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1. Summary 
 

1.1 Zusammenfassung  

Mikroorganismen sind ein wesentlicher Bestandteil der Rhizosphäre und die Aktivität und 

Zusammensetzung der mikrobiellen Populationen in der Rhizosphäre beeinflussen die 

Wechselwirkungen zwischen Pflanzen und dem Boden erheblich. Darüber hinaus können die 

Mikroorganismen in der Rhizosphäre die Entwicklung, das Wachstum und die Vitalität der 

Pflanzen positiv beeinflussen. In Weinbergen beeinflussen Bewirtschaftungspraktiken sowohl 

das Wurzelwachstum der Reben als auch die Mikroorganismen der Rhizosphäre direkt, aber 

die genaue Wirkungsweise ist weitgehend unbekannt. In jüngster Zeit rücken jedoch zwei neue 

Forschungsansätze 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 über die Wechselwirkungen zwischen Pflanze 

und Mikrobiom für Pflanzenzüchtungsstrategien genutzt. Beim „Rhizosphären-Engineering“ 

werden mikrobielle Gemeinschaften durch die Zugabe spezifischer Düngemittel, Nährstoffe 

oder durch Bioinokulation mit bestimmten Bakterien und/oder Pilzen verändert. 

Zusammengenommen bieten diese neuen Methoden ein Potenzial für eine nachhaltigere 

Entwicklung eines pestizid- und düngerreduzierten 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 über die vorhandenen bakteriellen 

Gemeinschaften und deren Diversität getroffen und unter verschiedenen Umweltbedingungen 

verglichen werden. Dazu wurde zunächst eine Methode etabliert, die es erlaubt, Rhizosphären- 

und Wurzelmaterial von Weinrebenpflanzen zu gewinnen und für die Sequenzierung und 

weitere Analysen aufzubereiten. Dies gilt sowohl für Weinreben, die in Gewächshäusern unter 

kontrollierten Bedingungen angebaut werden, als auch für Varianten unter 

Freilandbedingungen. Die Versuchspläne zielten darauf ab, Erkenntnisse über die bakterielle 

Diversität der Rhizosphäre von Weinreben unter Einbeziehung verschiedener Rebsorten, 

verschiedener Unterlagen sowie verschiedener Düngungsmaßnahmen zu gewinnen.  

Das erste Experiment verfolgte das Ziel, die Variabilität des Rhizosphärenmikrobioms zu 

untersuchen, die sich durch den Genotyp des Wurzelstocks ergibt und gleichzeitig den Einfluss 
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aller anderen Umweltfaktoren zu minimieren. Dies wurde durch die Untersuchung von vier 

ungepfropften Rebenunterlagen gleichen Alters ermöglicht, die auf demselben Boden unter 

denselben klimatischen Bedingungen angebaut und identisch bewirtschaftet wurden. Die 

Bakteriengemeinschaften, die mit der Rhizosphäre 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 Ähnlichkeiten in Bezug auf die Struktur der 

bakteriellen Assemblage (richness und evenness) auf. Dennoch wurden Unterschiede in der 

Zusammensetzung der bakteriellen Gemeinschaften festgestellt. Tatsächlich rekrutierten alle 

untersuchten Unterlagen Gemeinschaften mit unterscheidbaren Merkmalen, was die Rolle des 

Genotyps der Unterlage als treibende Kraft für die Bakterienzusammensetzung bestätigt 

(Kapitel 2). 

Um die Auswirkungen von Edelreis und Unterlage zu entflechten, wurde die rRNA (V4-V5-

Region der 16S rRNA) aus der Rhizosphäre der Rebsorten Riesling und Müller-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 Müller-Thurgau, zwischen veredeltem Riesling und unveredeltem Riesling sowie zwischen 

unveredeltem Müller-Thurgau und veredeltem Müller-Thurgau festgestellt. Damit wurde die 

Rolle des Genotyps von Edelreisern und Unterlagen als Einflussfaktor für die Struktur und 

Zusammensetzung der Bakteriengemeinschaften in der Rhizosphäre von Reben bestätigt 

(Kapitel 3).  

Um die Auswirkungen unterschiedlicher Stickstoffdüngungen auf das Mikrobiom der 

Rhizosphäre zu untersuchen, wurde 2020 und 2021 ein experimenteller Weinberg mit Reben 

(Vitis vinifera L. cv. Pinot Noir) in Großcontainern zum Zeitpunkt des Austriebs untersucht. 

