future.

Plant microbiome, plant engineering, plant growth-promoting bacteria, plant-microbe interaction, vineyard soil,
bio-inoculation, biocontrol
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INTRODUCTION

The plant microbiome represents an area of
active ongoing research efforts and represents a
promising approach to increase crop productivity
and  optimise  agricultural management
strategies (Li et al, 2020; Taye et al, 2019).
The productivity of agricultural systems is greatly
dependent on the functional processes of soil
microbial communities, especially within the
rhizosphere (Bakker et al., 2012). The quest for
higher yields leads to an intensification in crop
production, which results in a loss of soil fertility
and quality (Gattullo et al, 2020). However,
soil quality and soil health are important factors
for sustainable farming (Karimi et al., 2020).
Sustainability is a frequently used term
(Lewandowski et al., 1999), especially nowadays
of increasing awareness of ongoing climate
change, loss of biodiversity, and environmental
pollution. Due to this increased awareness, and
also in response to rising restrictions on synthetic
pesticide usage, there has been a movement toward
the adoption of more sustainable agricultural
and viticultural practices (Andreolli et al., 2021;
Urbez-Torres et al., 2020; Zucca et al., 2009).

Sustainability in general, or sustainable agriculture,
respectively, is characterised by a systems
perspective of natural and human resource
management; it encompasses three objectives:
environmental health, economic viability, and
social and economic equity (Zucca et al., 2009).

There are different approaches to achieve
sustainable farming. On the one hand, it is possible
to genetically modify plants in such a way that
they become resistant to the pathogen. The study
of Yamamoto ez al. (2000) was the first report of
grapevine being genetically modified for resistance
against fungal diseases. They used transgenic
grapevine plants harbouring a rice chitinase
gene, which enhanced resistance to powdery
mildew and anthracnose (Yamamoto et al., 2000).
As it takes many years to breed disease-resistant
grapevines, the identification of resistance genes
is a good starting point for improving grapevine
cultivars (Yamamoto ef al., 2000). However, since
genetically modified organisms (GMOs) lack
social acceptance, two new research approaches
are increasingly coming into focus for viticulture:
plant engineering and rhizosphere engineering.
Plant engineering looks at the extent to which
the plant genotype can be optimised through
breeding programs. In this way, the newly used
fungus-resistant grape varieties were developed.
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In rhizosphere engineering, the rhizosphere of
the plant is studied and optimised. For instance,
specific fertilisers or microbial inoculants can
alter the composition of the microbial community
in the rhizosphere. With these changes, better
nutrient uptake or the induction of plant defence
responses are aimed for. Both approaches are
commonly used in agriculture (Taye et al., 2019;
Mendes et al., 2018; Figueroa-Lopez et al., 2016),
but with regard to viticulture, there is little
experience. Therefore, this review aims to discuss
whether these two options, especially rhizosphere
engineering, offer an advantage for sustainable
viticulture as well.

Grapevines (Vitis vinifera L.) are one of the
economically most important fruit crops
worldwide  (Alvarez-Pérez et al, 2017,
Andreolli et al, 2016) mainly used for
wine production (Andreolli et al, 2016;
Compant et al, 2013). During the growing
season, vineyard soils are subject to a number
of management practices intended to support
the grapevines growth and health such as
tillage, ~weed  management, fertilisation
and application of pesticides or fungicides
(Cordero et al., 2020; Hendgen et al., 2018). Since
grapevines are susceptible to various pathogens
(Lakkis et al., 2019; Trotel-Aziz et al, 2008) and
biotic and abiotic stresses, it is essential to protect
the vines and grapes by applying pesticides and
fungicides (Carro-Huerga et al., 2020). Climate
change further increases the need for protection
(Karimi et al., 2020) due to pathogen pressure and
water limitation. In total, around 35 % of pesticides
are used in viticulture (Compant et al., 2013),
which accounts for only 0.005 % of the world’s
arable land (Klein Goldewijk er al., 2017,
OIV, 2016). However, increased environmental
awareness of consumers and producers promotes
on the other hand the desire for sustainable
viticulture (Giri et al., 2019; Compant et al., 2013)
and a drastic reduction of all types of chemical
inputs (Salmon et al., 2020). To make viticulture
more sustainable, alternative strategies are
required to control serious grapevine diseases
like Plasmopara viticola and Botrytis cinerea
(Lakkis et al., 2019; Yamamoto et al., 2000). Thus,
alternative methods for protecting the grapevines
such as biocontrol (Compant et al., 2013) or
microbe-assisted crop production are inevitable.
The use of such methods is particularly promising
on the plant rhizosphere (Figure 1).
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THE RHIZOSPHERE

Soil inhabits multiple biotic and abiotic processes,
which are linked to key ecosystem functions
like the cycling of carbon and other nutrients
(Koberl et al., 2020). In terms of plant nutrition,
plant health and crop quality, the most important is
the soil that directly surrounds the plant’s root space
— the rhizosphere (Berg and Smalla, 2009). The
rhizosphere differs from bulk soil and is defined
as the area of the soil that is physically, chemically
and biologically influenced by the living root of
the plant (Ryan er al, 2009). It is characterised
by high concentrations of plant-derived organic
exudates, released root cap mucilage and root
border cells (Vieira et al., 2020). Due to these
released substances, the rhizosphere contains the
highest concentration and diversity of bacteria in
the soil (Giri et al., 2019).

In particular, the microbiome of the rhizosphere
can positively influence plant development,
vitality and growth by providing and acquiring
nutrients and has frequently been targeted to
identify positive plant-microbial relationships
(Taye et al., 2019).

Itis known that certain beneficial bacteria influence
the production of different growth regulators
in plants (Giri et al., 2019). They are therefore
called “plant growth-promoting bacteria (PGPB)”
(Compantet al., 2010) or “plant growth-promoting
rhizobacteria (PGPR)” (Trotel-Aziz et al., 2008).
PGPBs can promote plant growth by direct or
indirect mechanisms (Compant et al., 2019),
which are linked to microbial metabolisms such
as nitrogen fixation, phytohormone production,
phosphate solubilisation, and pathogen suppression
(Giri et al, 2019; Pacifico et al, 2019).
In addition, by the stimulation of the host plant,
these beneficial organisms also lead to increased
enzymatic catalysis, enhanced water and nutrient
uptake or defence responses (Pacifico et al., 2019).
Some of them can produce e.g., auxin, cytokinin,
or gibberellin, which affect plant growth as
phytohormones (Compantez al., 2019). Inaddition,
PGPR plays an important role in the industry of
sustainable agriculture (Giri et al., 2019) as they
can act as efficient biocontrol agents. Bacterial
biocontrol agents protect their host plants against
pathogens either by direct interaction with the
pathogen or by induction of the host’s resistance
(Trotel-Aziz et al., 2008). This so-called
induced resistance (IR) occurs when plants
develop their defensive capacity when they are
triggered by pathogens (Trotel-Aziz et al., 2008).
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By contrast, the rhizosphere can also form
the path of infection for soil-borne pathogens
(Berlanas et al., 2019).

Hence, the microorganisms living in and on the
roots can influence plant fitness and provide
effective protection against abiotic stress by
induction of defence reactions (Li et al., 2020). To
provide such soil functions, a diverse and active soil
microbiome is required (Di Giacinto et al., 2020).

It has been shown, that the (endophytic)
microbiome of grapevines has a major impact on
the regional terroir of wines (Pacifico et al., 2019;
Zarraonaindia et al., 2015). Furthermore,
Bokulich ef al. (2014) note that regional factors
could influence the “microbial terroir” of grape
surfaces within global viticulture. However,
over the past ten years, the microbiome of
vineyard soils has gained raising attention as well
(Novello et al., 2017). Although, much progress
has already been made in describing the grapevine
microbiome and its effects on growth, yield and
product quality, little is known about how different
factors such as cultivars influence the grapevine
microbiome (Awad et al., 2020). The investigation
of the soil microbial community could be a new
strategy to develop a biological indicator for
vineyard soil quality and health (Burns et al., 2016).
The soil microbial community of the rhizosphere
can be investigated by cultivation-dependent
and cultivation-independent approaches.
Silva-Valderrama et al. (2020) isolated 378
different fungi and yeasts from multiple grapevine
tissues using a cultivation-dependent approach.
Additionally, Compant ez al. (2011) cultivated
and isolated bacteria and fungi from
different grapevine tissues. Especially in the
rhizosphere, they examined different species
such as Pseudomonas spp. and Bacillus spp.
(Compantetal., 2011), which are also known to act
as biocontrol agents (Figueroa-Lopez et al., 2016;
Trotel-Aziz et al, 2008). To examine the
microbiome more closely, molecular biological
methods like metagenomics and next-generation
sequencing (NGS) have become essential
(Berlanas et al, 2019). Such techniques may
also help to identify beneficial organisms to
develop bio-inoculants that can be used not only
to improve plant health but also to eliminate
unwanted microbes (Giri ef al., 2019). Deyett and
Rolshausen (2019) used a culture-independent
approach and examined 2875 bacterial amplicon
sequencing variants (ASVs) and 2694 fungal
ASVs in 68 samples of the xylem sap of grapevine.
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As the main bacterial phyla, they identified
Proteobacteria, Firmicutes, Actinobacteria, and
Bacteroidetes (Deyett and Rolshausen, 2019).
In a study conducted by Liang et al. (2019)
Proteobacteria, Acidobacteria, Actinobacteria,
Chloroflexi, and Firmicutes were found in
vineyard soil.

Furthermore, in the past few years, molecular
markers for several agronomically relevant
traits such as berry colour and weight or disease
resistance against mildews have been revealed
in grapevine (Di Gaspero and Cattonaro, 2010).
This could help in the development of a biomarker
strategy for manipulating plant microbiome
ecosystems (Giri ez al., 2019).

PLANT ENGINEERING

Continuing advances in biotechnology and
bioinformatics promote researchers to evaluate
the microbiome to a greater depth, to include more
replications and to account for variables such as
genotype, time, and space (Taye er al, 2019).
In agricultural systems, the plant genotype
is carefully controlled through breeding and
cultivar selection (Bakker ef al., 2012). However,
traditional approaches of plant breeding do not
take the plant microbiome into account, although
the importance of the rhizosphere microbiome for
the plant ecosystem functioning has been widely
recognised (Mendes et al., 2018). Knowledge
about plant-microbial interactions could be added
to plant breeding programs to create and maintain
healthy and beneficial microbial communities
in the rhizosphere (Figure 1B). Integrating the
knowledge on multifunctional interactions between
crop plants and microbes in future agricultural
systems and plant breeding will eventually lead to
sustainable solutions to reduce the threat imposed
by soil-borne pathogens (Wille et al., 2019). By
an analysis of the rhizosphere microbiomes of
common bean cultivars with different degrees
of  Fusarium oxysporum (Fox) resistance,
Mendes et al. (2018) showed that Fox resistance is
based on plant genetic traits. Their data support the
hypothesis that breeding for resistance may have
unintentionally altered the rhizosphere microbiome
composition, altering the frequency of beneficial
microorganisms and traits that may contribute to
plant growth or assist in protection against the
pathogen. Considering that Fox resistance is based
on genetic and chemical alterations in the plant,
their findings suggest that the observed changes
in the rhizosphere microbiome may enforce the
first line of defence, limiting pathogen invasion
through a higher abundance of specific microbial
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groups and functions, high microbial diversity,
abundance and a more complex network structure
(Mendes et al., 2018).

Based on their results, Taye e al. (2019) suggested
that different Brassica napus genotypes have
an extensive and selective control on associated
rhizosphere bacterial genera. Given these controls
are genetically based, they may represent potential
breeding targets if the associated bacteria show to
be positively correlated with yield or other positive
traits in subsequent work (Taye et al., 2019).

Traditional plant breeding approaches and
advanced plant genome editing-based methods
are promising ways to accumulate favourable
alleles associated with stress tolerance in a
plant genome (Ryan et al, 2009). Given the
wide range of genotypes that can be collected
and/or generated per a specific plant species,
genetic diversity is a potentially important asset in
maintaining or increasing plant ecosystem values,
e.g., in controlling stability and stress resilience in
native and cultivated ecosystems, productivity in
cultivated ecosystems, and ecosystem functioning
(Ahkami et al., 2017).

It is of considerable interest to characterise the
structure and composition of thizosphere microbial
communities as a first step towards its manipulation
to improve crop performance (Shi et al., 2019).
Farmers influence the environment around the
roots of their crops and pasture species every
time they irrigate their fields or apply fertilisers
(Ryan et al., 2009). Progress toward sustainability
is offered through the development of crop varieties
that selectively enhance beneficial functions
within the soil microbiome (Bakker et al., 2012).
Identifying  genetically controlled positive
plant-microbial interactions by comparing lines
within breeding programs and across diversity
panels is the first step in enabling plant breeders
to develop varieties by selecting for genetic
factors controlling beneficial plant-microbial
interrelationships (Taye et al., 2019).

Although each plant species is thought to select
its specific microorganisms (Berg and Smalla,
2009), the understanding of the impact of the
genetic variation between the microorganisms
and the host plant is still incomplete, especially
in grapevine species (Berlanas et al, 2019).
However, Berlanas et al. (2019) determined the
grapevine genotype as the most important factor
for shaping the microbiome in the grapevine
rhizosphere. The investigation of the interactions
between the grapevines and their microbiome
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could therefore provide a new tool to improve
plant breeding programs for grapevines, leading to
an improvement in grape production and vineyard
management practices (Bokulich et al., 2014).

However, as Vitis vinifera grape varieties are
usually grafted on Phylloxera-resistant Vitis sp.
rootstocks, future research in rootstock selection
is inevitable with regard to their microbial
community as well (Zarraonaindia et al., 2015).
Thus, for example, rootstocks displaying a better
performance regarding mycorrhiza development
may be better suited for viticulture under water
stress conditions (Schreiner, 2003). Nonetheless,
the study of rootstock resistance remains
difficult, since the plant genomes of rootstock
cultivars could differ depending on the rootstock
(Stempien et al., 2020).

Besides the increasing intensity of agricultural
land use, climate change also creates a need for
improving rhizosphere ecosystems. Rhizosphere
ecology and ecosystem function will be concerned
by global climate change, including rising
temperatures and disruptive weather patterns
due to increasing levels of atmospheric CO,
(Ahkami et al., 2017). For instance, this will lead
to more abiotic stresses like drought stress or
flooding. This notion suggests that selection of
both genotypes and species should be considered
in ecosystem design and breeding programs
(Ahkami et al., 2017). Plant-specific microbiomes
play an indisputable role in supporting plant
health and adaptation to changing environmental
conditions (Marasco et al., 2018). Since viticulture
already takes place in diverse environments, a
variety of grapevine genotypes exists that can help
in breeding to adapt vines to the changing climatic
conditions (Brunori et al., 2016).

RHIZOSPHERE ENGINEERING

Itisimportant to note thatimpacting the rhizosphere
via plant engineering can be a very complex
process due to degradation or inactivation of the
engineered compound in the soil, insufficient rate
of exudation to influence the rhizosphere, limited
knowledge about root exudates composition,
and changes in exudate releasing time and level
with plant development and external stimuli
(Ryan et al., 2009). Bioengineering of synthetic
microbial communities for plant growth
promotion, disease resistance, and stress tolerance
or regulation presents a unique opportunity
(Ahkami et al., 2017). While hundreds of bacterial
strains have been identified to have beneficial
effects; engineering a sustainable synthetic
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microbial community represents a significant
challenge (Ahkami et al., 2017). Microorganisms
are a vital component of the rhizosphere, and the
total biomass and composition of rhizosphere
microbial populations markedly affect interactions
between plants and the soil environment. There
is considerable interest in developing methods
for encouraging the proliferation of beneficial
introduced or indigenous microbial populations
that facilitate nutrient uptake (e.g., rhizobia and
mycorrhiza), promote plant growth directly, or
suppress plant pathogens. Once the complexity of
the rhizosphere is unravelled, one can attempt to
create conditions most beneficial to plant growth by
amending the soil, breeding or engineering better
plants, and manipulating plant/microorganism
interactions (Ryan ef al., 2009).

It has been shown that the grapevine microbiome
can be shaped by various factors, like seasonality,
plant genotype, age, pedo-climatic features,
surrounding wild plants or presence of pathogens
(Pacifico et al, 2019). Furthermore, soil
organisms can be impacted by management
systems like organic, integrated or biodynamic
farming (Hendgen et al., 2018). The microbial
community of vineyard soil is affected by
various factors, like cover crop use, tillage,
compost application, and management practices
(Burns et al., 2016, Figure 1C). It was shown that
the bacterial community had a higher diversity in
vineyard soils that were tilled less, biodynamically
farmed, and had received compost application
(Di Giacinto et al., 2020; Burns et al., 2016).

However, organic farming, in general, is
considered to be a more sustainable form of
agriculture (Brunori et al, 2016). A study by
Gattullo et al. (2020) showed that fescue (Festuca
arundinacea  Schreb.) cover crop strongly
improves the soil microbiological and soil
chemical properties of a table grape vineyard.
Another study showed that an intercropping with
subterranean clover (7rifolium subterraneum L.)
improved  grapevine  plant  performance
(Contreras et al., 2019).

However, there are more ways to engineer the
rhizosphere. It is also possible to applicate
specific fertiliser, nutrients and bioinoculants with
bacteria and/or fungi (Figure 1A). In a study by
Bach et al. (2016), the authors examined three
bacteria (Bacillus mycoides B38V, Burkholderia
cepacia 89, and Paenibacillus riograndensis
SBR5) regarding their competitive characteristics
in vitro. They showed that all three bacteria
showed good rhizosphere competence through
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hydrolytic enzyme production or antagonistic
activities, so they might be tested as biocontrol
agents against different plant diseases in
future studies (Bach er al, 2016). Figueroa-
Lopez et al. (2016) investigated three Bacillus
strains from the rhizosphere of maize that
showed antagonistic activity against Fusarium
verticillioides. Furthermore, they suggest possible
control mechanisms against these fungi by
inoculating the Bacillus strains into the rhizosphere
(Figueroa-Lopez et al., 2016).

Regarding grapevine, it has been discovered by
Yacoub et al. (2016) that young vines can be
protected by various inoculants of the oomycete
Pythium oligandrum against a pathogen that
is involved in the Esca disease complex. P
oligandrum is known as a biocontrol agent
(reviewed by Brozova, 2002) and is available in
different products for crop plants. It is also known
that Azotobacter species including A. vinelandii,
A. beijerinckii, A. nigricans, A. salinestri and
A. chroococcum are used in various inoculants
against plant pathogens and for nitrogen fixation
(Giri et al., 2019). Even in viticulture, a study by
Trotel-Aziz et al. (2008) could show that some
grapevine associated bacteria like Acinetobacter
Iwoffii, Pseudomonas  fluorescens, Pantoea
agglomerans and Bacillus subtilis can act as new
biocontrol agents against Botrytis cinerea.

In a review by Compant et al. (2013) some
beneficial bacteria and their secondary metabolites
for controlling grapevine pathogen diseases are
summed up. However, they concluded that there
were not enough examples of biocontrol agents
used for grapevine yet (Compant et al, 2013).
Yacoub et al. (2018) inoculated roots of Cabernet
Sauvignon with Pythium oligandrum, a biocontrol
agent. They concluded by transcriptomic analysis
that several transcripts of vine induced defence
systems against P oligandrum. This study
shows that inoculation with biocontrol agents
could lead to changes in the whole plant root
transcriptome due to a complex plant response
(Yacoub et al, 2018). In a further study, these
authors showed that grapevine root treatment with
P, oligandrum reduced wood necrosis (about 60 %)
resulting from inoculation with Neofusicoccum
parvum (Yacoub et al., 2020). However, it is
important to investigate the pathways within the
plant to use it beneficially. In another study, Carro-
Huerga et al. (2020) showed that inoculation
with a Trichoderma strain biocontrol agent
can protect the vine from Phaeoacremonium
minimum, known as a pioneer fungus involved in
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Grapevine Trunk Diseases (GTD) like Esca.
Trichoderma spp. is known to have direct effects
on GTD pathogens as a biocontrol agent, by
activation of host defence genes, therefore,
many formulations based on 7richoderma spp.
strains have been already assessed for protection
(Stempien et al, 2020; Yacoub et al., 2020).
Stempien et al. (2020) showed the colonisation
of Trichoderma spp. to three different tested
rootstock cultivars, but activation of host
defence was cultivar dependent. Thus, the
use of Trichoderma spp. for grapevine root
application needs to be studied for more rootstocks
under field conditions (Stempien et al., 2020).
Gonzalez-Garcia et al. (2019) showed that
Streptomyces sp. strains isolated from grapevine
roots can be readily introduced into young
grapevine plants by both immersion and injection
into the rootstock as potential biocontrol
agents to control fungal pathogens causing
young grapevine decline (YGD). Additionally,
Andreolli et al. (2021) examined inhibitory effects
from the rhizospheric and plant growth-promoting
strain  Pseudomonas protegens MP12  toward
different grapevine phytopathogens via soil
inoculation when the vines were planted in the
nursery. However, further studies are required
to evaluate these results under field conditions
(Andreolli ef al., 2021).

Furthermore, it was already shown by different
studies that arbuscular mycorrhizas (AM) fungal
inoculation enhanced the growth of grapevine
rootstocks (Aguin ef al., 2004; Schreiner, 2003).
In a study carried out by Velasquez et al. (2020), it
was shown that the arbuscular mycorrhizal fungus
Funneliformis mosseae IN101 and the plant
growth-promoting rhizobacterium Ensifer meliloti
TSA41 promoted the growth of vine plants, as both
single inoculants and co-inoculants, increasing
plant height and total dry weight. However, it
would be more effective to produce mycorrhizal
plants at the nursery than inoculate them in the
field (Aguin et al., 2004), as root tissues already
colonised with AM could directly promote
vine growth in the vineyard after planting out
(Giri et al., 2019; Aguin et al., 2004). This could
be a promising new technology to reduce the
incidence of grapevine fungal infections through
the root system (Alvarez-Pérez et al., 2017).

