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The tree that never had to fight 

For sun and sky and air and light, 

But stood out in the open plain 

And always got its share of rain, 

Never became a forest king 

But lived and died a scrubby thing. 

 

The man who never had to toil 

To gain and farm his patch of soil, 

Who never had to win his share 

Of sun and sky and light and air, 

Never became a manly man 

But lived and died as he began. 

 

Good timber does not grow with ease: 

The stronger wind, the stronger trees; 

The further sky, the greater length; 

The more the storm, the more the strength. 

By sun and cold, by rain and snow, 

In trees and men good timbers grow (…) 

 

 

Good Timber by Douglas Malloch 
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Summary 
 

Diversity is a key trait to community stability and resilience face to environmental disturbances. This 

stability is achieved through increasing metabolic complementarity and redundancy, which ensures 

the smooth functioning of different physiological processes at different trophic levels in a given 

community. That is true for animal, plant and microbial communities present in soil, water and in the 

air. Due to its ubiquity and essential role in nutrient cycling, microbial community diversity, mainly in 

the soil where it is exceptionally diverse compared to water and air, has been demonstrated to be an 

important indicator of overall ecosystem health, quickly responding to environmental changes. This 

diversity seems to be tiddly connected with the plant community. As the lowest level of trophic chains 

and essential supply of food, energy and pharmacological compounds, the interactions between 

microbial and plant community diversity have been vastly investigated in previous decades by 

botanists, ecologists, and engineers to disentangle the complex relationships between productivity, 

sustainability, and conservation of both natural and vegetal communities.   

However, despite the extensive research on the biodiversity topic in vegetal and soil microbial 

communities, the factors driving the interactions between those two communities during stress events 

and the effects of increasing diversity on those responses are still vaguely explored.  

In this thesis, we approach the effects of plant diversity increase over soil and endophytic microbial 

community composition. We made use of the structure of a long-term biodiversity experiment in 

Germany (The Jena experiment) to investigate the effects of a plant diversity gradient in the soil 

microbial response to long term drought and how this increasing plant diversity shapes the 

composition the endophytic microbiome of Plantago lanceolata, a widespread European herb, 

commonly used as model for greenhouse experiments. In the frame of soil microbial communities, we 

also investigated the effects of different inoculation loads in the microbial colonization of soils after 

disturbance (in this case, autoclavation). We used metabarcoding sequencing to access the microbial 

response to our experimental designs in soil and seed samples. We identified changes in diversity and 

microbial composition by taxonomical assignment of the resulting reads and calculating the amount 

amplicon sequencing variants assigned to each of those taxa.  

Our results indicates that microbial communities deterministically colonize soil after sterilization, 

independently of the initial inoculum. Soil communities diversity also surprisingly was positively 

correlated with long term drought. Lastly, we successfully identified the core microbiome of Plantago 

lanceolata seeds, as being composed by Paracoccus, Alteribacillus, Sphingomonas, Pseudomonas, 

Massilia and Pirellula  genera, being Sphingomonas faeni and Pirellulla spp. the dominant species. This 



 
 

result indicates possible transgenerational link between individuals growing in different diversity 

levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
 

Zusammenfassung  
 

Diversität ist ein entscheidendes Merkmal für die Stabilität und Widerstandsfähigkeit einer 

Gemeinschaft gegenüber Umweltstörungen. Diese Stabilität wird durch eine zunehmende 

metabolische Vielfalt und Redundanz erreicht, die sicherstellt, dass unterschiedliche physiologische 

Prozesse auf verschiedenen trophischen Ebenen innerhalb einer Gemeinschaft reibungslos ablaufen. 

Dies gilt sowohl für Artengemeinschaften im Tier- und Pflanzenreich als auch für mikrobielle, welche 

in Böden, Gewässern und in der Luft vorkommen können. Aufgrund der Allgegenwärtigkeit von 

Mikroorganismen, sowie ihrer essenziellen Rolle im Nährstoffkreislauf, hat sich gezeigt, dass die 

Vielfalt der mikrobiellen Gemeinschaften, welche schnell auf Umweltveränderungen reagieren, einen 

wichtigen Indikator für die Gesamtgesundheit eines Ökosystems darstellt. Diese außergewöhnliche 

mikrobielle Vielfalt findet sich, im Vergleich zu Gewässern und der Luft, vor allem im Boden. Diese 

Diversität scheint eng mit der Pflantzengemeinschaft verbunden zu sein. Da Mikroorganismen die 

niedrigste Ebene der Nahrungskette darstellen und sowohl als essenzielle Nahrungs- und 

Energiequellen als auch als Produzenten von pharmakologischen Verbindungen dienen, wurden die 

Wechselwirkungen zwischen der mikrobiellen Gemeinschaft und der Pflantzengemeinschaft  in den 

vergangenen Jahrzehnten umfassend untersucht. Botaniker, Ökologen und Ingenieure analysierten 

diese Wechselwirkungen, um die komplexen Beziehungen zwischen Produktivität, Nachhaltigkeit und 

Erhaltung natürlicher mikrobieller als auch pflanzlicher Gemeinschaften zu erklären, zu bewahren und 

zu nutzen. Trotz der umfangreichen Forschung zum Thema Biodiversität in pflanzlichen und 

bodenmikrobiellen Gemeinschaften ist der Stand des Wissens in Forschung und Literatur zu den 

Faktoren, welche die Wechselwirkungen zwischen diesen beiden Gemeinschaften während 

Stressereignissen steuern, als auch die Auswirkungen einer zunehmenden Vielfalt auf diese 

Reaktionen, begrenzt. In dieser Arbeit wurden die Auswirkungen einer erhöhten Pflanzenvielfalt auf 

die Zusammensetzung der bodenmikrobiellen sowie endophytischen mikrobiellen Gemeinschaft 

untersucht. Hierbei wurden die Ressourcen und Infrastruktur eines Langzeit-

Biodiversitätsexperiments in Deutschland (das Jena-Experiment) verwendet, um die Auswirkungen 

eines Pflanzenvielfalt-Gradienten auf die Reaktion der Bodenmikroorganismen mit dem zusätzlichen 

Stressfaktor der andauernden Trockenheit zu untersuchen. Zudem wurde der Einfluss der 

zunehmenden Pflanzenvielfalt auf die Zusammensetzung des endophytischen Mikrobioms 

von Plantago lanceolata analysiert. Plantago lanceolata ist eine weit verbreitete europäischen 

Pflanze, die häufig als Modellpflanze für Gewächshausexperimente verwendet wird. Im Rahmen des 

Versuches wurden die Auswirkungen verschiedener Animpfmegen autoklavierten und damit 

gestörten Bodens, auf die nachfolgende Besiedlung von Böden und der sich entwickelnden 

mikrobiellen Gemeinschaft, untersucht. Die Reaktion der mikrobiellen Gemeinschaft auf das zugrunde 



 
 

liegende experimentelle Design wurde sowohl für Boden als auch für Samenproben von Plantago 

lanceolata mittels Metabarcode-Sequenzierung analysiert. Es konnten Änderungen in der 

mikrobiellen Vielfalt und Zusammensetzung durch taxonomische Zuordnung der erhaltenen 

Sequenzen identifiziert werden. Zudem wurde die absolute Zahl für jede der erhaltenen und einer 

spezifischen mikrobiellen taxonomischen Einheit zugeordneten Amplikon-Sequenzvarienten (ASV) 

pro Probe berechnet. Unsere Ergebnisse zeigen, dass die mikrobielle Gemeinschaft des Bodens nach 

der Sterilisation deterministisch besiedelt wird, unabhängig von der für die anfängliche Inokulation 

verwendeten Menge an autoklaviertem Boden.  

Die Vielfalt der Bodengemeinschaften ist, entgegen der ursprünglichen Erwartungen, positiv mit 

dauerhafter Trockenheit korreliert. Weiterhin konnte erfolgreich das Kernmikrobiom der Plantago 

lanceolata Samen identifizieret werden, welches aus den bakteriellen 

Gattungen Paracoccus, Alteribacillus, Sphingomonas, Pseudomonas, Massilia und Pirellula besteht. 

Dabei stellen Sphingomonas faeni und Pirellulla spp. die dominanten Arten dar. Dieses Ergebnis 

deutet auf eine mögliche transgenerationale Verbindung zwischen Individuen von Plantago 

lancelotata, welche in Bereichen mit verschiedenen Graden der Pflanzendiversität wachsen, hin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

List of abbreviations  
 

16S rRNA gene - gene coding for a RNA of the small ribosomal subunit of prokaryotes 

ASV - Amplicon sequence variant 

ANOVA - Analysis of variance 

bp - Base pairs 

BSA - Bovine serum albumine 

°C - Degree Celsius 

CO2 – Carbon dioxide  

DEPC-MiliQ - Diethyl pyrocarbonate treated ultrapure water 

DNA - Deoxyribonucleic acid 

dNTP - Deoxyribonucleotide triphosphate 

DOC - Dissolved organic carbon 

kb - Kilobases 

MB – Megabases 

mWHC – Maximum water holding capacity 

N2 – Molecular nitrogen  

ng – Nanogram 

NH3 – Ammonia  

NPK – Nitrogen phosphorus and potassium  

PCR – Polymerase chain reaction  

PCoA - Principal Coordinate Analysis 

PERMANOVA - Permutational analysis of variance 

PMA - Propidium monoazide  

qPCR - Quantitative polymerase chain reaction 

R2A - Reasoner’s 2A medium 

R2 - Coefficient of determination  

RubisCO - Ribulose-1,5-bisphosphate carboxylase-oxygenase 

SRA - Sequence Read Archive 
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1.1. Publication 1 
Deterministic development of soil microbial communities into disturbed soils depends on 

microbial biomass of the bioinoculum. 

 

Yuri Pinheiro Alves de Souza, Michael Schloter, Wolfgang Weisser, Stefanie Schulz 

 

Short description:  

 

Despite its enormous importance for ecosystem services, factors driving microbial recolonization of 

soils after disturbance are still poorly understood. In this publication, we compared the microbial 

recolonization patterns of a soil disturbed by autoclavation using different amounts of the original non-

disturbed soil as inoculum. By using this approach, we manipulated microbial biomass, but did not 

change microbial diversity of the inoculum.  We followed the development of a new soil microbiome 

after reinoculation over a period of 4 weeks using a molecular barcoding approach as well as qPCR. 

Focus was given on the assessment of bacteria and archaea. We could show that one week after 

inoculation in all inoculated treatments bacterial biomass exceeded the values from the original soil 

as a consequence of high dissolved organic carbon (DOC) concentrations in the disturbed soil resulting 

from the disturbance. This high biomass was persistent over the complete experimental period. In line 

with the high DOC concentrations, in the first two weeks of incubation, copiothrophic bacteria 

dominated the community, which derived from the inoculum used. Only in the disturbed control soils 

which did not receive a microbial inoculum, recolonization pattern differed. In contrast, archaeal 

biomass did not recover over the experimental period and recolonization was strongly triggered by 

amount of inoculated original soil added. Interestingly, the variability between replicates of the same 

inoculation density decreased with increasing biomass in the inoculum, indicating a deterministic 

development of soil microbiomes if higher numbers of cells are used for reinoculation. 

 

Contributions: 

• Experimental design  

• Soil collection  

• Conducted the microcosm experiment 

• Conducted the sample processing (DNA extraction and sequencing) 

• Conducted the bioinformatical analyses and statistics 

• Wrote the manuscript  

 

 



 
 

1.2. Publication 2 
The effect of plant species richness on microbial diversity maintenance during extended drought 

periods 

 

Yuri Pinheiro Alves de Souza, Roberto Siani, Cynthia Albracht, Yuanyuan Huang, Nico Eisenhauer, Anja 

Vogel, Cameron Wagg, Michael Schloter, Stefanie Schulz 

 

Short description:  

 

Drought is a major stressor factor to soil microbial communities and the intensification of climate 

changes is predicted to intensify hydric stress all over the globe in the next decades. The absence of 

water leads to osmotic stress, decrease in nutrient viability and in the connectivity of ecological 

processes, especially in the soil, leading to decrease in diversity and ecosystem functioning. As possible 

mitigating factor to the consequences of prolonged drought periods, diversity manipulation can 

increase ecosystem resistance and resilience by improving metabolic redundancy and 

complementarity as biodiversity increases. In this sense, here we investigated the interaction between 

increasing plant diversity and the response of soil microbial communities to prolonged drought stress. 

For that, we made use of a well-established biodiversity experiment (The Jena Experiment) to 

investigate the oscillations in diversity and composition of soil bacterial community exposed to long 

drought periods alongside a plant diversity gradient. Plots were covered from natural precipitation 

during summer in a period of 8 years, in a gradient of plant diversity ranging from monoculture to 60 

species. Our data indicates that bacterial diversity increased after the exposition to drought, being the 

increase stable along the plant diversity gradient. This data indicates the long-term drought actually 

promotes soil diversity, by increasing niche differentiation. 

 

Contributions: 

• Conducted the sample processing and sequencing  

• Conducted the bioinformatical analyses and statistics  

• Wrote the manuscript  

 

 

 

 



 
 

1.3. Publication 3 
The seeds of Plantago lanceolata comprise a stable core microbiome along a plant richness 

gradient. 

 

Yuri Pinheiro Alves de Souza; Michael Schloter; Wolfgang Weisser; Yuanyuan Huang; Stefanie Schulz 

 

Short description:  

 

Seed endophytic bacteria are plant-beneficial bacteria that thrive inside seeds. They improve seedling 

growth by enhancing plant nutrient uptake, modulating stress-related phytohormone production, and 

targeting pests and pathogens with antibiotics. Seed endophytes can be influenced by pollination, 

plant cultivar, and soil physicochemical conditions. However, the effects of plant community diversity 

on seed endophytes are unknown. To investigate the effects of increasing plant diversity on the 

diversity and composition of the seed microbiome, we made use of a well-established long-term 

biodiversity experiment in Germany (The Jena Experiment). We sampled seeds from different Plantago 

lanceolata blossoms in a plant diversity gradient ranging from monocultures to 16 species mixtures. 

Seeds were surface sterilized to remove seed surface-associated bacteria and subjected to a 

metabarcoding approach to assess bacterial community structure. Our data indicates a very stable 

core microbiome, which accounted for more than 90 % of the reads and was present in all seeds 

independent of the plant diversity, from which the seeds originated. It consisted mainly of reads linked 

to Pseudomonas rhizosphaerae, Sphingomonas faeni and Pirellulla spp. The number of unique ASVs in 

each diversity level was positively correlated with the plant diversity. Our data indicates that the seed 

microbiome can be influenced by the surrounding plant diversity. Thus, impacting the next plant 

generation. 

 

 

Contributions: 

• Experimental design  

• Seed sampling and processing 

• Conducted the sample processing (DNA extraction and sequencing) 

• Conducted the bioinformatical analyses and statistics  

• Wrote the manuscript 

 



 
 

2. Introduction 
 

2.1. Biodiversity – Definitions and measures    
 

According to the United Nations Environment Programme (https://www.unep.org/unep-and-

biodiversity), Biodiversity is the variety of life on Earth, including all organisms, species, and 

populations; the genetic variation among these; and their complex assemblages of communities and 

ecosystems. It also refers to the interrelatedness of genes, species, and ecosystems and in turn, their 

interactions with the environment. Three levels of biodiversity are commonly discussed: genetical, 

species and ecosystem diversity. The genetic diversity comprehends the different genes contained in 

all the living species, including individual plants, animals, fungi, and microorganisms. Species diversity 

refers to the different species, as well as the differences within and between different species while 

ecosystem diversity accounts for the diversity of all different habitats, biological communities, and 

ecological processes, as well as variation within individual ecosystems. 

This diversification of life is considered to be the cornerstone of the successful colonization of earth. It 

came from the need to occupy different niches and therefore the opportunity to exploit different 

energy resources, which led to intricate networks of relationships and dependencies we can observe 

today. The molecular bases of life itself, shared by all domains of life, actively incentivize and support 

the diversification of life forms through mutations, recombination and genetic drifts, which ultimately 

leads to different metabolism and strategies (Crawford and Whitney 2010; Tilman, Isbell, and Cowles 

2014).  

Local changes in the biodiversity of a specific environment can be accessed by the estimation of several 

different metrics which account for changes in both the number of different species on that 

environment and changes in the abundance of those species. Species richness accounts for the simple 

number of different species present in each environment. Therefore, a species rich environment would 

harbour a higher number of different species then a species poor environment. If species abundance 

is taken in consideration, the species evenness can be estimated. Evenness measures how evenly 

individuals are distributed among different species in a community. A community with high evenness 

has a more balanced distribution of species abundances. Shifts in species evenness can indicate 

changes in the pattern of dominant species, resulting from internal competition or differences in 

ecosystem pressure (X. Wang et al. 2021). Diversity indices combine both richness and evenness 

information in the same metric, estimating how those two factors are connected (Hubálek 2000). For 

that, different diversity indices were proposed during the years, each taking in consideration different 

aspects of the relationship between richness and evenness. The Shannon Diversity Index, also known 



 
 

as Shannon-Wiener Index, was proposed by Claude Shannon and Warren Weaver in their book "The 

Mathematical Theory of Communication," which was originally published in 1949 and is still to this 

date one of the most used diversity metrics in ecology to estimate biodiversity. The index calculation 

takes in consideration both the number of different species and their relative abundance and reach 

higher numbers as more species are added and as the species present become more evenly 

distributed. In this case, a rich environment with very low evenness (high dominance) will have lower 

Shannon diversity estimation then a less rich environment with evenly distributed species. Another 

widely used diversity index, The Simpson Diversity Index, sometimes referred to only as the Simpson 

Index, was proposed by Edward H. Simpson, a British statistician, in 1949. Like the Shannon Diversity 

Index, Simpson's Index is a measure of biodiversity in a community, but it focuses more on the 

dominance or concentration of species rather than considering both species richness and evenness as 

in the Shannon Index. Simpson's Diversity Index ranges from 0 to 1, where 0 indicates infinite diversity 

(maximum evenness), and 1 indicates no diversity (all individuals belong to a single species). In this 

case, the index calculates the probability that two individuals randomly selected from the community 

belong to the same species. Therefore, while high diverse environments have higher Shannon diversity 

due to increase in species richness and evenness, they´ll consequently decrease in Simpson Index 

estimation, due to the smaller chance to repeatedly detect the same species. Those metrics are useful 

tools to access changes in biodiversity caused by both natural and anthropogenic sources and are 

commonly used in ecology (Tucker et al. 2017). Those metrics, which describe the diversity withing a 

given habitat, are termed Alpha diversity metrics, in contrast to Beta diversity metrics, which describe 

the variation in species composition between different habitats or ecosystems, quantifying the change 

in species diversity between two distinct communities. The nomenclature of alpha and beta diversity 

in the context of ecology and biodiversity was first introduced by R.H. Whittaker, an American 

ecologist, in a paper published in 1960 (Whittaker 1960) and its still widely utilized in ecology research 

in current literature.  