Die Reben wurden mit zwei unterschiedlichen Stickstoffgaben pro Jahr (N0 25 kg/ha und N1 

75 kg/ha) individuell gedüngt. Zur Untersuchung der jeweiligen Bakteriengemeinschaften 

wurde Rhizosphärenmaterial entnommen und anschließend eine RNA-Extraktion mit 

anschließender Sequenzierung zur Charakterisierung des aktiven Bakterioms durchgeführt. Die 
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Studie ergab signifikante Unterschiede in den bakteriellen Gemeinschaften in der Rhizosphäre 

in Abhängigkeit von der Düngemenge und der Beprobungstiefe. Die Ergebnisse könnten dazu 

beitragen, die Wirkung der Stickstoffdüngung aus das Mikrobiom zu verstehen und langfristig 

die Düngung im Weinbau zu verringern, was zu einer nachhaltigeren Bewirtschaftung der 

Weinreben führen würde (Kapitel 4).  

Die Ergebnisse dieser Studien können übergeordnet dabei helfen, mit den neuen Erkenntnissen 

eine gezieltere Pflanzenernährung in Form von genaueren Düngeempfehlungen zu 

ermöglichen, um die damit verbundenen Kosten auf wirtschaftliche und umweltfreundliche 

Weise zu senken. Eine genauere Kenntnis der Spezifität und Dynamik des Mikrobioms in der 

Rhizosphäre der Weinrebe unter verschiedenen Bewirtschaftungspraktiken, Rebsorten, 

Unterlagen und Düngungsniveaus sollte gezielte Anpassungsstrategien für immer häufiger 

auftretende Extremjahre ermöglichen und zu einem nachhaltigeren Weinbau führen. 

 

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 
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two different levels of nitrogen added per year (N0 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.  

 

1.3 Author Contribution  
 

Chapter 1 is based on the following peer-reviewed publication: 

Dries, Leonie; Hendgen, Maximilian; Schnell, Sylvia; Löhnertz, Otmar; Vortkamp, Anne 

(2021): Rhizosphere engineering: leading towards a sustainable viticulture? In OENO One 55 

(2), pp. 353–363. DOI: 10.20870/oeno-one.2021.55.2.4534. 

 

Leonie Dries carried out literature research and writing. Maximilian Hendgen, Sylvia Schnell, 

Otmar Löhnertz and Anne Vortkamp contributed to writing. Otmar Löhnertz and Anne 

Vortkamp coordinated the project. All authors gave final approval for publication. 

 

Chapter 2 is based on the following peer-reviewed publication: 

Dries, Leonie, Bussotti, Simone, Pozzi, Carlo, Kunz, Robert, Schnell, Sylvia, Löhnertz, Otmar, 

Vortkamp, Anne (2021). Rootstocks Shape Their Microbiome-Bacterial Communities in the 
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Rhizosphere of Different Grapevine Rootstocks. Microorganisms, 9(4). 

https://doi.org/10.3390/microorganisms9040822 

 

Conceptualization of the study was done by Leonie Dries, Anne Vortkamp and Simone 

Bussotti, methodology was carried out by Leonie Dries, Simone Bussotti, and Robert Kunz. 

Leonie Dries led the writing and statistical analyses, and supervised the laboratory work. Otmar 

Löhnertz and Anne Vortkamp and Sylvia Schnell coordinated the project, review, and editing. 

All authors gave final approval for publication. Leonie Dries and Simone Bussotti share the 

first authorship. 

 

Chapter 3 is based on the following manuscript, submitted to a peer-reviewed journal: 

Dries, Leonie, Ratering, Stefan, Bussotti, Simone, Löhnertz, Otmar, Vortkamp, Anne, Schnell, 

Sylvia. The metabolic active bacterial communities of grapevine rhizosphere in dependence on 

rootstock and scion variety. Submitted to OENO One (Chapter 3)  

 

Leonie Dries carried out sample taking, laboratory work, statistical analyses, and writing. Stefan 

Ratering contributed to statistical analyses. Simone Bussotti assisted in sample taking. Otmar 

Löhnertz, Anne Vortkamp and Sylvia Schnell coordinated the design of the study, and editing. 

All authors gave final approval for publication. 

 

Chapter 4 is based on the following manuscript: 

Dries, Leonie et al. 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. (Chapter 4) 

Leonie Dries carried out sample taking, laboratory work, statistical analyses, and writing. Stefan 

Ratering contributed to statistical analyses. Otmar Löhnertz, Anne Vortkamp and Sylvia 

Schnell coordinated the design of the study. 
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preparation for submitting. I am the first author or shared first author of all publications. I 

designed and planned the experimental designs with my supervisors, took the samples and 

conducted sample preparation for sequencing. I performed the bioinformatics analysis for all 

chapters. Finally, I wrote the manuscripts. My co-authors supported with sample taking or 

sample preparation, funding, and reviewing or editing the manuscripts. The publications and 
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request to Leonie Dries.  
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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 (Álvarez-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.  