However, it is not only important to have
knowledge about the interaction between
the plant and the beneficial microorganism
but also to understand the colonisation and
modulation of the resident microbiome
(Compant et al., 2019; Compant et al., 2010).
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microbe-assisted crop production via...

A) microbial inoculants

B) plant engineering

C) management practices

FIGURE 1. Microbe-assisted crop production via different methods through the rhizosphere.

A) Increasing beneficial microorganisms via microbial inoculants. B) Enhancing beneficial microorganisms through plant breeding
or plant engineering. C) Stimulating beneficial microorganisms through management practices like cover cropping or tillage.

Created with BioRender.com. Adapted from Hohmann et al. (2020).

Only after successful colonisation of added
inoculants,the plant health or growth will be
improved (Compant er al, 2010). However,
applications of bioinoculants or biocontrol agents
in the field often failed. In addition, the success
of such organisms depends on the target crop,
product availability, costs, application options
and environmental conditions (Giri et al., 2019).
Therefore it is important to investigate in future
studies how the sole usage of bacterial inoculants
can improve soil quality and enhance plant health
(Giri et al., 2019).

fundamental research

-omics studies

impact of various variables
such as:

- grape variety

- rootstocks

- soil type

- environmental factors

FIGURE 2. Steps to be considered in further studies.

/

multipartite interactions

beneficial interactions
and root colonization

CONCLUSION—WHAT’S NEXT?

To conclude, the emerging field of rhizosphere and
ecosystem engineering is more than a promising
way leading towards more sustainable viticulture.
In future, it may be possible to conserve and restore
soil microbial diversity and to support beneficial
organisms exposed to intensive agricultural
practices (Gu et al., 2020). It should be noted,
however, that finding beneficial microorganisms
does not lead instantaneously to the holy grail of
bio-inoculations. Many different factors need to
be considered in future research (Figure 2).

suitable formulations

bio-inoculation
approaches

Several steps need to be considered that lead to more sustainable viticulture using rhizosphere engineering. Created with BioRender.com.
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To achieve sustainable viticulture, even stronger
and deeper identification and characterisation of
(beneficial) microorganisms on grapevine roots is
needed. Using a metabarcoding or a metagenomics
approach, the microbial composition can be
identified without time-consuming cultivation,
leading to a better understanding of the microbiome
of vineyard soil and rhizosphere. It is particularly
important to consider the influence of different
variables such as rootstock variations, plant
genotype, and grape varieties. In addition, the
impact of factors such as soil type, environmental
conditions, climate change, management practices,
and fertilisation levels should also be considered.
To achieve this research objective, other
multi-omics approaches should be taken into
account. Metaproteomics is of great interest,
especially to engineer the rhizosphere by altering
the microbial community and/or the resident
plants in response to environmental stress, and
climate change to determine how the rhizosphere
may respond to targeted engineering interventions
to enhance its capabilities (Tartaglia et al., 2020).
Moreover, these results can be used for further
studies of multipartite interactions between
rhizosphere microorganisms and vines.

In the next step, the investigation of the beneficial
mode of plant-microbe interaction needs to be
elucidated. In addition, the colonisation patterns
on the root surface are important to study. Only
through understanding these two mechanisms, it is
possible to modulate or optimise the cross-talk of
plant roots and rhizosphere microbiota.

Final, suitable formulations of beneficial
microorganisms for bio-inoculation need to be
developed for viticulture. Some approaches for
using biocontrol agents in viticulture have already
been summarised in this review. However, further
trials in bio-inoculation might be more effective
when the interactions between the vine and its
microbiome are studied more intensively.

Achieving these steps is an important task to
reduce the application of pesticides or fertilisers
and to improve soil quality and crop productivity
(Dessaux et al., 2016). All new findings of
beneficial organisms or methods for rhizosphere
engineering and the use of microbial inoculants as
biocontrol agents offer the potential for reaching
more sustainable viticulture.
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Abstract: The microbiota associated with the rhizosphere is responsible for crucial processes. Un-
derstanding how the plant and its bacterial community interact is of great importance to face the
upcoming agricultural and viticultural challenges. The composition of the bacterial communities
associated with the rhizosphere of grapevines is the result of the interaction between many drivers:
biogeography, edaphic factors, soil management and plant genotype. The experimental design of this
study aimed to reduce the variability resulting from all factors except the genotype of the rootstock.
This was made possible by investigating four ungrafted grapevine rootstock varieties of the same
age, grown on the same soil under the same climatic conditions and managed identically. The
bacterial communities associated with the rhizosphere of the rootstocks 1103 Paulsen, 140 Ruggeri,
161-49 Couderc and Kober 5BB were characterized with the amplicon based sequencing technique,
targeting regions V4-V5 of 165 rRNA gene. Linear discriminant analysis effect Size (LEfSe) analysis
was performed to determine differential abundant taxa. The four rootstocks showed similarities
concerning the structure of the bacteria assemblage (richness and evenness). Nonetheless, differences
were detected in the composition of the bacterial communities. Indeed, all investigated rootstocks
recruited communities with distinguishable traits, thus confirming the role of rootstock genotype as
driver of the bacteria composition.

Keywords: viticulture; metabarcode sequencing; microbiota; soil; vineyard soil

1. Introduction

The continuous improvement of cultivation-independent techniques is driving a
paradigm shift in the field of biology; the expression of a specific phenotype is no longer
determined solely by the interaction between genotype and environment but has to take
into account the host-associated microorganisms (microbiota) [1]. The microbiome (the
genome of the microbiota) provides adaptability and metabolic diversity, broadening
the plant capacity to overcome environmental changes and to cope with challenging
conditions [2,3]. The microbes can be divided in epiphytes when they colonize the exterior
surfaces or in endophytes when they colonize the interior surfaces [4]. Moreover, the
distribution of the microbiota is not even throughout the plant, which can be interpreted
as an assembly of several niches. The main distinction is between the above ground
and the belowground part. However, agricultural productivity is based on microbial
activity, much of which occurs in the soil [5]. The productivity of agricultural systems
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is highly dependent on the functional processes of microbial communities in the soil,
more specifically in the rhizosphere [6]. In particular, the rhizosphere microbiome can
positively influence plant development, overall vigor and plant growth by providing
nutrients, and has generally been targeted to identify positive relationships between
plants and microorganisms [7,8]. However, even if there are no physical barriers, the
composition of the soil microbiota is not the same as the rhizosphere microbiota. The
soil serves as the initial inoculum, but then the plant actively recruits the bacteria from
the soil [9]. Thus, the rhizospheric communities are a subset of the more complex soil
microbiota [10]. This selection occurs at the level of the root compartment, which consists
of the rhizosphere, rhizoplane and root endosphere [11,12]. Due to this selection, the choice
of the right rootstock for recruitment of the soil microbiota is crucial, which is also relevant
for grapevine. Even though rootstocks were adopted for their resistance to Phylloxera,
it is necessary to take into account several other factors, such as grafting compatibility,
rooting and propagation ability, resistance to nematodes and pathogens, tolerance to lime,
salinity, drought and nutrient uptake [13]. However, the impact of genetic variation on the
composition of the microbiome of grapevine species, particularly in the root compartment,
is poorly studied [14]. And it can be expected that different rootstocks differentially
select their microbial communities from the surrounding soil [4]. Consequently, rootstock
genotype affects the selection and recruitment of bacteria that colonize aboveground
plant organs such as flowers and fruits and can alter fruit quality [4,15]. Thus, rootstocks
could play a role in determining the plant-associated bacterial community by affecting the
microbial terroir [16]. This study considered rootstocks derived from the breeding of the
most commonly used Vitis riparia, Vitis berlandieri and Vitis rupestris [17]. The experimental
design of this study aimed to reduce the variability resulting from environmental factors to
unravel the effect of the genotype of the grapevine rootstock on the bacterial communities
in the rhizosphere. This was made possible by using ungrafted grapevines of the same age,
grown in the same soil under the same climatic conditions and managed identically.

2. Materials and Methods
2.1. Vineyard Location and Vines

The experiment site was located at Geisenheim University, Germany (49°59' N, 7°57 E;
96 m above sea level) in the wine-growing region of Rheingau. The climate of the region is
temperate oceanic (Koppen-Geiger classification: Cfb) [18]. The mean annual temperature
of the 1986-2010 period is 10.5 °C and the total annual precipitation averages 543.0 mm [19].
The grapevines were planted in a soil mixture (two parts loess soil with one part sand) in
cylindrical tubes with a diameter of 15 cm and a height of 120 cm in the year 2015 (Figure 1).
The tubes are perforated at the bottom side allowing the water to drain. The following
rootstocks were selected for the investigations: 1103 Paulsen (V. berlandieri x V. rupestris,
clone 1 Gm, “1103 P” when abbreviated), 140 Ruggeri (V. berlandieri x V. rupestris clone
4 Gm, “140 Ru” when abbreviated), 161-49 Couderc (V. berlandieri x V. riparia clone 3 Gm,
“161-49 C” when abbreviated) and Kober 5 BB (V. berlandieri x V. riparia clone 13-3 Gm).

2.2. Rhizosphere and Soil Sampling

Rhizosphere and soil sampling was performed in July 2020. The tubes with the
grapevines were extracted from the ground. Subsequently, each tube was opened using an
angle grinder, which completely exposed the root system. This procedure ensured accurate
selection and sampling of the rhizosphere soil, which was taken in the very close proximity
to the roots. Three replicates per rootstock genotype were investigated. For each replicate,
two rhizosphere soil samples (>2 g each) for microbiome analyses were collected and stored
at —80 °C. Additionally, for each replicate one soil sample (>100 g) was collected for soil
analyses and stored at 4 °C.
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Figure 1. Experimental vineyard. The grapevine rootstocks are planted in cylindrical tubes with a
diameter of 15 cm and a height of 120 cm.

2.3. Soil Analyses

All soil analyses were performed at the Department of Soil Science and Plant Nutrition,
Hochschule Geisenheim University. The soil samples were dried for three days at 30 °C
and sieved to a size of 2 mm. For all soil samples (12 samples, n = 3 per rootstock) the pH
level as well as the concentration of phosphorus (P), potassium (K) and magnesium (Mg)
were measured as described previously by Hendgen et al. [20], according to the VDLUFA
database of methods [21]. Statistical analyses were conducted with Microsoft® Excel®.

2.4. DNA Extraction, Sample Preparation and Ion Torrent Sequencing

DNA from 500 mg rhizosphere soil per sample was extracted according to Lueders et al. [22]
and Mettel et al. [23] with the following modification: instead of the described sodium
dodecyl sulfate (SDS) solution, TPM (50 mM TrisHCI, 1.7% Polyvinylpyrrolidone, 20 mM
MgCl,) was used. Extracted DNA was solved in water and stored at —80 °C. The Ion Tor-
rent Polymerase-Chain-Reactions (PCRs) were conducted as described in Kaplan et al. [24].
The first Ion Torrent PCR was performed with KAPA HiFi Polymerase kit (Roche Se-
quencing Store, Basel, Switzerland) according to the manufacturer’s protocol. During
amplification of the partial sequence of the hypervariable regions (V4-V5), the primer 926R
(5’-CCGYCAATTYMTTTRAGTTT-3' [25]) and 520F (5'-AYTGGGYDTAAAGNG-3' [26])
were used. Amplification parameters were 3 min at 95 °C followed by 35 cycles at 98 °C
for 20's, 55 °C for 30 s, 72 °C for 30 s and finally 72 °C for 5 min. The amplified PCR
product was confirmed with agarose gel electrophoresis and used as the template of the
second Ion Torrent PCR reaction and barcoding according to Kaplan et al. [24]. The PCR
was performed with the following amplification parameters: 3 min at 95 °C followed by
10 cycles at 98 °C for 20's, 55 °C for 30 s, 72 °C for 30 s and finally 72 °C for 7 min. The PCR
products were loaded onto an agarose gel and subsequently purified using NucleoSpin®
Gel and PCR Clean-up (MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany). Further,
this product was purified with DNA purification beads NucleoMagVR NGS clean-up kit
(MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany). The Ion Torrent Sequencing
was done according to Kaplan et al. [24].

2.5. Bioinformatic Analysis of the Sequencing Data

Bioinformatic analysis was performed with QIIME 2 2020.8 [27]. The obtained raw
sequences were demultiplexed using cutadapt [28] with no errors allowed in the barcode
sequences. Quality control, sequence denoising, clustering to amplicon sequence variants
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(ASVs) (i.e., 100% operational taxonomic units) [29], dereplication and removal of chimera
sequences were done with DADAZ2 [30] (via q2-dada2). Thereby the first 15 bp were deleted
and all sequences were cut to a length of 330 bp. Taxonomy was assigned to the ASVs using
the q2-feature classifier [31], which uses naive Bayes machine-learning classifiers [32] to
assign taxonomies based on sequence k-mer frequencies. As a reference database, a trained
version of the Silva ribosomal database [33] version 137 was used. All ASVs belonging to
chloroplasts and mitochondria were removed. All ASVs were aligned with mafft [34] (via
q2-alignment) and used to construct a phylogeny with fasttree2 [35] (via gq2-phylogeny).
Alpha-diversity metrics (Faith’s Phylogenetic Diversity [36]—measures of microbiome
richness, and Pielou’s Evenness) were calculated in R version 4.0.2 [37] using the packages
phyloseq version 1.34.0 [38] and picante version 1.8.2 [39]. Beta-diversity metrics (weighted
UniFrac [40], unweighted UniFrac [41] and Bray-Curtis dissimilarity [42]—measures of
microbiome composition dissimilarity), and Principal Coordinate Analysis (PCoA) were
estimated using q2-diversity after samples were rarefied to 2220 sequences per sample.
The distance matrices were also analyzed by the PERMANOVA test [43], followed by the
PERMDISP test [44] to ensure the homogeneity of dispersion among the four rootstocks.
Both the PERMANOVA and PERMDISP tests were performed using 999 permutations.
Linear discriminant analysis effect Size (LEfSe) was run to assess differences in bacteria
distribution among the rootstocks [45]. The online Galaxy platform [46] was used. The
threshold for the logarithmic linear discriminant analysis (LDA) score was set at 2.0 and
the non-parametric factorial Kruskal Wallis sum-rank test (o = 0.05) was performed with
an all-against-all strategy. Significant taxa were visualized with a bar graph and in a
taxonomic cladogram.

3. Results
3.1. Soil Analyses

The main chemical characteristics of the sampled soils were measured and a Kruskal-
Wallis H test was conducted. The pH levels (Table 1) ranged between 7.53 + 0.09 and
7.60 % 0.00 without a statistical difference (p = 0.89). The P, K and Mg contents (Table 1)
were also statistically similar (respectively, p = 0.34, p = 0.63, p = 0.15).

Table 1. Main chemical characteristics of the soil of the four different rootstocks. Phosphorus (P), potassium (K) and
magnesium (Mg) values are expressed in mg kg 1.

Soil Characteristics
pH
P
K
Mg

1103 P 140 Ru 161-49C Kober 5BB
7.53 +£0.12 7.53 + 0.09 7.60 & 0.00 7.57 +£0.12
117.72 + 9.42 194.75 + 76.05 152.60 + 19.82 140.97 + 52.48
165.98 + 20.33 237.90 + 137.09 193.64 + 19.56 157.68 + 58.68
116.61 + 12.39 86.45 + 52.66 152.79 + 15.04 138.72 + 22.57

3.2. High-Throughput Amplicon Sequencing

The Ion Torrent sequencing generated 910,225 165 rRNA gene V4-V5 amplicon se-
quences, 72% of which (642,114) passed the Ion Torrent Sequencing quality selection. After
barcoding errors cleaning, the remaining 578,539 reads were demultiplexed to assign each
read to the respective sample. Four samples were removed from the subsequent analysis
due to the low number of reads (<2827 features; one sample per rootstock). The denoised
and filtered reads were clustered into 2034 amplicon sequence variants (ASVs).

3.3. Diversity and Richness of Bacterial Communities

Pielou’s evenness and Faith’s phylogenetic diversity were used to calculate alpha-
diversity (i.e., the diversity within the group). All measures indicated that no signifi-
cant differences between the structure of the rhizosphere communities were observable
(Figure 2). Pielou’s evenness reported values approaching 1, meaning that bacteria were
evenly distributed among species. To calculate beta-diversity (i.e., the diversity between
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groups) the estimators Bray-Curtis, unweighted UniFrac and weighted UniFrac were used.
The distance matrices were ordered on a PCoA (Figure 3). The permutation test with
pseudo-F ratios revealed a significant effect of the factor “rootstock genotype” on beta-
diversity for Bray-Curtis (p = 0.001), unweighted UniFrac (p = 0.001) and weighted UniFrac
(p = 0.002) indices. PERMDISP was run to assess the homogeneity of the dispersion. The
test led to a p-value of 0.131 for Bray-Curtis, 0.572 for unweighted UniFrac and 0.258 for
weighted UniFrac.

(@) (b)
Faith’s Phylogenetic Diversity Pielou Evenness
.
30
o
| .
.
Zz Rootstock
525
H g E— B8 1103°
a 2090
= s E3 140 Ru
s &
3 ‘ 161-49C
o
z . Kober 588
=
20
088
.
1103 P 140 Ru 161-49 C  Kober 5BB 1103 P 140 Ru  161-49C Kober SBB
Rootstock Rootstock

Figure 2. Boxplots reporting the results of alpha diversity analysis. (a) Faith’s phylogenetic plot showing similar values for
the four rootstocks. (b) Pielou’s evenness plot showing values higher than 0.895 for all the rootstocks.

3.4. Taxonomy and Distribution among Rootstocks

The taxonomy was assigned using a trained classifier against the Silva database. The
2034 different ASVs, all belonging to the bacteria domain, clustered into 36 different phyla,
97 classes, 199 orders, 257 families and 365 genera (Supplementary Materials Table S1). The
rhizosphere was dominated by Acidobacteriota (35%), Proteobacteria (22%), Latescibacteriota
(15%), Methylomirabilota (6%) and Gemmatimonadota (4%). The most represented classes
were Vicinamibacteria (17%), Gammaproteobacteria (15%), Latescibacterota (15%), Acidobacteriae
(9%), Alphaproteobacteria (7%), Methylomirabilia (6%) and Gemmatinonadetes (4%). The linear
discriminant analysis effect size (LEfSe) detected 68 bacterial clades differently distributed
among the rootstocks (Figures 4 and 5). Significant differences (LDA score > 2.0) were

found for each taxonomic level: phylum (2), class (6), order (15), family (20) and genus (25).

Proteobacteria was the most heterogeneously distributed phylum (21 clades, 12 belonging
to Alphaproteobacteria and 9 belonging to Gammaproteobacteria), followed by the phyla
Chloroflexi (11 clades), Methylomirabilota (7 clades) and Myxococcota (7 clades). The rootstock
1103 Paulsen reported the highest number of differentially abundant taxa (32).
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Figure 3. Principal Coordinate Analyses (PCoAs) reporting the distance matrices of the beta diversity
indexes: (a) Bray-Curtis, (b) unweighted UniFrac and (c¢) weighted UniFrac.
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Figure 4. Histogram of the linear discriminant analysis (LDA) scores reveals the most differentially
abundant taxa among the four rootstocks 1103 Paulsen, 140 Ruggeri, 161-49 Couderc and Kober 5BB.
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Figure 5. Linear discriminant analysis (LDA) effect size taxonomic cladogram comparing the bacterial diversity of the
four rootstocks. Each ring represents a taxonomic level, with kingdom, phylum, class, order, family and genus appearing
from the center to the periphery. Each node represents a taxonomic unit found in the dataset. For each significantly
discriminating taxon detected, the corresponding node and branch region in the taxonomic cladogram is colored according
to the highest ranked group for that taxon. If the taxon is not significantly different between rootstocks, the corresponding

node is colored yellow.