Beta diversity metrics in ecology are based on the comparison of species composition between 

different sites or habitats. These metrics aim to quantify the variation in species composition or 

turnover among distinct communities. Therefore, beta diversity is a value derived from the differences 

between the composition and/or abundances of species present in a given habitat. Commonly used 

beta diversity metrics are the Jaccard's Index, which measures the proportion of shared species 

between two communities (A and B) relative to the total number of species in both communities 

(Jaccard 1912) and the Bray-Curtis Dissimilarity Index, which quantifies the dissimilarity between two 

communities based on the abundance or presence-absence of species (Bray and Curtis 1957). It 

considers both the shared and unique species in each community. Since the result of beta diversity 



 
 

analysis are exponentially complex as the number of observed habitats increase (each habitat or 

sample is compared against all the other samples in the dataset) visualization techniques are often 

implemented to assist the data interpretation. An example of technique utilized for the visualization 

and interpretation of beta diversity results is the Non-Metric Multidimensional Scaling (NMDS), which 

consists of a dimensionality reduction technique that transforms the dissimilarity matrix into a lower-

dimensional space while preserving the original pairwise distances as much as possible and  the result 

can be displayed as an scatterplot represents a community, and the distance between points reflects 

the dissimilarity between communities (Kruskal and Shepard 1974). Points that are closer together are 

more similar in species composition. The same is true for Principal Coordinates Analysis (PCoA), which 

similar to the NMDS can be used to spatially represent the dissimilarity between the habitats, however 

utilizing and creates a set of axes (principal coordinates) that capture the maximum variation in the 

dissimilarity matrix (Mead 1992). Other visualization strategies can also be implemented, as clustering 

analyses utilizing dendrograms, heatmaps and networks, being however less commonly used.  Both 

NMDS and PCoA have become important tools in ecological and environmental sciences for visualizing 

and interpreting patterns of beta diversity and dissimilarity in community data. They are widely used 

in the analysis of species composition and ecological community structure. Altogether, alpha and beta 

diversity metrics help to distinguish complex ecological patterns and are useful tools in biodiversity 

experiments. 

 

2.2. Biodiversity and ecosystem functioning  
 

Ecosystem biodiversity and the increase in the number of different species has beneficial effects on 

the whole ecosystem. More diversity leads to an efficient occupation of different niches, promoting 

complementarity between the species in that specific environment and protecting the ecosystem as a 

whole from external disturbances (Hector et al. 1999). Those beneficial effects of biodiversity include 

the enhancement of ecosystem productivity, caused by the presence of a diverse array of species 

contributing to increased primary productivity and biomass production within ecosystems (Balvanera 

et al. 2014), the promotion of the stability and resistance to stress (Isbell et al. 2015) and ultimately 

the promotion of biodiversity itself, once more diverse environments favour the accumulation of 

genetic diversity over time (Hughes et al. 2008). Those effects can be attributed to the diversification 

of niches, metabolisms, and morphologies presented in a species-diverse environment which, in 

contrast to a species-poor environment,  can more efficiently use the physicochemical resources 

available, optimizing the energy flow in the process (Barnes et al. 2018).  



 
 

Ecosystem biodiversity also significantly contributes to the resilience of communities and populations 

against pathogen outbreaks. Both genetical and species diversity play a role in protecting the 

widespread infection agents (Alizon et al. 2009), since pathogenic and opportunistic bacteria, fungi, 

and especially viruses, rely on specific infection mechanisms, often species-specific ones, to 

successfully proliferate on their hosts. The same is true for invertebrate predators, such as caterpillars, 

locusts and aphids, which can easily unbalance food chains and destroy complete habitats, if left 

unchecked (Baker 2015). Monoculture plantations, for example, heavily rely on pesticides to reduce 

the herbivores population,  and are extremely susceptible to viral and bacterial infections, due to the 

low genetic diversity of plant hosts (Letourneau and Bothwell 2008), which are usually monoclonal 

offerings. In this scenario, increasing the number of species can contribute to better resilience by 

recruiting competing and predating species against the invertebrate predators, increasing the genetic 

diversity of members in the same species, or simply diluting the number of susceptible hosts, which 

will further decrease and regulate the spreading rate of that given pathogen (Ostfeld and Keesing 

2000). Altogether, those beneficial effects contribute to less severe outbreaks and give more time to 

the community to recover from those events.  

Species biodiversity promotes higher biomass production (Balvanera et al. 2014) and ecosystem 

productivity. The increase in species number leads to higher complementarity between the species in 

the given environment, increasing overall biological activity. This increase in biological activity  results 

in an improved nutrient turnover, leading to faster detoxification from contaminants (Dell’Anno et al. 

2012) and faster recovery from disturbance events, like wildfires (Pugh et al. 2022), floods (Wright et 

al. 2015) as well as anthropogenic disturbance (Moreno-Mateos et al. 2017). The matter of increasing 

biomass production is especially relevant in the context of increasing atmosphere pollution. The 

annual report from NOAA’s Global Monitoring Lab (2022) indicates that carbon dioxide concentration 

in the atmosphere in 2022 was, on average, 417 parts per million (ppm), in contrast to the 360-ppm 

concentration in 1960. The Global Carbon Project estimates that 43 billion tons of CO2 are released 

into the atmosphere every year (2019), including agricultural, land use, fertilization and burning of 

fossil fuels. The accumulation of CO2 in the atmosphere (among other greenhouse gases), as well as 

the catastrophic environmental consequences of global warming, can be mitigated by carbon 

sequestration and imprisonment in organic molecules, such as cellulose, which is potentialized by 

increasing biodiversity (Farrelly et al. 2013; Nanda et al. 2016).  

 

 



 
 

2.3. The effect of biodiversity loss on ecosystem functioning 
 

In the same way that biodiversity promotes ecosystem functioning and resilience against disturbance, 

diversity loss has serious consequences for ecosystem quality. Diversity loss can happen as result of 

natural disturbances, as for example geological and tectonic events, as well as species migration, 

invasion, and predation. However, the diversity loss in the Anthropocene (geological period of 

important human impact in the biosphere - Waters et al. 2016) reached astonishingly high levels on 

the global scale. Despite the low accuracy of current knowledge on the impact of human activity on 

species extinction and environmental impact, current estimations indicated that, due to human 

activity,  around 600 species of plants have been extinct in the previous 250 years (Humphreys et al. 

2019), while for vertebrates this number is 363 in the past 500 years (Johnson et al. 2017). Those 

numbers exemplify the direct and irreversible impact increasing human activity exerts on natural 

ecosystems. The extinction events are the result of extensive hunt (Price and Gittleman 2007), habitat 

destruction and fragmentation (Fahrig 2003), species relocation  (McDonald-Madden et al. 2011), land 

use (Haines-young 2009; Jha and Bawa 2006), deforestation and/or overall consequences of climate 

change (Habibullah et al. 2022).   

Regardless of whether extinct or not, the local effect of species loss has a direct impact on ecosystem 

quality and functioning. The lack of pre-existing species might result in empty niches and therefore 

disrupt the intricate web of interactions within ecosystems, making them more vulnerable to 

disturbances. This can lead to reduced ecosystem stability and resilience, increasing the likelihood of 

ecological shifts and even ecosystem collapse (Moreno-Mateos et al. 2017; Tilman, Isbell, and Cowles 

2014; Wagg et al. 2017). Those effects can be observed in the drop of ecosystem services, like 

pollination (Hoiss et al. 2013; Isbell et al. 2017), climate regulation (Isbell et al. 2015), and nutrient 

cycling (Weisser et al. 2017). In terms of nutrient cycling, biodiversity loss is especially detrimental to 

ecosystem stability. While highly diverse environments harbour a quick turnover and acquisition of 

organic forms of carbon (Lange et al. 2015), nitrogen and phosphorus (Isbell et al. 2017), increasing 

the productivity in those ecosystems (Y. Yang et al. 2019), low diversity environments see a decrease 

in nutrient uptake and, therefore, in the overall ecosystem fertility. This phenomenon can be easily 

observed in intensely exploited agricultural fields, where the prevalence of monoculture cultivations, 

coupled with rapidly growing crops, drastically reduce soil carbon and nitrogen stocks (Cong et al. 

2014; Gregorich, Drury, and Baldock 2001). The lack of nutrients impairs other ecosystem services like 

reducing decomposition rates (Handa et al. 2014), unbalancing soil chemistry stoichiometry (Aanderud 

et al. 2018) and increasing nutrient leaching (Grant et al. 2019). Since monoculture crops cannot 

sustains their own nutritional needs and also struggle to attend commercial demands for productivity, 



 
 

growth rates in those artificial envrioments highly rely on intense fertilization, which ultimately leads 

to water (Trimble 2020), soil and (Kopittke et al. 2019) air pollution (Fluegge and Fluegge 2017), 

alongside direct consequences to human health  (Dhankhar and Kumar 2023). The relationship 

between pesticide exposure and several types of cancers (Hu et al. 2015) and other chronical diseases 

as diabetes (Jaacks and Staimez 2015) have already being documented.  

As previously established, although the addition of fertilizers supplements the lack of soil nutrients 

caused by the drop in crop diversity, monoculture crops lack other important ecosystem functions, like 

the protection against herbivory and pathogen infections. Low-diversity environments are more 

susceptive to weeds and pests, as well as infections by viruses, bacteria and fungi (King and Lively 

2012). In this situation, the lack of genetic diversity intensifies the infection rates across the crops, 

leaving a very short time for individual recovery, while high diversity environments tend to have milder 

outbreaks and recover faster (King and Lively 2012; Ostfeld and Keesing 2000). Experimental evidence 

(Jr, Origin, and Haven 2000) from rice monoculture fields indicates the active manipulation of genetic 

diversity increased production yields in 89% and reduced the severity of rice blast (an infectious 

disease caused by the Magnaporthe grisea fungi) in 94%. Spatial distribution of different plant species 

has also being demonstrated to significantly reduce the spread of pathogens (Sapoukhina et al. 2010), 

posing a natural barrier for the pathogen dispersion.   

Interestingly, nutrient-poor and disturbed environments tend to host very specialized species 

(especially in the case of plant communities), making the development of biodiversity itself more 

challenging than in healthy environments (Wardle 2006). That said, the absence of diversity creates a 

hostile environment where less competitive species struggles to thrive, creating a positive feedback 

loop where diversity loss promotes itself. In this loop, the ecosystem's capacity to recover from stress 

events and buffer extreme fluctuations is compromised (Berendse et al. 2015; Geisen, Wall, and van 

der Putten 2019), lowering the recovery process. A classic example of positive feedback loop, where 

loss of diversity potentialize itself, it´s the case of desertification of arears with damaged vegetation. 

As vegetations covering is removed, increasing soil erosion and soil moisture evaporation lead to a 

decrease in soil fertility, consequently reducing the successful establishment of new a new plant 

community and so on (Higginbottom and Symeonakis 2014). Figure 1 summarises the effects of 

increasing biodiversity (consequently the impaired ecosystem functions during diversity loss) over 

several ecosystem processes.  



 
 

 

Figure 1: Schematic representation of increasing and decreasing ecosystem processes alongside biodiversity increase. 
Upwards arrows indicate increasing processes, while downward arrows represented decreasing processes (the size of arrows 
do not represent the increase/decrease dimension). As biodiversity increases, positive feedback loops (like increasing species 
interaction and ecosystem resilience) also intensify, potentializing beneficial effects. The effects of increasing biodiversity also 
increase over time, often taking seasons or years to be noticed. Those effects linger over time even though the causes are still 
not present, characterizing legacy effect. 

 

2.4. Plant biodiversity services to ecosystem   
 

Plants are the most abundant kingdom on earth. They correspond to 80% of the total life biomass on 

the planet, with an approximated amount of 450 Gt (Bar-On, Phillips, and Milo 2018), while bacteria 

are on the second place with approximately 10% (70 Gt), followed by fungi, archaea, protists, animals, 

and viruses, which together account for the remaining <10%. The Royal Botanic Gardens, Kew, 

launched the Plant List initiative to compile a comprehensive database of accepted plant names, and 

their latest update, published in 2013, listed around 1.04 million plant names representing roughly 

350,699 accepted species. 

The impressive diversity and overwhelming prevalence of plant species around the globe is reflected 

on the fundamental character plant communities perform on the maintenance of ecosystems. Despite 

it´s obvious role as primary producer in terrestrial ecosystems (Woodwell and Whittaker 1968), plant 

communities provide a multitude of essential services to ecosystem functioning, contributing to the 

overall health and balance of natural environments. One of the primary services is carbon 

sequestration through photosynthesis (Elbasiouny et al. 2022), where plants absorb carbon dioxide 

and release oxygen, helping regulate the Earth's atmospheric composition and providing oxygen for 



 
 

autotrophic organisms. In the context of actual climatic changes (Huntington 2006; Nanda et al. 2016) 

the storage of carbon in the form of biomolecules, as cellulose, is a crucial factor for the stabilization 

of  environmental changes, as has been used as strategy to mitigate those changes (Cong et al. 2014).  

Plants also play a crucial role in nutrient cycling and turnover, improving soil fertility. Due to the 

association with soil microbes and the recruitment of important microbial taxa (Park, Seo, and Mannaa 

2023; Vives-Peris et al. 2020), as the ones responsible for nitrogen fixation and phosphorus 

solubilization, plant communities improve nutrient availability and nutrient storage in soil. This trait is 

especially interesting in the context of biodiversity studies, since different plant species contribute 

differently to the soil nutrient availability. In this sense, an environment with higher plant richness has 

access to a vaster diversity of beneficial traits, provided by its individuals. Current literature associate 

higher plant diversity to a higher environment productivity and stability in face of stressing conditions 

(Isbell et al. 2017; Tilman 1996; Wagg et al. 2022). This observation can be attributed to the 

complementary use of resources and the potentiation of synergistic interactions between the different 

species in a given environment.  Diverse root traits (as length, dept and width), for example, lead to an 

optimal occupation of the soil´s tri dimensional space, increasing overall community water and 

nutrient uptake (Freschet et al. 2021). Long roots reach deeper depts in the soil, while short and 

thinner roots occupy smaller spaces among the bulk soil. The different roots in the soil also present 

different degrees of association with mycorrhiza and Rhizobia, also producing a more complex array of 

secondary metabolites, which are the main providers of carbon sources to soil microbial community 

(X. Wan et al. 2021).  

A common example of the practical use of biodiversity manipulation is the rotation of crops and co-

plantation, a farming practice that involves systematically growing different crops in the same field 

over a sequence of years or seasons. It is a traditional and sustainable agricultural technique aiming at 

the improvement of soil health, reducing pest and disease pressure, and optimizing crop yields. Crop 

rotation has been practiced for centuries and remains a fundamental strategy in modern farming 

systems (Dias, Dukes, and Antunes 2014). This approach increases productivity by matching farming 

systems management and genotypes and can reduce the use of fertilizers (Kirkegaard and Hunt 2010). 

Plant root systems help prevent soil erosion and stabilize landscapes, maintaining the integrity soil 

ecosystems by physically binding soil particles together. This process, known as soil aggregation 

(Lehmann, Zheng, and Rillig 2017), creates pore spaces in the soil, allowing water and air to infiltrate, 

therefore, promoting better drainage and aeration. Improved soil structure also reduces the risk of 

erosion by preventing topsoil from being easily washed away (Kopittke et al. 2019; Lal and 

Moldenhauer 1987). The root exudates,  compounds including sugars, amino acids, organic acids, and 

enzymes (Park, Seo, and Mannaa 2023; Vives-Peris et al. 2020) are released by plant roots as secondary 



 
 

metabolites, working as energy sources and recruitment baits to beneficial microbes present in the 

soil, forming a symbiotic relationship. Mycorrhizal fungi, for example, can form mutualistic associations 

with plant roots, enhancing nutrient uptake, particularly phosphorus. 

 

2.5. Microbial biodiversity and its ecological role in terrestrial ecosystems 
 

In complement to the importance of plant communities to ecosystem quality, Bacteria, the second 

most abundant group on earth (Bar-On, Phillips, and Milo 2018), are remarkably more diverse then 

plants and animals all together. This immense diversity can be observed phylogenetically, 

morphologically, and metabolically which leads to a complete ubiquity of the microscopic organisms 

as saprophytic, parasitic, and symbiotic organisms. Bacteria and archaea are especially diverse, when 

compared to their eukaryotic counterparts.  While animals, fungi and non-photosynthetic protists 

display a strictly chemoautotrophic metabolism and plants and photosynthetic protists (also 

commonly known as eukaryotic algae, as  the Chlorophyta and Bacillariophyta phyla) present a 

photoautotrophic metabolism, bacteria and archaea go further (DeLong and Pace 2001; Downs 2006). 

If classified according to their nutritional needs and energy acquisition strategy, bacteria and archaea 

can use both mineral (autotrophic) and organic carbon sources (heterotrophic), as well as acquiring 

energy from either light (phototrophic) or chemical reactions (chemotroph). The electron donors can 

be either organic (organotroph) or inorganic (lithotroph). The genus Rhodospirillum, for example, 

belong to the purple non-sulphur bacteria group, found in various aquatic and terrestrial environments 

where light and organic carbon sources are available and it´s rarely observed in oxygenated 

environments. The bacteria of this genus are capable of performing anoxygenic photosynthesis, using 

light as energy source but not fixing its own carbon, so a photoheterotrophic organism (Schultz and 

Weaver 1982). In the other hand, Nitrosomonas is a genus of bacteria that belongs to the group of 

ammonia oxidizing bacteria. These bacteria are chemoautotrophs, which means they derive their 

energy from the oxidation of inorganic chemicals (in this case ammonia - NH3) and use carbon dioxide 

(CO2) as their sole carbon source for growth. Specifically, Nitrosomonas bacteria are known for their 

role in the nitrogen cycle, where they participate in the process of nitrification, a two-step process that 

converts NH3 into nitrite (NO2-) and then into nitrate (NO3-). Nitrosomonas performs the first step of 

nitrification, which is the oxidation of ammonia to nitrite (Koops et al. 1991). Chemoautotrophs 

specifically can utilize a wide variety of subtracted for energy generation. Hydrogenovibrio marinus, 

abundant in hydrothermal vents, can use molecular hydrogen (H2) as primary energy source 

(Nishihara, Igarashi, and Kodama 1991), while Acidithiobacillus ferrooxidans, commonly found in acidic 



 
 

environments, including acid mine drainage sites, oxidizes ferrous iron (Fe2+) for energy generation 

(Valdés et al. 2008).  

The metabolic diversity of prokaryotes is reflected on the assembling and development of microbial 

diversity. This diversity leads to the ubiquity of bacteria and archaea in every environment on earth, 

from the ocean tranches to mountains, performing different wholes as free-living, parasites and 

commensals (Zeigler 2014). In soil, bacterial communities display a diverse array of metabolic 

capabilities, being the heterotrophic and aerobic metabolism the most abundant in the top layers in 

the soil. As soil dept increases, oxygen availability diminishes, opening space to alternative, less 

efficient lifestyles. This special and metabolic complementarity between soil bacterial communities’ 

results in an intricate net of dependencies and highly complementary metabolic networks, where 

bacteria utilizes both available nutrients and secondary metabolites for growth. The assembly of 

microbial communities is, therefore, shaped by the environmental conditions, the metabolic needs of 

its components and the ecologic relationships between the species in that given environment, similar 

to the assembly of plant and animals communities (Nemergut et al. 2013). The microbial communities, 

however, display unique characteristic which differentiate them from the assembling of macroscopic 

communities.  Microbes can also evolve faster to adapt to new environments. While a generation time 

for plants and animals can be months, or even years, microbes can multiply in a matter of minutes. 