 

 

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 act as a carbon reservoir; 

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

o act as 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 (Köberl 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). 

 

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.  

 

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). 

 

Figure 4. Various factors shape the microbial communities in the rhizosphere. (Created with 

Biorender.com) 
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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; Durán 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 (Oleńska 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 Pèrez-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; Vaudour 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 

CO2, 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 Cl-, while vines grafted on K 51-40 (Vitis champinii x Vitis riparia 

'Gloire') can accumulate high concentrations of Cl- 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 'Müşküle' 

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 Börner 

(Vitis riparia 183 Geisenheim × Vitis cinerea Arnold) shows high water stress adaptation, 
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whereas the rootstock 125 AA (Vitis riparia × 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. Is it possible 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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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; Durán 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 

May 2019 

Mueller-Thurgau (4) ungrafted 

Riesling (4) ungrafted 

No plant (4)  Control 

October 2019 

Riesling (5) SO4 

Riesling (5) 125AA 

Riesling (5) Boerner 

Riesling (5) 8B 

October 2020 
Riesling (9) ungrafted 

Riesling (3) SO4 
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Riesling (3) 125AA 

Riesling (3) Boerner 

Riesling (3) 8B 

Mueller-Thurgau (9) ungrafted 

Mueller-Thurgau (3) SO4 

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 Ion 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 Ion 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 Ion Torrent PCR with primers including barcodes and Ion 

Torrent sequencing adapters was conducted with the PCR product from the first Ion 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, Düren, Germany). Further, this product was purified with DNA 

purification beads NucleoMagVR NGS clean-up kit (MACHEREY-NAGEL GmbH & Co. KG, 

Düren, Germany). The Ion 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 DADA2 (Callahan et al., 2016) (via q2-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 q2-alignment) and used for constructing a phylogeny with fasttree2 (Price et al., 

2010) (via q2-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.  
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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 
observed 

features  

May     

2019 

Mueller-Thurgau vs. Riesling 0.03 * 1.00 ns 0.03 *  
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 



70 

 
 

 

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 

May 2019 

Mueller-Thurgau vs. Riesling 0.03 * 

Mueller-Thurgau vs. Control 0.03 * 

Riesling vs. Control 0.03 * 

October 2020 

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 * 

Mueller-Thurgau grafted vs. Riesling grafted  0.21 ns 

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 * 

 

  

 



71 

 
 

 

 

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 2. Relative abundance of different bacterial families (in %) in the rhizosphere of grapevine. The 20 most dominating bacterial families in 

the rhizosphere of ungrafted Mueller-Thurgau, ungrafted Riesling, Riesling grafted onto different rootstocks (SO4, 125AA, Boerner, and 8B), 

Mueller-Thurgau grafted onto different rootstocks (SO4, 125AA, 5BB), and a control.  
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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 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 
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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 (Marín 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 (Cutiño-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 

(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 

(Ibáñez 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.  
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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 (N0 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; Durán 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 Kl.31 Op) were planted into large 

containers (240 l) 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 0 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 Ion Torrent Sequencing 

RNA extraction from the rhizosphere soil and cDNA amplification were done according to 

Rosado-Porto et al. (2021). First Ion 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 Ion Torrent PCR with primers including barcodes and Ion 

Torrent sequencing adapters was conducted with the PCR product from the first Ion 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, Düren, Germany). Further, this product was purified with DNA 

purification beads NucleoMagVR NGS clean-up kit (MACHEREY-NAGEL GmbH & Co. KG, 

Düren, Germany). The Ion 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 DADA2 (Callahan et al., 2016) (via q2-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 q2-

alignment) and used for constructing a phylogeny with fasttree2 (Price et al., 2010) (via q2-

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.  

 

 

 



93 

 
 

 

Table 1. Main chemical characteristics of the soil of the large containers in 2020 and 2021. 