4. Discussion

The experimental design of this study aimed at minimizing the variability from all
factors but the rootstock genotype. This was made possible by using grapevines of the
same age, located in the same soil sharing also the same climatic conditions, and man-
aged identically. The amplicon sequencing analysis revealed that rootstock rhizospheres
recruited complex bacterial communities mainly composed of Acidobacteriota, Proteobacteria,
Latescibacterota, Methylomirabilota and Gemmatimonadota. These results are in partial agree-
ment with the data of other recent studies [4,14,16]. According to Berlanas et al. [14], the
dominant phyla found in two vineyards located in Northeastern Spain were Proteobacteria,
Actinobacteria, Acidobacteria and Bacteroidetes. Similarly, Marasco et al. [16] reported phylum
Proteobacteria as prevalent, followed by Actinobacteria, Bacteroidetes, Chloroflexi and Acidobac-
teria in an Oltrepo Pavese (Italy) vineyard. These results highlight that there is a core of
bacteria always recruited by grapevine despite the different conditions (e.g., biogeography,
and climatic or edaphic factors). Among them, Proteobacteria is commonly the dominant
phylum followed by Actinobacteria. Both phyla play an important role in carbon cycling
and production of secondary metabolites [47]. Proteobacteria comprise organisms with
a broad variety of metabolic capabilities; alpha-, beta-, gamma- and delta- Proteobacteria
are the classes mostly described in soil studies. In this study, only Gammaproteobacteria
and Alphaproteobacteria were found. Both classes are considered copiotrophs (r-strategist)
and can easily colonize environments characterized by abundance of nutrients, such as
the rhizosphere [48]. Instead, Actinobacteria are described as oligotrophic k-strategists
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growing slowly and with low nutritional requirements [49]. In this project, the percentage
of ASVs assigned to this phylum was rather low (0.56%) in comparison to other studies.
Conversely, the percentage shown by Acidobacteriota phylum was unusually high (~ 35%),
and greater than Proteobacteria phylum (~22 %). Acidobacteriota phylum is one of the most
widespread and abundant on the planet [50], but its abundance is reported to decrease
moving from bulk soil to rhizosphere [2]. Information about Acidobacteriota functionality is
scarce since there are issues in cultivating the majority of the members of this phylum [51].
A negative correlation between the abundance of Acidobacteriota and concentration of the
organic carbon in soil was reported [50]. This, together with the low growth rate, may
indicate this phylum as oligotrophic [50]. Additionally, Zarraonaindia et al. [4] reported
high abundance of Acidobacteriota together with unusually low abundance of Actinobacteria.
It may be suggested that Acidobacteriota can replace Actinobacteria when some biotic or
abiotic factors hamper the normal thriving of the latter. Indeed, both phyla are described as
oligotrophic k-strategist [50] and occupy the same niche. Remarkably, this study is the first
to report the occurrence of the phylum Latescibacterota (previously known as WS3) among
the most abundant phyla in vineyard soils. Gemmatimonadota phylum was first associated
with vineyard soils by Novello et al. [52], and this study confirmed their presence in the
grapevine rhizosphere. Gemmatimonadota is reported as one of the top nine phyla found
in soils [53]. Nonetheless, little is known about its metabolic capabilities since most of its
members are uncultivated. It was observed that the microbial communities associated with
the four rootstocks did not significantly differ in evenness and richness. Indeed, all the four
rootstocks showed a bacterial community with no clearly dominating species and with
similar phylogenetic richness. This is consistent with the theory of a well conserved core of
bacteria associated with the grapevine rhizosphere [14]. This study, however, showed that
rootstocks 1103P, 140 Ru, 161-49C and Kober 5BB were able to assemble distinct bacterial
microbiota at the rhizosphere level. The percentage explained by weighted (46%) and
unweighted UniFrac (22%) suggests that the differences are mainly driven by a different re-
cruitment of the same bacteria. Moreover, the LEfSe analysis detected 68 clades significantly
differentially recruited by the four investigated rootstocks. These differences confirm the
rootstock genotype as a substantial driver of the bacterial communities associated with the
rhizosphere. The rootstock genotype may exert its influence on the rhizosphere associated
communities through specific root exudates [54-56] and by means of its immune system.
Indeed, it has been proven that the immune system can affect not only the microbial com-
position of the root interior surfaces but also the communities thriving near the root [57,58].
Marasco et al. [16] have investigated whether different rootstocks affect the recruitment
of the bacteria from the surrounding soil comparing ungrafted and grafted grapevines of
the Vitis vinifera cultivar Barbera, all cultivated in the same soil. They concluded that the
rootstock can influence the diversity and richness of the bacterial communities associated
with the root and that the rootstock is a factor determining the specificity of the microbiota
independently of the scion cultivar. D’Amico et al. [59] have highlighted the importance
of the microbiota recruited by the rootstock with a cultivation-independent technique:
the same scion (V. vinifera cv Lambrusco) was grafted onto two different rootstocks (1103
Paulsen and Kober 5BB) in the same vineyard, where only the grapevines grafted on
1103 Paulsen had potassium absorption problems. The analysis of the microbiota with an
amplicon-based approach has revealed that the rootstock 1103 Paulsen is not able to suc-
cessfully recruit several potassium solubilizing microorganisms [59]. Thus, the knowledge
of the microbiota associated with diverse rootstocks is valuable to make the right choice
at the moment of the implant, to intervene when the choice is already taken, and also for
breeders to select for rootstocks with a specific microbiota.

5. Conclusions

These results show that the rootstock genotype affects the composition but not the
structure of the bacterial community in the rhizosphere. However, recognizing the as-
sociations between bacteria and rootstock is crucial but still not sufficient to exploit this
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information from a practical perspective. In conclusion, it is essential to understand the
recruitment mechanisms of grapevine to microbial communities and to identify the ben-
eficial taxa in a more detailed context. Following studies should use a whole genome
sequencing approach and combine it with other meta -omics methods. For example, the
use of metatranscriptomics and metaproteomics together allows the characterization of the
microbial communities thriving in the rhizosphere and simultaneously the comprehension
of their role. However, applying several -omics methods will inevitably lead to a better
comprehension of the rhizosphere microbiome in relation to soil type, grapevine variety,
rootstock and environmental conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9040822/s1, Table S1: Amplicon Sequenced Variants Table.
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Abstract

The rhizosphere is the space where crucial processes for the productivity of viticultural systems
take place. The composition of the bacterial communities associated with the rhizosphere of
grapevines is known to depend on plant genotype. However, the genotype of grafted grape-
vines differs between scion and rootstock; the role of each genotype is unclear. In order to dis-
entangle the effect of scion and rootstock, the rRNA (V4-V5 region of 16S rRNA) extracted
from the rhizosphere of the grape varieties Riesling and Mueller-Thurgau ungrafted vs. grafted
on different rootstocks were sequenced in three experimental set-ups in two different years. The
bioinformatic analysis with tools designed to be robust for compositional data showed, that the
investigated rootstocks or scions or combinations, respectively, recruited bacterial communities
with distinguishable traits. Statistical differences were revealed between ungrafted Riesling and

Mueller-Thurgau, and between grafted Riesling and ungrafted Riesling, and ungrafted Mueller-
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Thurgau and grafted Mueller-Thurgau. Thus, confirming the role of scion and rootstock
genotype as a driver of the structure and composition of bacterial communities in the

rhizosphere of grapevines.

Keywords: vineyard soil, viticulture, grape variety, microbiome, compositional data analysis,

metatranscriptome

Introduction

Plants are colonized both below and above ground by a variety of microbes that serve for their
mutualistic benefits. In particular, the microbiota associated with the plant rhizosphere
(rhizosphere microbiota) are involved in important processes such as growth modulation,
defense responses and nutrients uptake (Berendsen et al., 2012; Duran et al., 2018; Hu et al.,
2018; Li et al., 2020; Schlaeppi & Bulgarelli, 2015; Zhang et al., 2019). In general, the
rhizosphere microbiome is often described as a positive interaction between plants and
microorganisms (Ryan et al., 2009; Taye et al., 2019), involving numerous previously unknown
taxa (Vieira et al., 2020). To date, the majority of rhizobiome studies has focused on model
plants such as Arabidopsis thaliana (Alegria Terrazas et al., 2016) or annual crop plants such
as barley (Bulgarelli et al., 2013), canola, wheat, pea, and lentil (Cordero et al., 2020), oilseed
rape (Etesami & Alikhani, 2016) and maize (Peiffer et al., 2013). However, for supporting crop
growth, especially under difficult conditions (Timmusk et al., 2014), it is also remarkably
important to consider the rhizosphere microorganisms of perennial plants such as grapevines
(Marasco et al., 2018).

Microbial communities associated with grapevines and wine, respectively, have already been
extensively studied (Burns et al., 2016; Contreras et al., 2019; Gattullo et al., 2020; Hendgen et
al., 2018; Holland et al., 2014). In vineyard soil, the microbial communities have been described
for example as a function of spatial distribution or management practices (Bokulich et al., 2014;
Hendgen et al., 2018; Holland et al., 2014; Vega-Avila et al., 2015). Nonetheless, the bulk of
these studies were based on soil samples taken only near the grapevines, not on veritable
rhizosphere samples. The rhizosphere, however, is the location where crucial processes for the

productivity of the agricultural systems take place mediated by microorganisms. Therefore, the
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processes and microorganisms in the rhizosphere need to be considered in order to study the
direct interaction between the grapevine root and the surrounding soil.

The choice of grapevine variety impacts the microorganisms in the grapevine rhizosphere
(Berlanas et al., 2019; Marasco et al., 2018). However, it should be noted that since the
nineteenth century, Vitis vinifera cultivars have been cultivated as scions, grafted onto
Phylloxera-resistant Vitis sp. rootstocks. Despite this, it is still in the beginning to uncover the
mechanisms underlying the mechanisms of grafted grapevines and the interactions between the
grafted scion and the rootstock (as reviewed by Gautier et al., 2019). In future research,
rootstock selection is therefore also inevitable with regard to their microbial community
(Zarraonaindia et al., 2015). Vink et al. (2021) investigated differences in the microbial
communities in the rhizosphere of 11-year-old grapevine of four scion cultivars and four
rootstock types regarding alpha- and beta-diversity indices. Thus, they concluded that bacterial
diversity is affected by both scion and rootstock variety. However, this effect depends on the
diversity measures and the specific rootstock-scion combinations considered (Vink et al.,
2021). Nevertheless, the knowledge about the influence of the rootstock, the grape variety and
their interaction is still limited (Berlanas et al., 2019). Therefore, with the aim to investigate all
these factors independently, a study was carried out under controlled conditions to reduce the
variability resulting from all factors except the genotype of the rootstock and scion with potted
grapevines. In three different experimental designs, the rhizobiome of two ungrafted Vitis
vinifera varieties (Riesling and Mueller-Thurgau) were compared with the ones of Riesling and
Mueller-Thurgau grapevines grafted on different rootstocks. In order to get a better insight into
the active microbiome of the rhizosphere of the grapevines, a metabarcode analysis was
performed on the extracted RNA (Carvalhais et al., 2012; Garoutte et al., 2016; Turner et al.,
2013) that indicates microbial activity (Singh et al., 2018). Additionally, to the best of our
knowledge, no compositional data analyses of 16S rRNA data of the grapevine rhizosphere
microbiome with different scions and rootstock cultivars has been carried out before. Data
derived from high-throughput sequencing of biological samples must be considered as
compositions rather than counts, as ratio-based analyses can lead to qualitatively incorrect
conclusions (Fernandes et al., 2014; McLaren et al., 2019; Quinn et al., 2019). Due to the
controlled experimental conditions, the effect of the grape variety and rootstock respectively on

the metatranscriptome of the bacterial communities in the rhizosphere could be investigated.
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Materials and methods
2.1 Plant material

The independent experiments were located at Hochschule Geisenheim, University, Germany.
The grapevines were planted in pots (15 cm x 15 cm x 18.5 cm) with soil (Einheitserde Typ ED
73, H. Nitsch & Sohn GmbH & Co. KG, Kreuztal, Germany) in 2019, and 2020 respectively
(Table 1). The grapevines were grown in an open greenhouse under field conditions for six
months. They were additionally watered whenever it was required. In May 2019 ungrafted
Mueller-Thurgau und Riesling grapevines, as well as soil-filled pots without grapevines used
as controls, were examined. In the same year, additional Riesling grapevines grafted on four
different rootstocks (Vitis berlandieri Planch. x Vitis riparia Michx. cv. SO4; Vitis riparia X
Vitis cinerea Engelm. cv. Boerner; Vitis berlandieri Planch. x Vitis riparia Michx. cv. 125AA;
and Vitis berlandieri Planch. x Vitis riparia Michx. cv. Teleki 8 B) were investigated. In 2020
ungrafted Mueller-Thurgau and Riesling grapevines, soil-filled pots without grapevines as
control, Riesling grapevines with four different rootstocks (Vitis berlandieri Planch. x Vitis
riparia Michx. cv. SO4; Vitis riparia x Vitis cinerea Engelm. cv. Boerner; Vitis berlandieri
Planch. x Vitis riparia Michx. cv. 125AA; and Vitis berlandieri Planch. x Vitis riparia Michx.
cv. Teleki 8 B) and Mueller-Thurgau with three different rootstocks (Vitis berlandieri Planch.
x Vitis riparia Michx. cv. SO4; Vitis berlandieri Planch. x Vitis riparia Michx. cv. 125AA; and

Vitis berlandieri Planch. x Vitis riparia Michx. cv. Kober 5 BB) were examined.

Table 1. Grape varieties and rootstocks used for rhizosphere sampling at three different

experimental time points. Number of plants sampled (n).

time point grape variety (n) rootstock
Mueller-Thurgau (4) ungrafted
May 2019 Riesling (4) ungrafted
No plant (4) Control
Riesling (5) S04
Riesling (5) 125AA
October 2019 -
Riesling (5) Boerner
Riesling (5) 8B
Riesling (9) ungrafted
October 2020 Riesling (3) S04
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Riesling (3) 125AA
Riesling (3) Boerner
Riesling (3) 8B
Mueller-Thurgau (9) ungrafted
Mueller-Thurgau (3) S04
Mueller-Thurgau (3) 125AA
Mueller-Thurgau (3) Kober 5BB
No plant (9) Control

2.2 Rhizosphere sampling

Rhizosphere sampling was performed at three different time points for the three experimental
set-ups: May 2019, October 2019, and October 2020. A total of four Riesling, four Mueller-
Thurgau and four controls were sampled in May 2019. Five samples per grapevine rootstock
were collected in October 2019. Additionally, nine controls, nine ungrafted Riesling and
Mueller-Thurgau, and three samples per grapevine rootstock were collected in October 2020.
Only soil attaching to the roots was considered as rhizosphere soil for sampling and microbiome
analyses.

2.3 RNA extraction, Reverse-Transcriptase-PCR, and lon Torrent Sequencing

RNA extraction from the rhizosphere soil and cDNA amplification were done according to
Rosado-Porto et al. (Rosado-Porto et al., 2021). First lon Torrent PCR was performed with a
KAPA HiFi Polymerase kit (VWR International GmbH, Darmstadt, Germany) amplifying the
partial sequence of the hypervariable regions (V4 and V5) of the 16S rRNA gene with the
primer 520F (5’-AYTGGGYDTAAAGNG-3’, (Claesson et al., 2009)) and 926R (5'-
CCGYCAATTYMTTTRAGTTT-3’, (Engelbrektson et al., 2010)). Amplification parameters
were 3 min at 95 °C followed by 35 cycles at 98 °C for 20 s, 55 °C for 30 s, 72 °C for 30 s and
finally 72 °C for 5 min. Second lon Torrent PCR with primers including barcodes and lon
Torrent sequencing adapters was conducted with the PCR product from the first lon Torrent
PCR as suggested by Berry et al. (2011). The PCR was performed with the following
amplification parameters: 3 min at 95 °C followed by 10 cycles at 98 °C for 20 s, 55 °C for 30

s, 72 °C for 30 s and finally 72 °C for 7 min. The PCR products were applied to an 1 % agarose
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gel and subsequently purified using NucleoSpin® Gel and PCR Clean-up (MACHEREY -
NAGEL GmbH & Co. KG, Diren, Germany). Further, this product was purified with DNA
purification beads NucleoMagVR NGS clean-up kit (MACHEREY-NAGEL GmbH & Co. KG,

Diren, Germany). The lon Torrent Sequencing was done according to Kaplan et al. (2019).

2.4 Bioinformatic analysis of the sequencing data

Bioinformatic analysis was performed with QIIME 2 2020.11 (Bolyen et al., 2019). The
obtained raw sequences were demultiplexed using cutadapt (Martin, 2011) with no errors
allowed in the barcode sequences. Quality control, sequence denoising, clustering to amplicon
sequence variants (ASVs), dereplication and removal of chimera sequences were conducted
with DADAZ2 (Callahan et al., 2016) (via g2-dada2). Thereby the first 15 base pairs (bp) were
removed and the sequences were cut to a length of 312 bp (May 2019), 317 bp (October 2019),
and 312 bp (October 2020), respectively. Afterwards, the taxonomy was assigned as described
previously by Dries et al. (Dries, Bussotti, et al., 2021) and all ASVs belonging to chloroplasts
and mitochondria were removed. All ASVs were aligned with MAFFT (Katoh & Standley,
2013) (via g2-alignment) and used for constructing a phylogeny with fasttree2 (Price et al.,
2010) (via g2-phylogeny). The feature table was filtered for the 20 dominant bacterial families
and taxabarplots were created with GraphPad Prism version 9.3.1 for Windows (GraphPad
Software, San Diego, California USA, www.graphpad.com). Alpha-diversity metrics
(Shannon, Simpson, and observed features) and significances were calculated with Kruskal-
Wallis or PERMANOVA (Anderson, 2017), respectively. Beta-diversity was measured using
DEICODE (Martino et al., 2019) with a filtered beta-diversity ordination file. For this purpose,
all feature counts below 10 and all sample counts below 500 were removed. Beta-diversity for
all time points was visualized within a compositional biplot, displaying the eight most important
features. From the ASVs shown as arrows in the DEICODE graphs, a more accurate taxonomic
affiliation was done with a pairwise alignment at the online database EzBioCloud (Yoon et al.,
2017). The distance matrices were also analyzed by the PERMANOVA test, using 999
permutations. Significance of differential abundance was determined using ALDEXx2
(Fernandes et al., 2013). Therefore, all feature frequency counts below 10 and all sample counts

below 2 were removed.
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Results
3.1. Bacterial alpha-diversity across the different experimental set-ups

The 20 dominating bacterial families for the three time points are shown in Figure 1 and 2.
Control soil showed clear differences of the 20 dominating bacterial families compared to the
ungrafted Mueller-Thurgau and Riesling (Figure 1A). In the rhizosphere of Riesling grapevine
grafted onto four different rootstocks (SO4, 125AA, Boerner, 8B) the dominating bacterial
families in the rhizosphere showed no clear differences of the 20 dominating families
comparing the four rootstocks (Figure 1B). For time point October 2020 (Figure 2), some
differences were found between Riesling and Mueller-Thurgau ungrafted compared to the

grafted varieties and the control of the 20 dominating bacterial families.

For ungrafted grape varieties Mueller-Thurgau and Riesling, significant effects of the grape
variety were found in alpha-diversity indices Shannon and observed features (Table 2). No
statistical differences were found regarding alpha-diversity Simpson index. However, while the
Shannon—-Wiener index is strongly influenced by species richness and by rare species, the
Simpson index gives more weight to evenness and common species. Nonetheless, shows
Shannon index both richness and abundance. For grape variety Riesling with four different
rootstocks, examined in October 2019, and for time point October 2020, no statistical
differences were found in the alpha-diversity (Shannon, Simpson, and observed features).

Table 2. Results of Kruskal-Wallis pairwise tests of alpha-diversity indices per ungrafted grape
variety or control, respectively for time point May 2019. Significant differences (corrected p-value
< 0.05) are indicated with *, no differences are indicated with ns = not significant. For time point
October 2019 and October 2020, no statistical differences were measured, thus they are not listed
in this table.

time point grape variety shannon simpson DIBEED
features
Mueller-Thurgau vs. Riesling 0.03 * 1.00 ns 0.03*
'2\8% Mueller-Thurgau vs. Control 0.25 ns 1.00 ns 0.56 ns
Riesling vs. Control 0.03 * 1.00 ns 0.03*
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3.2. Bacterial beta-diversity across the different experimental set-ups

Compositional beta-diversity metric was calculated using a robust Aitchison PCA via
DEICODE. Aitchison distance is a Euclidean distance between samples after center log ratio
(clr) transformation. For all experimental set-ups and time points significant differences in the
beta-diversity of the bacterial communities were detected (Figure 3). The determinant of the
bacterial communities in the rhizosphere is the grape variety and rootstock, or grape variety and
rootstock combination, respectively. PERMANOVA pairwise results reveal statistical
differences (Table 2) for time point May 2019 between Mueller-Thurgau and Riesling
(p = 0.03), Mueller-Thurgau and control (p = 0.03), and Riesling and control (p = 0.03). No
statistical significances for time point October 2019 were detected between the rootstocks (p >
0.05), so no arrows illustrating ASVs strongly influencing the principal component axis are
visible. Moreover, statistical differences were detected for time point October 2020 between
Mueller-Thurgau ungrafted vs. Mueller-Thurgau grafted onto different rootstocks, Mueller-
Thurgau ungrafted vs. Riesling ungrafted, Mueller-Thurgau ungrafted vs. Riesling grafted onto
different rootstocks, and Mueller-Thurgau ungrafted vs. the control (p < 0.05, Table 3).
Statistical differences were also detected between Mueller-Thurgau grafted vs. Riesling
ungrafted, Mueller-Thurgau grafted vs. the control, Riesling ungrafted vs. Riesling grafted onto
different rootstocks, Riesling ungrafted vs. the control, and Riesling grafted vs. the control
(p <0.5, Table 3). However, no statistical difference in the beta-diversity were detected

between Mueller-Thurgau grafted and Riesling grafted (p = 0.21, Table 3).

DEICODE allows the display of a biplot by showing not only the Aitchison distances but also
the taxa (in the form of an arrow) that most strongly influence principal component axes. The
eight most important taxa influencing the principal component axes shown in each figure are
members of the phyla Verrucomicrobia, Proteobacteria, Acidobacteria, and Chloroflexi.
According to the taxonomic classification, Verrucomicrobia, Proteobacteria, Acidobacteria
and Chloroflexi also form the main composition of the predominant phyla in the rhizosphere of
the different rootstock or shoot genotypes or combinations. A bacterium related to Nevshia
terrae influenced the rhizosphere microbiome of Mueller-Thurgau, whereas Nevshia soli and
Longimicrobium terrae influenced the rhizosphere microbiome of Riesling (Figure 3). A

sequence next relative to the bacterium Racemicystis persica (KX443485, 91.06 %) belonging
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to the Proteobacteria phylum and Polyangiaceae family is one of the eight most important
features in two of the three experimental set-ups (Figure 3).

Table 3. Bacterial beta-diversity results of PERMANOVA pairwise tests. Significant differences
(corrected p-value < 0.05) are indicated with *, pairs with no statistical differences are not shown

in this table. In October 2019, no significant differences were measured.

time point grape variety PERMANOVA
Mueller-Thurgau vs. Riesling 0.03*
May 2019 Mueller-Thurgau vs. Control 0.03 *
Riesling vs. Control 0.03*
Mueller-Thurgau ungrafted vs. Mueller-Thurgau grafted 0.001 *
Mueller-Thurgau ungrafted vs. Riesling ungrafted 0.002 *
Mueller-Thurgau ungrafted vs. Riesling grafted 0.001 *
Mueller-Thurgau ungrafted vs. Control 0.001 *
Mueller-Thurgau grafted vs. Riesling ungrafted 0.001 *
October 2020 Mueller-Thurgau grafted vs. Riesling grafted 0.21ns
Mueller-Thurgau grafted vs. Control 0.001 *
Riesling ungrafted vs. Riesling grafted 0.001 *
Riesling ungrafted vs. Control 0.001 *
Riesling grafted vs. Control 0.001 *
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Figure 1. Relative abundance of different bacterial families (in %) in the rhizosphere of grapevine. A) The 20 most dominating bacterial families

in the rhizosphere of ungrafted Riesling, ungrafted Mueller-Thurgau, and a control (time point May 2019). B) The 20 most dominating bacterial

families in the rhizosphere of Riesling grapevine grafted onto four different rootstocks (SO4, 125AA, Boerner, 8B, time point October 2019).
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Figure 3. PCoA biplots calculated based on robust Aitchison community dissimilarity distance
matrix with arrows that illustrate the ASVs that strongly influence the principal component axis.
Taxonomic affiliations of the arrows showed the next related sequences with accession numbers
found by pairwise alignment at EzBioCloud Database. Numbers in the brackets show the
percentage of identity of the ASVs sequence with the next related sequence. A) Beta-diversity of
bacterial rhizosphere communities for ungrafted Riesling and ungrafted Mueller-Thurgau grape
variety, and a control (time point May 2019). Statistical differences were detected between all
groups (PERMANOVA, p = 0.002). B) Beta-diversity of bacterial rhizosphere communities for
Riesling grape variety with four different rootstocks (time point October 2019). No statistical
differences were detected (PERMANOVA, p > 0.05). C) Beta-diversity of bacterial rhizosphere
communities for Riesling grape variety ungrafted and with four different rootstocks, Mueller-
Thurgau grape variety ungrafted and with three different rootstocks, and a control (October
2020). Statistical differences were detected (PERMANOVA, p = 0.001).