This trait seems to be specially important during the colonization of extreme environments, where the 

stressful and demanding conditions seems to speed up the evolutionary rates  (S. J. Li et al. 2014). This 

demonstrates how environmental conditions are important for microbial colonization, determining 

how the ecological succession will develop over time.  

The biosphere greatly benefits for the ubiquity and diversity of microbes. According to the 

circumstances, specific microbial taxa can be selected according to its metabolically needs and 

physicochemical capabilities. Environments with high concentration of ammonia, for example, will 

naturally selects ammonia-oxidizing bacteria like the ones in the Nitrosomonas genus (Nakagawa and 

Takahashi 2015), capable of converting  NH₃ into  NO₂⁻. In the other hand, environments with lack of 

nitrogen will represent an empty niche for nitrogen fixation bacteria, as the Rhizobium genus, and so 

on. Microbes are catalysers for unique chemical reactions on the element cycling, which are essential 

for the supply of those nutrients on the further trophic levels.  Besides the above cites nitrification and 

nitrogen fixation, other examples of nutrient cycling reactions catalysed only by bacteria and archaea 

are denitrification (Paracoccus - Carlson and Ingraham 1983), methanogenesis (Methanobacterium 

and Methanococcus - Goyal, Zhou and Karimi 2016) and sulphate reduction (Desulfovibrio - Goldstein 

et al. 2003). 



 
 

Microbial species diversity is specially interested when put the in the context of soil microbiology, 

where microbes directly interact with plants and animals. Soil is one of the most diverse environments 

on the planet (Kennedy and Smith 1995). Its heterogeneity leads to complex three-dimensional spaces 

where microbes interact and compete for nutrients and niche formation, promoting species 

diversification and interaction (Morris, Lenski, and Zinser 2012). A single gram of soil can host up to 

1010 bacterial cells and an estimated species diversity of between 4·103  to 5·104 species (Torsvik, 

Goksoyr, and Daae 1990). Soil environments are often dominated by metabolically diverse phyla, as 

Proteobacteria, Actinobacteria and Firmicutes (Janssen 2006), related to nutrient turnover, 

decomposition of recalcitrant compounds and plant growth modulation (van Bergeijk et al. 2020; 

Spain, Krumholz, and Elshahed 2009; Wrighton et al. 2008). The importance of soil for agriculture 

(Kopittke et al. 2019) and species preservation (Decaëns et al. 2006) led to extensive research in the 

past decades. Responsible for most of the human food production, soil is one of the most extensively 

used natural resources. According to the Food and Agriculture Organization of the United Nations (FA0) 

the fertilization demand in 2019 was four times higher than it was in 1961, a necessary expansion to 

keep up with the increasing population, which on 15 November 2022, was projected to reach 8 billion 

people, a huge milestone in human development.  

In this scenario, the study of soil sciences and especially soil microbiology becomes extremely relevant. 

The majority of the fertilization consumption aims to replace macronutrients used for plants during 

their growth, as nitrogen (in the form of ammonium nitrate, urea and ammonium sulphate), 

phosphorus (superphosphate, triple superphosphate, and diammonium phosphate), and potassium 

(as potassium chloride, potassium sulphate, and potassium nitrate.), often applied as NPK mineral 

fertilizer (Ludwig et al. 2011).  

Despite the necessity to sustain humanity growth, current fertilization strategies are extremely 

deleterious for the environment, contaminating water bodies (Trimble 2020), altering the soil's pH, 

nutrient balance, and microbial composition (Geisseler and Scow 2014), polluting the air (Fluegge and 

Fluegge 2017) and heaving lingering effects in human health (Ahmed et al. 2017).  The Haber–Bosch 

process, for example, is the industrial reaction utilized to convert the extremely stable molecular 

nitrogen (N2), abundant in the atmosphere, into ammonia (NH3), which can later be assimilated by 

plants. This process alone accounts for 1.4% of global carbon dioxide emissions and consumes 1% of 

the world’s total energy production (Capdevila-Cortada 2019). 

Therefore, the study and investigation on how to manipulate and optimize the use of soil microbial 

communities, often coupled with the study of plant communities (Lange et al. 2015; G. Yang et al. 

2021) appears as an alternative to the conservation and sustainability in soil usage. Bacteria and 



 
 

archaea are the only known organisms capable of performing natural nitrogen fixation, which is 

enhanced by a symbiotic relationship with plants (Powlson 1993; Schulz et al. 2013). On the other hand 

fungi (specially mycorrhiza), can tightly associate with plant roots,  greatly improving plant nutrient 

and water uptake, promoting plant growth and stress tolerance. (Branco et al. 2022). The manipulation 

of plant community composition (Abalos et al. 2021; J. Wang et al. 2021) as well as the use of microbial 

inoculants (Santos, Nogueira, and Hungria 2019) has already been demonstrated to improve soil 

quality, nutrient cycling and plant nutrient uptake, collaborating for a healthier agricultural system 

 

2.6. Interactions between plant and microbial communities   
 

Due to its ubiquity, microbes interact with basically all other living beings on the planet. Plants and 

animals co-evolved alongside microbes, profiting from this relationship as much as possible (Groussin, 

Mazel, and Alm 2020). Plants develop specific mechanisms to exploit microbes, optimizing nutrient 

acquisition, promoting plant growth and improving protection against pathogen infection (Miliute et 

al. 2015). Besides the already mentioned association with nitrogen-fixing bacteria, which facilitate 

nutrient acquisition by the plant and the accumulation of more label forms of nitrogen in the soil, 

plants also utilize the association with bacteria and fungi to, for example, improve phosphorus 

acquisition by association with phosphate-solubilizing bacteria (Zhonghua Wang et al. 2022). Those 

bacteria can solubilize mineral phosphorus by releasing organic acids as a result of their secondary 

metabolism, releasing this nutrient to the surrounding plants  (Saeid, Prochownik, and Dobrowolska-

Iwanek 2018). Fungi can also create intricate connections with plant tissues, especially roots, where 

mycorrhizae fungi, as the Rhizophagus genus, can improve water acquisition by increasing the surface 

contact area for the roots and also has been shown to produce important phytohormones as cytokinin 

(isopentenyl adenosine) and an auxin (indole-acetic acid) (Pons et al. 2020). 

More interestingly, besides the so-called epiphytic microbes, which are deposited on the plant surface, 

and loosely associated with the plant individual, some bacterial interactions happen at the cellular 

level. The endophytic microbes, usually bacteria and fungi, resides inside the plant tissue, between the 

cellular space, stablishing a symbiotic relationship with their plant hosts (Khare, Mishra, and Arora 

2018; Wu et al. 2021). In this case, as plant provides shelter and nutrients filtered from the 

environment to their microbial guests, microbes directly modulate plant metabolisms and protect their 

hosts against stress and infections. Taking in consideration the metabolic dependencies between plant 

hosts and its microbial commensals, currently literatures refer to the plant-microbe system as a 

holobiont (Baedke, Fábregas-Tejeda, and Nieves Delgado 2020), making a reference to an eukaryotic 



 
 

host (in this case a plant, but the term has also being use to describe animal-microbe associations - 

Thompson et al. 2014; van de Guchte, Blottière and Doré 2018) and its associated microbiome. The 

term acknowledges the fact that multicellular eukaryotic organisms evolve in the context of its 

surrounded microbiome, relying on microbes for certain metabolic task, creating a dependency 

relationship from both sides.  

The already mentioned association between leguminous roots such as soybeans, peas and clover with 

nitrogen-fixing bacteria as the ones in the Rhizobium, Bradyrhizobium, Sinorhizobium genera (Oldroyd 

2013) are a clear example of holobiont interaction. Roots can also associate with taxa as Pseudomonas, 

Bacillus, Enterobacter, which, as previously stated, can solubilize phosphate (Oteino et al. 2015). 

Regarding phytohormone production, some of those compounds can be produced by the plant or by 

its endophytic microbiome. Auxins, for example, are a class of plant hormones that play a crucial role 

in regulating various aspects of plant growth and development, and can be produced by Azospirillum 

(Somers et al. 2005), Bacillus (Wagi and Ahmed 2019) and Pseudomonas (Ouzari et al. 2008) bacterial 

genera, as well as Trichoderma (Contreras-Cornejo et al. 2009) and Penicillium fungi (Babu et al. 2015). 

The auxins are involved in processes such as cell elongation, root and shoot development, apical 

dominance, phototropism, gravitropism, and tissue differentiation (Ludwig-Müller 2011; Spaepen and 

Vanderleyden 2011). Auxins are primarily produced in the tips of growing plant parts, such as shoot 

apices and young leaves, and are then transported downward to other parts of the plant (Spaepen and 

Vanderleyden 2011). 

Endophytic bacteria can influence the production and modulation of various plant defence 

compounds, enhancing the plant's ability to defend against pathogens and herbivores. Phytoalexins, 

as resveratrol produced in grapes (Lekli, Ray, and Das 2010) and stilbenes in various plant species 

(Valletta, Iozia, and Leonelli 2021), for example, are antimicrobial compounds produced by plants in 

response to pathogen attack. Endophytic bacteria can induce the production of phytoalexins, 

enhancing the plant's resistance to pathogens (Khare, Mishra, and Arora 2018). Terpenoids, another 

diverse group of compounds that include essential oils and resinous substances, can have their 

production stimulated by bacterial and fungal endophytes, improving the antimicrobial and repellent 

action against herbivores and pathogens (Galindo-Solís and Fernández 2022; Helfrich et al. 2019). The 

same is true for the production of phenolic compounds (Marhuenda-muñoz et al. 2019), glycosides (Z. 

Liu et al. 2023; Mraja et al. 2011), alkaloids (Y. Liu, Liu, and Liang 2015) and hydrolytic enzymes (Dogan 

and Taskin 2021) which can either have their production stimulated by endophytic bacteria or can be 

produced by the microbes themselves. Those substances are compounds that can deter herbivores by 

causing toxicity or unpleasant taste, increasing the plant's defence against pests and also improving 

their resistance against microbial infections (Afzal et al. 2019).  



 
 

The modulation of plant growth and stress response is essential during challenging environmental 

conditions and is key for plant survival and productivity in low-diversity environments. When diversity 

and ecosystem services are compromised, plant microbiome can complement plant defences (Tyc et 

al. 2020; Zhu et al. 2018), help with nutrient, and water acquisition and protect the plant individual 

against opportunistic pathogens (Miliute et al. 2015; Tyc et al. 2020). Recent experimental evidence 

indicates that the modulation of plant response to stress can actively influence plant evolution. 

Hawkes, Bull, and Lau (2020) used infectious disease and quantitative genetics models to demonstrate 

that plant-associated microbiome can alter the plant perception of the environment, potentially 

reducing the strength of selection acting on plant stress tolerance or defense traits and/or altering the 

traits that are the target of selection.  

This microbial colonization changes according to the plant species, seasons and also reacts to 

environmental changes. A study from Ding and Melcher (2016) using leaf samples from five plant 

species collected at four sampling times from four different locations identified that both plant species 

and collection point had a significant impact of leave endophytic microbiome composition. Despite the 

changes over time and according to the plant species, the study identified a concise core microbiome, 

composed by Proteobacteria, Bacteroidetes and Actinobacteria. A different study investigating 

different Mulberry cultivars identified significantly different microbial compositions amongst different 

cultivars of the same plant species and also a significant effect of different season samplings. This data 

indicates that microbial colonization can easily adapt according to individual traits between individuals 

of the same species. The microbial colonization patterns can also change according to external 

influences, like the use of pesticides (Salam and Kataoka 2023) and changes in environmental 

conditions, like temperature, light exposure and rain patterns (Trivedi et al. 2022). Those changes in 

the microbial colonization are a result from plant physiological adaptations to environmental changes, 

which can include reduced respiration rates,  increase in total leaf area and sometimes increased 

assimilation rates at a warmer growth temperature, increasing carbon uptake and growth (Crous 2019; 

Trivedi et al. 2022).  

Plant endophytic microbiome is also compartment dependent, being different organs and structures 

colonized by different microbial species. A less study compartment, seeds also present an intimate 

relationship with their endophytic microbiome, heavily relying on them for their development 

(Abdelfattah et al. 2022). Seeds are a crucial development stage in the plants' life, being essential for 

the successful dispersion of species along the landscape (Ungar Irwin A. 1987) and the resilience of 

plant communities through the formation of seed banks that can withstand challenging environmental 

conditions (V., Warrier, and Kunhikannan 2022). Germinating seeds and seedlings are, however, 

especially vulnerable to mortality from drought, herbivore predation, and fungal seed-borne and soil 



 
 

pathogens (Bever, Mangan, and Alexander 2015). In this case, the seed microbial endophytic 

community can contribute to seed survival rates and later on its productivity and fitness. As observed 

for other compartments, the seed microbiome, comprises a diverse community of microorganisms 

residing both on (epiphyte) and within (endophytes) the seeds, offering a range of critical functions 

that profoundly influence plant health and development. These functions encompass nutrient 

acquisition and cycling, disease suppression, stress tolerance, and plant growth promotion (Berg and 

Raaijmakers 2018; Johnston-Monje, Gutiérrez, and Lopez-Lavalle 2021; Nelson 2018). Microbes 

constituting the seed microbiome contribute to the breakdown of organic matter (Fadiji and Babalola 

2020), releasing essential nutrients for seed germination and subsequent growth, improving it (Tyc et 

al. 2020). Additionally, they engage in intricate interactions that help shield plants from pathogenic 

invaders by outcompeting or inhibiting harmful microbes (Lata et al. 2018). The microbiome's capacity 

to enhance stress tolerance equips plants with the ability to withstand adverse conditions like drought, 

salinity, and extreme temperatures, by actively inducing the activation of stress tolerance genes and 

producing molecules that reduce reactive oxygen species, for example (Lata et al. 2018).  

More interestingly, seeds represent a transgenerational link between the parental plants and their 

offspring. In this sense, beneficial traits and environmental effects could possibly be vertically 

transmitted between generations, representing an advantage to seeds coming from healthy 

environments (less fertilization, pesticides and higher diversity, for example) to the detriment of seeds 

coming from unbalanced environments (Abdelfattah et al. 2022). Those effects, also called legacy 

effects, represent the long-lasting impacts that past land use, management practices, and 

environmental conditions can have on the characteristics and functioning of soil ecosystems. These 

effects can persist for years, decades, or even centuries after the initial disturbance or intervention 

(Cuddington 2011; Kostenko and Bezemer 2020). The legacy effects can be the result of management 

of nutrient cycling (e.i. crop rotation), lingering effects of Pesticides, herbicides, and other chemicals 

applied to the soil, changes in soil structure caused by activities like construction, mining, or 

compaction can influence water infiltration and, naturally, adaptation and selection of microbial 

communities (Cuddington 2011). The transmissions routs of seed microbiome and its interaction with 

environmental microbes are summarized in Figure 2. 



 
 

 

Figure 2: Schematic representation of the process of microbial transmission between parental plant and their offspring. The 
initial seed microbial community resembles environmental offering (microbes coming from air, water and soil) growing 
through parental filtering, which selects beneficial microbes among the ones in the environmental pool. During and after seed 
dispersion, the seed microbiome interacts and might be modified by microbes present in the seed bank and in the soil, 
constituting an important step on determining the microbes which will compose the plant individually during germination. 
While in the seed bank, exophytic microbes protect the seed from fungal and bacterial infections by competition and antibiotic 
production. During germination, seed microbiome is transmitted to the seedling, being specific strains migrated to either roots 
or leafs. The adult plant microbiome is initially composed exclusively by seed microbes, which are further complemented by 
soil, water and airborne microbiome. 

 

2.7. Long-term biodiversity experiments as experimental platform 
 

The beneficial effects of biodiversity, as well as the negative effects of biodiversity loss on ecosystem 

function and preservation can be experimentally investigated. Biodiversity experiments manipulate 

diversity composition and compare diversity features related to biodiversity, as the relationship 

between plant diversity and ecosystem functioning (M. Loreau et al. 2001), ecosystem stability in face 

of environmental disturbances (Tilman and Downing 1994), nutrient cycling and turnover (Cornwell et 

al. 2008), community dynamics (Michel Loreau and de Mazancourt 2013), invasion resistance (Civitello 

et al. 2015) and genetic diversity and individual adaptation to increasing biodiversity (Reed and 

Frankham 2003).  

Those biodiversity experiments also benefit from long term runs, where legacy effects can be 

investigated through the seasons and year, dissentingly long-lasting and also delayed benefits of 

biodiversity (Youhua Chen and Shen 2017).  The Cedar Creek Biodiversity Experiment 

(https://cedarcreek.umn.edu/), for example, was initiated in 1994 by a team of researchers from the 

https://cedarcreek.umn.edu/


 
 

University of Minesota led by Dr. David Tilman. The experiment was designed to investigate the 

relationship between plant diversity and ecosystem functioning and consists of plots with varying 

levels of plant species richness. Different plant species were selected to create a gradient of diversity 

within the experimental plots. Some plots contain a single species (monocultures), while others have 

a mix of several species (Spohn et al. 2023). 

 

Figure 3: Aerial view of the Jena Experiment field site. The experiment has been running since 2002 and aims to uncover the 
mechanisms that determine biodiversity-ecosystem functioning (BEF) relationships in the short and in the long term. During 
the last years, the Jena Experiment provided novel empirical evidence that ecological and evolutionary processes are 
intertwined in determining BEF relationships, and long-term experiments are key not only to gain a basic understanding of 
the relative importance as well as interactions of these processes but also to apply these concepts to better provisioning 
ecosystem functions and stability. In the next few years, we will focus on the biodiversity drivers of ecosystem stability, 
including temporal stability using unique time series and stability in response to extreme climate events, such as drought, 
flooding, hot spells, and exceptional frost periods. 

 

In Europe, similar initiatives were also established to investigate similar questions. The Biodiversity 

Exploratories (https://www.biodiversity-exploratories.de/en), for example, project was initiated in 

2006 and it’s a large initiative involving researchers from various institutions in Germany and is 

designed to investigate the relationships between biodiversity, land-use practices, and ecosystem 

functioning across different types of landscapes. The project involves multiple study sites across 

different regions in Germany and encompasses a variety of ecosystems, including grasslands and 

forests (Bramble et al. 2024).  



 
 

 

The research on this thesis was conducted in the frame of one of those biodiversity experiments. The  

Jena Experiment (https://the-jena-experiment.de/), a long-term (Roscher et al. 2004; Weisser et al. 