Phosphorus (P2O5), potassium (K) and magnesium (Mg) values are expressed in mg kg−1. 

year fertilization sample type depth Mg P2O5 K pH-value 

2020 N 0 bulk soil  - 18 44 9.85 7.5 

 N 0 rhizosphere 0 - 30 cm 15.5 46 10.5 7.5 

 N 0 rhizosphere 30 - 60 cm 14 39 11 7.65 

 N 0 rhizosphere 60 - 90 cm 14.5 42 14 7.65 

 N 0 interrow 0 - 30 cm 9 16 25 7.25 

 N 0 interrow 30 - 60 cm 11 14.5 16.5 7.45 

 N 0 interrow 60 - 90 cm 10.5 6 11.5 7.35 

 N 1 bulk soil  - 15 26 7.15 7.55 

 N 1 rhizosphere 0 - 30 cm 16 30 7.45 7.5 

 N 1 rhizosphere 30 - 60 cm 15 24 7.35 7.55 

 N 1 rhizosphere 60 - 90 cm 13.5 41.5 10.2 7.5 

 N 1 interrow 0 - 30 cm 9 15 25 7.2 

 N 1 interrow 30 - 60 cm 11 17 16.5 7.35 

 N 1 interrow 60 - 90 cm 12.5 12.5 15.5 7.4 

2021 N 0 bulk soil  - 11.5 43.5 11 7.65 

 N 0 rhizosphere 0 - 30 cm 10.5 38.5 7.5 7.7 

 N 0 rhizosphere 30 - 60 cm 9 42 10 7.7 

 N 0 rhizosphere 60 - 90 cm 11 49 14.5 7.7 

 N 0 interrow 0 - 30 cm 7 45 24.5 7.4 

 N 0 interrow 30 - 60 cm 7.5 43.5 17.5 7.55 

 N 0 interrow 60 - 90 cm 9 24 12.5 7.55 

 N 1 bulk soil  - 14 34 7 7.6 

 N 1 rhizosphere 0 - 30 cm 13.5 25 6 7.5 

 N 1 rhizosphere 30 - 60 cm 13 42 7.5 7.65 

 N 1 rhizosphere 60 - 90 cm 13.5 29 6 7.45 

 N 1 interrow 0 - 30 cm 7.5 44.5 23.5 7.3 

 N 1 interrow 30 - 60 cm 9 49.5 16.5 7.3 

 N 1 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 (NO3-N) of the large containers in 2020 and 2021.  

year fertilization sample type depth NO3-N [kg/ha] 

2020 N 0 bulk soil  - 4.0  

 N 0 rhizosphere 0 - 30 cm 4.0 

 N 0 rhizosphere 30 - 60 cm 5.1 

 N 0 rhizosphere 60 - 90 cm 3.4 

 N 0 interrow 0 - 30 cm 3.5 

 N 0 interrow 30 - 60 cm 4.3 

 N 0 interrow 60 - 90 cm 2.9 

 N 1 bulk soil  - 4.3 

 N 1 rhizosphere 0 - 30 cm 2.4 

 N 1 rhizosphere 30 - 60 cm 2.3 

 N 1 rhizosphere 60 - 90 cm 1.6 

 N 1 interrow 0 - 30 cm 1.9 

 N 1 interrow 30 - 60 cm 1.7 

 N 1 interrow 60 - 90 cm 1.2 

2021 N 0 bulk soil  - 8.9 

 N 0 rhizosphere 0 - 30 cm 7.5 

 N 0 rhizosphere 30 - 60 cm 5.5 

 N 0 rhizosphere 60 - 90 cm 4.9 

 N 0 interrow 0 - 30 cm 2.7 

 N 0 interrow 30 - 60 cm 1.9 

 N 0 interrow 60 - 90 cm 1.4 

 N 1 bulk soil  - 8.9 

 N 1 rhizosphere 0 - 30 cm 6.8 

 N 1 rhizosphere 30 - 60 cm 3.4 

 N 1 rhizosphere 60 - 90 cm 4.1 

 N 1 interrow 0 - 30 cm 3.9 

 N 1 interrow 30 - 60 cm 1.9 

 N 1 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 (N0 vs. N1) year simpson shannon observed features 

  2020 p =0.01 * p = 0.02 * p = 0.03 * 

  2021 p = 0.1 ns p = 0.4 ns p = 0.7 ns 

 

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 

depth 
year group 1 group 2 simpson shannon 

observed 

features 

  

2020 

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

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

  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 

  

2021 

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 * 

  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 N0 and N1 (time point bud break 2020). 

B) The graph shows the bacterial families regarding the different sampling depths (time point 

bud break 2020). 
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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 N0 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 (ALDEx2) 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 

et al., 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).  

Löhnertz (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 (Löhnertz, 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 (Marín 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 

(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 
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Xanthomonadaceae. Some members of this family are already described as plant-growth 

promoting (Cutiño-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 (Ibáñez 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 (ALDEx2) 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). Löhnertz (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 (Löhnertz, 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 

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 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 
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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.  
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