3.3 Changes on the rhizosphere microbial community

Compositional differential abundance analyses indicated that several bacterial genera in the
rhizosphere were affected. ALDEX2 demonstrated that for time point May 2019, in total 26
bacterial genera differed according to the grape variety. Bacterial genera with highest fold
changes belonged to Rhodospirillaceae, Opitutaceae, Burkholderiaceae, Polyangiaceae, and
“Solibacteraceae” (Tables 1 - 3, Supplementary Material). An uncultured bacterium relative to
the Candidatus Solibacter showed the highest fold changes (fold change 1640.65 Control vs.
Mueller-Thurgau and fold change 862.6 Control vs. Riesling). This bacterial genus is also
displayed in Figure 3A) as an ASV strongly influencing the principal component axis. For time
point October 2019, no genera differ according to the different rootstocks and Riesling grape
variety. For time point October 2020, ALDEx2 demonstrated in total 560 bacterial genera
differing according to the grape variety or rootstock or combinations, respectively. Highest log
fold changes showed Nevskiaceae (also displayed in Figure 3C), Acidobacteriaceae,
“Solibacteraceae”, Comamonadaceae, Caulobacteraceae (Phenylobacterium deserti, also
shown in Figure 3C), Opitutaceae, and Steroidobacteraceae. Statistical different genera were
detected for time point October 2020 between Mueller-Thurgau ungrafted vs. Mueller-Thurgau
grafted onto different rootstocks, Mueller-Thurgau ungrafted vs. Riesling ungrafted, Mueller-
Thurgau ungrafted vs. Riesling grafted onto different rootstocks, Mueller-Thurgau ungrafted
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vs. the control, Riesling ungrafted vs. Riesling grafted onto different rootstocks, and Riesling
grafted vs. the control (Tables 4 — 9, Supplementary Material). Between Riesling grafted vs.

Mueller-Thurgau grafted, no statistical differences regarding the bacterial genera were detected.

Discussion

The experimental design of this study aimed at minimizing the variability coming from all
factors except grape variety and rootstock genotype using grapevines in pots under the same
environmental conditions. The differences in the bacterial communities between the two grape
varieties Riesling and Mueller-Thurgau, ungrafted and grafted onto different rootstocks, were
investigated using compositional data analyses. The observed ASVs revealed that the rootstock
and scion rhizosphere, respectively, recruited complex bacterial communities mainly composed
of Proteobacteria, Verrucomicrobiota, Chloroflexi, Myxococcota, Acidobacteria, and
Gemmatimonadota. Also, a similar study by Dries, Bussotti et al. (2021) with ungrafted
grapevine rootstocks showed the phyla Proteobacteria, Acidobacteria, and Gemmatimonadota
as some of the predominant bacterial communities in the rhizosphere. Other studies have come
to comparable conclusions, independent of factors such as grape variety and rootstock (Berlanas
et al., 2019; Coller et al., 2019; Marasco et al., 2018; Novello et al., 2017; Torres et al., 2021,
Vink et al., 2021; Zarraonaindia et al., 2015).

The dominating families give a higher resolution on taxonomic level which is more suitable for
comparison than phyla level. During all experimental time points Opitutaceae, Reyranellaceae,
“Solibacteraceae”, and Solimonadaceae were found as dominating families among others
(Figure 1 and 2). This is also consistent with a study conducted by Marasco et al. (2018). They
revealed “Solibacteraceae” as one of the families shaping the topology of the bacterial network
in the grafted root system (Marasco et al., 2018). Comamonadaceae (Figure 1A and 2) were
also found in a study by D’ Amico et al (2018) in the rhizosphere of grapevine rootstocks 5SBB
and Paulsen 1103. As a wider variety of bacteria are found in soil, it can be assumed that soil
serves as a primary reservoir for potential plant-associated bacteria (Zarraonaindia et al., 2015).
However, soil as well as rhizosphere can also form a path of infection for soil-borne pathogens

(Berlanas et al., 2019). For grapevines, this includes pathogens such as Fusarium oxysporum
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(Freire Cruz & Carvalho Pires, 2014) or Sorosphaera viticola (Neuhauser S., Huber L.,
Kirchmair M., 2009).

The alpha-diversity indices in this study revealed higher observed features for ungrafted
Riesling grape variety in May 2019 (Table 2). This may indicate that ungrafted Riesling
grapevines were able to recruit a higher number of bacteria in their rhizosphere than Mueller-
Thurgau grapevines. The underlying reason for this varying colonization could originate from
the root exudates. Indeed, root exudates are strongly influenced by the cultivar and they are
considered among the most important factors in the recruitment of the microbiome
(Kusstatscher et al., 2021; Marasco et al., 2018; Wei et al., 2019). As a key role in the
rhizosphere ecosystem, it is essential to understand the root exudation patterns to unravel the
subsequent effects on the surrounding soil and microbial communities (Yee et al., 2021). These
results are also consistent with previous studies, concluding the grapevine variety as the major
factor shaping the vineyard microbiome (Berlanas et al., 2019), but rootstock genotype takes a
subordinate position (Vink et al., 2021). The alpha-diversity indices for Riesling and Mueller-
Thurgau grafted onto different grapevine rootstocks revealed no statistical differences (Table
2). However, three out of four rootstocks used for this experiment have emerged from the same
breedings: Vitis berlandieri Planch. x Vitis riparia Michx., which may be an explanation of the
statistical same bacterial communities in the rhizosphere. The fact, that most cultivated
grapevines are genetic chimeras with two different genotypes (Marin et al., 2021), complicates
the separation of the genotypes from each other regarding their related microbial communities.
Hence, all the studies indicate that certain taxa are always apparently present at all times in the

rhizosphere of the grapevine.

The beta-diversity revealed statistical differences in the three experimental set-ups. Pairwise
PERMANOVA results showed statistical differences between ungrafted Mueller-Thurgau and
ungrafted Riesling grape varieties, but no statistical differences between different rootstocks.
The results indicate, that the grape variety may be a driving factor of the bacterial communities
in the rhizosphere, but the grafted grapevine scion and rootstock combination are a less driving
factor. This is also in accordance to a former study, showing the ungrafted grapevine rootstocks
as a driver of the bacterial communities (Dries, Bussotti, et al., 2021). Thus, it might be
concluded that grafting grapevines onto rootstocks implies a change in bacterial communities.

Moreover, Vink et al. (2021) revealed in their study that the main determinant of the bacterial
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communities was scion variety for the alpha-diversity and a significant interaction between
scion and rootstocks regarding the beta-diversity. However, the authors did not refer to
ungrafted grape varieties. In another study conducted by Berlanas et al. (2019), they described
the rootstock genotype as the most important factor in shaping the microbiome. Wright et al.
(2022) revealed that the rootstock was a significant factor driving the root microbiome with
grape variety New York Muscat ungrafted and grafted onto two different rootstocks.

Comparing the ASVs strongly influencing the principal component axis from the PCoA biplot
(Figure 3) with the results of the compositional differential abundance analyses (ALDEX2,
Tables 1 — 3, Supplemental Material) for time point May 2019 revealed ASVs next relative to
Nevskia terrae, uncultured Candidatus Solibacter, and uncultured Deltaproteobacteria as those
taxa appearing in both analyses. Nevskia terrae was already described as a bacterium isolated
from soil in Korea (Kim et al., 2011), belonging to the Xanthomonadaceae. Some members of
this family are already described as plant-growth promoting (Cutifio-Jiménez et al., 2020).
Candidatus Solibacter was described previously as a bacteria inhabiting the rhizosphere of
walnut trees (Bai et al., 2020), and Deltaproteobacteria in rice (Zhang et al., 2018). For time
point October 2020, all eight displayed ASVs strongly influencing the principal component axis
from the DEICODE beta-diversity also appeared in the compositional abundance analyses
(ALDEXx2, Tables 4 — 9, Supplemental Material). The next relative Phenylobacterium deserti
was first isolated from desert soil (Khan et al., 2017), other Phenylobacterium were also isolated
from different soil samples (Khan et al., 2018; Li et al., 2019). The next relative of uncultured
“Acidibacter” belongs to Gammaproteobacteria, members of this class are known for plant
growth-promoting traits, inhabiting the rhizosphere (Madhaiyan et al., 2017), root nodules
(Ibafez et al., 2009) or plant tissue (Madhaiyan et al., 2020). However, further research on this
topic is needed to reveal all effects of rootstock and grapevine scion combinations on the
bacterial communities in the rhizosphere. In addition, the effects on the growth and health of
the vine must be revealed from a practical perspective. A thorough understanding of
microorganisms in vineyard soil, and the complex relationships between microbial
communities, soil properties and plant are crucial for enhancing plant productivity, grape
production, biogeochemical processes and vineyard management practices (Di Liu et al., 2019;
Dries, Hendgen, et al., 2021; Holland et al., 2014; Liang et al., 2019; Yee et al., 2021). Inferring,
the colonization of the microorganisms in the rhizosphere and the root exudation patterns of

grapevine must be investigated. Future research in this field is inevitably required to provide a
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better understanding of the rhizospheric grapevine microbiome in the context of root exudates,
grape variety, rootstock as well as different environmental conditions.

Conclusion

The results from these experimental designs reveal differences in the bacterial communities in
the rhizosphere of grafted or ungrafted grapevine varieties, respectively. The bacteria in the
rhizosphere of grapevine are affected by both grapevine variety and scion-rootstock
combination. While differences were observed between ungrafted vs. grafted grape varieties,
especially in terms of beta-diversity, no differences were observed between the different
rootstocks. Thus, the grapevine cultivar appears to have a predominant role compared with the
rootstock in shaping the rhizosphere microbiota. Future research is needed, to provide a better
understanding of the differing microorganisms in the grapevine rhizosphere regarding the
scion-rootstock combinations. Moreover, the effects on the grapevine growth and health, and
also on the wine quality, have to be revealed.

Acknowledgements

We thank Forschungsring des Deutschen Weinbaus (FDW) for funding this project. We
appreciate and acknowledge the members of the Department of Soil Science and Plant
Nutrition, Hochschule Geisenheim University, for their assistance in sample taking. We are
very grateful to Bellinda Schneider, Justus-Liebig University Giel3en, for technical support with
lon Torrent Sequencing. We thank the Department of Crop Protection, Hochschule Geisenheim
University, for the opportunity to use the molecular biology laboratory and for their helpful

advice. We further thank Maximilian Hendgen for carefully proofreading the manuscript.

78



References

Alegria Terrazas, R., Giles, C., Paterson, E., Robertson-Albertyn, S., Cesco, S., Mimmo, T.,
Pii, Y., & Bulgarelli, D [D.] (2016). Plant-Microbiota Interactions as a Driver of the Mineral
Turnover in the Rhizosphere. Advances in Applied Microbiology, 95(95), 1-67.
https://doi.org/10.1016/bs.aambs.2016.03.001

Anderson, M. J. (2017). Permutational Multivariate Analysis of Variance (PERMANOVA).
Wiley Statistics Reference Online, 1-15. https://doi.org/10.1002/9781118445112.stat07841

Bai, Y.-C., Chang, Y.-Y., Hussain, M., Lu, B., Zhang, J.-P., Song, X.-B., Lei, X.-S., & Pei, D.
(2020). Soil Chemical and Microbiological Properties Are Changed by Long-Term
Chemical Fertilizers That Limit Ecosystem Functioning. Microorganisms, 8(5).
https://doi.org/10.3390/microorganisms8050694

Berlanas, C., Berbegal, M., Elena, G., Laidani, M., Cibriain, J. F., Sagles, A., & Gramaje, D
[David] (2019). The Fungal and Bacterial Rhizosphere Microbiome Associated With
Grapevine Rootstock Genotypes in Mature and Young Vineyards. Frontiers in
Microbiology, 10, 1142, https://doi.org/10.3389/fmicb.2019.01142

Berry, D., Ben Mahfoudh, K., Wagner, M., & Loy, A. (2011). Barcoded primers used in
multiplex amplicon pyrosequencing bias amplification. Applied and Environmental
Microbiology, 77(21), 7846—-7849. https://doi.org/10.1128/AEM.05220-11

Bokulich, N. A., Thorngate, J. H., Richardson, P. M., & Mills, D. A. (2014). Microbial
biogeography of wine grapes is conditioned by cultivar, vintage, and climate. Proceedings
of the National Academy of Sciences of the United States of America, 111(1), E139-48.
https://doi.org/10.1073/pnas.1317377110

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A,,
Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., Bittinger, K.,
Brejnrod, A., Brislawn, C. J., Brown, C. T., Callahan, B. J., Caraballo-Rodriguez, A. M.,
Chase, J., . . . Caporaso, J. G. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nature Biotechnology, 37(8), 852-857.
https://doi.org/10.1038/s41587-019-0209-9

Bulgarelli, D [Davide], Schlaeppi, K., Spaepen, S., van Loren Themaat, E. ver, & Schulze-
Lefert, P. (2013). Structure and functions of the bacterial microbiota of plants. Annual
Review of Plant Biology, 64, 807-838. https://doi.org/10.1146/annurev-arplant-050312-

120106
79



Burns, K. N., Bokulich, N. A., Cantu, D., Greenhut, R. F., Kluepfel, D. A., O’Geen, A. T.,
Strauss, S. L., & Steenwerth, K. L. (2016). Vineyard soil bacterial diversity and composition
revealed by 16S rRNA genes: Differentiation by vineyard management. Soil Biology and
Biochemistry, 103, 337-348. https://doi.org/10.1016/j.s0ilbio.2016.09.007

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, S. P.
(2016). Dada2: High-resolution sample inference from Illumina amplicon data. Nature
Methods, 13(7), 581-583. https://doi.org/10.1038/nmeth.3869

Carvalhais, L. C., Dennis, P. G., Tyson, G. W., & Schenk, P. M. (2012). Application of
metatranscriptomics to soil environments. Journal of Microbiological Methods, 91(2), 246—
251. https://doi.org/10.1016/j.mimet.2012.08.011

Claesson, M. J., O’Sullivan, O., Wang, Q., Nikkild, J., Marchesi, J. R., Smidt, H., Vos, W. M.
de, Ross, R. P., & O’Toole, P. W. (2009). Comparative analysis of pyrosequencing and a
phylogenetic microarray for exploring microbial community structures in the human distal
intestine. PLoS ONE, 4(8), €6669. https://doi.org/10.1371/journal.pone.0006669

Coller, E., Cestaro, A., Zanzotti, R., Bertoldi, D., Pindo, M., Larger, S., Albanese, D.,
Mescalchin, E., & Donati, C. (2019). Microbiome of vineyard soils is shaped by geography
and management. Microbiome, 7(1), 140. https://doi.org/10.1186/s40168-019-0758-7

Contreras, F., Diaz, J., Rombola, A. D., & La Luz Mora, M. de (2019). Prospecting
intercropping between subterranean clover and grapevine as potential strategy for
improving grapevine performance. Current Plant Biology, 19, 100110.
https://doi.org/10.1016/j.cpb.2019.100110

Cordero, J., Freitas, J. R. de, & Germida, J. J. (2020). Bacterial microbiome associated with the
rhizosphere and root interior of crops in Saskatchewan, Canada. Canadian Journal of
Microbiology, 66(1), 71-85. https://doi.org/10.1139/cjm-2019-0330

Cutifio-Jiménez, A. M., Menck, C. F. M., Cambas, Y. T., & Diaz-Pérez, J. C. (2020). Protein
signatures to identify the different genera within the Xanthomonadaceae family. Brazilian
Journal of Microbiology: [Publication of the Brazilian Society for Microbiology], 51(4),
1515-1526. https://doi.org/10.1007/s42770-020-00304-2

D’Amico, F., Candela, M., Turroni, S., Biagi, E., Brigidi, P., Bega, A., Vancini, D., & Rampelli,
S. (2018). The Rootstock Regulates Microbiome Diversity in Root and Rhizosphere
Compartments of Vitis vinifera Cultivar Lambrusco. Frontiers in Microbiology, 9, 2240.
https://doi.org/10.3389/fmicb.2018.02240

80



Di Liu, Zhang, P [Pangzhen], Chen, D., & Howell, K. (2019). From the Vineyard to the Winery:
How Microbial Ecology Drives Regional Distinctiveness of Wine. Frontiers in
Microbiology, 10, 2679. https://doi.org/10.3389/fmicb.2019.02679

Dries, L., Bussotti, S., Pozzi, C., Kunz, R., Schnell, S., Léhnertz, O., & Vortkamp, A. (2021).
Rootstocks Shape Their Microbiome-Bacterial Communities in the Rhizosphere of
Different Grapevine Rootstocks. Microorganisms, 9(4).
https://doi.org/10.3390/microorganisms9040822

Dries, L., Hendgen, M., Schnell, S., Loéhnertz, O., & Vortkamp, A. (2021). Rhizosphere
engineering: leading towards a sustainable viticulture? OENO One, 55(2), 353-363.
https://doi.org/10.20870/0eno-one.2021.55.2.4534

Engelbrektson, A., Kunin, V., Wrighton, K. C., Zvenigorodsky, N., Chen, F., Ochman, H., &
Hugenholtz, P. (2010). Experimental factors affecting PCR-based estimates of microbial
species  richness and evenness. The ISME Journal, 4(5), 642-647.
https://doi.org/10.1038/ismej.2009.153

Etesami, H., & Alikhani, H. A. (2016). Rhizosphere and endorhiza of oilseed rape (Brassica
napus L.) plant harbor bacteria with multifaceted beneficial effects. Biological Control, 94,
11-24. https://doi.org/10.1016/j.biocontrol.2015.12.003

Fernandes, A. D., Macklaim, J. M., Linn, T. G., Reid, G., & Gloor, G. B. (2013). Anova-like
differential expression (ALDEX) analysis for mixed population RNA-Seq. PLoS ONE, 8(7),
e67019. https://doi.org/10.1371/journal.pone.0067019

Fernandes, A. D., Reid, J. N., Macklaim, J. M., McMurrough, T. A., Edgell, D. R., & Gloor, G.
B. (2014). Unifying the analysis of high-throughput sequencing datasets: Characterizing
RNA-seq, 16S rRNA gene sequencing and selective growth experiments by compositional
data analysis. Microbiome, 2, 15. https://doi.org/10.1186/2049-2618-2-15

Freire Cruz, A., & Carvalho Pires, M. de (2014). Soil-Borne Plant Pathogens Associated to
Decline of Grapevine Grown in Greenhouse. Journal of Plant Physiology & Pathology,
02(01). https://doi.org/10.4172/2329-955X.1000115

Garoutte, A., Cardenas, E., Tiedje, J., & Howe, A. (2016). Methodologies for probing the
metatranscriptome of grassland soil. Journal of Microbiological Methods, 131, 122-129.
https://doi.org/10.1016/j.mimet.2016.10.018

Gattullo, C. E., Mezzapesa, G. N., Stellacci, A. M., Ferrara, G., Occhiogrosso, G., Petrelli, G.,
Castellini, M., & Spagnuolo, M. (2020). Cover Crop for a Sustainable Viticulture: Effects

81



on Soil Properties and Table Grape Production. Agronomy, 10(9), 1334.
https://doi.org/10.3390/agronomy10091334

Gautier, A. T., Chambaud, C., Brocard, L., Ollat, N., Gambetta, G. A., Delrot, S., & Cookson,
S. J. (2019). Merging genotypes: Graft union formation and scion-rootstock interactions.
Journal of Experimental Botany, 70(3), 747—755. https://doi.org/10.1093/jxb/ery42?2

Hendgen, M., Hoppe, B., Doring, J., Friedel, M., Kauer, R., Frisch, M., Dahl, A., & Kellner, H.
(2018). Effects of different management regimes on microbial biodiversity in vineyard soils.
Scientific Reports, 8(1), 9393. https://doi.org/10.1038/s41598-018-27743-0

Holland, T. C., Bowen, P., Bogdanoff, C., & Hart, M. M. (2014). How distinct are arbuscular
mycorrhizal fungal communities associating with grapevines? Biology and Fertility of
Soils, 50(4), 667-674. https://doi.org/10.1007/s00374-013-0887-2

Ibafiez, F., Angelini, J., Taurian, T., Tonelli, M. L., & Fabra, A. (2009). Endophytic occupation
of peanut root nodules by opportunistic Gammaproteobacteria. Systematic and Applied
Microbiology, 32(1), 49-55. https://doi.org/10.1016/j.syapm.2008.10.001

Kaplan, H., Ratering, S., Felix-Henningsen, P., & Schnell, S. (2019). Stability of in situ
immobilization of trace metals with different amendments revealed by microbial 13C-
labelled wheat root decomposition and efflux-mediated metal resistance of soil bacteria.
The Science of the Total Environment, 659, 1082-1089.
https://doi.org/10.1016/j.scitotenv.2018.12.441