2017) biodiversity experiment established in 2002 focusing on understanding the mechanisms and 

dynamics of plant communities and their interactions in grassland ecosystems, which focus on element 

cycling and trophic interactions. The primary goal of the Jena Experiment is to understand how changes 

in plant diversity influence various ecosystem processes, such as productivity, nutrient cycling, and 

stability (Weisser et al. 2017).   The experiment was established on the floodplain of the river Saale in 

the city of Jena in Germany and consists of large outdoor plots that vary in plant species richness 

(Figure 1). Different combinations of plant species are sown to create a gradient of plant diversity, 

ranging from monocultures to mixtures with up to 60 different species (B. Schmid et al. 2004). Similar 

to other long-term biodiversity experiments, the experiment involves continuous and extensive 

monitoring. Data on plant growth, community dynamics, and ecosystem processes are collected over 

multiple years to capture the long-term effects of plant diversity on the ecosystem. Over the years, the 

experiment has demonstrated positive influence of plant richness on ecosystem productivity and 

resilience, showing the influence of species and functional groups on those responses, and highlighted 

the important of long-term experiments to distinguish actual ecologic trends from transitory effects 

(Weisser et al. 2017). 

Plots with higher species richness generally exhibited greater biomass production compared to 

monocultures (Roscher et al. 2011; Scherber et al. 2010) and shown increased stability and resistance 

to invasion by non-native species (Roscher, Schmid, and Schulze 2009), suggesting that ecosystems 

with higher plant diversity may be more resilient to disturbances and less susceptible to colonization 

by invasive species. In terms of plant-microbiome interactions, previous experiments on the Jena 

Experiment field site investigated the relationship of increasing plant richness with soil, ophitic and 

endophytic microbial community. This data indicates that the diversity of plant species richness 

influences the diversity and composition of belowground microbial communities diversity (Lange et al. 

2014; Steinauer et al. 2016) and abundance (Guenay et al. 2013), being different plant species 

supporting distinct microbial communities, and higher plant species richness associated with increased 

microbial diversity.  

Those changes on soil and host-associated microbial communities were shown to have important 

consequences to nutrient cycling and biomass decomposition (Mellado-Vázquez et al. 2016), plant 

fitness and stress tolerance (Long, Schmidt, and Baldwin 2008). In this case, the increasing microbial 

diversity promoted by increasing plant species richness leads to improved plant-microbial interactions, 



 
 

as increasing water and nutrient acquisition promoted by soil mycorrhiza (Baslam, Garmendia, and 

Goicoechea 2011; Kakouridis et al. 2022; Oldroyd 2013), increasing nutrient availability (as phosphorus 

and nitrogen) promoted by root associated bacteria and improved plant resilience against stress 

(Porter et al. 2020). Those potentializing interactions generate a feedback loop where plant diversity 

promotes microbial diversity which improve plant health and consequently overall ecosystem quality 

(Strecker et al. 2016).  

 

2.8. Aims, research gaps and hypothesis of the thesis.  
 

In the context of the beneficial effects of increasing biodiversity and its role on ecosystem resilience 

against stress, the worked developed on this thesis aimed to investigate the effects of artificially 

manipulated biodiversity on the diversity and composition of soil and plant associated bacterial 

community. As demonstrated previously, extensive research already indicated that increasing diversity 

has positive effects on ecosystem productivity and resilience to stress (Isbell et al. 2015; B. Schmid et 

al. 2004; M. W. Schmid et al. 2021; Weisser et al. 2017), however the interaction between increasing 

species diversity and the associated microbial diversity in both soil and plant is still poorly investigated.  

Although plant community has already being show to directly affect and modulate soil microbial 

community (Chaparro et al. 2012; Lange et al. 2014; Park, Seo, and Mannaa 2023), the dimension of 

this effect hasn’t being demonstrated yet, being the direct relationship between plant species richness 

and soil microbial diversity still to be investigated. The same can be said about the effect of increasing 

surrounding richness on the recruitment of beneficial microbes from the environmental pool to 

compose the seed endophytic microbiome. This research gap is intrinsically connected to the change 

caused by increasing biodiversity on soil, since the content of seed microbiome is a subset of the 

overall microbial offer from air, water and soil. The content of seed endophytic microbiome, as already 

established, can be influenced by sternal factors such as pollination and changes on physicochemical 

soil conditions (Bergna et al. 2018; Nelson 2018), which leads to the speculation that changes on soil 

caused by increasing plant richness can also influence the content of seed endophytic microbiome.  

Moreover, we also investigated the effects of biodiversity on stress response and recovery of soil 

bacterial communities. Current literature already indicates that increasing biodiversity might mitigate 

negative effects over ecosystem functioning during stressing events (Isbell et al. 2017; Maron et al. 

2018; Wright et al. 2015), but the dimension of this buffering effects, as well as whether it linearly 

increases alongside ecosystem diversity, is still unclear. Besides that, the importance of biodiversity for 



 
 

the recovery of heavily disturbed environments, and until which extend the recovery process is 

consistent or not according to the provided biodiversity is still not know.  

Therefore, we focus our research on the correlation between plant species richness and bacterial 

diversity, as a proxy of a direct effect of increasing plant biodiversity on soil and endophytic microbial 

communities. We also investigated the behaviour of stress exposed soil bacterial community (drought 

stress) and the role of biodiversity inoculum on the recovery of heavily disturbed soil environments 

(autoclavation). The research them broken down to three research experiment (or work packages), 

approaching those open topics.  The specific research question on each experiment is described below. 

 

2.8.1. Effect of initial soil diversity on microbial assembly  

 

The first experiment part or our research (referred to in this document as P1) was design to investigate 

the assembly of soil bacterial communities over time, parting from different initial diversity loads.  For 

that, we designed a microcosm experiment where a sterilized soil was reinoculated with its non-

sterilized counterpart in different proportions, so we could investigate how deterministic is the 

development of a soil bacterial community in the same soil starting from different inoculation points 

and how this microbial community develops over time, inferring whether or not the initial diversity 

loads determine the community development. The experiment was conducted in a 4-week incubation 

period, where soil was incubated in different inoculation loads, alongside non-inoculated and original 

soil controls. DNA was extracted from the soil samples and the abundance of bacteria and archaea was 

estimated via quantitative PCR (qPCR) and changes in microbial composition were accessed via 

metabarcoding sequencing.  

 

2.8.2. Effect of plant diversity on microbial stress recovery 

 

The research followed by work package 2 (P2), where we directly investigated the effects of prolonged 

drought on the soil microbial communities in the Jena experiment, investigating how the plant diversity 

gradient in the field site affects these responses. We aimed to clarify whether plant community 

diversity could possibly buffer the loss of soil microbial diversity due to drought (Isbell et al. 2015; 

Wagg et al. 2017). For this, 80 plots with plant diversity of monoculture, 2, 4, 8, 16 and 60 species were 

split in half. The plots were sheltered from environmental precipitation during the summer season 

from the year of 2008 to 2016. Control plots had equivalent precipitation manually added, while 

drought-exposed plots were derived of water. Soil samples were collected in 2017 and DNA extraction 



 
 

and metabarcoding sequencing were performed to assess changes in microbial composition along the 

diversity gradient. The microbial community diversity and composition were then compared between 

drought and control samples alongside the plant diversity gradient. 

2.8.3. Effect of plant diversity and soil and seed microbial diversity.  

 

Finaly, work package 3 (P3) consisted of the investigation of the effects of increasing biodiversity in the 

seed microbiome composition of a model plant, the herb Plantago lanceolata. As previously stabilised, 

seed endophytic microbiome can greatly improve plant health and resilience in the face of stress  

(Nelson 2018) and we speculate this effect can be potentialized by the increase in surrounding 

diversity. For this, blossoms from Plantago lanceolata individuals coming from plots with different 

diversity levels were sampled. Seeds were surface sterilized to remove epiphytic microbes and DNA 

extraction was performed in the seeds. The resulting DNA was amplified with chloroplast blocking 

primers to reduce the amplification of chloroplast sequences, abundant in plant samples. The 

amplified DNA was then submitted to metabarcoding sequencing. The diversity and composition of 

the seed endophytic community were then compared alongside the plant diversity gradient.  

Therefore, in this work we approach the following hypothesis: 1) -  Soil microbial community 

deterministically responds to environmental pressure during community assembly, being the  

community development over time and the final community composition significantly impacted by 

the initial diversity on the inoculum (P1); 2) -  Plant species richness significantly impacts soil (P2) and 

seed endophytic microbiome (P3) composition and diversity, being the bacterial diversity in both 

compartments positively correlated with the increase in plant species richness due to increasing 

recruitment of microbial species; 3) – increasing plant species richness buffers diversity loss during 

extensive stress periods, due to increasing ecosystem resilience provided by increasing biodiversity 

(P2). 

 

 

 

 

 

 



 
 

3. Materials and methods  
 

3.1. Experiment design and sampling  
 

This thesis is composed of three independent experiments. P1 is a microcosms experiment testing the 

microbial colonization of sterilized soil by different microbial inoculum loads. P2 and P3 are field 

experiments where we investigated the effects of increasing plant diversity in the response of microbial 

soil communities to extensive drought periods and in the composition of seed endophytic microbiome, 

respectively. P1 was executed in laboratory conditions in the facility of the Research Centre of 

Comparative Microbiome Analysis (COMI) in the Helmholtz Zentrum Muenchen, while P2 and P3 were 

executed in The Jena Experiment field site, in Jena.  

 

3.1.1. Microcosm experiment (P1) 
 

For P1 soil samples were taken in June 2020 from” The Jena Experiment” field side (Roscher et al. 

2004; Weisser et al. 2017 - http://the-jena-experiment.de/), which is located in Jena (Thuringia, 

Germany, 50°55′N, 11°35′E, 130 m a.s.l.) on the floodplain of the Saale River (altitude 130 m a.s.l.).  

The mean annual air temperature is 9.9 °C (1980–2010), and the mean annual precipitation is 610 mm 

(Hoffmann et al. 2014). The Jena Experiment is composed of 82 plots with dimensions of 20 X 20 m 

where plant diversity has been manipulated for more than 20 years. The soil for P1 experiment was 

taken outside the treatment plots, reflecting the original soil where the experiment was built. The soil 

is classified as a Eutric Fluvisol (World Reference Base for Soil Resources 2015) with a pH value range 

from 7.1 to 8.4 and Corg 5–33 g C kg-1 (B. Schmid et al. 2004). A total of 50 kg of fresh soil was sampled 

from the top 20 cm of a 1 m2 area, using a shovel, and transported to the lab. For homogenization, 

the soil was sieved to 5 mm. The soil was split into two parts: one part to be disturbed and the other 

part to be used as control for the natural soil as well as to generate the inoculum. Soils were kept at 4 

°C until further processing.    

Disturbed soil was obtained by autoclaving. Autoclaving was done at 130 °C and 1.5 ATM for 1 h.  After 

autoclaving the soil was incubated at 4 °C for one week to allow for potential spore germination and 

tested for successful sterilization. Therefore, 0.5 g soil and 100 µl of 0.8% NaCl sterile saline buffer 

were mixed. The obtained soil slurry was diluted 1:10, 1:100 and 1:1000, and 100µl of each dilution 

was plated on R2A agar plates. Plates were incubated for a week at room temperature, and growth 

was evaluated at the end of this period. This cycle of autoclaving, incubation and testing for sterility 



 
 

was repeated four times until no microbial growth on R2A medium was observed. After four rounds of 

autoclaving no microbial growth on R2A medium was observed anymore.  

To evaluate the soil microbial recolonization after autoclaving, disturbed soil was reinoculated with 

original soil in three different proportions: 1:10 (10% inoculation), 1:50 (2%) and 1:100 (1%) by mixing. 

The amount of inoculum was calculated based on soil dry weight (w/w). In addition, both non- 

autoclaved soil (termed Original) and the autoclaved non-inoculated soil (termed No inoculum) served 

as controls alongside the experiment. Per treatment 15 g of the soil mixtures were incubated in open, 

50 ml Falcon Tubes (Universal Medical - Germany) at 20 °C in the dark for four weeks. During the 

incubation, soil moisture was kept constant at 50 % of maximum water holding capacity (mWHC) by 

watering every second day. Samples were taken at the beginning (T0) and after one (T1), two (T2) and 

four weeks (T4) of incubation from three independent replicates per treatment. Samples were 

immediately frozen at -20 °C for DNA analysis. Overall, 60 samples (5 treatments x 3 replicates x 4 

samplings) were analysed. Figure 4 displays the experimental design.  

 

           

Figure 4: Experimental design from the soil inoculation experiment. Each tube contained 15g of the respective soil dilution 
(1:10, 1:50, 1:100, non-inoculated soil or original soil). Tubes were incubated at room temperature and water holding 
capacity was kept at 50% during the experiments' duration. Destructive samples were taken weekly and soil was frozen until 
DNA extraction.  

 



 
 

3.1.2. Drought experiment (P2) 
 

The experiment for P2 was established in the field site of the  Jena Experiment (Weisser et al. 2017). 

To investigate the effects of long-term drought over the soil microbial communities and how the 

increase on plant diversity can interact with those effects, a simulated drought experiment was 

established. In 2008 subplots were established inside the 80 experiment plots of the main experiment 

in the Jena experiment field site, nested in the preexisting plots across 6 different diversity levels 

(monocultures, 2, 4, 8, 16 and 60 species). Prior to the second annual mowing in September, 

transparent rain shelters (wood and PVC sheets, 2.6 x 3 m – Figure 6) were installed for 6 weeks every 

year to induce a prolonged summer drought period over a span of 9 years (2008-2016) (Vogel, 

Eisenhauer, et al. 2013). Of the two sheltered subplots, one received no water after installation (the 

‘drought’ treatment), and one received collected rain water as equivalent precipitation after rain 

events (‘control’), thereby controlling for non-drought roofing effects such as altered light and 

temperature (Vogel, Fester, et al. 2013). The roof shelters excluded 39.5 mm precipitation in 2009 and 

reduced summer precipitation by an average of 42% in 2008-2014 (Vogel, Scherer-Lorenzen, and 

Weigelt 2012).  

             

Figure 5: PVC rain shelters utilized to simulate drought during summer months for our field experiment. In the top left corner 
the litter decomposition united utilized during the study where soil samples were extracted from are displayed (adapted from 
Vogel et. al 2013). 

 



 
 

In July 2013, the field experiment was completely flooded during a natural flood event of the Saale 

River, disrupting the drought treatment during the flood period. The experiment and the treatments 

were continued after the flood recovered. 

To access changes in microbial composition after the experiment, soil was sampled in each of 

the 160 subplots of the drought experiment in August 2017, one year after the last drought period. 

The subplots of the drought experiment were not covered by a roof construction during 2017. Table 1 

displays the distribution of replicates across the field site, with its respective blocks.  

Table 1: Replicate distribution across the different diversity levels and its respective blocks during the drought experiment. 
Plots inside each block are randomly distributed across the different diversity levels.  

 
Block 1  Block 2 Block 3 Block 4 

 

Diversity 

level 

control drought control drought control drought control drought Total per 

level 

1 3 3 4 4 4 4 3 3 28 

2 4 4 4 4 4 4 4 4 32 

4 4 4 4 4 4 4 4 4 32 

8 3 4 4 4 4 4 4 4 31 

16 4 4 3 3 4 3 3 3 27 

60 1 1 1 1 1 1 1 1 8 
        

total 

samples 

158 

 

Soil sampling was conducted by the collection and pooling of 3 soil cores from the topsoil (0-15cm 

dept) of each subplot. Soil was then homogenized, sifted and store in -80°C until DNA extraction.  

 

3.1.3. Plantago lanceolata seed experiment (P3) 
 

For this experiment, we chose Plantago lanceolata, an abundant herb widespread in European flora 

as study model.  We sampled the plots containing Plantago lanceolata in their mixture. Thus, seeds 

from all available monoculture plots (3) and from 4-, 8- and 16- species mixtures were sampled, which 

were 4, 2 and 3 plots, respectively. The P. lanceolata coverage at 60-species plots was too low for 

additional sampling. That sums up to 12 plots, which were sampled in September 2021. The sampling 

was done in a nested design, which is depicted in Figure 6. Per plot three plant individuals were 

sampled and per individual three blossoms. Blossoms were collected using gloves and surface 

disinfected scissors. Intact blossoms were stored in sterile 15 ml falcon tubes and transported to the 

laboratory at room temperature where the seeds were removed from the blossoms. Resulting seeds 

were surface sterilized as following: 1 min incubation in 1% tween; 2 min incubation in 70% ethanol; 



 
 

3-times washing in sterile water; 5 min incubation in 5% NaClO solution; 3-times washing in sterile 

water (Estendorfer et al. 2017). The surface sterilized seeds were stored at -20°C until further 

processing. 

 

 

Figure 6: Schematic representation design for the seed sampling of P3. Samples were taken at blossom level, having each 
individual 3 blossom samples. Per plot, we collected 3 individuals, covering all the samples with that given diversity 
containing Plantago lanceolata individuals at monoculture, 4, 8 and 16 species levels. 

 

3.2. DNA extraction  

 

DNA extraction was performed for all experiments in this thesis. For P1 and P2 soil samples were 

extracted while, for P3, samples consisted of seed. Different DNA extraction techniques were used for 

each experiment.  

For P1, DNA was extracted from 0.5 g of fresh soil following a Phenol/Chloroform/Isoamyl alcohol 

method (modified from Pommerenke and Friedrich, 2007). The sample lysis was done using Lysing 

Matrix E tubes (MP Biomedicals™ - Germany). The bead beating was done using the TissueLyser II 

bead beater (QIAGEN®- Germany) at a frequency of 15 Hz during 2 min.  

For P2 DNA extraction was done from 0.5 g bulk soil samples, using the DNeasy powersoil kit 

(QIAGEN®- Germany) according to the manufacturer’s instructions.  

For P3, seeds were ground using sterilized mortars and liquid nitrogen. Per DNA extraction, 50 seeds 

were used, equalling 97,5 mg of seeds. The number of seeds was estimated based on the weight of 

1000 P. lanceolata seeds, which is 1.95 g for plants from “The Jena Experiment” field site (B. Schmid 

et al. 2004). For blossoms with a lower number of seeds, all material was used. Seed DNA was extracted 

following a phenol/chloroform/isoamyl alcohol-based method (Lueders, Manefield, and Friedrich 



 
 

2004) as described above. Sample lysis was performed using Lysing Matrix E tubes (MP Biomedicals™, 

Germany). The beat beating was done using a TissueLyser II bead beater (QIAGEN®, Germany) at a 

frequency of 15 Hz for 2 min. In all cases, the DNA quality of resulting DNA was quantified by Qubit 

fluorometric system (Thermo), and the quality was checked using the Nanodrop photometric system 

(Thermo) and by gel electrophoresis. The extracted DNA was stored at -20 C° until usage. To exclude 

contaminations during DNA extraction a blank control without samples was alongside negative PCR 

reactions were included. 

In addition to the normal DNA extraction, for P1 a smaller test was performed to estimate how much 

DNA in the original soil derived from intact cells. We used  Propidium monoazide (PMA), a photo-

reactive DNA-binding dye which, when exposed to light, degrades extracellular DNA (Carini et al. 

2016). Therefore, a set of parallel DNA extractions was performed. Those comprise the original soil (-

PMA), original soil treated with PMA (+PMA), a “dead” soil control (dead-PMA) and a “dead” soil 

treated with PMA (dead+PMA). The “dead” soil control was included to determine the capability of 

PMA to remove DNA from the samples, being used to calculate the efficiency of extracellular DNA 

removal.  The “dead” soil samples were heated at 90 °C for 1 h prior to DNA extraction, to kill vegetative 

cells on the samples. The test was conducted in triplicate for each treatment.  Soil samples with PMA 

(0.5 g) were incubated in the dark with 25 µM of PMA (Biotium - Germany) for 10 min, then exposed 

to white light for 25 min. DNA was extracted as described above.  The percentage of DNA coming from 

dead and/or damaged cells was calculated by follows:  

 𝐸𝑥𝑡𝑟𝑎𝑐𝑒𝑙𝑢𝑙𝑎𝑟𝐷𝑁𝐴% =  [(1 −  (
𝑑𝑒𝑎𝑑 + 𝑃𝑀𝐴

𝑑𝑒𝑎𝑑 − 𝑃𝑀𝐴
))  𝑥 (1 − (

+ 𝑃𝑀𝐴

− 𝑃𝑀𝐴
))]  𝑥100 

 

3.3. Quantification of bacteria and archaea  
 

For P1 Bacterial and archaeal abundance was determined by a SybrGreen based absolute 

quantification using a 7300 Real-Time PCR System (Applied Biosystems, Germany).  To quantify 

bacteria, the primer pair FP 16S and RP 16S (Bach et al. 2002) was used; for archaea the primer pair 

rSAf(i) (Nicol, Glover, and Prosser 2003) and 958r (Bano et al 2004). Each PCR reactions contained 12.5 

µL Power SYBR™ Green PCR Master Mix (Thermo Fisher Scientific - Germany), 1 µL of each primer with 

10 pmol µl-1, 0.5 µl of 3% BSA, 2 µl of extracted DNA, and 8.0 µL of DEPC treated water. Thermal profiles 

are summarized in Table 2.  As standard curve serial dilutions (103 to 109 copies per µl-1) of plasmids 

containing the 16S rRNA gene fragment of Pseudomonas putida for bacteria and Methanobacterium 

sp. for archaea were used in three technical replications. Besides three replicates per standard, three 



 
 

no template controls were included in each run. The obtained copy number were subtracted from 

samples and controls.  

To exclude any inhibitory effects of co-extracted substances a dilution test was performed, which 

identified a 1:32 dilution as sufficient. The specificity of the PCR product was ensured by doing a 

melting curve analysis as well as an agarose gel at 1.5%, running for 40 min at 120 V and 400 mA. Final 

copy numbers were calculated by normalizing the number of copies per µl to g of dry soil. The 

respective qPCR efficiency (calculated with the formula Eff = [10(1/slope)-1]) and R2 for bacteria and 

archaea ranged between R2 0.997 and 0.982 and efficiency 76.47% and 71.12% for bacteria and; R2 

0.998 and 0.997 and efficiency 84% and 85.4% for archaea.  

Table 2: Thermal profiles for qPCR of the 16S rRNA gene of bacteria and archaea. 

Target Gene Thermal Profile N of cycles 

16S rRNA Bacteria 95°C - 10 min 1 

95°C - 45 sec/58°C – 45 sec/ 72°C – 45 sec 35 

16S rRNA Archaea 95°C-10 min 1 

95°C - 20 sec/55°C – 60 sec/ 72°C – 60 sec 5 (Touchdown: -1°C per cycle) 

95°C - 20 sec/58°C – 60 sec/ 72°C – 60 sec 40 

 

3.4. Metabarcoding of bacterial and archaeal communities   
 

To analyse bacterial and archaeal diversity in P1, P2 and P3, MiSeq 16S rRNA gene metabarcoding was 

performed. For that, we followed the “16S Metagenomic Sequencing Library Preparation” protocol 

(Illumina, San Diego, CA, USA) and quality guidelines recommended by Schöler et al (2017). For P1 and 

P2, bacteria and archaea were targeted together by using the universal primer pair  515FB and 806RB 

(Apprill et al. 2015; Parada, Needham, and Fuhrman 2016) with Illumina adapters. For P3, we amplified 

regions  V3 and V4 region of the 16S rRNA gene using chloroplast exclusion primers S-D-Bact-0335-a-

S-17  (338f) and S-D-Bact-0769-a-A-19  (789r) (Dorn-In et al. 2015) with an overhang sequences at the 

5’ end compatible with the Nextera® XT Index Kit. The used primers reduce over amplification of 

chloroplast sequences. For all experiments, PCR reactions were performed similarly: each PCR reaction 

contained 12.5 µL NEB Next High-Fidelity Master Mix (Thermo - Germany), 0.5 µL of each primer at 10 

pmol µl-1, 2.5 µL of 3% BSA, 1 µl of 10 ng µL-1 diluted DNA (10ng for P1 and P2 and 20ng for P3), and 8 

µL of DEPC treated water. Thermal profile, DNA concentration, primers sequence and references are 

displayed in Table 3. After PCR reaction, samples were purified with the MagSi-NGSprep Plus Beads 

(ratio 0,8 beads: 1 sample) according to the manufacturers protocol and quantity of the PCR product 

was measured using the Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Germany). 



 
 

Purified samples were indexed using Nextera® XT Index Kit v2 (Illumina, San Diego, CA, USA) and again 

purified with MagSi-NGSprep Plus Beads (ratio 0.8 beads: 1 sample). Quality assessment and final 

quantification of the indexed fragments was done via Fragment Analyser (Agilent - Germany). High-

quality DNA was diluted to 4 nM and sequenced on Illumina MiSeq using MiSeq Reagent v3 (600 Cycle) 

kit. 5 pM 20% PhiX was loaded alongside the samples.  

Raw sequences were demultiplexed based on the associated barcodes and adapters were removed 

using AdapterRemoval version 2.3.1 (Schubert, Lindgreen, and Orlando 2016). 

 

Table 3: Details of PCR amplification for amplicon sequencing utilized on this thesis. P1 and P2 utilized primers optimized for 
soil samples, targeting both bacteria and archaea while P3 utilized chloroplast blocking primers, optimized for plant 
material as roots and leaves and, in this case, seeds.  

 

 

3.5. Bioinformatic processing  
 

Demultiplexed sequences were processed in different ways for each project: For P1, samples were 

processed using Qiime2 version 2021.2  (Quast et al. 2013).  The samples were processed using 

denoise-paired option with the following parameters: --p-trim-left-f 20; --p-trim-left-r 20; --p-trunc-

len-f 240; --p-trunc-len-r 200; --p-max-ee-f 4 ; --p-max-ee-r 4. Taxonomic assignments were done 

against SILVA database (version 138) using classify-consensus-blast option in default parameters. The 

raw sequencing reads were uploaded to NCBI sequencing read archive under the BioProject number 

Experiment  PCR cycling profile  DNA amount  Primer set  Sequence Reference 

P1 98°C - 1min             
(23x) 98 °C - 10 s,                   

55 °C - 30                        
72 °C - 30 s                 

final extension 72 
°C for 5 min 

10ng 515FB / 806RB  
515F - GTGYCAGCMGCCGCGGTAA / 
 806R - GGACTACNVGGGTWTCTAAT 

Parada et 
al., 2016 

/Apprill et 
al., 2015 

P2 10ng 515FB / 806RB  
515F - GTGYCAGCMGCCGCGGTAA /  
806R - GGACTACNVGGGTWTCTAAT 

P3 

98°C - 1min             
(30x) 98 °C - 10 s,                   

55 °C - 30                        
72 °C - 30 s                 

final extension 72 
°C for 5 min 

20ng 

S-D-Bact-0335-
a-S-17  (338f) / 
S-D-Bact-0769-
a-A-19  (789r)   

338f -TCGTCGGCAGCGTCAGATGTGTATAAG 
AGACAGCADACTCCTACGGGAGGC / 789r-
GTCTCGTGGGCTCGGAGATGTGTATAAGAG 

ACAGATCCTGTTTGMTMCCCVCRC 

Dorn-In et 
al. 2015 



 
 

PRJNA937438 and BioSample SAMN33408602 (P1), BioProject number PRJNA937585 and BioSample 

SAMN37746197 (P2), BioProject number PRJNA937585 and BioSample SAMN33409010 (P3).  

For P2 and P3, after sequencing, demultiplexed samples were uploaded to the European Galaxy server 

(https://usegalaxy.eu). The Cutadpat tool was used to remove adapters, and read quality was accessed 

via FastQC and with the dada2 version 1.16 (Callahan, , Paul J McMurdie, Michael J Rosen, Andrew W 

Han, and Johnson 2016) plotQualityProfile option. Trimming parameters were set to 200 bp for P2 and 

280 bp for the forward reads and 220 bp for the reverse reads for P3. dada2 was used to trim the 

sequences without adapters. We also used dada2 to apply error rates, merge the read pairs and make 

a sequence table according to the default dada2 pipeline 

(https://benjjneb.github.io/dada2/tutorial.html). Taxonomy was assigned using assingTaxonomy and 

addSpecies function, aligning the ASVs against the Silva database (Quast et al. 2013) version 132. 

For all experiments, the resulting table of amplified sequence variants (ASVs) was exported to R, where 

Phyloseq version 1.42.0  (McMurdie and Holmes 2013) and Vegan version 2.6-2 packages were used 

to construct rarefaction curves to observe sequencing coverage, normalize the number of reads in 

each sample using median sequencing depth, plot relative abundance and ordination plots (PCoA with 

Bray–Curtis dissimilarity distance). For P3 the three blossoms per individual were treated as 

pseudoreplicates per plant individual level. Thus, only consent sequences detected on all three 

blossoms per individual were further considered. The normalized dataset was used to plot the 

taxonomical composition of the most abundant taxa in a form of a heatmap using the pheatmap 

package (version 1.0.12). ASVs with abundance equal o higher them 5% in at least one of the samples 

were filtered using the filter taxa function on phyloseq package. Dendrograms were drawn using 

Ward’s Hierarchical Clustering. 

 

3.6. Statistical analysis  
 

Further the packages were used to calculate alpha diversity metrics (Observed ASVS, Shannon diversity 

and Evenness). Those metrics were used as response variable for experimental design and statistical 

significances across the treatment was calculated via two-way ANOVA (P1) and linear mixed effect 

models (P2 and P3). Data was checked for normality via the Shapiro-Wilk tests and Q-Q plots. Pairwise 

comparison was done using Tukey Post Hoc test for multiple comparisons of means (P1) and estimated 

marginal means for the linear models (P2 and P3) using emmeans package. For P2 plant species 

richness (SR) was log-transformed to improve distribution and reach linearity. We fit the transformed 

data to a linear mixed-effects model using the lme function in the package nlme to investigate the 

https://benjjneb.github.io/dada2/tutorial.html


 
 

effects of block (BL), plant species richness (SR), drought (DR) and plot (Pl) on the measured variables 

(V – Shannon, Inverse Simpson and Observed Richness metrics for alpha diversity). The drought 

treatment was represented by subplots. The fitting order was m1<-

lme(V~log2(SR)*DR,random=~1|BL/PL), moving the BL to a fixed term to investigate the changes in 

the outcome and changing SR per FG to investigate the effects of functional groups instead of species 

diversity. For P3, we also used Shannon and Observed Richness metrics as response variables, fitting 

those variables in a model alongside with the plot (PL) and individual (IN) information as random factor. 

The fitting order was m1<-lme(V~log2(SR), random=~1|PL/IN). We used PERMANOVA to calculate the 

effect size and significance over beta diversity, using as input a Bray Curtis dissimilarity matrix.  

For P1 we investigated the proportion of ASVs coming from the soil inoculation using Qiime2 plugin 

SourceTracker version 1.0.1 (Knights et al. 2011), used with default parameters to track the origin of 

ASVs in different treatments. The original soil at T0 was treated as source. The sink were the re-

inoculated soils. Besides that, for P1 we calculated phylogenetic signal for each sample, determining 

the mean-nearest-taxon-distance (MNTD) and the nearest-taxon-index (NTI) (Stegen et al. 2012) using 

‘mntd’ and ‘ses.mntd’ implemented in the package ‘picante’ version 1.8.2 (Kembel et al. 2010). This 

procedure allows to determine whether a given community (input is a phylogenetic tree generated by 

Qiime2) is more phylogenetic related than expected by chance, when compared to a random version 

of this same community (null model) (Stegen et al. 2012). We use this metric to estimate whether 

microbial communities’ assembly stochastically (NTI less than -2) or deterministically (NTI greater than 

+2). To generate the underlying phylogenetic tree, Qiime2 was used by applying the alignment mafft 

function for alignment, alignment mask to mask ambiguously aligned regions, fasttree for tree 

generation and phylogeny midpoint-root for tree rooting. 

 

3.7. Dissolved organic carbon  
 

For P1 Dissolved organic carbon (DOC) was measured from soil samples. DOC was extracted by 

incubating four grams (g) of soil in 20 ml of 0.01 M CaCl2  solution for 40 min on an overhead shaker 

(Schulz et al. 2013). Afterwards, samples were filtered using cellulose filter papers (595,5 filter papers, 

Whatman – Germany). The DOC concentration of the extracts was measured with a DIMA-TOC 100 

(Dima Tec, Germany). 

 

 



 
 

4. Discussion   
 

During the work developed in this thesis, we investigated the effects of biodiversity on various aspects 

of microbial communities and the implications of those changes to ecosystem functioning. Based on 

the literature indicating that increasing biodiversity promotes higher ecosystem functioning (Civitello 

et al. 2015; Isbell et al. 2017; M. W. Schmid et al. 2021) and increasing resilience to environmental 

stress (Kowalchuk et al. 2002; Renard, Mahaut, and Noack 2023; Vogel, Scherer-Lorenzen, and Weigelt 

2012), we approached the following questions: 1) does increasing plant richness affects soil and seed 

endophytic microbial community; 2) is the interaction between increasing plant richness and soil 

microbial communities capable of mitigating environmental stress and diversity loss for soil bacterial 

community; and 3) what are the main factors determining microbial community assembly after 

environmental disturbances.  Ahead we´ll disentangle the results of our research and the implications 

of those findings to biodiversity research.  

Those research questions come from the well know beneficial effects on increasing biodiversity for 

ecosystem functioning and resilience (Kennedy and Smith 1995; Isbell et al. 2017; Habibullah et al. 

2022). Investigating those effects on field experiments, although harder to control and more 

expensive, can give us a more comprehensive understanding of distinct factors responsible for the 

ecological effects. Ecological systems are highly intricate and involve numerous interactions between 

organisms and their environment. Field experiments enable researchers to capture this complexity, 

including factors that may be challenging to replicate in a laboratory setting (Körschens 2006). The 

ecological validity of the findings on this kind of experiments are generally higher since they take in 

consideration spatial heterogeneity and ecosystem-level interactions which would be impossible to 

replicate in vitro. Altogether the robustness of field experiments makes the ecological findings more 

applicable to real-world situations, this being particularly important when trying to understand how 

organisms respond to their natural surroundings.  

Another important aspect of field studies in long-lasting ecology experiments, is the assessment of 

long term and delayed biodiversity responses. Some ecological effects can be only perceived in a time 

scale, taking in consideration the life cycle of plants, animals and microbes present in a given habitat 

(Chen and Shen 2017). Seasonal changes on temperature and sun exposure, for example, are known 

to have strong effect on nutrient flux and nutrient stocks in soil (Wu et al. 2021; Uzel, Stanton and Scott 

2023), which of course leads to changes on species behaviour over the seasons and can only be 

accessed and validated in a timeframe of years or decades. Some effects, related to changes in 

biodiversity composition, diversity loss and stress, are delayed and can be only perceived through the 

years. Those effects are the result of population dynamics, successional processes, and the slow 



 
 

accumulation of disturbances effects over the time, which therefore can be only investigated in long 

term experiments (Essl et al. 2015). The study of phenology, i.e., the study of periodic biological 

phenomena that are correlated with climatic conditions, is only possible in long-term experiments. 

The persistent result of long-term ecological interactions is often referred as legacy effects (Cuddington 

2011), and in the context of ecology refer to the persistent and lingering impacts of past events or 

conditions on current ecological systems. These effects can shape the structure, function, and 

dynamics of ecosystems for an extended period, even after the original trigger has been removed. 

Legacy effects are important considerations in ecological research since they highlight the 

interconnectedness of past, present, and future ecological conditions.  

With this in mind, we consider that the results on this thesis represent consistent biodiversity effects 

in both soil and plant microbial community, reflecting two decades of legacy effects on the Jena 

Experiment, being therefore a robust assessment of biodiversity effects on microbial communities. 

 

4.1. The effect of plant richness over bacterial diversity  
 

The first research question approached in this thesis refers to the interaction between increasing plant 

richness and the diversity and composition of soil and seed endophytic microbes. The opportunity to 

investigate both soil and endophytic microbiome can give us a more complete overview of the effects 

of increasing biodiversity over microbial communities. Soils, harbouring immense microbial 

biodiversity, are considered to be the main repository of endophytic bacteria colonizing plant tissues 

(Bulgarelli et al. 2013; Wu et al. 2021). Therefore, while increasing plant richness have direct effects 

on soil microbial composition due to changes on nutrient turnover, exudate production and microbial 

recruitment (Roscher et al. 2004), effects on endophytic microbiome are indirect, passing through the 

physiological filtering of the plant tissue and can represent changes not only on the microbial 

community pool, but also adaptations on the plant organisms itself (Ding and Melcher 2016; Fadiji and 

Babalola 2020).  

We made use of the Jena Experiment´s structure to disentangle this relationship. Although the covered 

diversity gradient was not exactly the same in both studies (the drought experiment, P2, had a more 

complete coverage of plant richness, with monocultures, 2-, 4-, 8-, 16- and 60-species plots, while the 

seed experiment, P3, did not covered the 2- and 60- species plots), we observed similar results. In both 

cases, we did not observe a direct correlation between plant richness and overall microbial diversity. 

However, despite the lack of significant effects on the overall bacterial diversity, we did observe shifts 

in the composition of the bacterial communities in both cases. For the soil samples, we could observe 

a significant effect of plant richness gradient on the beta diversity analyses among the soil sample from 



 
 

different plots, while for seeds we could observe changes on the core microbiome of seed from plants 

growing in different diversity levels. Interestingly, we observed that the seed microbiome of Plantago 

lanceolata is rather consistent along the plant richness gradient, being mostly composed by the genera 

Paracoccus, Alteribacillus, Sphingomonas, Pseudomonas, Massilia and Pirellula, being Pseudomonas 

rhizosphaerae followed by Sphingomonas faeni and Pirellulla spp., the most abundant species present 

in the core microbiome. When analysing the complementary core microbiome, e.i., the additional 

bacteria accumulated on the seed microbiome along the diversity gradient, we observed a positively 

correlated increase in the number of unique ASVs present in the seed microbiome. In this case, the 

seed endophytic microbiome of Plantago lanceolata seems to display additional microbes as the plant 

diversity increase. Those ASVs were assigned to the same genus present on the core microbiome (with 

exemption of the Pedobacter genus which was present only in the levels 04 and 08 of plant richness), 

which indicates that the trait selection in this case might happen on the species, or even strain level, 

suggesting that bacterial selection by parental plant (Bergna et al. 2018; Johnston-Monje, Gutiérrez, 

and Lopez-Lavalle 2021) respond to subtle and highly specific processes.  