Katoh, K., & Standley, D. M. (2013). Mafft multiple sequence alignment software version 7:
Improvements in performance and usability. Molecular Biology and Evolution, 30(4), 772—
780. https://doi.org/10.1093/molbev/mst010

Khan, I. U., Habib, N., Xiao, M., Huang, X., Khan, N. U, Im, W.-T., Ahmed, L., Zhi, X.-Y., &
Li, W.-J. (2018). Phenylobacterium terrae sp. Nov., isolated from a soil sample of Khyber-
Pakhtun-Khwa, Pakistan. Antonie Van Leeuwenhoek, 111(10), 1767-1775.
https://doi.org/10.1007/s10482-018-1064-2

Khan, I. U., Hussain, F., Habib, N., Wadaan, M. A. M., Ahmed, 1., Im, W.-T., Hozzein, W. N.,
Zhi, X.-Y., & Li, W.-]. (2017). Phenylobacterium deserti sp. Nov., isolated from desert soil.
International Journal of Systematic and Evolutionary Microbiology, 67(11), 4722-4727.
https://doi.org/10.1099/ijsem.0.002366

82



Kim, S.-J., Weon, H.-Y., Kim, Y.-S., Park, 1.-C., Son, J.-A., & Kwon, S.-W. (2011). Nevskia
terrae sp. Nov., isolated from soil. International Journal of Systematic and Evolutionary
Microbiology, 61(Pt 5), 1226-1229. https://doi.org/10.1099/ijs.0.021238-0

Kusstatscher, P., Adam, E., Wicaksono, W. A., Bernhart, M., Olimi, E., Muller, H., & Berg, G.
(2021). Microbiome-Assisted Breeding to Understand Cultivar-Dependent Assembly in
Cucurbita pepo. Frontiers in Plant Science, 12, 642027.
https://doi.org/10.3389/fpls.2021.642027

Li, X, Yu, Y., Choi, L., Song, Y., Wu, M., Wang, G., & Li, M. (2019). Phenylobacterium soli
sp. Nov., isolated from arsenic and cadmium contaminated farmland soil. International
Journal of Systematic and Evolutionary Microbiology, 69(5), 1398-1403.
https://doi.org/10.1099/ijsem.0.003325

Liang, H., Wang, X., Yan, J., & Luo, L. (2019). Characterizing the Intra-Vineyard Variation of
Soil Bacterial and Fungal Communities. Frontiers in Microbiology, 10, 1239.
https://doi.org/10.3389/fmich.2019.01239

Madhaiyan, M., Poonguzhali, S., Saravanan, V. S., Selvapravin, K., Duraipandiyan, V., & Al-
Dhabi, N. A. (2017). Pseudomonas sesami sp. Nov., a plant growth-promoting
Gammaproteobacteria isolated from the rhizosphere of Sesamum indicum L. Antonie Van
Leeuwenhoek, 110(7), 843-852. https://doi.org/10.1007/s10482-017-0859-x

Madhaiyan, M., Saravanan, V. S., Blom, J., Smits, T. H. M., Rezzonico, F., Kim, S.-J., Weon,
H.-Y.,Kwon, S.-W., Whitman, W. B., & Ji, L. (2020). Phytobacter palmae sp. Nov., a novel
endophytic, N2 fixing, plant growth promoting Gammaproteobacterium isolated from oil
palm (Elaeis guineensis Jacq.). International Journal of Systematic and Evolutionary
Microbiology, 70(2), 841-848. https://doi.org/10.1099/ijsem.0.003834

Marasco, R., Rolli, E., Fusi, M., Michoud, G., & Daffonchio, D. (2018). Grapevine rootstocks
shape underground bacterial microbiome and networking but not potential functionality.
Microbiome, 6(1), 3. https://doi.org/10.1186/s40168-017-0391-2

Marin, D., Armengol, J., Carbonell-Bejerano, P., Escalona, J. M., Gramaje, D [D.], Hernandez-
Montes, E., Intrigliolo, D. S., Martinez-Zapater, J. M., Medrano, H., Miras-Avalos, J. M.,
Palomares-Rius, J. E., Romero-Azorin, P., Savé, R., Santesteban, L. G., & Herralde, F. de
(2021). Challenges of viticulture adaptation to global change: tackling the issue from the
roots. Australian Journal of Grape and Wine Research, 27(1), 8-25.
https://doi.org/10.1111/ajgw.12463

83



Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnet.Journal, 17(1), 10. https://doi.org/10.14806/ej.17.1.200

Martino, C., Morton, J. T [James T.], Marotz, C. A., Thompson, L. R., Tripathi, A., Knight, R.,
& Zengler, K. (2019). A Novel Sparse Compositional Technique Reveals Microbial
Perturbations. MSystems, 4(1). https://doi.org/10.1128/mSystems.00016-19

McLaren, M. R., Willis, A. D., & Callahan, B. J. (2019). Consistent and correctable bias in
metagenomic  sequencing experiments. ELife. Advance online publication.
https://doi.org/10.7554/eLife.46923.001

Neuhauser S., Huber L., Kirchmair M. (2009). Sorosphaera viticola, a plasmodiophorid
parasite of grapevine. Phytopathol Mediterr.(48(1)), 136—1309.

Novello, G., Gamalero, E., Bona, E., Boatti, L., Mignone, F., Massa, N., Cesaro, P., Lingua,
G., & Berta, G. (2017). The Rhizosphere Bacterial Microbiota of Vitis vinifera cv. Pinot
Noir in an Integrated Pest Management Vineyard. Frontiers in Microbiology, 8, 1528.
https://doi.org/10.3389/fmicb.2017.01528

Peiffer, J. A., Spor, A., Koren, O., Jin, Z., Tringe, S. G., Dangl, J. L., Buckler, E. S., & Ley, R.
E. (2013). Diversity and heritability of the maize rhizosphere microbiome under field
conditions. Proceedings of the National Academy of Sciences of the United States of
America, 110(16), 6548-6553. https://doi.org/10.1073/pnas.1302837110

Price, M. N., Dehal, P. S., & Arkin, A. P. (2010). FastTree 2 - Approximately Maximum-
Likelihood  Trees for  Large  Alignments. PLoS  ONE(5(3)), 1-10.
https://doi.org/10.1371/journal.pone.0009490.t001

Quinn, T. P., Erb, 1., Gloor, G., Notredame, C., Richardson, M. F., & Crowley, T. M. (2019).
A field guide for the compositional analysis of any-omics data. GigaScience, 8(9).
https://doi.org/10.1093/gigascience/giz107

Rosado-Porto, D., Ratering, S., Cardinale, M., Maisinger, C., Moser, G., Deppe, M., Miller,
C., & Schnell, S. (2021). Elevated Atmospheric CO, Modifies Mostly the Metabolic Active
Rhizosphere Soil Microbiome in the Giessen FACE Experiment. Microbial Ecology.
Advance online publication. https://doi.org/10.1007/s00248-021-01791-y

Singh, P., Gobbi, A., Santoni, S., Hansen, L. H., This, P., & Péros, J.-P. (2018). Assessing the
impact of plant genetic diversity in shaping the microbial community structure of Vitis
vinifera phyllosphere in the Mediterranean. Frontiers in Life Science, 11(1), 35-46.
https://doi.org/10.1080/21553769.2018.1552628

84



Timmusk, S., Abd El-Daim, 1. A., Copolovici, L., Tanilas, T., Kénnaste, A., Behers, L., Nevo,
E., Seisenbaeva, G., Stenstrom, E., & Niinemets, U. (2014). Drought-tolerance of wheat
improved by rhizosphere bacteria from harsh environments: Enhanced biomass production
and reduced emissions of stress volatiles. PLoS ONE, 9(5), €96086.
https://doi.org/10.1371/journal.pone.0096086

Torres, N., Yu, R., & Kurtural, S. K. (2021). Inoculation with Mycorrhizal Fungi and Irrigation
Management Shape the Bacterial and Fungal Communities and Networks in Vineyard Soils.
Microorganisms, 9(6). https://doi.org/10.3390/ microorganisms9061273

Turner, T. R., Ramakrishnan, K., Walshaw, J., Heavens, D., Alston, M., Swarbreck, D.,
Osbourn, A., Grant, A., & Poole, P. S. (2013). Comparative metatranscriptomics reveals
kingdom level changes in the rhizosphere microbiome of plants. The ISME Journal, 7(12),
2248-2258. https://doi.org/10.1038/ismej.2013.119

Vega-Avila, A. D., Gumiere, T., Andrade, P. A. M., Lima-Perim, J. E., Durrer, A., Baigori, M.,
Vazquez, F., & Andreote, F. D. (2015). Bacterial communities in the rhizosphere of Vitis
vinifera L. Cultivated under distinct agricultural practices in Argentina. Antonie Van
Leeuwenhoek, 107(2), 575-588. https://doi.org/10.1007/s10482-014-0353-7

Vieira, S., Sikorski, J., Dietz, S., Herz, K., Schrumpf, M., Bruelheide, H., Scheel, D., Friedrich,
M. W., & Overmann, J. (2020). Drivers of the composition of active rhizosphere bacterial
communities in temperate grasslands. The ISME Journal, 14(2), 463-475.
https://doi.org/10.1038/s41396-019-0543-4

Vink, S. N., Dini-Andreote, F., Hofle, R., Kicherer, A., & Salles, J. F. (2021). Interactive Effects
of Scion and Rootstock Genotypes on the Root Microbiome of Grapevines (Vitis spp. L.).
Applied Sciences, 11(4), 1615. https://doi.org/10.3390/app11041615

Wei, F., Zhao, L., Xu, X., Feng, H., Shi, Y., Deakin, G., Feng, Z., & Zhu, H. (2019). Cultivar-
Dependent Variation of the Cotton Rhizosphere and Endosphere Microbiome Under Field
Conditions. Frontiers in Plant Science, 10, 1659. https://doi.org/10.3389/fpls.2019.01659

Yee, M. O., Kim, P., Li, Y., Singh, A. K., Northen, T. R., & Chakraborty, R. (2021). Specialized
Plant Growth Chamber Designs to Study Complex Rhizosphere Interactions. Frontiers in
Microbiology, 12, 625752. https://doi.org/10.3389/fmicb.2021.625752

Yoon, S.-H., Ha, S.-M., Kwon, S., Lim, J., Kim, Y., Seo, H., & Chun, J. (2017). Introducing
EzBioCloud: A taxonomically united database of 16S rRNA gene sequences and whole-

85



genome assemblies. International Journal of Systematic and Evolutionary Microbiology,
67(5), 1613-1617. https://doi.org/10.1099/ijsem.0.001755

Zarraonaindia, 1., Owens, S. M., Weisenhorn, P., West, K., Hampton-Marcell, J., Lax, S.,
Bokulich, N. A., Mills, D. A., Martin, G., Taghavi, S., van der Lelie, D., & Gilbert, J. A.
(2015). The soil microbiome influences grapevine-associated microbiota. MBio, 6(2).
https://doi.org/10.1128/mBi0.02527-14

Zhang, J., Zhang, N., Liu, Y.-X., Zhang, X., Hu, B., Qin, Y., Xu, H., Wang, H., Guo, X., Qian,
J., Wang, W., Zhang, P [Pengfan], Jin, T., Chu, C., & Bai, Y. (2018). Root microbiota shift
in rice correlates with resident time in the field and developmental stage. Science China.
Life Sciences, 61(6), 613—621. https://doi.org/10.1007/s11427-018-9284-4

86



Chapter 4 - The metabolic active bacterial communities in the
rhizosphere of grapevine (Vitis vinifera L. cv. Pinot Noir) are
affected by different nitrogen fertilization levels and sampling
depths

87



The metabolic active bacterial communities in the rhizosphere of grapevine
(Vitis vinifera L. cv. Pinot Noir) change with different nitrogen fertilization

levels and sampling depths

Abstract

The nitrogen cycle, which is regulated by soil microorganisms, as well as the related issue of
nitrate leaching is furthermore of great importance, particularly in viticulture. In vineyards,
many management practices impact soil characteristics like root growth or microbial
communities, respectively. In order to investigate the impact of different levels of nitrogen (N)
fertilization on the rhizosphere microbiome an experimental vineyard with vines (Vitis vinifera
L. cv. Pinot Noir) in large containers was examined in 2020 and 2021 at bud break. The vines
were fertilized with two different levels of nitrogen added per year (NO 25 kg/ha and N1 75
kg/ha) individually. In order to examine the respective bacterial communities, rhizosphere
material was sampled and a subsequent RNA-extraction followed by next generation
sequencing was performed. The study revealed significant differences in the bacterial
communities in the rhizosphere regarding fertilization levels and sampling depths. The results
may help to decrease nitrogen fertilization in viticulture, leading to a more sustainable

management of grapevines.

1. Introduction

Vineyard soils are often considered as the main driver for nitrate contamination of groundwater,
and therefore, one of the main issues regarding vineyard soil health is the problem of nitrate
leaching. This is due to the special type of viticultural management: a high nitrogen pollution
potential result, for instance, from the short vegetation period of about 150-180 days (May to
October), a late start to vegetation (late April/early May), the low nutrient efficiency of
grapevines, drought stress problems, or high mineralization rates in case of repeated tillage
(Nendel and Kersebaum, 2004). Viticulture is facing many challenges such as climate change
and the necessary reduction of pesticide and fertilizer inputs. Given that the productive life of

a commercial vineyard may reach more than 40 years, considering the long-term impacts of
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viticultural practices is very important (Longbottom and Petrie, 2015). Furthermore, this also
offers the opportunity to improve the environmental footprint of vineyard operations
(Longbottom and Petrie, 2015). Since this perennial crop has strong, decade-long tie to its site,
there is ample potential to address current and future challenges by manipulating its rhizobiome
to maximize the provision of soil ecosystem services. Unravelling the grapevine rhizobiome
under different conditions such as different fertilization levels, will be key for sustainable
viticulture. However, there is still a considerable gap of knowledge about the underlying
mechanisms because the sampling of grapevine rhizosphere in the field is challenging.
However, in regarding to soil health and the agricultural services, it is not only important to
consider the physical and chemical properties of the soil, but also the soil microbiome, more
specifically, the microbiome in the rhizosphere. The rhizosphere microbiome is often referred
to as a positive interaction between plants and microorganisms (Ryan et al., 2009; Taye et al.,
2019) and is involved in important processes such as growth modulation, defense responses,
and nutrient uptake (Berendsen et al., 2012; Schlaeppi and Bulgarelli, 2015; Durén et al., 2018;
Hu et al., 2018; Li et al., 2020). Moreover, the mineralization of nitrogen and the nitrogen cycle
is regulated completely and across all stages by soil microorganisms (as reviewed by Jetten,
2008).

Microbial communities associated with grapevines and wine, respectively, have already been
extensively studied (Holland et al., 2014; Burns et al., 2016; Hendgen et al., 2018; Contreras et
al., 2019; Gattullo et al., 2020). In vineyard soil, the microbial communities have been described
for example as a function of spatial distribution or management practices (Bokulich et al., 2014;
Holland et al., 2014; Vega-Avila et al., 2015; Hendgen et al., 2018). Nonetheless, the bulk of
these studies were based on soil samples taken only near the grapevines, not on veritable
rhizosphere samples. The rhizosphere, however, is the location where crucial processes for the
productivity of the agricultural systems take place mediated by microorganisms. Therefore, the
processes and microorganisms in the rhizosphere need to be considered in order to study the
direct interaction between the grapevine root and the surrounding soil. Therefore, with the aim
to investigate all these factors independently, a study was carried out under controlled
conditions to reduce the variability resulting from all factors except the fertilization levels with
grapevines in large containers under field condition. In two sampling years (2020 and 2021),
the rhizobiome of two differently fertilized grapevines were compared. In order to get a better

insight into the active microbiome of the rhizosphere of the grapevines, a metabarcode analysis
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was performed on the extracted RNA (Carvalhais et al., 2012; Turner et al., 2013; Garoutte et
al., 2016) that indicates microbial activity (Singh et al., 2018). Additionally, to the best of our
knowledge, no compositional data analyses of 16S rRNA data of the grapevine rhizosphere
microbiome with different fertilization levels under controlled conditions has been carried out
before. Data derived from high-throughput sequencing of biological samples must be
considered as compositions rather than counts, as ratio-based analyses can lead to qualitatively
incorrect conclusions (Fernandes et al., 2014; McLaren et al., 2019; Quinn et al., 2019). Due to
the controlled experimental conditions, the effect of the fertilization level on the

metatranscriptome of the bacterial communities in the rhizosphere could be investigated.

2. Material and Methods
2.1 Grapevines

The experiments were located at Hochschule Geisenheim, University, Germany. The
grapevines (Vitis vinifera L. cv. Pinot Noir, rootstock SO4 KI.31 Op) were planted into large
containers (240 1) in 2010. Due to the closed system of the large containers, it was possible to
irrigate and fertilize each grapevine individually under field conditions. In this experimental
design, a high-fertilized variant N 1 (75 kg of nitrogen added per ha per year) was compared
with a low-fertilized variant N 0 (25 kg of nitrogen added per ha per year).

2.2 Rhizosphere and soil sampling

Rhizosphere and soil sampling were performed in April/May (bud break) in 2020 and 2021.
For each time point, two containers of N 1 and two containers of N O were taken out of the
ground. The large containers were divided into three sections: 0 — 30 cm, 30 — 60 cm and 60 —
90 cm. 64 samples for microbiome studies and 16 samples for soil analyses were taken. Only
soil attaching to the roots was considered as rhizosphere soil for sampling and microbiome
analyses. Samples for microbiome analyses were stored at -80 °C, and samples for soil analyses

were stored at 4 °C.
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2.3 Soil analyses

All soil analyses were performed at the Department of Soil Science and Plant Nutrition,
Hochschule Geisenheim University according to the VDLUFA database of methods (Bassler,
2011). For a detailed description of the conducted analyses, see Hendgen et al. (2018). The
results are displayed as mean values in tables 1 and 2.

2.4 RNA extraction, Reverse-Transcriptase-PCR, and lon Torrent Sequencing

RNA extraction from the rhizosphere soil and cDNA amplification were done according to
Rosado-Porto et al. (2021). First lon Torrent PCR was performed with a KAPA HiFi
Polymerase kit (VWR International GmbH, Darmstadt, Germany) amplifying the partial
sequence of the hypervariable regions (V4 and V5) of the 16S rRNA gene with the primer 520F
(5’-AYTGGGYDTAAAGNG-3’, (Claesson et al, 2009)) and 926R (5'-
CCGYCAATTYMTTTRAGTTT-3", (Engelbrektson et al., 2010)). Amplification parameters
were 3 min at 95 °C followed by 35 cycles at 98 °C for 20 s, 55 °C for 30 s, 72 °C for 30 s and
finally 72 °C for 5 min. Second lon Torrent PCR with primers including barcodes and lon
Torrent sequencing adapters was conducted with the PCR product from the first lon Torrent
PCR as suggested by Berry et al. (2011). The PCR was performed with the following
amplification parameters: 3 min at 95 °C followed by 10 cycles at 98 °C for 20 s, 55 °C for 30
s, 72 °C for 30 s and finally 72 °C for 7 min. The PCR products were applied to an 1 % agarose
gel and subsequently purified using NucleoSpin® Gel and PCR Clean-up (MACHEREY-
NAGEL GmbH & Co. KG, Diren, Germany). Further, this product was purified with DNA
purification beads NucleoMagVR NGS clean-up kit (MACHEREY-NAGEL GmbH & Co. KG,

Duren, Germany). The lon Torrent Sequencing was done according to Kaplan et al. (2019).

2.5 Bioinformatic analysis of the sequencing data

Bioinformatic analysis was performed with QIIME 2 2020.11 (Bolyen et al., 2019). The
obtained raw sequences were demultiplexed using cutadapt (Martin, 2011) with no errors
allowed in the barcode sequences. Quality control, sequence denoising, clustering to amplicon

sequence variants (ASVs), dereplication and removal of chimera sequences were conducted
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with DADAZ2 (Callahan et al., 2016) (via g2-dada2). Thereby the first 15 base pairs (bp) were
removed and the sequences were cut to a length of 312 bp (May 2019), 317 bp (October 2019),
and 312 bp (October 2020), respectively. Afterwards, the taxonomy was assigned as described
previously by Dries et al. (2021a) and all ASVs belonging to chloroplasts and mitochondria
were removed. All ASVs were aligned with MAFFT (Katoh and Standley, 2013) (via qg2-
alignment) and used for constructing a phylogeny with fasttree2 (Price et al., 2010) (via g2-
phylogeny). The feature table was filtered for the 20 dominant bacterial families and
taxabarplots were created with GraphPad Prism version 9.3.1 for Windows (GraphPad
Software, San Diego, California USA, www.graphpad.com). Alpha-diversity metrics
(Shannon, Simpson, and observed features) and significances were calculated with Kruskal-
Wallis or PERMANOVA (Anderson, 2017), respectively. Beta-diversity was measured using
DEICODE (Martino et al., 2019) with a filtered beta-diversity ordination file. For this purpose,
all feature counts below 10 and all sample counts below 500 were removed. Beta-diversity for
all time points was visualized within a compositional biplot, displaying the eight most important
features. From the ASVs shown as arrows in the DEICODE graphs, a more accurate taxonomic
affiliation was done with a pairwise alignment at the online database EzBioCloud (Yoon et al.,
2017). The distance matrices were also analyzed by the PERMANOVA test, using 999
permutations. Significance of differential abundance was determined using ALDEX2
(Fernandes et al., 2013). Therefore, all feature frequency counts below 10 and all sample counts

below 2 were removed.

3. Results
Soil parameters

The main chemical characteristics of the sampled soils were measured. The pH levels (Table
1) ranged between 7.2 and 7.7.
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Table 1. Main chemical characteristics of the soil of the large containers in 2020 and 2021.