Overall, our data aligns interestingly with current literature. Albracht et al. (2023), also using the same 

richness gradient on the Jena Experiment field site, observed a different trend for fungi community, 

which significantly responded to increase in plant richness. Previous data on the Jena Experiment 

indicates that plant species richness significantly affect overall fungal composition, with the association 

of specific fungal groups with determined plant richness levels (M. W. Schmid et al. 2021).  In our case, 

although we did not associate specific taxa with a specific diversity level, we did identify different taxa 

responding to drought stress across the plant richness gradient (see next session in detail) and as 

already shown, different taxa being associated with the core microbiome on seeds. A similar study also 

observed that biodiversity effects on belowground environments might not be significant even though 

aboveground effects could be observed (Bessler et al. 2009), which can indicate that diversity effects 

on soil bacterial diversity can be confounded by other environmental factors, or that responses on soil 

microbial composition might respond to changes in smaller scales, as for example physiological 

conditions of plant individuals or the species identity on each plot. A study from Prober et. al (2015) 

counting with grasslands samples from four continents indicates no direct correlation between soil 

alpha diversity for bacteria, archaea and fungi with the increase in plant community diversity. The 

study did, however, indicate a strong relationship between plant and soil microbial beta diversity. This 

data aligns with our findings, indicating that although the increase in plant richness do not linearly 

increases microbial diversity, plant community does affect and modulate soil microbial composition, 

with the association with specific microbial taxa to certain plant species.  



 
 

A possible explanation for this pattern is the recruitment of specific microbial taxa according to specific 

interactions with plant community. In this case, a further research question could be the assessment 

of the specific recruitment of microbial taxa according to plant species identity or functional group. 

The Jena Experiment also counts with a gradient of plant functional groups, running alongside the 

plant richness gradient which can be used to investigate such question, which unfortunately is not in 

the scope of this thesis. 

Besides, we observed that the effects presented in the soil samples are not necessarily linked to the 

ones observed in the seed endophytic microbiome. Although we did not see direct increase in soil 

bacterial diversity alongside the plant richness gradient, we did observe a slight increase in the number 

of ASVs composing the core microbiome on Plantago lanceolate seed. This trend suggested that this 

complexification is not dependent on the soil diversity increased, which was not observed. The effect 

might be caused by changes in the filtering processes by parental plants, which have already been 

demonstrated experimentally (Bergna et al. 2018; Johnston-Monje, Gutiérrez, and Lopez-Lavalle 

2021), but the mechanism behind this change is still unknow. This correlation, however, is merely 

suggestive since soil and seed samples were not collected in the same year and the soil-plant 

relationships might change over the years or seasons. More investigation in this topic seems to be 

necessary.  

Overall, we conclude that plant species richness does affect soil and seed microbiome, but the effect 

if not linear or cumulative, being the changes qualitative instead of quantitative. Different plant traits 

as roots length, exudate production and the association with soil microbial community are reportedly 

responsible by modulating soil microbial community (Pascale et al. 2020; Santoyo 2022; Vives-Peris et 

al. 2020) which might consequently influence the endophytic microbiome associated to the plant host, 

affecting the seed colonization by beneficial taxa (Abdelfattah et al. 2021). Moreover, the interaction 

between different plant functional groups and/or species might lead to complex scenarios where the 

simple increase in diversity is not the determining factor.  

In the context biodiversity studies, we can observe that the possible beneficial effects of increasing 

plant biodiversity over soil microbial diversity are not represented by overall increase in microbial 

diversity, which ultimately makes sense. Soil bacterial diversity in this case would represent an 

important repository of metabolic potential, which would be “activated” according to induvial needs 

on each plant community. In this case, the overall bacterial diversity would respond with changes in 

abundance and activity, with shifts not in the number of different species, but in the dominance of the 

most suitable taxa for each plant species combination. Plots without legumes, for example, might see 

an increase in abundance and activity bacteria related with nitrogen fixation, while plots with legumes 



 
 

might see an increase in denitrifying bacterial groups. Additionally, the abundance versus activity 

discussion, cutting edge research topic in current microbial ecology, can help us to understand those 

responses. While microbial responses to environmental changes are always resulting of changes on 

microbial activity, those changes do not necessarily leads to changes in abundance of responding taxa 

(Hanson et al. 2012; J. P. Schimel and Schaeffer 2012), consequently not affecting community diversity 

metrics. Therefore, although soil bacterial diversity is a useful metrics to access changes in soil 

microbial community in response to environmental changes in, the lack of changes on diversity do not 

deny the microbial responses in our case. Increasing plant diversity has already been demonstrated to 

significantly affect soil microbial activity (Lange et al. 2015), corroborating this line of though.  

 

4.2. The role of plant and soil diversity for stress mitigation and community assembly 
 

Still in relation to the biodiversity study, we investigated how stress can shape the adaptation and 

development of soil microbial communities. In P1, we tested how initial diversity influences the 

colonization patters on soil microbial communities after severe stress (autoclavation), while on P2 we 

studied how soil microbial community adapts to long-term, intermittent drought.  

The resilience to stress and the ability to recover after disturbances is undoubtedly one of the biggest 

ecological benefits of ecosystem diversity. Both biological (parasites, invading species, and predators) 

and environmental (extremes of temperature, pH, precipitation, and chemical contamination) stresses 

can be attenuated when ecosystem processes are well complemented. Species diversity, for example, 

can dilute pathogen dispersion, reducing the infection efficiency of pathogens (Civitello et al. 2015; 

Ostfeld and Keesing 2000) and increase the degradation speed of contaminant compounds (Dell’Anno 

et al. 2012). In the same way, genetic diversity also plays a role on reducing the spreading efficiency of 

pathogens, greatly increasing species survivability during outbreaks (King and Lively 2012; Lively 2010). 

Ecosystem diversity improves stress resistance by providing functional redundancy, granting that even 

if a few species get eliminated during the process, essential ecosystem services as nutrient cycling and 

biomass decomposition will continue existing (Mitchell et al. 2000; Renard, Mahaut, and Noack 2023; 

Wagg et al. 2017). This functional redundancy, also reference as Insurance Hypothesis (Yachi and 

Loreau 2011),  prevents ecosystem breakdown during disturbing events.  The buffering effect of 

increasing biodiversity has been largely observed in ecology. Cesarz et. al. (2017) demonstrated that 

increasing plant sustained higher nematode diversity after a summer flood on the Jena Experiment 

field site, in comparison to monoculture plots. The same can be said regarding microbial communities, 

whose stability against stress has already been shown to be directly dependent on the community 

diversity itself (Tardy et al. 2014).  



 
 

4.2.1. Plant diversity and drought stress.  

 

During the drought experiment on the Jena Experiment field site (P2), we investigated the interaction 

between increasing plant richness and the effect of intermittent summer drought on soil bacterial 

communities. Drought events have a drastic impact on plant and animal community abundance and 

composition, as well as soil microbial communities, limiting nutrient availability (Carson et al. 2010; 

Lawrence, Neff, and Schimel 2009), reducing community connectivity through dissolved molecules 

(Carson et al. 2010; Manzoni et al. 2016; Manzoni and Katul 2014) and, obviously, diminishing the 

availability of water as a resource itself, which is essential to the basic functioning and maintenance of 

cellular processes (Potts 2001). On the one hand, drought events can quickly change soil properties 

and nutrient availability, a situation where copiotroph microbial taxa do not have enough time to react 

to drought exposure or simply do not possess the necessary machinery to cope with the changes 

imposed by drought. In our experiment, however, we tested long-term, intermittent drought, a 

difference that might have important implications for the soil microbial community response to 

drought. In this case, chronic drought imposes a different challenge to soil microbial communities. The 

lack of water diminishes soil homogenization, isolating the microbial community in smaller 

compartments, which promotes niche formation (Carson et al. 2010), species differentiation (Dumbrell 

et al. 2010), and an increase in microbial metabolic dependency (Morris, Lenski, and Zinser 2012). The 

absence of water also leaves space for more air and therefore more oxygen (Preece, Farré-Armengol, 

and Peñuelas 2020), increasing the access of the soil microbial community to other gaseous and 

volatile substrates (Insam and Seewald 2010), such as methane. The extra oxygen and new substrate 

availability can then be used as high energy sources for soil bacteria to explore less available and more 

diverse energy sources (Fest et al. 2017; Hartmann, Buchmann, and Niklaus 2011). 

As above mentioned, we could not observe a significant effect of the increasing plant richness gradient 

over soil bacterial alpha diversity, but over soil microbial composition. We did, however, identified a 

strong effect of the drought treatment on the soil bacterial community diversity. Against our initial 

expectations, bacterial diversity positively reacted to the drought treatment, increasing in comparison 

to the control plots (average Shannon Alpha diversity was 4.1 for control plots and 4.2 for drought 

plots, with standard deviation of 0.023 in both cases). We observed that drought exposed plots 

consistently presented higher bacterial diversity in both Shannon and Inverse Simpson diversity 

indexes, regardless of the plant richness level. More interestingly, we observed that plant biomass was 

not significantly different between drought exposed and control plots, which highlights the strong 

adaptation soil microbial communities displayed in this case.  



 
 

Taking in consideration that soil samples were collected 1 year after the termination of the 

drought treatment and 10 years after the beginning of the experiment, we can conclude a community 

adaptation took place on the drought exposed plots, displaying a clear legacy effect of drought on the 

soil bacterial community. The overall soil bacterial composition was similar across the treatments, 

being Gemmytimonadota, Verrucomicrobiota, Patescibacteria, Myxococcota, Bacteroidota, 

Chloroflexi, Acidobacteriota, Actinobacteriota, Proteobacteria, and Planctomycetota the most 

predominant phyla, present in all treatments and all plant diversity levels. The difference however 

could be observed when specific taxa were associate with drought and control samples across the 

plant richness gradient. 1-species diversity had both increasing and decreasing ASVs belonging to 

Acidobacteriota phylum, both assigned to the Vicinamibacteria class, while 1 ASVs assigned to the 

Myxococcota phylum. Diversity levels 2 and 8 both had only significantly decreased ASVs, assigned to 

Bacteroidota and Acidobacteriota phyla, respectively. In the other hand, 4-species diversity level only 

presented a single ASV with significantly response to the drought treatment, increasing in abundance. 

This ASV was assigned to the Actiboacteriota phylum. In the 16-species plots, we observed an increase 

in Actinobacteriota and a decrease in Gemmatimonadota and Plantomycetota, and Bacteroidota had 

both increasing and decreasing ASVs, belonging to the uncultivated order AKYH767 (Mauch, Serra 

Moncadas, and Andrei 2022). The 60-species diversity level was the one with higher variance in terms 

of significantly increased/decreased ASVs, with 32 taxa (compared to 3 from levels 1, 2 and 4 and 10 

from levels 8 and 6 on level 16). The increasing ASVs were assigned to the Planctomycetota, 

Latescibacterota, Actinobacteriota and Patescibacteria phyla, while ASVs belonging to 

Proteobacteriota, Planctomycetota and Chloroflexi were severely reduced. Among those, 

Actinobacteria and Chloroflexi are usually reported heaving increased abundance in dry exposed soil, 

being enriched due their specific traits that increase fitness under dry conditions (Naylor et al. 2017; 

Taketani et al. 2017), including sporulation and monoderm morphology (Taketani et al. 2017).   Our 

data did not associate as specific taxa/ASV with the drought treatment. In this case, the affected 

bacterial taxa were particular to each of the analyzed diversity levels, without a consistent bacterial 

taxon being affected by the drought treatment consistently.   

Although contrary to our initial expectations, those findings are supported by available literature. A 

study by Preece et. al. (2019) also identified an increase in soil bacterial diversity after exposure to 

chronic drought in a oak forest. A possible mechanism to explain this observation comes from the 

ecological role of water as a solute, not just a resource. The lack of water contributes to the isolation 

of microbial communities in soil, diminishing the homogenization of metabolites and nutrient sources. 

Low soil pore connectivity (Carson et al. 2010) has already been show to promote soil microbial 

diversity, which corroborates our findings. Treves et al. (2002) demonstrated that less dominant taxa 



 
 

have a better chance of establishing as soil moisture decreases (Treves et al. 2003), with the 

competition between highly abundant taxa and less abundant taxa being more even under this 

condition. In this scenario, drought can reduce the nutrient availability to fast-growing taxa, allowing 

the growth of fastidious, less abundant microbes. Similarly, Carson et al. (2010) demonstrated that 

bacterial diversity increased in soils with low water content in comparison with the same soils with 

higher moisture. 

Therefore, we speculate that the chronic aspect of the drought treatment implemented in our design, 

alongside with the seasonal intervals between the simulated drought (plots where only exposed to 

drought during summer) contributed to a slow but steady adaptation of soil microbial community to 

the lack of precipitation. This observation clearly demonstrates the legacy effect of drought on the soil 

bacterial community composition, highlighting how disturbance events can reverberate on the 

ecosystem functioning long after its termination. Data on acute drought indicate that initial response 

to drought events involve a drop on microbial diversity (Q. Wan et al. 2023). An experiment by Tóth et. 

al. (2017) identified a strong impact of acute drought on soil bacterial composition and litter 

decomposition, which however could not be observed 6 months after the treatment was terminated. 

In this case, we can estimate that the increase in diversity on the drought exposed samples are result 

of ling term adaptation to drought, which cannot be observed on acute drought models. 

Early publications on the same experiment also observed contrasting effects, in comparison with our 

data. Albracht et al. (2023) working on the same experiment design, investigated the effects of both 

plant richness increase and drought treatment on the diversity and composition of arbuscular 

mycorrhiza (AMF) and total soil fungal community. They reported a significant impact of plant richness 

gradient on the diversity and composition of AMF and total fungal community but did not observe any 

significant effect of drought treatment on the same variables. Wagg et al. (2017) observed a reduction 

on plant biomass on drought treated plots in comparison to control plots, however reported a less 

pronounced biomass loss as the plant richness increases. In line with our findings, interestingly, Vogel 

et al. (2013) observed a significant effect of drought treatment on the litter decomposition, however 

irrespective of plant diversity. In this context, we also could not observe a direct interaction between 

increasing plant richness and the drought treatment itself, being the responde to drougth unique in 

each diversity level observed.  

The effects of increasing plant diversity in both seed and soil, as well as a the diversity effects on 

drought treatments and the changes on core seed microbiome are summarized in figure 7. 

In summary, those findings can indicate that the adaptation of soil bacterial community to drought 

pressure might be a delayed effect, which might take a few cycles to be perceptible. Also, the contrast 



 
 

between acute and chronic drought might play a key role on the result observed during sampling. 

Sampling right after the drought chock might observe a drop on soil diversity, since the preset microbes 

would not be able to adapt to osmotic pressure, causing the loss of certain taxa (J. P. Schimel 2018). 

Long term sampling might access signs of adaptation and succession on soil microbial communities, 

embracing both drought and rewetting stress. 

 

                 

Figure 7: Effects of increasing plant richness. Soil bacterial diversity increases in soil exposed to long-term drought in 
comparison to control soil. The increase in microbial diversity is not linearly correlated to the increase in plant richness. The 
same is true for the diversity of seed endophytic bacterial community of Plantago lanceolata, which had a stable bacterial 
diversity along the plant richness gradient. We did observe, however, an increase in the number of additional ASVs on the core 
microbiome of each observed diversity level as the plant richness increases. The scale between the types of samples is merely 
illustrative.  

 

4.2.2.  Soil microbial diversity and stress recovery patterns  

 

The last aspect of biodiversity approached in this thesis consists of the recovery of soil microbial 

communities after stress and how deterministic the development is according to the initial diversity 

load. We approached this question by running a microcosm experiment (P1) where soil disturbed by 

consecutive autoclavation cycles was re-inoculated with different microbial loads. We accessed 

original microbial abundance and composition and tracked the community development over the 

time, comparing the different inoculation loads to the non-inoculated control and with the original 

inoculum.  



 
 

This research question approached fundamental aspects of microbial ecology as well as technical 

limitations of the study of soil microbial communities. Ecologically speaking, the patterns governing 

microbial community establishment are still poorly understood and posed additional challenges when 

comparted to plant and animal communities. The selection of suitable species colonizing a new 

environment is governed by both deterministic and stochastic factors and interactions (Dumbrell et al. 

2010). The deterministic share of this process, also called  ‘niche-based’ mechanisms includes 

environmental filtering, which is the interaction between the individuals, the abiotic environment, and 

the interspecific interactions and trade-offs, while the stochastic aspect is governed by “neutral 

processes”, including unpredictable disturbances, life and death events, random dispersal and 

colonization, extinctions and ecological drift for example (Chase et al. 2011; Dumbrell et al. 2010). In 

this context, it has been previously demonstrated that the successful invasion of non-native species 

relies on the number of available niches (Van Elsas et al. 2012; Y. Li et al. 2014) and is negatively 

correlated with the diversity of the ecosystem, which is known as the diversity–invasiveness 

relationship (Nemergut et al. 2013). In technical terms, soil inoculation strategies with foreign 

microbes has being widely used as forms of bioremediation (Atuchin et al. 2023) and plant promoting 

techniques (de Souza, Ambrosini, and Passaglia 2015), where the enrichment of beneficial microbes 

would promote quicker environment purification and plant growth, respectively. However, the 

efficiency of those inoculation strategies and the factors ruling the successful establishment of 

inoculated microbes is still unclear. Therefore, the investigation of the factors governing the 

establishment of new microbial communities, especially after stress events, has extreme relevant for 

both practical and theoretical reasons.  

Our data identified interesting patters during the soil colonization. First of all, qPCR data identified that 

bacterial diversity was quickly recovered and overcame the abundance on the inoculum soil after 1 

week of incubation, while archaeal abundance did not fully recover over during the experiment´s 

duration (4 weeks). In contrast with the abundance data, bacterial and archaeal diversity did not 

recover over the experiment´s duration, indicating that the growth bloom after soil inoculation was 

dominated by a few microbial taxa. We also demonstrated the changes on the colonization patters by 

tracking the proposition of ASVs each inoculated sample coming from the inoculum soil, and how those 

proportions changes over time. Initially, inoculated samples ranged from 80% of ASVs coming from the 

inoculum samples in the 1:10 soil dilution to 50% in the 1:50 dilution and 40% in the 1:100 dilution at 

T0. At time 4 weeks, all diluted samples converged on the proportion of shared ASVs at 40%.  This 

observation was confirmed when the taxonomical composition on soil samples were analysed. The 

first week of community development in inoculated soils was further by Cyclobacterieacea, 

Pseuomonadaceae and Burkholderiaceae. Cyclobacterieacea which are abundant in soil environments 



 
 

and successful in processing a wide range of polysaccharides due to a rich repertoire of carbohydrate-

active enzymes (Larsbrink and McKee 2020). Initially, the Streptomyces genus was highly dominant on 

the first two weeks with a drop in abundance on the following two. We estimate that the initial 

dominance of Streptomyces sp. might be explained by the production of antibiotics (de Lima Procópio 

et al. 2012) and the denitrification capacity of this genus (Zhang et al. 2021), which might have made 

use of nitrogen prevenient from microbial biomass in the autoclaved soil. Moreover, we identified a 

significant effect of both time and dilution treatment on the soil bacterial diversity, but didn´t identify 

a significant difference between the 3 inoculated treatments after the incubation period. This result 

indicates that the inoculation loads did not significantly impacts the final community composition. A 

conceptual schematic representation of the biodiversity development on inoculated soils over time is 

presented on figure 6. 

This data has important ecological implications. Firstly, it indicates that as long as enough diversity is 

provided, the environmental filter prevails over stochastic processes during the community 

establishments. In this case, samples with higher microbial loads had their abundance equalized with 

samples with lower input, respecting environmental constrains as nutrient availability and species 

competition. Secondly, this phenomenon is time sensitive, being the observations along the weeks 

displaying different results, highlighting the importance of time-scale observations in adaptation 

studies.  

                          

Figure 8: Schematic representation of inoculation effects on disturbed soil samples over time. Non-disturbed soil presented a 
stable bacterial and archaeal diversity over the experiment duration, while non-inoculated, disturbed presented a drastic 
reduced diversity, with slightly recovery over the weeks. Inoculated disturbed soils, however, had different starting points 
according to the inoculation load, converging in diversity towards the end of the experiment.  



 
 

Those findings can help to understand the patterns observed on the drought experiment (P2). The 

development of soil microbial communities during drought stress might have been different over time 

and deterministic development might have also taken place during the 9 years the experiment was 

conducted. Since our analyses are based on a single sampling point, the variation presents on the soil, 

represented by the plant richness gradient, might have been homogenised over the years and we 

observed the convergency point of those soil samples at the time of sampling. Also, the experiment 

time frame of almost a decade might have been enough to slowly select soil microbial communities to 

responded to the drought stress, instead of only plant community richness and composition.  

The deterministic colonization of soil samples after inoculation has already been demonstrated in 

literature. A study from Delmont et. al. (2014) with sterilized soil inoculated with soil samples from 

different countries, demonstrated that after two months incubation period, soil communities converse 

in their composition, showing no significantly different communities. In this case, the same sterilized 

soil received two different inoculums, resulting in similar microbial community composition. This data 

demonstrates that environmental filtering overcomes the individual differences between the inoculum 

samples, which is complemented by our results, showing that the load of inoculations also does not 

affect the final microbial community assemble. Another study by Bundy, Paton and Campbell (2002) 

observed that soil microbial community from tree different soil types did not converge after diesel 

contamination. This data suggests that, even though an overwhelming carbon source is to be provided 

for the soil microbial community, individual responses are still observed if the soil physicochemical 

characteristics are considerably distinct.  

In contrast to the non-significantly different soil microbial composition among the inoculated samples, 

we did observe a significant difference between the inoculated soils and both the non-inoculated and 

inoculum controls. These results suggest that, even though microbial composition could not be 

recovered after the inoculation, the provision of initial inoculate significantly affects the speed and 

quality of community recovery during stress. Inoculated samples had overall smaller diversity 

compared to non-sterilized soils (averaging 1000 ASVs for control samples, while inoculated samples 

had average 450 ASVs and the non-inoculated ones around 50 ASVs in average) but displayed higher 

diversity in comparison to non-inoculated soils. This result has important implications for the study of 

recovery in disturbed environments. If for one side the environmental physicochemical conditions, e.i. 

environmental filter, prevails over inoculum diversity on the community establishment after a 

disturbance event, the provision of an initial diversity seems to facilitate the process and “jump-start” 

the community recovery process. Recent data (Dadzie et al. 2023) demonstrates that the inoculation 

of enriched, native microorganisms can improve nutrient cycling and availability in degraded soils, 

which might facilitate environmental recovery in a long term. This data suggests that, even though the 



 
 

microbial community present in the inoculum might not prevail in the final microbial composition, as 

observed with the Streptomyces genus in our study, the initial boost in diversity can be beneficial for 

the recovery after stress. In disturbed soils this improvement seems to be related to the mobilization 

of key nutrients (nitrogen, phosphorus, potassium and iron) and the improvement of soils aggregation 

and structure (Rashid et al. 2016), as promoted by the production of microbial exopolysaccharides 

(Cania et al. 2019).  

 

4.3. Open questions and experimental limitations 
 

In this thesis, we approached experimentally a few open questions related to the study of biodiversity. 

More specifically, we investigated the impact increasing biodiversity has on the composition of soil and 

seed microbiome and how microbial biodiversity responds to stress conditions. However, due to 

practical and technical limitations, some questions were left unanswered, which might require further 

research on the topics. Besides that, the findings on our study lead to new exiting questions which 

hopefully will be approached in the future.  

We observed a rather consistent result when investigating the direct impact of plant richness on the 

composition of both soil and seed microbiome. The plant richness gradient was shown to influence 

the microbial composition in both soil and seed endophytic microbiome, however without being 

linearly correlated with microbial alpha diversity. In the case of seeds, this leads to the conclusion that 

the beneficial effects provided by increasing ecosystem diversity can be somehow carried over to the 

next generations, representing an important transgenerational link between parental plant and its 

offspring, as well as a clear legacy effect from plant biodiversity. The question now is how the 

complexification of seed endophytic microbiome can benefit seedlings during germination. Seed 

endophytic community seems to be especially important right after germination, being the microbes 

carried with the seeds the first ones to colonize the seedling (Abdelfattah et al. 2022; Jones and Lennon 

2010). Experimental evidence indicates that seeds growing in sterile substrate are successfully 

colonized by microbial taxa present in their seeds and, when exposed to soil microbial community, 

have their microbiome complemented by soil microbes (Abdelfattah et al. 2021; Johnston-Monje, 

Gutiérrez, and Lopez-Lavalle 2021). Therefore, we can speculate that seeds coming from environments 

with higher diversity would benefit from more diverse microbiome, being more prepared in case of 

germination in adverse conditions. Further research could explore the growing fitness of seeds coming 

from different plant diversity environments, investigating how the initial microbial community affects 

the overall plant growth. Additionally, seed ASVs can be tracked from the seed into the adult plants, 



 
 

so the plant colonization from seed microbes can be estimated. In parallel, it would be crucial to 

determine whether the same behaviours can be also observed in other plant species and, if possible, 

from different functional groups. Currently literature suggests that seed endophytic microbiome is 

species-specific, respecting individual needs from each plant species (Abdelfattah et al. 2021; Eyre et 

al. 2019; Walsh et al. 2021), however the effect of increasing plant diversity on the seed microbiome 

compositions across plant functional groups hasn´t been reported yet. This data could lead to 

important conclusions regarding to management practices, where the seed history is considered 

during the planting process.  

In regard to the impact of plant richness on the soil microbial composition, a few questions are still 

open. We didn´t identify a strong linear relationship between the plant species richness and the soil 

bacterial diversity during the field drought experiment. As already discussed, the drought treatment 

consistently impacted soil microbial alpha diversity, but the effect seemed to be the same regardless 

of the plant richness. In this case, one can argue whether the effect we observed on the metabarcoding 

data might represent the stable picture of the already stabilized microbial community after 9 years of 

consistent stress and 1 year of recovery. As observed in out microcosm experiment (P1), even though 

community tends to stabilize over time after disturbance, the path to this stabilization might be 

different depending on the starting point. This raises the questions whether soil microbial community 

react differently along the plant diversity gradient over the years. This might be supported by the 

observation that different taxa were significantly increased/decreased in certain treatments after the 

drought treatment, indicating that either plant species richness or species composition and functional 

groups might lead to unique stabilization paths.  

We can hypothesize that plots with higher plant diversity could reach an early stabilization point in 

contrast to monoculture and/or low diversity plots. In this case, plant richness would provide a more 

diverse inoculum and potentialize the soil microbiome adaptation, as observed with the inoculation 

soil in the microcosm experiment. In addition to this, another interesting question would be to 

investigate the recovery path after the termination of the drought treatment. Since we could still 

observe a strong effect on drought on the soil microbial composition, even after 1 year since the 

drought treatment was interrupted, we can estimate a deep and consistent adaptation of soil microbial 

community to the drought stress, which might take a long time to be undetectable. An interesting 

question would be to investigate whether the drought adaptation effect disappears evenly along the 

diversity gradient or if there is a specific trend following the experimental design. We understand that 

such experiment is extremely laborious and expensive, however the research question is open, and 

the results seem extremely exiting. Current literature in the topic clearly demonstrates that changes 

on soil microbial community are directly related to the adaptation of soil to drought stress (Canarini et 



 
 

al. 2021; Evans and Wallenstein 2012) being nutrient dynamics completely unbalanced after drought 

(Deng et al. 2021), leading to the question if it´s even possible to recover pre-drought conditions over 

time and weather the drought adapted soi communities are more prone to rewetting stress.  

About our P1 project, some interest questions were left open to further research. Taking in 

consideration that we demonstrated the importance of inoculation to soil recovery after stress and the 

deterministic behaviour of soil community development, now the factors determining those patterns 

are left to be described. The studies of Delmont et. al. (2014) and Bundy, Paton and Campbell (2002) 

nicely complement our research. If we consider that different inoculation loads (as demonstrated by 

our study) and different inoculations diversities (by Deltmont et al) both lead to similar final diversity 

and considering that the provision of a unified carbon source leads to different microbial communities 

in different soils (showed Bundy, Paton and Campbell 2002) indicates that the fundamental factor 

community development is present in the inoculated soil itself. The niche-based interactions 

responsible for deterministic community development are well known in ecology, corresponding to 

ecological selection as the driving force of community assembly (Dumbrell et al. 2010), as nutrient 

availability and species competition (Pavoine and Bonsall 2011; De Vrieze et al. 2020). Therefore, a 

more comprehensive study in which extend soil nutrients determine the selection process and which 

ecological interaction between the components of this community are key for the ecological 

succession. Additionally, the question regarding the diversity provided in the inoculum is also 

important. A study by Maron et. al. (2018) manipulated soil microbial diversity inoculating  gamma 

irradiated soils using a dilution to extinction approach. They identified a significant effect of soil 

inoculation on the carbon sources decomposition according to soil dilutions. It´s important to notice 

that the dilution in this case was done until 1:1000 and 1:100000, while we used soil dilutions of 1:10, 

1:50 and 1:100. This contrasting data suggests that the inoculation done in the sterilized soils during 

our experiment was still able to carry enough initial diversity to colonize the inoculated soils, even after 

environmental filtering. An interesting question now would be to determine the threshold where 

inoculation diversity would be low enough to significantly impact final community composition, also 

determining which keystone taxa/role are essential for the successful community colonization 

(Banerjee, Schlaeppi, and van der Heijden 2018). This data would help to clarify the importance of 

inoculation for soil recovery after disturbance and how the colonization of disturbed soils take place.  

 

 

 

 



 
 

4.4. Outlook and conclusions  
 

On this thesis we demonstrate the interaction between plant and microbial diversity in normal 

conditions and also during stress. We demonstrated the increasing plant richness modifies the stable 

core microbiome of our model plant, Plantago lanceolata, increasing the number of bacterial ASVs as 

the plant species richness increases. In regard of soil microbiome, the plant species gradient did not 

linearly affect the soil microbiome diversity, but significantly changed the soil community composition. 

The increasing plant diversity did not seem to have a strong effect on the adaptation of soil bacterial 

community to drought stress, which saw a subtle but steady increase in diversity after the exposure to 

intermittent, long-term drought. We also successfully demonstrated the soil microbial community 

recovery after stress respond to deterministic processes governed by soil structure and 

physicochemical conditions instead of stochastic processes. The provision of initial inoculum was 

shown to significantly affect the colonization processes, boosting the community recovery in both 

abundance and diversity. We also demonstrated that colonization follows a different path according to 

initial inoculum, however leading to similar communities after incubation period.  

In regard to our initial hypothesis, we can concluded that; 1) Plant richness does affect soil and seed 

microbial community composition, but the increase in plant richness is not linearly correlated with the 

increase in microbial diversity, being the changes concentrated in special recruitment of microbial taxa 

according to individual features on each diversity level; 2) We did not identified either diversity loss or 

protective effect of increasing plant diversity on the mitigation of long term stress represented by 

drought, identifying however a significant effect of the drought treatment on the soil microbial 

composition and; 3) the main factors determining the microbial colonization after stress are the ones 

provided by the soil, prevailing over the initial diversity offer on final soil community composition. The 

inoculation however was essential for a quicker recovery in soil microbial abundance and diversity.  

Altogether, our data bring some clarity on important topics on the matter of microbial ecology, the 

relationship between microbial community, its hosts and the process of recovery and adaptation after 

environmental stress. Study the whole of plant and microbial community on ecosystem functioning is 

essential for ecosystem and biodiversity preservation. In a world where human population increasing 

threatens the biodiversity and the sustainable use of natural resources, the investigation of alternative 

ways to restore damaged environments, as well as the key factors for ecosystem production, are crucial 

for a sustainable growth of human population.  
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1st week 

2nd week 

3rd week 

4th week 

and buffer 

control  

Fig. S1: Microbial growth during the soil autoclavation over the weeks. 1g of autoclaved soil was 
resuspended in 0.8% NaCl2 solution. 100 µl of resuspended soil was plated in R2A agar plates also in 
dilutions 1:10 and 1:100. In the picture we show the last dilution to have growth in each of the time 
points. At week 4, no microbial growth could be observed. 
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Table S1: Table displaying the ANOVA and Post Hoc test (Tukey test) results for qPCR copy number for both bacterial and archaeal 16S rRNA gene.  Fitting order for ANOVA 

was CopyNumber ~ Dilution + Time, using aov function in base R. Significant effects are labelled p < 0.05, p < 0.005 or p < 0.0005 are labelled with *, ** or ***.   

 

Anova 

Bacteria Archaea 
 

Df Sum Sq Mean Sq F value Pr(>F)  
 

Df Sum Sq Mean Sq F value Pr(>F)  

Dilution 4 5,58E+21 1,39E+21 3.918 0.007** Dilution 4 8,95E+15 2,24E+15 40.927 1.79e-
15*** 

Time 3 5,60E+21 1,87E+21 5.247 0.003** Time 3 2,74E+14 9,15E+13 1.673 0.184 

Residuals 52 1,85E+22 3,56E+20 
  

Residuals 52 2,84E+15 5,47E+13 
  

Tukey Post Hoc Test 

Bacteria  Archaea 
 

Dilution 
 

Dilution 
 

 
diff lwr upr p adj 

  
diff lwr upr p adj 

 

1:100-1:10 -3,9E+08 -1,1E+09 3,03E+08 0.516  1:100-1:10 -227324.54 -497097.5 42448.42 0.137 
 

1:50-1:10 -1,3E+08 -8,2E+08 5,57E+08 0.983  1:50-1:10 -162008.58 -431781.5 107764.39 0.444 
 

No inoculum-1:10 -7,9E+08 -1,5E+09 -1,1E+08 0.016*  No inoculum-1:10 -330206.29 -599979.3 -60433.33 0.009* 
 

Original-1:10 -6,8E+08 -1,4E+09 10503657 0.056  Original-1:10 747822.45 478049.5 1017595.42 0.000*** 
 

1:50-1:100 2,53E+08 -4,3E+08 9,42E+08 0.835  1:50-1:100 65315.96 -204457.0 335088.93 0.959 
 

No inoculum-1:100 -4,1E+08 -1,1E+09 2,79E+08 0.455  No inoculum-1:100 -102881.75 -372654.7 166891.21 0.817 
 

Original-1:100 -2,9E+08 -9,8E+08 3,96E+08 0.750  Original-1:100 975147.00 705374.0 1244919.96 0.000*** 
 

No inoculum-1:50 -6,6E+08 -1,4E+09 25599410 0.064  No inoculum-1:50 -168197.71 -437970.7 101575.25 0.406 
 

Original-1:50 -5,5E+08 -1,2E+09 1,42E+08 0.181  Original-1:50 909831.03 640058.1 1179604.00 0.000*** 
 

Original-No inoculum 1,17E+08 -5,7E+08 8,05E+08 0.989  Original-No inoculum 1078028.75 808255.8 1347801.71 0.000*** 
 

Time 
 

Time 
 

 
diff lwr upr p adj 

  
diff lwr upr p adj 

 

T1-T0 7,24E+08 1,46E+08 1,3E+09 0.009* 
 

T1-T0 93064.98 -133566.58 319696.54 0.697 
 

T2-T0 1,94E+08 -3,8E+08 7,73E+08 0.809 
 

T2-T0 -57261.20 -283892.76 169370.36 0.908 
 

T4-T0 6,58E+08 79487303 1,24E+09 0.019* 
 

T4-T0 107013.97 -119617.59 333645.54 0.596 
 

T2-T1 -5,3E+08 -1,1E+09 48517645 0.084 
 

T2-T1 -150326.18 -376957.74 76305.38 0.304 
 

T4-T1 -6,6E+07 -6,4E+08 5,12E+08 0.990 
 

T4-T1 13948.99 -212682.57 240580.55 0.998 
 

T4-T2 4,63E+08 -1,1E+08 1,04E+09 0.158 
 

T4-T2 164275.17 -62356.39 390906.73 0.231 
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Fig. S2: Rarefaction curve built over the ASV table using rarecurve command from Vegan (version 
2.6.2) package on R (step=50, cex=0.5).  
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Fig. S3: Number of observed ASVS (A) and Shannon evenness (B) measurements calculated 
over the ASVs table from metabarcoding sequencing for prokaryotes.  
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Table S2: Table displaying the ANOVA and Post Hoc test (Tukey test) results for alpha diversity (calculated based 

on the number of observed ASVs).  Fitting order for PERMANOVA was CopyNumber ~ Dilution + Time, using aov 

function in base R. Significant effects are labelled p < 0.05, p < 0.005 or p < 0.0005 are labelled with *, ** or ***.   