Phosphorus (P20s), potassium (K) and magnesium (Mg) values are expressed in mg kg 2.

year fertilization sample type depth Mg P20s K pH-value

2020 N 0 bulk soil - 18 44 9.85 7.5
N O rhizosphere  0-30cm 15.5 46 10.5 7.5
NO rhizosphere 30 - 60 cm 14 39 11 7.65
NO rhizosphere 60 - 90 cm 14.5 42 14 7.65
NO interrow 0-30cm 9 16 25 7.25
NO interrow 30-60cm 11 14.5 16.5 7.45
N O interrow 60 - 90 cm 10.5 6 11.5 7.35
N1 bulk soil - 15 26 7.15 7.55
N1 rhizosphere  0-30cm 16 30 7.45 7.5
N1 rhizosphere 30 - 60 cm 15 24 7.35 7.55
N1 rhizosphere 60 - 90 cm 13.5 41.5 10.2 7.5
N1 interrow 0-30cm 9 15 25 7.2
N1 interrow 30-60cm 11 17 16.5 7.35
N1 interrow 60 - 90 cm 12.5 12.5 15.5 7.4

2021 N O bulk soil - 11.5 435 11 7.65
NO rhizosphere  0-30cm 10.5 38.5 7.5 7.7
NO rhizosphere 30 - 60 cm 9 42 10 7.7
NO rhizosphere 60 - 90 cm 11 49 14.5 7.7
NO interrow 0-30cm 7 45 24.5 7.4
N O interrow 30-60cm 75 43.5 17.5 7.55
NO interrow 60 -90 cm 9 24 12.5 7.55
N1 bulk soil - 14 34 7 7.6
N1 rhizosphere  0-30cm 135 25 6 7.5
N1 rhizosphere 30 - 60 cm 13 42 7.5 7.65
N1 rhizosphere 60 - 90 cm 135 29 6 7.45
N1 interrow 0-30cm 7.5 445 23.5 7.3
N1 interrow 30-60cm 9 49.5 16.5 7.3
N1 interrow 60 -90 cm 9.5 40.5 11 7.4

Moreover, the Nitrogen amount (NO3-N) were measured. There was no NH4-N detected in the

soil samples, therefore, these values are not displayed in Table 2.
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Table 2. Nitrogen amount (NOz-N) of the large containers in 2020 and 2021.

year fertilization sample type depth NOs-N [kg/ha]

2020 NO bulk soil - 4.0
NO rhizosphere  0-30cm 4.0
NO rhizosphere 30 - 60 cm 5.1
NO rhizosphere 60 - 90 cm 3.4
N O interrow 0-30cm 3.5
NO interrow 30-60cm 4.3
N 0 interrow 60 - 90 cm 2.9
N1 bulk soil - 4.3
N1 rhizosphere  0-30cm 2.4
N1 rhizosphere 30 - 60 cm 2.3
N1 rhizosphere 60 - 90 cm 1.6
N1 interrow 0-30cm 1.9
N1 interrow 30-60cm 1.7
N 1 interrow 60 - 90 cm 1.2

2021 NO bulk soil - 8.9
NO rhizosphere  0-30cm 7.5
NO rhizosphere 30 - 60 cm 5.5
NO rhizosphere 60 - 90 cm 4.9
NO interrow 0-30cm 2.7
N O interrow 30-60cm 1.9
NO interrow 60 - 90 cm 14
N1 bulk soil - 8.9
N1 rhizosphere  0-30cm 6.8
N1 rhizosphere 30 - 60 cm 3.4
N1 rhizosphere 60 - 90 cm 4.1
N1 interrow 0-30cm 3.9
N1 interrow 30-60cm 1.9
N1 interrow 60 -90 cm 4.3

Bacterial alpha-diversity across the different experimental set-ups

The 20 dominating bacterial families for the experimental setup are shown in Figures 1 and 2.

In the rhizosphere of Pinot Noir grapevine under different fertilization levels, the bacterial

families in the rhizosphere showed only slight differences.

For fertilization levels, significant effects were found in alpha-diversity indices Simpson,
Shannon and observed features for bud break 2020, but not for 2021 (Table 3). However, while
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the Shannon—-Wiener index is strongly influenced by species richness and by rare species, the
Simpson index gives more weight to evenness and common species. Nonetheless, shows
Shannon index both richness and abundance. Regarding sampling depths (Table 4), for 2020
statistical differences were found in alpha-diversity indices Simpson, Shannon and observed
features between 0 — 30 cm and 30 — 60 cm, 0 — 30 cm and 60 — 90 cm, and 30 — 60 cm and 60
—90 cm. Moreover, for 2021, statistical differences were found between 0 — 30 cm and 60 — 90
cm, and 30 — 60 cm and 60 — 90 cm for alpha-diversity indices Simpson, Shannon and observed
features. Between sampling depth 60 — 90 cm and bulk soil, statistical differences were found

regarding the observed features (p = 0.03).

Table 3. Results of Kruskal-Wallis pairwise tests of alpha-diversity indices per fertilization for
time point bud break 2020 and 2021. Significant differences (corrected p-value < 0.05) are

indicated with *, no differences are indicated with ns = not significant.

fertilization (NO vs. N1) | year simpson shannon observed features
2020 p=0.01* p=0.02* p=0.03*
2021 p=0.1ns p=0.4ns p=0.7ns

Table 4. Results of Kruskal-Wallis pairwise tests of alpha-diversity indices per sampling depth
for time point bud break 2020 and 2021. Significant differences (corrected p-value < 0.05) are

indicated with *, no differences are indicated with ns = not significant.

sampling . observed
depth year group 1 group 2 simpson shannon features
0-30 cm 30-60 cm 0,01 * <0,01* <0,01*

0-30 cm 60-90 cm <0,01* <0,01* <0,01*

2020 0-30 cm bulk soil 0,35 ns 0,33 ns 0,52 ns

30-60 cm 60-90 cm 0,01 * <0,01* 0,01 *

30-60 cm bulk soil 0,63 ns 0,33 ns 0,17 ns

60-90 cm bulk soil 0,29 ns 0,16 ns 0,16 ns

0-30 cm 30-60 cm 0,26 ns 0,21 ns 0,08 ns

0-30 cm 60-90 cm 0,03 * <0,01* <0,01*

2021 0-30 cm bulk soil 1,00 ns 0,82 ns 0,88 ns

30-60 cm 60-90 cm 0,04 * 0,03 * 0,02 *

30-60 cm bulk soil 0,58 ns 0,42 ns 0,26 ns

60-90 cm bulk soil 0,11 ns 0,06 ns 0,03 *
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Figure 1. Relative abundance of different bacterial families (in %) in the rhizosphere of
grapevine. A) The graph shows the 20 most dominating bacterial families in the rhizosphere of
Pinot Noir under the two different fertilization levels NO and N1 (time point bud break 2020).
B) The graph shows the bacterial families regarding the different sampling depths (time point
bud break 2020).

96



1.0 1.0—

A) B) -
0.8 0.8+
0.6+ 0.6
0.4 0.4+
0.2 ! 0.2+
0.0 | 0.0-
N1
O
NS
S
Bl Bryobacteraceae @O Xanthobacteraceae
3 uncultured 77-24 family 1 Acidiferrobacteraceae
= Pyrinomonadaceae Bl Comamonadaceae
@ Vicinamibacteraceae [ Hydrogenophilaceae
Bl Entotheonellaceae = Nitrosomonadaceae
1 Desulfitobacteriaceae Bl Rhodocyclaceae
Bl Sandaracinaceae 1 uncultured Burkholderiales family
0 uncultured bacteriap25 family Bl Pseudomonadaceae
Bl uncultured Elsterales family @ Solimonadaceae
= Reyranellaceae 1 Xanthomonadaceae

Figure 2. Relative abundance of different bacterial families (in %) in the rhizosphere of
grapevine. A) The graph shows the 20 most dominating bacterial families in the rhizosphere of
Pinot Noir under the two different fertilization levels NO and N1 (time point bud break 2021).
B) The graph shows the bacterial families regarding the different sampling depths (time point
bud break 2021).
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Bacterial beta-diversity across the different experimental set-ups

Compositional beta-diversity metric was calculated using a robust Aitchison PCA via
DEICODE. Aitchison distance is a Euclidean distance between samples after center log ratio
(clr) transformation. For all experimental set-ups and time points significant differences in the
beta-diversity of the bacterial communities were detected (Figures 3 and 4). The determinant
of the bacterial communities in the rhizosphere is the fertilization level and sampling depth,
respectively. PERMANOVA pairwise results reveal statistical differences for the two time
points bud break 2020 and bud break 2021between different fertilization levels (p = 0.001 and
p = 0.001) and different sampling depths (p = 0.001 and p = 0.004).

DEICODE allows the display of a biplot by showing not only the Aitchison distances but also
the taxa (in the form of an arrow) that most strongly influence principal component axes. The
eight most important taxa influencing the principal component axes shown in each figure are
members of the phyla Bacillota, Pseudomonadota, Nitrospinae/Tectomicrobia group, and
Proteobacteria.  According to the taxonomic classification,  Proteobacteria,
Nitrospinae/Tectomicrobia group, and Acidobacteria form the main composition of the
predominant phyla in the rhizosphere of Pinot Noir under different fertilization levels. The
sequences next relative to the bacteria Reyranella soli (JX260424, 99.36 %), Desulfosporosinus
fructosivorans (KX822015, 98.73 %), Nitrospinales spec., and Thiobacillus spec. are belonging

to the most important features in both sampled years (Figures 3 and 4).
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Figure 3. PCoA biplots calculated based on robust Aitchison community dissimilarity distance
matrix with arrows that illustrate the ASVs that strongly influence the principal component
axis. Taxonomic affiliations of the arrows showed the next related sequences with accession
numbers found by pairwise alignment at EzBioCloud Database. Numbers in the brackets show
the percentage of identity of the ASVs sequence with the next related sequence. A) Beta-
diversity of bacterial rhizosphere communities for Pinot Noir under different fertilization levels

(time point bud break 2020). Statistical differences were detected between all groups
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(PERMANOVA, p = 0.001). B) Beta-diversity of bacterial rhizosphere communities for Pinot
Noir under different sampling depths (time point bud break 2020). Statistical differences were
detected between all groups (PERMANOVA, p = 0.001).
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Figure 4. PCoA biplots calculated based on robust Aitchison community dissimilarity distance
matrix with arrows that illustrate the ASVs that strongly influence the principal component
axis. Taxonomic affiliations of the arrows showed the next related sequences with accession
numbers found by pairwise alignment at EzBioCloud Database. Numbers in the brackets show
the percentage of identity of the ASVs sequence with the next related sequence. A) Beta-
diversity of bacterial rhizosphere communities for Pinot Noir under different fertilization levels
(time point bud break 2021). Statistical differences were detected between all groups
(PERMANOVA, p = 0.001). B) Beta-diversity of bacterial rhizosphere communities for Pinot
Noir under different sampling depths (time point bud break 2021). Statistical differences were
detected between all groups (PERMANOVA, p = 0.004).

Changes on the rhizosphere microbial community

Compositional differential abundance analyses indicated that several bacterial genera in the
rhizosphere were affected. ALDEX2 demonstrated that for time point bud break 2020, in total
44 bacterial genera differed according to the fertilization level. Bacterial genera with highest
fold changes belonged to Nitrosomonadaceae, Rhodocyclaceae, and Entotheonellaceae. For
time point bud break 2021, ALDEx2 demonstrated in total nine bacterial genera differing
according to the fertilization level, mainly composed of Rhodocyclaceae, Solimonadaceae, and

Nitrosomonadaceae.

4. Discussion

The experimental design of this study aimed at minimizing the variability coming from all
factors except nitrogen fertilization levels and sampling depths using grapevines in large

containers under field conditions.

The differences in the bacterial communities between the two experimental set ups, were
investigated using compositional data analyses. The observed ASVs revealed that the grapevine
rhizosphere under the two different nitrogen levels recruited complex bacterial communities
mainly composed of Proteobacteria, Nitrospinae/Tectomicrobia group, and Acidobacteria. A
former study by (Dries et al., 2021a) with ungrafted grapevine rootstocks showed the phyla
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Proteobacteria and Acidobacteria as some of the predominant bacterial communities in the
rhizosphere. Other studies have come to comparable conclusions (Zarraonaindia et al., 2015;
Novello et al., 2017; Marasco et al., 2018; Berlanas et al., 2019; Coller et al., 2019; Torres et
al., 2021; Vink et al., 2021).

The dominating families give a higher resolution on taxonomic level which is more suitable for
comparison than phyla level. During all experimental time points Entotheonellaceae,
Comamonadaceae, Hydrogenophilaceae, and Rhodocyclaceae were found as dominating
families among others (Figure 1 and 2). Comparing them with the results of the compositional
differential abundance analyses (ALDEXx2) for time point bud break 2020 and 2021 revealed
also ASVs next relative to Rhodocyclaceae, Entotheonellaceae, Hydrogenophilaceae, and
Comamonadaceae. Comamonadaceae were also found in a study by D'Amico et al. (2018) in
the rhizosphere of grapevine. To the best of our knowledge, Entotheonellaceae,
Hydrogenophilaceae and Rhodocyclaceae were not described for the rhizosphere of grapevine
before. As a wider variety of bacteria are found in soil, it can be assumed that soil serves as a
primary reservoir for potential plant-associated bacteria (Zarraonaindia et al., 2015). However,
soil as well as rhizosphere can also form a path of infection for soil-borne pathogens (Berlanas
etal., 2019). For grapevines, this includes pathogens such as Fusarium oxysporum (Freire Cruz
and Carvalho Pires, 2014) or Sorosphaera viticola (Neuhauser S., Huber L., Kirchmair M.,
2009). Changes in the 20 most dominating bacterial families between 2020 and 2021 were
detected. These changes could be due to the different sampled containers and different weather
conditions in the two sampled years. However, 14 of 20 families remained the same, among
them Reyranellaceae, Acidiferrobacteraceae, and Pseudomonadaceae. Members of
Psedomonadaceae family are already known as plant-growth promoting bacteria, beneficial for

plant health (as reviewed by Roquigny et al., 2017).

Lohnertz (1988) estimated the average N requirement of the vine to be 50 kg/ha per year. This
ensures optimal vegetative growth if only grapes are exported from the vineyard. However, in
this experimental design, leaves and cut wood were not returned to the soil. In this study, the
NO3 levels in the soil samples are not far apart between the two experimental conditions. This
could be due to the fact that grapevines require about 92 kg/ha of N per year (L6hnertz, 1988),
so both experimental conditions took up the same amount of nitrogen, even at different

fertilization levels. However, bacterial conditions were different because of the different
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fertilizer rates and sampling depths. In most cases, NH4" was not found in the soil samples
because it is rapidly nitrified in soils (as described in Verdenal et al., 2021). This was also true

for this study, as no NH4* was found in the samples.

The alpha-diversity indices in this study revealed statistical differences regarding the
fertilization level in 2020, but not in 2021. This may indicate that the bacteria changed during

the year, which could be due to weather conditions, or other abiotic or biotic factors.

The underlying reason for this varying colonization could originate from the root exudates.
Indeed, root exudates are strongly influenced by the cultivar and they are considered among the
most important factors in the recruitment of the microbiome (Marasco et al., 2018; Wei et al.,
2019; Kusstatscher et al., 2021). As a key role in the rhizosphere ecosystem, it is essential to
understand the root exudation patterns to unravel the subsequent effects on the surrounding soil

and microbial communities (Yee et al., 2021).

The beta-diversity revealed statistical differences in the two experimental set-ups. Pairwise
PERMANOVA results showed statistical differences between Pinot Noir under different
nitrogen fertilization levels and in different sampling depths. The results indicate that both the
level of nitrogen fertilizer and the different depths at which the samples were taken have an
effect on metabolically active bacteria in the rhizosphere of grapevine. This is also in
accordance to former studies, showing that the rhizosphere microbiome was strongly affected
by the level of nitrogen fertilizer in soybean (Ikeda et al., 2010) or Chinese cabbage (Qi et al.,
2022). Moreover, Kang et al. (2022) demonstrated that moderate nitrogen fertilization
modulated enhanced root colonization by plant growth promoting bacteria, significantly
promoting plant growth and nitrogen use efficiency. They also suggest that rational nitrogen
fertilization is critical to promote beneficial rhizosphere interactions for sustainable agricultural
production (Kang et al., 2022). Regarding sampling depths, it was already shown by different
studies (for instance by Ekelund et al., 2001; Fierer et al., 2003), that sampling depth has an
impact on the bacterial communities. In a study conducted by Steenwerth et al. (2008), to
investigate morphology, depth and grapevine root frequency influencing microbial
communities in a Pinot noir vineyard, it was shown that the distribution of soil microbial
communities could have been explained with depth. Thus, they conclude that compared to other
systems, the distinct patterns in soil microbial communities as influenced by depth and root

distribution in this Pinot noir vineyard suggest that vineyard management practices and deep
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grapevine root distribution combine to cultivate a unique microbial community in these soil
profiles (Steenwerth et al., 2008). Furthermore, they hypothesize that nutrient turnover and
decomposition may be unique in these soils (Steenwerth et al., 2008). However, the authors did
not refer to a DNA or RNA sequencing method to describe the bacterial communities more
deeply. Comparing the ASVs strongly influencing the principal component axis from the PCoA
biplot (Figures 3 and 4) between time point bud break 2020 and time point bud break 2021
revealed ASVs next relative to Nitrospinales spec., Thiobacillus spec., Reyranella soli, and
Desulfosporosinus fructosivorans as those taxa appearing in both analyses. Reyranella soli was
already described as a bacterium isolated from forest soil in Korea (Kim et al., 2013), belonging
to the genus Reyranella. Some members of this genus are already described as denitrifying
bacteria (Chen et al., 2020; Pessi et al., 2022). Desulfosporosinus fructosivorans was described
previously as a bacterium inhabiting the subsurface sediments of the Baltic Sea (Vandieken et
al., 2017). Members of this genus are known for sulfate-reducing (Hausmann et al., 2019; Sato
et al., 2019). In contrast, the studied Thiobacillus spp. in the samples of the two years is related
to sulfur-oxidizing bacteria and believed to play a major role in the sulfur cycle (Kumar et al.,
2020). Kumar et al. (2020) further review, that Thiobacillus and its related genera are believed
to play an important role in crop production through S-oxidation, P-solubilization, and
solubilization of other nutrients. However, further research on this topic is needed to reveal all
effects of fertilization on the bacterial communities in the rhizosphere. In addition, the effects
on the growth and health of the vine must be revealed from a practical perspective. A thorough
understanding of microorganisms in vineyard soil, and the complex relationships between
microbial communities, soil properties and plant are crucial for enhancing plant productivity,
grape production, biogeochemical processes and vineyard management practices (Holland et
al., 2014; Di Liu et al., 2019; Liang et al., 2019; Dries et al., 2021b; Yee et al., 2021). Inferring,
the colonization of the microorganisms in the rhizosphere and the root exudation patterns of
grapevine must be investigated. Future research in this field is inevitably required to provide a
better understanding of the rhizospheric grapevine microbiome in the context of fertilization,
rooting depth, root exudates, grape variety, rootstock as well as different environmental

conditions.
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5. Conclusion

The results from these experimental designs reveal differences in the bacterial communities in
the rhizosphere of Pinot Noir under different nitrogen fertilization levels and sampling depths,
respectively. The bacteria in the rhizosphere of grapevine are affected by both nitrogen
fertilization level and sampling depth. Future research is needed, to provide a better
understanding of the differing microorganisms in the grapevine rhizosphere regarding the tested
treatments. Moreover, the effects on the grapevine growth and health, and also on the wine
quality, have to be revealed. These results may help to reduce nitrogen fertilization in

viticulture, leading to a more sustainable management of grapevines.
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3. Discussion

Superordinate, the future aim for sustainable viticulture is to use new insights to enable more
precise plant nutrition in the form of more accurate fertilization recommendations in order to
reduce the associated costs in an economical and environmentally friendly way. A more precise
knowledge of the dynamics of the grapevine rhizosphere microbiome under different
management practices, grape varieties, rootstocks, and fertilization levels, should enable
targeted adaptation to increasingly frequent extreme years. The variety of vineyard sites,
climatic conditions, soil types, and grape varieties across the world's wine-growing regions
results in the unavailability of a general type of adaptation strategy towards climate change
scenarios (Schultz and Jones 2010). Therefore, a new approach regarding characterizing the
structure and function of the rhizobiome as a first step towards its manipulation is inescapable.
Consequently, the aim of this study was to investigate the bacterial rhizobiome of grapevines
(Vitis vinifera L.) under different experimental designs. By characterizing the bacteria, a
statement on the existing bacterial communities can consequently be made. To characterize the
diversity of the existing bacteria of the rhizosphere in the vineyard ecosystem, which adapts to
changing environmental conditions, first, a method was established that allows to obtain
rhizosphere material of grapevine plants, and to prepare it for sequencing and further
experiments. This applies both to grapevines cultivated in greenhouses under controlled
conditions as well as to variants under field conditions. The experimental designs aimed to gain
knowledge regarding the bacterial diversity of the grapevine rhizosphere including different

grape varieties, different grapevine rootstocks as well as different fertilization measures.

In conclusion, the studies revealed statistical differences in the bacterial communities in the
rhizosphere under different conditions. To be more precise, differences between different
rootstocks and scion varieties (Chapter 2 and 3), and different nitrogen fertilization levels and
sampling depths (Chapter 4) were unravelled. The experimental design of the studies aimed at
minimizing the variability coming from all factors except grape variety and rootstock genotype,
or nitrogen levels and sampling depths, respectively, using grapevines in pots or large

containers under the same environmental conditions.

In Chapter 3, the differences in the bacterial communities between the two grape varieties
Riesling and Mueller-Thurgau, ungrafted and grafted onto different rootstocks, were
investigated using compositional data analyses. The observed ASVs revealed that the rootstock
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and scion rhizosphere, respectively, recruited complex bacterial communities mainly composed
of Proteobacteria, Verrucomicrobiota, Chloroflexi, Myxococcota, Acidobacteria, and
Gemmatimonadota. The similar study (Chapter 2) with ungrafted grapevine rootstocks showed
the phyla Proteobacteria, Acidobacteria, and Gemmatimonadota as some of the predominant
bacterial communities in the rhizosphere. The observed ASVs in Chapter 4 revealed also that
the grapevine rhizosphere under the two different nitrogen levels recruited complex bacterial
communities mainly composed of Proteobacteria, Nitrospinae/Tectomicrobia group, and
Acidobacteria. Other studies have come to comparable conclusions, independent of factors such
as grape variety and rootstock (Berlanas et al. 2019; Coller et al. 2019; Marasco et al. 2018;
Novello et al. 2017; Torres et al. 2021; Vink et al. 2021; Zarraonaindia et al. 2015). According
to Berlanas et al. (2019), the dominant phyla found in two vineyards located in Northeastern
Spain were Proteobacteria, Actinobacteria, Acidobacteria and Bacteroidetes. Similarly,
Marasco et al. (2018) reported phylum Proteobacteria as prevalent, followed by
Actinobacteria, Bacteroidetes, Chloroflexi and Acidobacteria in an Italian vineyard. These
results highlight that there is a core of bacteria always recruited by grapevine despite the
different conditions (e.g., biogeography, and climatic or edaphic factors). Among them,
Proteobacteria is commonly the dominant phylum followed by Actinobacteria. Both phyla play
an important role in carbon cycling and production of secondary metabolites (Jenkins et al.
2009). Proteobacteria comprise organisms with a broad variety of metabolic capabilities;
alpha-, beta-, gamma- and delta-Proteobacteria are the classes mostly described in soil studies.
The dominating families give a higher resolution on taxonomic level which is more suitable for
comparison than phyla level. During all experimental time points of Chapter 3, Opitutaceae,
Reyranellaceae, “Solibacteraceae”, and Solimonadaceae were found as dominating families
among others (Figure 1 and 2). This is also consistent with a study conducted by Marasco et al.
(2018). They revealed “Solibacteraceae” as one of the families shaping the topology of the
bacterial network in the grafted root system (Marasco et al. 2018). Comamonadaceae (Figure
1A and 2) were also found in a study by D'Amico et al. (2018) in the rhizosphere of grapevine
rootstocks 5BB and Paulsen 1103. As a wider variety of bacteria are found in soil, it can be
assumed that soil serves as a primary reservoir for potential plant-associated bacteria
(Zarraonaindia et al. 2015). However, soil as well as rhizosphere can also form a path of
infection for soil-borne pathogens (Berlanas et al. 2019). For grapevines, this includes
pathogens such as Fusarium oxysporum (Freire Cruz and Carvalho Pires 2014) or Sorosphaera
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viticola (Neuhauser S., Huber L., Kirchmair M. 2009). Knowledge about plant—microbial
interactions could be added to plant breeding programs to create and maintain healthy and
beneficial microbial communities in the rhizosphere. Integrating the knowledge on
multifunctional interactions between crop plants and microbes in future agricultural systems
and plant breeding will eventually lead to sustainable solutions to reduce the threat imposed by
soil-borne pathogens (Wille et al. 2019). By an analysis of the rhizosphere microbiomes of
common bean cultivars with different degrees of Fusarium oxysporum (Fox) resistance,
Mendes et al. (2018) showed that Fox resistance is based on plant genetic traits. Their data
support the hypothesis that breeding for resistance may have unintentionally altered the
rhizosphere microbiome composition, altering the frequency of beneficial microorganisms and
traits that may contribute to plant growth or assist in protection against the pathogen.
Considering that Fox resistance is based on genetic and chemical alterations in the plant, their
findings suggest that the observed changes in the rhizosphere microbiome may enforce the first
line of defence, limiting pathogen invasion through a higher abundance of specific microbial
groups and functions, high microbial diversity, abundance and a more complex network
structure (Mendes et al. 2018). Based on their results, Taye et al. (2019) suggested that different
Brassica napus genotypes have an extensive and selective control on associated rhizosphere
bacterial genera. Given these controls are genetically based, they may represent potential
breeding targets if the associated bacteria show to be positively correlated with yield or other
positive traits in subsequent work (Taye et al. 2019). Traditional plant breeding approaches and
advanced plant genome editing-based methods are promising ways to accumulate favourable
alleles associated with stress tolerance in a plant genome (Ryan et al. 2009). Given the wide
range of genotypes that can be collected and/or generated per a specific plant species, genetic
diversity is a potentially important asset in maintaining or increasing plant ecosystem values,
e.g., in controlling stability and stress resilience in native and cultivated ecosystems,
productivity in cultivated ecosystems, and ecosystem functioning (Ahkami et al. 2017). It is of
considerable interest to characterise the structure and composition of rhizosphere microbial
communities as a first step towards its manipulation to improve crop performance. Farmers
influence the environment around the roots of their crops and pasture species every time they
irrigate their fields or apply fertilisers (Ryan et al. 2009). Progress toward sustainability is
offered through the development of crop varieties that selectively enhance beneficial functions
within the soil microbiome (Bakker et al. 2012). Identifying genetically controlled positive
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plant-microbial interactions by comparing lines within breeding programs and across diversity
panels is the first step in enabling plant breeders to develop varieties by selecting for genetic
factors controlling beneficial plant-microbial interrelationships (Taye et al. 2019). Although
each plant species is thought to select its specific microorganisms (Berg and Smalla 2009), the
understanding of the impact of the genetic variation between the microorganisms and the host
plant is still incomplete, especially in grapevine species (Berlanas et al. 2019). Moreover, little
is known about the metabolic capabilities of the bacteria since most of them are uncultivated.

However, this doctoral thesis contributed a part to unravelling the mystery.

The alpha-diversity indices in Chapter 3 revealed higher observed features for ungrafted
Riesling grape variety in May 2019 (Table 2). This may indicate that ungrafted Riesling
grapevines were able to recruit a higher number of bacteria in their rhizosphere than Mueller-
Thurgau grapevines. The underlying reason for this varying colonization could originate from
the root exudates. Indeed, root exudates are strongly influenced by the cultivar and they are
considered among the most important factors in the recruitment of the microbiome
(Kusstatscher et al. 2021; Marasco et al. 2018; Wei et al. 2019). As a key role in the rhizosphere
ecosystem, it is essential to understand the root exudation patterns to unravel the subsequent
effects on the surrounding soil and microbial communities (Yee et al. 2021). The rhizobiome is
strongly influenced by plant root exudates (for more details see Sasse et al. 2018) which are
characterized by high concentrations of volatile and non-volatile plant-derived organic
compounds, released root cap mucilage and root border cells (Calvo et al. 2017). Root exudates
represent the main input of carbon into the soil (Kuzyakov et al. 2007). The rhizobiome and
grapevine root exudates are considered as a plant shield against pathogens and an active tissue
for nutritional supplementation (Dias et al. 2013). Plant-specific microbiomes play a crucial
role in supporting plant health and adaptation to changing environmental conditions (Marasco
et al. 2018). Furthermore, the composition of microbial communities and potential interactions

may help predicting plant health (Xiong et al. 2019).

Despite its potential key role in plant nutrition and plant protection, this root-soil interface in
the field is largely understudied due to the physico-chemical and (micro)biological complexity
(Brunel et al. 2020). It remains unclear, for instance, whether exudate profiles are solely shaped
by plant-driven processes or if the microbial community also influences these (Jones et al.
2019).
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However, the results of Chapter 3 are also consistent with previous studies, concluding the
grapevine variety as the major factor shaping the vineyard microbiome (Berlanas et al. 2019),
but rootstock genotype takes a subordinate position (Vink et al. 2021). The alpha-diversity
indices for Riesling and Mueller-Thurgau grafted onto different grapevine rootstocks revealed
no statistical differences (Table 2). However, three out of four rootstocks used for this
experiment have emerged from the same breedings: Vitis berlandieri Planch. x Vitis riparia
Michx., which may be an explanation of the statistical same bacterial communities in the
rhizosphere. The fact, that most cultivated grapevines are genetic chimeras with two different
genotypes (Marin et al. 2021), complicates the separation of the genotypes from each other
regarding their related microbial communities. Hence, all the studies indicate that certain taxa

are always apparently present at all times in the rhizosphere of the grapevine.

The beta-diversity revealed statistical differences in the three experimental set-ups. Pairwise
PERMANOVA results showed statistical differences between ungrafted Mueller-Thurgau and
ungrafted Riesling grape varieties, but no statistical differences between different rootstocks.
The results indicate, that the grape variety may be a driving factor of the bacterial communities
in the rhizosphere, but the grafted grapevine scion and rootstock combination are a less driving
factor. This is also in accordance to the study of Chapter 2, showing the ungrafted grapevine
rootstocks as a driver of the bacterial communities. Thus, it might be concluded that grafting

grapevines onto rootstocks implies a change in bacterial communities.

In Chapter 2, it was observed that the microbial communities associated with the four rootstocks
did not significantly differ in evenness and richness. Indeed, all the four rootstocks showed a
bacterial community with no clearly dominating species and with similar phylogenetic richness.
This is consistent with the theory of a well conserved core of bacteria associated with the
grapevine rhizosphere (Berlanas et al. 2019). Chapter 2, however, showed that rootstocks
1103P, 140 Ru, 161-49C and Kober 5BB were able to assemble distinct bacterial microbiota at
the rhizosphere level. The percentage explained by weighted (46%) and unweighted UniFrac
(22%) suggests that the differences are mainly driven by a different recruitment of the same
bacteria. Moreover, the LEfSe analysis detected 68 clades significantly differentially recruited
by the four investigated rootstocks. These differences confirm the rootstock genotype as a
substantial driver of the bacterial communities associated with the rhizosphere. The rootstock

genotype may exert its influence on the rhizosphere associated communities through specific
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root exudates (Badri et al. 2013; Bulgarelli et al. 2012; Matthews et al. 2019) and by means of
its immune system. Indeed, it has been proven that the immune system can affect not only the
microbial composition of the root interior surfaces but also the communities thriving near the
root (Lebeis et al. 2015; Liu et al. 2018). Marasco et al. (2018) have investigated whether
different rootstocks affect the recruitment of the bacteria from the surrounding soil comparing
ungrafted and grafted grapevines of the Vitis vinifera cultivar Barbera, all cultivated in the same
soil. They concluded that the rootstock can influence the diversity and richness of the bacterial
communities associated with the root and that the rootstock is a factor determining the
specificity of the microbiota independently of the scion cultivar. D'Amico et al. (2018) have
highlighted the importance of the microbiota recruited by the rootstock with a cultivation-
independent technique: the same scion (V. vinifera cv. Lambrusco) was grafted onto two
different rootstocks (1103 Paulsen and Kober 5BB) in the same vineyard, where only the
grapevines grafted on 1103 Paulsen had potassium absorption problems. The analysis of the
microbiota with an amplicon-based approach has revealed that the rootstock 1103 Paulsen is
not able to successfully recruit several potassium solubilizing microorganisms (D'Amico et al.
2018). Thus, the knowledge of the microbiota associated with diverse rootstocks is valuable to
make the right choice at the moment of the implant, to intervene when the choice is already
taken, and also for breeders to select for rootstocks with a specific microbiota.

Moreover, Vink et al. (2021) revealed in their study that the main determinant of the bacterial
communities was scion variety for the alpha-diversity and a significant interaction between
scion and rootstocks regarding the beta-diversity. However, the authors did not refer to
ungrafted grape varieties. In another study conducted by Berlanas et al. (2019), they described
the rootstock genotype as the most important factor in shaping the microbiome. Wright et al.
(2022) revealed that the rootstock was a significant factor driving the root microbiome with
grape variety New York Muscat ungrafted and grafted onto two different rootstocks.

Comparing the ASVs in Chapter 3 strongly influencing the principal component axis from the
PCoA biplot (Figure 3) with the results of the compositional differential abundance analyses
(ALDEXx2, Tables 1 — 3, Supplemental Material) for time point May 2019 revealed ASVs next
relative to Nevskia terrae, uncultured Candidatus Solibacter, and uncultured
Deltaproteobacteria as those taxa appearing in both analyses. Nevskia terrae was already

described as a bacterium isolated from soil in Korea (Kim et al. 2011), belonging to the
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Xanthomonadaceae. Some members of this family are already described as plant-growth
promoting (Cutifio-Jiménez et al. 2020). Candidatus Solibacter was described previously as a
bacterium inhabiting the rhizosphere of walnut trees (Bai et al. 2020), and Deltaproteobacteria
in rice (Zhang et al. 2018). For time point October 2020, all eight displayed ASVs strongly
influencing the principal component axis from the DEICODE beta-diversity also appeared in
the compositional abundance analyses (ALDEX2, Tables 4 — 9, Supplemental Material). The
next relative Phenylobacterium deserti was first isolated from desert soil (Khan et al. 2017),
other Phenylobacterium were also isolated from different soil samples (Khan et al. 2018; Li et
al. 2019). The next relative of uncultured “Acidibacter” belongs to Gammaproteobacteria,
members of this class are known for plant growth-promoting traits, inhabiting the rhizosphere
(Madhaiyan et al. 2017), root nodules (Ibafiez et al. 2009) or plant tissue (Madhaiyan et al.
2020).

Comparing the ASVs in Chapter 3 strongly influencing the principal component axis from the
PCoA biplot, Entotheonellaceae, = Comamonadaceae, Hydrogenophilaceae, and
Rhodocyclaceae were found as dominating families among others (Figure 1 and 2) during both
time points. Comparing them with the results of the compositional differential abundance
analyses (ALDEXx2) for time point bud break 2020 and 2021 revealed also ASVs next relative
to Rhodocyclaceae, Entotheonellaceae, Hydrogenophilaceae, and Comamonadaceae.
Comamonadaceae were also found in a study by D'Amico et al. (2018) in the rhizosphere of
grapevine. To the best of our knowledge, Entotheonellaceae, Hydrogenophilaceae and
Rhodocyclaceae were not described for the rhizosphere of grapevine before.

Changes in the 20 most dominating bacterial families between 2020 and 2021 were detected.
These changes could be due to the different sampled containers and different weather conditions
in the two sampled years. However, 14 of 20 families remained the same, among them
Reyranellaceae,  Acidiferrobacteraceae, and Pseudomonadaceae. @~ Members  of
Psedomonadaceae family are already known as plant-growth promoting bacteria, beneficial for

plant health (as reviewed by Roquigny et al., 2017).

The alpha-diversity indices in this study revealed statistical differences regarding the
fertilization level in 2020, but not in 2021. This may indicate that the bacteria changed during

the year, which could be due to weather conditions, or other abiotic or biotic factors.
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The beta-diversity revealed statistical differences in the two experimental set-ups. Pairwise
PERMANOVA results showed statistical differences between Pinot Noir under different
nitrogen fertilization levels and in different sampling depths. The results indicate that both the
level of nitrogen fertilizer and the different depths at which the samples were taken have an
effect on metabolically active bacteria in the rhizosphere of grapevine. This is also in
accordance to former studies, showing that the rhizosphere microbiome was strongly affected
by the level of nitrogen fertilizer in soybean (Ikeda et al., 2010) or Chinese cabbage (Qi et al.,
2022). Moreover, Kang et al. (2022) demonstrated that moderate nitrogen fertilization
modulated enhanced root colonization by plant growth promoting bacteria, significantly
promoting plant growth and nitrogen use efficiency. They also suggest that rational nitrogen
fertilization is critical to promote beneficial rhizosphere interactions for sustainable agricultural
production (Kang et al., 2022). Léhnertz (1988) estimates the average N requirement of the
vine to be 50 kg/ha per year. This ensures optimal vegetative growth if only grapes are exported
from the vineyard. However, in this experimental design, leaves and cut wood were not returned
to the soil. In this study, the NO3™ levels in the soil samples are not far apart between the two
experimental conditions. This could be due to the fact that grapevines require about 92 kg/ha
of N per year (L6hnertz, 1988), so both experimental conditions took up the same amount of
nitrogen, even at different fertilization levels. However, bacterial conditions were different
because of the different fertilizer rates and sampling depths. In most cases, NH4*" was not found
in the soil samples because it is rapidly nitrified in soils (as described in Verdenal et al., 2021).

This was also true for this study, as no NH4* was found in the samples.

Regarding sampling depths, it was already shown by different studies (for instance by Ekelund
etal., 2001; Fierer et al., 2003), that sampling depth has an impact on the bacterial communities.
In a study conducted by Steenwerth et al. (2008), to investigate morphology, depth and
grapevine root frequency influencing microbial communities in a Pinot noir vineyard, it was
shown that the distribution of soil microbial communities could have been explained with depth.
Thus, they conclude that compared to other systems, the distinct patterns in soil microbial
communities as influenced by depth and root distribution in this Pinot noir vineyard suggest
that vineyard management practices and deep grapevine root distribution combine to cultivate
a unigque microbial community in these soil profiles (Steenwerth et al., 2008). Furthermore, they
hypothesize that nutrient turnover and decomposition may be unique in these soils (Steenwerth

et al., 2008). However, the authors did not refer to a DNA or RNA sequencing method to
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describe the bacterial communities more deeply. Comparing the ASVs strongly influencing the
principal component axis from the PCoA biplot (Figures 3 and 4) between time point bud break
2020 and time point bud break 2021 revealed ASVs next relative to Nitrospinales spec.,
Thiobacillus spec., Reyranella soli, and Desulfosporosinus fructosivorans as those taxa
appearing in both analyses. Reyranella soli was already described as a bacterium isolated from
forest soil in Korea (Kim et al., 2013), belonging to the genus Reyranella. Some members of
this genus are already described as denitrifying bacteria (Chen et al., 2020; Pessi et al., 2022).
Desulfosporosinus fructosivorans was described previously as a bacterium inhabiting the
subsurface sediments of the Baltic Sea (Vandieken et al., 2017). Members of this genus are
known for sulfate-reducing (Hausmann et al., 2019; Sato et al., 2019). In contrast, the studied
Thiobacillus spp. in the samples of the two years is related to sulfur-oxidizing bacteria and
believed to play a major role in the sulfur cycle (Kumar et al., 2020). Kumar et al. (2020) further
review, that Thiobacillus and its related genera are believed to play an important role in crop
production through S-oxidation, P-solubilization, and solubilization of other nutrients.

However, further research on this topic is needed to reveal all effects of rootstock and grapevine
scion combinations on the bacterial communities in the rhizosphere. In addition, the effects on
the growth and health of the vine must be revealed from a practical perspective. A thorough
understanding of microorganisms in vineyard soil, and the complex relationships between
microbial communities, soil properties and plant are crucial for enhancing plant productivity,
grape production, biogeochemical processes and vineyard management practices (Di Liu et al.
2019; Holland et al. 2014; Liang et al. 2019; Yee et al. 2021). Inferring, the colonization of the
microorganisms in the rhizosphere and the root exudation patterns of grapevine must be
investigated. Future research in this field is inevitably required to provide a better understanding
of the rhizospheric grapevine microbiome in the context of root exudates, grape variety,

rootstock as well as different environmental conditions.

It has been shown, that the (endophytic) microbiome of grapevines has a major impact on the
regional terroir of wines (Zarraonaindia et al., 2015). Furthermore, Bokulich et al. (2014) note
that regional factors could influence the “microbial terroir” of grape surfaces within global
viticulture. The investigation of the soil microbial community could be a new strategy to

develop a biological indicator for vineyard soil quality and health (Burns et al., 2016).
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The investigation of the interactions between the grapevines and their microbiome could
provide a new tool to improve plant breeding programs for grapevines, leading to an
improvement in grape production and vineyard management practices (Bokulich et al., 2014).
Besides the increasing intensity of agricultural land use, climate change also creates a need for
improving rhizosphere ecosystems. Rhizosphere ecology and ecosystem function will be
concerned by global climate change, including rising temperatures and disruptive weather

patterns due to increasing levels of atmospheric CO2 (Ahkami et al., 2017).

In conclusion, this dissertation with the topic "Microbial structure and diversity in the
rhizosphere of grapevine (Vitis vinifera L.)" has contributed to shed more light on the world of
bacterial communities in the rhizosphere of grapevine under different conditions. It was found
that the bacterial communities are influenced by various factors such as genotype, rootstock
and nitrogen fertilization. Future research must now aim at assessing these results against
practical applications. Only once it has been understood why different microorganisms are
found and what effect they have on the grapevine, the rhizobiome can be manipulated to the

advantage of the plant.

124



References
Ahkami, Amir H., Richard Allen White, Pubudu P. Handakumbura, and Christer Jansson. 2017.

Rhizosphere engineering: Enhancing sustainable plant ecosystem productivity. Rhizosphere
3:233-243.

Badri, Dayakar V., Jacqueline M. Chaparro, Ruifu Zhang, Qirong Shen, and Jorge M. Vivanco.
2013. Application of natural blends of phytochemicals derived from the root exudates of
Arabidopsis to the soil reveal that phenolic-related compounds predominantly modulate the
soil microbiome. The Journal of biological chemistry 288 (7): 4502—-4512.

Bai, Yong-Chao, Ying-Ying Chang, Muzammil Hussain, Bin Lu, Jun-Pei Zhang, Xiao-Bo
Song, Xia-Shuo Lei, and Dong Pei. 2020. Soil Chemical and Microbiological Properties
Are Changed by Long-Term Chemical Fertilizers That Limit Ecosystem Functioning.
Microorganisms 8 (5).

Bakker, Matthew G., Daniel K. Manter, Amy M. Sheflin, Tiffany L. Weir, and Jorge M.
Vivanco. 2012. Harnessing the rhizosphere microbiome through plant breeding and
agricultural management. Plant and Soil 360 (1-2): 1-13.

Berg, Gabriele, and Kornelia Smalla. 2009. Plant species and soil type cooperatively shape the
structure and function of microbial communities in the rhizosphere. FEMS microbiology
ecology 68 (1): 1-13.

Berlanas, Carmen, Monica Berbegal, Georgina Elena, Meriem Laidani, José Félix Cibriain,
Ana Sagles, and David Gramaje. 2019. The Fungal and Bacterial Rhizosphere Microbiome
Associated With Grapevine Rootstock Genotypes in Mature and Young Vineyards.
Frontiers in microbiology 10: 1142.

Bokulich, N.A., Thorngate, J.H., Richardson, P.M., Mills, D.A., 2014. Microbial biogeography
of wine grapes is conditioned by cultivar, vintage, and climate. Proceedings of the National
Academy of Sciences of the United States of America 111 (1), E139-48.
10.1073/pnas.1317377110.

Brunel, Caroline, Robin Pouteau, Wayne Dawson, Michael Pester, Kelly S. Ramirez, and Mark
van Kleunen. 2020. Towards Unraveling Macroecological Patterns in Rhizosphere
Microbiomes. Trends in plant science 25 (10): 1017-1029.

Bulgarelli, Davide, Matthias Rott, Klaus Schlaeppi, Emiel ver van Loren Themaat, Nahal
Ahmadinejad, Federica Assenza, Philipp Rauf, Bruno Huettel, Richard Reinhardt, EImon

Schmelzer, Joerg Peplies, Frank Oliver Gloeckner, Rudolf Amann, Thilo Eickhorst, and

125



Paul Schulze-Lefert. 2012. Revealing structure and assembly cues for Arabidopsis root-
inhabiting bacterial microbiota. Nature 488 (7409): 91-95.

Burns, K.N., Bokulich, N.A., Cantu, D., Greenhut, R.F., Kluepfel, D.A., O’Geen, A.T., Strauss,
S.L., Steenwerth, K.L., 2016. Vineyard soil bacterial diversity and composition revealed by
16S rRNA genes: Differentiation by vineyard management. Soil Biology and Biochemistry
103, 337-348. 10.1016/j.s0ilbi0.2016.09.007.

Calvo, Olga C., Jurgen Franzaring, Iris Schmid, Matthias Mdller, Nolwenn Brohon, and
Andreas Fangmeier. 2017. Atmospheric CO2 enrichment and drought stress modify root
exudation of barley. Global change biology 23 (3): 1292-1304.

Chen, S., Qi, G., Ma, G., Zhao, X., 2020. Biochar amendment controlled bacterial wilt through
changing soil chemical properties and microbial community. Microbiological research 231,
126373. 10.1016/j.micres.2019.126373.

Coller, Emanuela, Alessandro Cestaro, Roberto Zanzotti, Daniela Bertoldi, Massimo Pindo,
Simone Larger, Davide Albanese, Enzo Mescalchin, and Claudio Donati. 2019.
Microbiome of vineyard soils is shaped by geography and management. Microbiome 7 (1):
140.

Cutifio-Jiménez, Ania M., Carlos Frederico Martins Menck, Yusdiel Torres Cambas, and Juan
Carlos Diaz-Pérez. 2020. Protein signatures to identify the different genera within the
Xanthomonadaceae family. Brazilian journal of microbiology: [publication of the Brazilian
Society for Microbiology] 51 (4): 1515-1526.

D'Amico, Federica, Marco Candela, Silvia Turroni, Elena Biagi, Patrizia Brigidi, Alessia Bega,
Davide Vancini, and Simone Rampelli. 2018. The Rootstock Regulates Microbiome
Diversity in Root and Rhizosphere Compartments of Vitis vinifera Cultivar Lambrusco.
Frontiers in microbiology 9: 2240.

Di Liu, Pangzhen Zhang, Deli Chen, and Kate Howell. 2019. From the Vineyard to the Winery:
How Microbial Ecology Drives Regional Distinctiveness of Wine. Frontiers in
microbiology 10: 2679.

Dias, Armando C. F., Francisco Dini-Andreote, Silja Emilia Hannula, Fernando Dini Andreote,
Michele de Céssia Pereira E Silva, Joana Falcdo Salles, Wietse de Boer, Johannes van Veen,
and Jan Dirk van Elsas. 2013. Different selective effects on rhizosphere bacteria exerted by
genetically modified versus conventional potato lines. PLoS ONE 8 (7): e67948.

126



Ekelund, F., Rgnn, R., Christensen, S., 2001. Distribution with depth of protozoa, bacteria and
fungi in soil profiles from three Danish forest sites. Soil Biology and Biochemistry 33 (4-
5), 475-481. 10.1016/S0038-0717(00)00188-7.

Fierer, N., Schimel, J.P., Holden, P.A., 2003. Variations in microbial community composition
through two soil depth profiles. Soil Biology and Biochemistry 35 (1), 167-176.
10.1016/S0038-0717(02)00251-1.

Freire Cruz, Andre, and Marcio de Carvalho Pires. 2014. Soil-Borne Plant Pathogens
Associated to Decline of Grapevine Grown in Greenhouse. Journal of Plant Physiology &
Pathology 02 (01).

Hausmann, B., Vandieken, V., Pjevac, P., Schreck, K., Herbold, C.W., Loy, A., 2019. Draft
Genome Sequence of Desulfosporosinus fructosivorans Strain 63.6FT, Isolated from
Marine Sediment in the Baltic Sea. Microbiology resource announcements 8 (31).
10.1128/MRA.00427-19.

Holland, Taylor C., Pat Bowen, Carl Bogdanoff, and Miranda M. Hart. 2014. How distinct are
arbuscular mycorrhizal fungal communities associating with grapevines? Biology and
Fertility of Soils 50 (4): 667-674.

Ibafez, Fernando, Jorge Angelini, Tania Taurian, Maria Laura Tonelli, and Adriana Fabra.
2009. Endophytic occupation of peanut root nodules by opportunistic
Gammaproteobacteria. Systematic and applied microbiology 32 (1): 49-55.

Ikeda, S., Okubo, T., Kaneko, T., Inaba, S., Maekawa, T., Eda, S., Sato, S., Tabata, S., Mitsui,
H., Minamisawa, K., 2010. Community shifts of soybean stem-associated bacteria
responding to different nodulation phenotypes and N levels. The ISME journal 4 (3), 315—
326. 10.1038/ismej.2009.119.

Jenkins, Sasha N., lan S. Waite, Adrian Blackburn, Rebecca Husband, Steven P. Rushton,
David C. Manning, and Anthony G. O'Donnell. 2009. Actinobacterial community dynamics
in long term managed grasslands. Antonie van Leeuwenhoek 95 (4): 319-334.

Jones, Piet, Benjamin J. Garcia, Anna Furches, Gerald A. Tuskan, and Daniel Jacobson. 2019.
Plant Host-Associated Mechanisms for Microbial Selection. Frontiers in plant science 10:
862.

an Kang, Zhang, N., Xun, W., Dong, X., Xiao, M., Liu, Z., Xu, Z., Feng, H., Zou, J., Shen, Q.,
Zhang, R., 2022. Nitrogen fertilization modulates beneficial rhizosphere interactions

127



through signaling effect of nitric oxide. Plant Physiology 188 (2), 1129-1140.
10.1093/plphys/kiab555.

Khan, Inam U., Neeli Habib, Min Xiao, Xing Huang, Nasr Ullah Khan, Wan-Taek Im, Iftikhar
Ahmed, Xiao-Yang Zhi, and Wen-Jun Li. 2018. Phenylobacterium terrae sp. nov., isolated
from a soil sample of Khyber-Pakhtun-Khwa, Pakistan. Antonie van Leeuwenhoek 111
(10): 1767-1775.

Khan, Inam U., Firasat Hussain, Neeli Habib, Mohammed A. M. Wadaan, Iftikhar Ahmed,
Wan-Taek Im, Wael N. Hozzein, Xiao-Yang Zhi, and Wen-Jun Li. 2017. Phenylobacterium
deserti sp. nov., isolated from desert soil. International journal of systematic and
evolutionary microbiology 67 (11): 4722—4727.

Kim, Soo-Jin, Hang-Yeon Weon, Yi-Seul Kim, In-Cheol Park, Jung-A Son, and Soon-Wo
Kwon. 2011. Nevskia terrae sp. nov., isolated from soil. International journal of systematic
and evolutionary microbiology 61 (Pt 5): 1226-1229.

Kim, S.-J., Ahn, J.-H., Lee, T.-H., Weon, H.-Y., Hong, S.-B., Seok, S.-J., Whang, K.-S., Kwon,
S.-W., 2013. Reyranella soli sp. nov., isolated from forest soil, and emended description of
the genus Reyranella Pagnier et al. 2011. International journal of systematic and
evolutionary microbiology 63 (Pt 9), 3164-3167. 10.1099/ijs.0.045922-0.

Kumar, M., Zeyad, M.T., Choudhary, P., Paul, S., Chakdar, H., Singh Rajawat, M.V., 2020.
Thiobacillus. Beneficial Microbes in Agro-Ecology, 545-557. 10.1016/B978-0-12-823414-
3.00026-5.

Kusstatscher, Peter, Eveline Adam, Wisnu Adi Wicaksono, Maria Bernhart, Expedito Olimi,
Henry Miiller, and Gabriele Berg. 2021. Microbiome-Assisted Breeding to Understand
Cultivar-Dependent Assembly in Cucurbita pepo. Frontiers in plant science 12: 642027.

Kuzyakov, Yakov, Paul W. Hill, and David L. Jones. 2007. Root exudate components change
litter decomposition in a simulated rhizosphere depending on temperature. Plant and Soil
290 (1-2): 293-305.

Lebeis, Sarah L., Sur Herrera Paredes, Derek S. Lundberg, Natalie Breakfield, Jase Gehring,
Meredith McDonald, Stephanie Malfatti, Tijana Glavina del Rio, Corbin D. Jones, Susannah
G. Tringe, and Jeffery L. Dangl. 2015. PLANT MICROBIOME. Salicylic acid modulates
colonization of the root microbiome by specific bacterial taxa. Science (New York, N.Y.)
349 (6250): 860-864.

128



Li, Xuexue, Ying Yu, Lina Choi, Yali Song, Minghan Wu, Gejiao Wang, and Mingshun Li.
2019. Phenylobacterium soli sp. nov., isolated from arsenic and cadmium contaminated
farmland soil. International journal of systematic and evolutionary microbiology 69 (5):
1398-1403.

Liang, Hebin, Xiaowen Wang, Junwei Yan, and Lixin Luo. 2019. Characterizing the Intra-
Vineyard Variation of Soil Bacterial and Fungal Communities. Frontiers in microbiology
10: 1239.

Liu, Zhexian, Polina Beskrovnaya, Ryan A. Melnyk, Sarzana S. Hossain, Sophie Khorasani,
Lucy R. O'Sullivan, Christina L. Wiesmann, Jen Bush, Joél D. Richard, and Cara H. Haney.
2018. A Genome-Wide Screen Identifies Genes in Rhizosphere-Associated Pseudomonas
Required to Evade Plant Defenses. mBio 9 (6).

Lohnertz, O., 1988. Untersuchungen zum zeitlichen Verlauf der Nahrstoffaufnahme bei Vitis
vinifera (cv. Riesling): Geisenheim, Universitat Giessen.

Madhaiyan, Munusamy, Selvaraj Poonguzhali, Venkatakrishnan Sivaraj Saravanan, Kumaran
Selvapravin, Veeramuthu Duraipandiyan, and Naif Abdullah Al-Dhabi. 2017.
Pseudomonas sesami sp. nov., a plant growth-promoting Gammaproteobacteria isolated
from the rhizosphere of Sesamum indicum L. Antonie van Leeuwenhoek 110 (7): 843-852.

Madhaiyan, Munusamy, Venkatakrishnan Sivaraj Saravanan, Jochen Blom, Theo H. M. Smits,
Fabio Rezzonico, Soo-Jin Kim, Hang-Yeon Weon, Soon-Wo Kwon, William B. Whitman,
and Lianghui Ji. 2020. Phytobacter palmae sp. nov., a novel endophytic, N fixing, plant
growth promoting Gammaproteobacterium isolated from oil palm (Elaeis guineensis Jacqg.).
International journal of systematic and evolutionary microbiology 70 (2): 841-848.

Marasco, Ramona, Eleonora Rolli, Marco Fusi, Grégoire Michoud, and Daniele Daffonchio.
2018. Grapevine rootstocks shape underground bacterial microbiome and networking but
not potential functionality. Microbiome 6 (1): 3.

Marin, D., J. Armengol, P. Carbonell-Bejerano, J. M. Escalona, D. Gramaje, E. Hernandez-
Montes, D. S. Intrigliolo, J. M. Martinez-Zapater, H. Medrano, J. M. Miras-Avalos, J. E.
Palomares-Rius, P. Romero-Azorin, R. Savé, L. G. Santesteban, and F. de Herralde. 2021.
Challenges of viticulture adaptation to global change: tackling the issue from the roots.

Australian Journal of Grape and Wine Research 27 (1): 8-25.

129



Matthews, Andrew, Sarah Pierce, Helen Hipperson, and Ben Raymond. 2019. Rhizobacterial
Community Assembly Patterns Vary Between Crop Species. Frontiers in microbiology 10:
581.

Mendes, Lucas W., Jos M. Raaijmakers, Mattias de Hollander, Rodrigo Mendes, and Siu Mui
Tsai. 2018. Influence of resistance breeding in common bean on rhizosphere microbiome
composition and function. The ISME journal 12 (1): 212-224.

Neuhauser S., Huber L., Kirchmair M. 2009. Sorosphaera viticola, a plasmodiophorid parasite
of grapevine. Phytopathol Mediterr. (48(1)): 136-139.

Novello, Giorgia, Elisa Gamalero, Elisa Bona, Lara Boatti, Flavio Mignone, Nadia Massa,
Patrizia Cesaro, Guido Lingua, and Graziella Berta. 2017. The Rhizosphere Bacterial
Microbiota of Vitis vinifera cv. Pinot Noir in an Integrated Pest Management Vineyard.
Frontiers in microbiology 8: 1528.

Pessi, I.S., Viitaméki, S., Virkkala, A.-M., Eronen-Rasimus, E., Delmont, T.O., Marushchak,
M.E., Luoto, M., Hultman, J., 2022. In-depth characterization of denitrifier communities
across different soil ecosystems in the tundra. Environmental microbiome 17 (1), 30.
10.1186/s40793-022-00424-2.

Qi, Y., Wu, Z., Zhou, R., Hou, X., Yu, L., Cao, Y., Jiang, F., 2022. Nitrogen Reduction with
Bio-Organic Fertilizer Altered Soil Microorganisms, Improved Yield and Quality of Non-
Heading Chinese Cabbage (Brassica campestris ssp. chinensis Makino). Agronomy 12 (6),
1437. 10.3390/agronomy12061437.

Ryan, Peter R., Yves Dessaux, Linda S. Thomashow, and David M. Weller. 2009. Rhizosphere
engineering and management for sustainable agriculture. Plant and Soil 321 (1-2): 363-383.

Roquigny, R., Novinscak, A., Biessy, A., Filion, M., 2017. Pseudomonadaceae: From
Biocontrol to Plant Growth Promotion, 39-68. 10.1007/978-981-10-4862-3_3.

Sasse, Joelle, Enrico Martinoia, and Trent Northen. 2018. Feed Your Friends: Do Plant
Exudates Shape the Root Microbiome? Trends in plant science 23 (1): 25-41.

Sato, Y., Hamai, T., Hori, T., Aoyagi, T., Inaba, T., Kobayashi, M., Habe, H., Sakata, T., 2019.
Desulfosporosinus spp. were the most predominant sulfate-reducing bacteria in pilot- and
laboratory-scale passive bioreactors for acid mine drainage treatment. Applied
microbiology and biotechnology 103 (18), 7783—7793. 10.1007/s00253-019-10063-2.

Schultz, Hans R., and Gregory V. Jones. 2010. Climate Induced Historic and Future Changes
in Viticulture. Journal of Wine Research 21 (2-3): 137-145.

130



Steenwerth, K.L., Drenovsky, R.E., Lambert, J.-J., Kluepfel, D.A., Scow, K.M., Smart, D.R.,
2008. Soil morphology, depth and grapevine root frequency influence microbial
communities in a Pinot noir vineyard. Soil Biology and Biochemistry 40 (6), 1330—-1340.
10.1016/j.s0ilbio.2007.04.031.

Taye, Zelalem M., Bobbi L. Helgason, Jennifer K. Bell, Charlotte E. Norris, Sally Vail, Stephen
J. Robinson, Isobel A. P. Parkin, Melissa Arcand, Steven Mamet, Matthew G. Links, Tanner
Dowhy, Steven Siciliano, and Eric G. Lamb. 2019. Core and Differentially Abundant
Bacterial Taxa in the Rhizosphere of Field Grown Brassica napus Genotypes: Implications
for Canola Breeding. Frontiers in microbiology 10: 3007.

Torres, Nazareth, Runze Yu, and S. Kaan Kurtural. 2021. Inoculation with Mycorrhizal Fungi
and Irrigation Management Shape the Bacterial and Fungal Communities and Networks in
Vineyard Soils. Microorganisms 9 (6).

Vandieken, V., Niemann, H., Engelen, B., Cypionka, H., 2017. Marinisporobacter balticus gen.
nov., sp. nov., Desulfosporosinus nitroreducens sp. nov. and Desulfosporosinus
fructosivorans sp. nov., new spore-forming bacteria isolated from subsurface sediments of
the Baltic Sea. International journal of systematic and evolutionary microbiology 67 (6),
1887-1893. 10.1099/ijsem.0.001883.

Verdenal, T., Dienes-Nagy, A., Spangenberg, J.E., Zufferey, V., Spring, J.-L., Viret, O., Marin-
Carbonne, J., van Leeuwen, C., 2021. Understanding and managing nitrogen nutrition in
grapevine: a review. OENO One 55 (1), 1-43. 10.20870/0eno-one.2021.55.1.3866.

Vink, Stefanie N., Francisco Dini-Andreote, Rebecca Hofle, Anna Kicherer, and Joana Falcdo
Salles. 2021. Interactive Effects of Scion and Rootstock Genotypes on the Root Microbiome
of Grapevines (Vitis spp. L.). Applied Sciences 11 (4): 1615.

Wei, Feng, Lihong Zhao, Xiangming Xu, Hongjie Feng, Yonggiang Shi, Greg Deakin, Zili
Feng, and Heqin Zhu. 2019. Cultivar-Dependent Variation of the Cotton Rhizosphere and
Endosphere Microbiome Under Field Conditions. Frontiers in plant science 10: 1659.

Wille, Lukas, Monika M. Messmer, Bruno Studer, and Pierre Hohmann. 2019. Insights to plant-
microbe interactions provide opportunities to improve resistance breeding against root
diseases in grain legumes. Plant, cell & environment 42 (1): 20-40.

Wright, A. H., Shawkat Ali, Zoé Migicovsky, Gavin M. Douglas, Svetlana Yurgel, Adele
Bunbury-Blanchette, Jeff Franklin, Sarah J. Adams, and Allison K. Walker. 2022. A

131



Characterization of a Cool-Climate Organic Vineyard’s Microbiome. Phytobiomes Journal
6 (1): 69-82.

Xiong, Li, Xiaoyu Liu, Giovanni Vinci, Riccardo Spaccini, Marios Drosos, Lianging Li,
Alessandro Piccolo, and Genxing Pan. 2019. Molecular changes of soil organic matter
induced by root exudates in a rice paddy under CO2 enrichment and warming of canopy air.
Soil Biology and Biochemistry 137: 107544.

Yee, Mon O., Peter Kim, Yifan Li, Anup K. Singh, Trent R. Northen, and Romy Chakraborty.
2021. Specialized Plant Growth Chamber Designs to Study Complex Rhizosphere
Interactions. Frontiers in microbiology 12: 625752.

Zarraonaindia, 1., Owens, S. M., Weisenhorn, P., West, K., Hampton-Marcell, J., Lax, S.,
Bokulich, N. A., Mills, D. A., Martin, G., Taghavi, S., van der Lelie, D., & Gilbert, J. A.
(2015). The soil microbiome influences grapevine-associated microbiota. MBio, 6(2).
https://doi.org/10.1128/mBi0.02527-14

Zhang, Jingying, Na Zhang, Yong-Xin Liu, Xiaoning Zhang, Bin Hu, Yuan Qin, Haoran Xu,
Hui Wang, Xiaoxuan Guo, Jingmei Qian, Wei Wang, Pengfan Zhang, Tao Jin, Chengcai
Chu, and Yang Bai. 2018. Root microbiota shift in rice correlates with resident time in the

field and developmental stage. Science China. Life sciences 61 (6): 613-621.

132



Acknowledgements

After now three years and four months my PhD journey is finally over. The time was
characterized by many hours in the lab, a lot of time in front of the computer, a lot of time at
home (no thanks to Corona Virus!), a lot of coffee, many doubts, fears and feeling left alone.
But also characterized by good times with my colleagues, meeting and working with great
people, aresearch topic that | hope to continue working on throughout my life, and an incredible
personal growth. In the following | would like to thank everyone who was involved in the

process of writing this thesis.

First of all, I would like to thank the whole Department of Soil Science and Plant Nutrition of
the Hochschule Geisenheim University. | have felt very well taken care of since day one and |
am very grateful to have become a member of this family and team. Thank you for taking care

of me, helping me through this time and watching me grow.

I would like to express my sincere gratitude to my supervisor Otmar Lohnertz for giving me
the opportunity to work in this project and for supporting me even out of your retirement. |
would also like to thank Anne Vortkamp for giving me the opportunity to work in this project,
for the wine on your balcony and kind words during struggling times. | would like to express
my deepest thanks to Robert Kunz and Maximilian Hendgen who supported me with all of their

knowledge. Thank you for teaching me how to be a scientist and for keeping me on track.

I would like to thank Sylvia Schnell for supervising me and the collaboration in this project.
Thank you for your advice and listening to all my questions. Thank you, Stefan Ratering, for
answering even the hundredth bioinformatics question in a helpful and kind way. Thanks to
Bellinda Schneider for your support whenever | ran into a problem or had question about
laboratory work and for the lon Torrent Sequencing. Moreover, | would like to thank the whole
Institute of Applied Microbiology for helping me and discussing all questions that | had.

I would like to thank Annette Reineke and Olivia Hercynski for using your molecular lab and
your help during my work. Further 1 would like to thank the Department of Molecular Plant

Sciences for using the laboratory equipment.

Finally, I must express my thanks to my family and friends for supporting me in many ways
along the way. | am truly thankful for your love, friendship and patience, that were a key

motivation throughout my research journey.
133