Anova 
 

Df           Sum Sq Mean Sq F value Pr(>F)  

Dilution 4 31.98 7.996 17.848 2.81e-09 *** 

Time 3 12.33 4.109 9.171 5.68e-05 *** 

Residuals 52 23.30 0.448 
  

      

Tukey Post Hoc Test 

Dilution 
 

 
diff lwr upr p adj 

 

1:100-1:10 -2.441.667 -3.133.736 26.454.031 0.999 
 

1:50-1:10 -3.891.667 -3.278.736 25.004.031 0.995 
 

Original-1:10 72.175.000 4.327.930 101.070.697 0.000*** 
 

Sterile-1:10 -25.925.000 -5.482.070 2.970.697 0.098 
 

1:50-1:100 -1.450.000 -3.034.570 27.445.697 0.999 
 

Original-1:100 74.616.667 4.572.097 103.512.364 0.000*** 
 

Sterile-1:100 -23.483.333 -5.237.903 5.412.364 0.162 
 

Original-1:50 76.066.667 4.717.097 104.962.364 0.000*** 
 

Sterile-1:50 -22.033.333 -5.092.903 6.862.364 0.213 
 

Sterile-Original -98.100.000 -12.699.570 -69.204.303 0.000*** 
 

Time         
 

diff lwr upr p p adj 
 

T1-T0 -224.733.333 -4.674.810 1.801.438 0.079 
 

T2-T0 -314.666.667 -5.574.144 -7.191.895 0.006* 
 

T4-T0 -219.466.667 -4.622.144 2.328.105 0.089 
 

T2-T1 -89.933.333 -3.326.810 15.281.438 0.759 
 

T4-T1 5.266.667 -2.374.810 24.801.438 0.999 
 

T4-T2 95.200.000 -1.475.477 33.794.771 0.726 
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Fig. S4: PMA PCR performed with Original soil used on the inoculation. Boxes show both minimum and 
maximum values in both edges, 25th Percentile, Median and 75th percentile. PMA treatment had 
average number 16S rRNA copies of 1.905.079.047 (median value of 1.553.144.704 copies), while 
Original, untreated soil had 3.224.934.322 (median value of 1.088.152.000 copies). The “dead” soil 
control was meant to access the limitation of PMA to fully remove DNA from samples and how it 
impacts on the qPCR amplification. While the “dead” soil without PMA treatment had 21.401.234 reads 
in average, PMA treated “dead” soil had 7.254.347, indicating that 37% of the DNA remains in the soil. 
Considering an efficiency of 63%, and that the PMA treatment removed 38% of the DNA on the Original 
soil, we can estimate that 23,9% of the DNA present in the Original soil derivates from dead or 
damaged cells   
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Fig. S5: Dissolved organic carbon at time point week 0.  
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Fig. S6: Diversity (Number of Observed ASVs) of Bacterial and Archeal reads along the experiment´s 
duration. The primeir pair used in this study (The Earth Microbiom project´s Eukariotic primer) target 
both Archaea and Bacteria, so the bacterial and archaeal assinged reads were filtered out of the total 
dataset using phyloseq. From the 7820 ASVs in the dataset (distributed among 3.224.377 reads), 56 
ASVs (38.998 reads) were assigned to Archaea, totalizing 1.2% of the annotated reads. We used the 
number of observed ASVs as alpha diversity metric. Overall diversity follows the patters of the 
combined community, with significant effects of Dilution and Time (see supplementary table S3 for 
statistical significances).  
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Table S3: Table displaying the ANOVA and Post Hoc test (Tukey test) results for alpha diversity (calculated based on the number of observed ASVs) for bacterial and archaeal community 

individually. Fitting order for PERMANOVA was CopyNumber ~ Dilution + Time, using aov function in base R. Significant effects are labelled p < 0.05, p < 0.005 or p < 0.0005 are labelled with *, 

** or ***.                                                   

       

Anova 

Bacteria Archaea 

  Df Sum Sq Mean Sq F value Pr(>F)   Df Sum Sq Mean Sq F value Pr(>F) 

Dilution 4 6650023 1662506 26.835 4.2e-12*** Dilution 4 165.1 41.27 4.877 0.00205** 

Week 3 785774 261925 4.228 0.0095** Week 3 147.9 49.31 5.827 0.00165** 

Residuals 52 3221549 61953     Residuals 52 440.0 8.46     

Tukey Post Hoc Test 

Bacteria Archaea 

  Dilution diff lwr upr p adj     Dilution diff lwr upr p adj   

1:100-1:10 -2.416.667 -3.113.077 26.297.432 0.9992683   1:100-1:10 -0.2500000 -36.057.466 3.105.747 0.9995481   

1:50-1:10 -3.933.333 -3.264.743 24.780.766 0.9950984   1:50-1:10 0.4166667 -29.390.799 3.772.413 0.9966470   

No inoculum-1:10 -26.100.000 -5.481.410 2.614.099 0.0913721   No inoculum-1:10 17.500.000 -16.057.466 5.105.747 0.5838653   

Original-1:10 71.750.000 4.303.590 100.464.099 0.0000000   Original-1:10 42.500.000 0.8942534 7.605.747 0.0065186   

1:50-1:100 -1.516.667 -3.023.077 27.197.432 0.9998845   1:50-1:100 0.6666667 -26.890.799 4.022.413 0.9800060   

No inoculum-1:100 -23.683.333 -5.239.743 5.030.766 0.1516780   No inoculum-1:100 20.000.000 -13.557.466 5.355.747 0.4524360   

Original-1:100 74.166.667 4.545.257 102.880.766 0.0000000   Original-1:100 45.000.000 11.442.534 7.855.747 0.0034737   

No inoculum-1:50 -22.166.667 -5.088.077 6.547.432 0.2029099   No inoculum-1:50 13.333.333 -20.224.133 4.689.080 0.7938224   

Original-1:50 75.683.333 4.696.923 104.397.432 0.0000000   Original-1:50 38.333.333 0.4775867 7.189.080 0.0176278   

Original-No inoculum 97.850.000 6.913.590 126.564.099 0.0000000   Original-No inoculum 25.000.000 -0.8557466 5.855.747 0.2334345   

                     

Time            Time diff lwr upr p adj   

T1-T0 -22.206.667 -4.632.888 1.915.547 0.0814537   T1-T0 -26.666.667 -5.485.771 0.1524375 0.0699752   

T2-T0 -31.100.000 -5.522.221 -6.977.786 0.0064944   T2-T0 -36.666.667 -6.485.771 -0.8475625 0.0059496   

T4-T0 -21.546.667 -4.566.888 2.575.547 0.0955736   T4-T0 -40.000.000 -6.819.104 -11.808.958 0.0023291   

T2-T1 -8.893.333 -3.301.555 15.228.880 0.7622247   T2-T1 -10.000.000 -3.819.104 18.191.042 0.7827191   

T4-T1 660.000 -2.346.221 24.782.214 0.9998608   T4-T1 -13.333.333 -4.152.438 14.857.708 0.5950701   

T4-T2 9.553.333 -1.456.888 33.675.547 0.7203382   T4-T2 -0.3333333 -3.152.438 24.857.708 0.9891691   
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Abstract 
 

Drought is a major stressor to soil microbial communities, and the intensification of climate change is 

predicted to exacerbate hydric stress worldwide in the coming decades. As a potential mitigating factor 

for the consequences of prolonged droughts, biodiversity can increase ecosystem resistance and 

resilience by enhancing metabolic redundancy and complementarity. Here, we investigated the 

interaction between plant diversity and summer drought on soil microbial communities, specifically 

bacterial communities. For that, we made use of a well-established biodiversity experiment (The Jena 

Experiment) to investigate the response in soil bacterial community diversity and compositionexposed 

to recurring summer drought over nine yearsalongside a plant diversity gradient ranging from one to 

60 species. Our data indicate that bacterial diversity increased after exposure to drought. These data 
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indicate that long-term drought promotes soil biodiversity by increasing niche differentiation and that 

these effects can be potentiated by increasing plant diversity. 

 

Introduction 
 

As a result of the intensification of human activities over the past two centuries, Earth´s 

biosphere is facing unprecedented alterations. Increasing industrialization leads to alarming air 

pollution, which is predicted to intensify the worldwide rain pattern (Fowler and Hennessy 1995; 

Nemecek et al. 2012; Sohoulande Djebou and Singh 2016). As a consequence of the disturbances on 

the rain regime, many regions are now experiencing long periods of drought, suffering from insufficient 

precipitation or impairment of the water distribution of rivers, lakes, and other water bodies 

(Eriyagama, Smakhtin, and Gamage 2009). This hydric stress directly affects agricultural production, 

threatening the food supply chain (Osborne, Rose, and Wheeler 2013; Ostad-Ali-Askari et al. 2020; 

Zhipeng Wang et al. 2020), as well as the equilibrium of natural environments (Geng et al. 2015; 

Huntington 2006). 

The consequences of hydric stress can be observed not only macroscopically but also on a 

microscopic scale. Bacterial communities respond very quickly to environmental stress caused by both 

physicochemical and biological factors, such as increasing temperature, lack of water, or a secondary 

response to a biotic factor responding to a physicochemical factor (Jansson and Hofmockel 2020). 

Bacterial communities play a crucial role in the maintenance of soil functioning, and changes in these 

soil characteristics can affect the soil bacterial community composition and the services provided by 

this community (Bartelt-Ryser et al. 2005). Currently, literature on the effects of drought on bacterial 

communities indicates that drought events are followed by an increase in gram-positive bacteria (such 

as Actinobacteria), which are capable of utilizing recalcitrant carbon sources and are highly present in 

arid, nutrient-poor soils (Connon et al., 2007) and are also capable to generate stress-resistant 

structures, like spores (Zeigler 2014). Gram-negative bacteria, on the other hand, prefer labile carbon 

compounds and organic nitrogen (Treseder et al., 2011), particularly in the form of plant root exudates, 

widely abundant in eutrophic, nutrient-rich soils (Balasooriya et al., 2014). Drought also seems to have 

a legacy effect, even after rewetting, on the soil bacterial community composition, reducing population 

richness in the long term (Meinsner et al, 2018). During water stress, bacterial cells increase 

intracellular solute production to achieve osmotic equilibrium with the environment, increasing energy 

demands for the cell. The same happens during rewetting, when cells release  excess solute to, again, 

achieve balance (Csonka 1989). The lack of water also reduces bacterial motility and nutrient uptake 

(J. Schimel, Balser, and Wallenstein 2007), since the environment becomes less homogenous as water 
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concentrations diminish. In this sense, the intensification in both length and frequency of drought 

events can select drought-resistant microbes, changing soil microbial population fitness and 

composition (Kaisermann et al. 2017; J. P. Schimel 2018). 

Taking into consideration ongoing climate change and its predicted impact on the global 

precipitation regime (Huntington 2006), investigating buffering factors of drought is extremely relevant 

(Huang et al. 2023). One of those factors is the plant community composition, which reportedly can 

influence and modulate the soil microbial community by recruiting and sustaining important microbial 

taxa (Abedini et al. 2021; Hartman and Tringe 2019). Previous work (M. W. Schmid et al. 2021; G. Wang 

et al. 2019) has already shown the beneficial effects of increasing plant diversity on ecosystem 

functions (Isbell et al. 2015) and bacterial community composition (Eisenhauer et al. 2017; Lange et 

al. 2015). Higher biodiversity promotes nutrient turnover, biomass production, and overall ecosystem 

resilience against stress and disturbances (Isbell et al. 2017; Roscher et al. 2004). Biodiverse 

environments also see an increase in carbon and nitrogen stocks in soil, which ultimately contributes 

to higher productivity and ecosystem quality (Weisser et al. 2017; G. Yang et al. 2021). In this regard, 

both plant and bacterial diversity are key to the maintenance of essential ecosystem functions, 

providing metabolic complementarity  and stabilizing the overall community against stress (Vogel, 

Scherer-Lorenzen, and Weigelt 2012). Increasing plant diversity can increase bacterial activity (Bartelt-

Ryser et al. 2005; Lange et al. 2015) and possibly work as a mitigator of long-term drought effects on 

the soil bacterial community. In regarding to drought, plant community diversity has already been 

shown to increase complementarity between plant species, with further adaptation to plant offspring 

after long periods of drought (Yuxin Chen et al. 2022). A similar study, the other hand, indicates that 

increasing plant diversity did not show any significant buffering effects on the soil fungal community, 

which significantly responded to long-term drought (Albracht et al. 2023). Although the effect of 

drought and shifts in precipitation regimes on plant communities has already been investigated 

(Zeppel, Wilks, and Lewis 2014), the complex interaction between plant diversity, prokaryotic 

communities, and drought is poorly understood. Investigating the potential buffering effects of plant 

communities on soil prokaryotic diversity can be crucial to maintain critical ecosystem functions as 

affected by climate change.    

To investigate the potential of plant diversity in alleviating the impacts of repeated summer 

drought on prokaryotic diversity and community composition, we made use of an experimental 

gradient in plant species richness in a long-term summer drought simulation in the Jena Experiment 

(B. Schmid et al. 2004; Weisser et al. 2017), where plots were sheltered from environmental 

precipitation for over 9 years (Vogel, Eisenhauer, et al. 2013). Control plots were also sheltered to 

account for potential side effects of the roof infrastructure but received ambient levels of precipitation. 
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Soil samples were taken from 80 plots (160 subplots) with varying plant species richness, and 

metabarcoding sequencing was used to assess changes in bacterial and archaeal diversity and 

composition across the plant species diversity gradient. Our main hypotheses were that 1) summer 

drought will lead to significantly different bacterial communities in comparison to ambient 

precipitation (control) subplots and that 2) increasing plant diversity will buffer potential drought-

induced soil microbial diversity loss. 

 

Methods 
 

Experimental design and sampling 
 

The experiment was established as a sub-experiment on 80 plots of the Jena Experiment (B. 

Schmid et al. 2004; Weisser et al. 2017), which has been running since 2002. The experiment was 

established in the city of Jena, Germany (50°55'43.61"N, 11°35'23.64"E), on the floodplain of the Saale 

River (altitude 130 m a.s.l.).  The mean annual air temperature is 9.9 °C (1980–2010), and the mean 

annual precipitation is 610 mm (Hoffmann et al. 2014). The soil is classified as an Eutric Fluvisol (World 

Reference Basef or Soil Resources 2015 (Weisser et al. 2017)) with a pH between 7.1 and 8.4 and soil 

organic carbon 5–33 g C kg-1 (Roscher et al. 2004). The field site contains 80 large plots of 20 x 20 m 

containing different plant community compositions varying in both plant species richness (1, 2, 4, 8, 

16 and 60 plant species) and number of plant functional groups (1-4 groups: grasses, small herbs, tall 

herbs, and legumes). The plots are distributed in four blocks to account for spatial variations in edaphic 

properties (including soil texture and water-holding capacity), which are related to the distance of the 

plots to the adjacent river Saale. Each block contained a similar  number of plots at each plant species 

richness level (except 60-species plots), covering the range of functional groups (Roscher et al. 2004). 

The drought experiment was established in 2008 as a sub-experiment nested inside the existing plots 

of the Main Experiment (Vogel, Eisenhauer, et al. 2013). Prior to the second annual mowing in 

September, transparent rain shelters (wood and PVC sheets, 2.6 x 3 m) were installed for 6 weeks every 

year to induce a prolonged summer drought period over a span of 9 years (2008-2016) (Vogel, 

Eisenhauer, et al. 2013). Of the two sheltered subplots within each plot, one received no water after 

installation (the ‘drought’ treatment), and one received collected rain water as equivalent precipitation 

after rain events (‘control’), thereby controlling for non-drought roofing effects such as altered light 

and temperature (Vogel, Fester, et al. 2013). The roof shelters reduced summer precipitation by an 

average of 42% in 2008-2014 (Wagg et al. 2017). In July 2013, the field experiment was completely 

flooded during a natural flood event of the Saale River, disrupting the drought treatment during the 
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flood period. The experiment and the treatments were continued after the flood recovered (Cesarz et 

al. 2017). 

To assess the changes in the soil microbial community after successive periods of drought, soil 

was sampled in each of the 160 subplots of the drought experiment in August 2017, one year after the 

last drought period. The subplots of the drought experiment were not covered by roof construction 

during 2017. Approximately 50 g of bulk soil was taken by pooling 3-5 soil cores of 0-15 cm depth per 

subplot. The soil was sieved at 2 mm for homogenization and to remove bigger plant materials. Soil 

samples were stored at -80°C until processing for DNA extraction and next-generation sequencing.  

 

Soil moisture and pH measurements 

 

Soil moisture was measured by gravimetry. One gram of fresh soil was weighed (each sample 

was measured in duplicate) and left in the oven overnight at 104°C. After cooling, the soil was weighted 

several times until a stable weight was reached. The soil moisture is given in g of water/g of soil. pH 

was measured by adding 25 ml of 0.01 M calcium chloride to 10 g of air-dried soil, which was vigorously 

shaken. Samples were incubated at room temperature for 1 h, and then the pH was measured with a 

calibrated pH meter (Albracht et al. 2023). 

 

DNA extraction and sequencing 

 

DNA extraction was performed using the DNeasy Powersoil Kit (Qiagen- Germany). The 

resulting DNA was quantified by a Qubit fluorometric system (Thermo – Germany), and the quality was 

checked using a Nanodrop photometric system (Thermo - Germany) and by gel electrophoresis. As a 

control for DNA extraction, we included a blank extraction (DNA extraction without sample). 

We performed Illumina next-generation amplicon sequencing targeting the 16S rRNA gene 

using the primer pair 515F (Parada, Needham, and Fuhrman 2016) and 806R (Apprill et al. 2015). Each 

reaction had 25 µL containing 12.5 µL NEB Next High-Fidelity Master Mix (Thermo - Germany), 0.5 µL 

of each primer at 10 pmol/µl, 2.5 µL of 3% BSA, 1 µl of 5 ng/µL diluted DNA, (for the negative control, 

1 µl of DEPC-treated water instead) and 8 µL of DEPC-treated water. The amplification program was as 

follows: 98°C for 1 min, followed by 23 cycles of 98°C for 10 s, 55°C for 30 s and 72°C for 30 s, and a 

final extension at 72°C for 5 min. Samples were indexed using a Nextera® XT Index Kit v2 (Illumina - 

USA) and purified with MagSi-NGSprep Plus Beads (ratio 0.8 beads:1 sample) according to the 
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manufacturer’s protocol, and quality assessment was performed via a Fragment Analyzer (Agilent - 

Germany). High-quality DNA was diluted to 4 nM and sequenced on an Illumina MiSeq using a MiSeq 

Reagent v3 (600 Cycle) kit. PhiX (5 pM, 20%) was loaded alongside the samples. 

Bioinformatics  

 

After sequencing, samples were uploaded to the European Galaxy server 

(https://usegalaxy.eu). The Cutadpat tool was used to remove adapters, and read quality was accessed 

via FastQC and with the dada2 version 1.16 (Callahan, , Paul J McMurdie, Michael J Rosen, Andrew W 

Han, and Johnson 2016) plotQualityProfile option. Trimming parameters were set to 220 bp for 

forward reads and 200 bp for reverse reads, and dada2 was used to trim the sequences without 

adapters. We also used dada2 to apply error rates, merge the read pairs and make a sequence table 

according to the default dada2 pipeline (https://benjjneb.github.io/dada2/tutorial.html). Taxonomy 

was assigned using assingTaxonomy and addSpecies function, aligning the Amplicon Sequencing 

Variants (ASVs) against the Silva database (Quast et al. 2013) version 138 The table with ASV counts 

and taxonomic assignments was downloaded, and we conducted all statistical analyses using the R 

environment (v4.2.2), by using the packages phyloseq v.1.4 (McMurdie and Holmes 2013), microbiome 

(v1.18) (Leo n.d.) and tidyverse (v1.3.1) (Wickham et al. 2019). We first removed nonbacterial ASVs 

along with any ASV assigned to chloroplasts and mitochondria. We removed exogenous ASVs present 

in the negative controls using the prevalence-based method from package decontam (v1.16) (Davis et 

al. 2018) and addressed batch effects from multiple sequencing runs using the "ComBat_seq" function 

from package sva (v3.44) (Leek et al. 2012). Finally, we preserved nonsingleton ASVs observed in at 

least 5 percent of the samples.  

Statistics and data visualization 
 

We estimated microbial diversity (Shannon, Inverse Simpson indexes) and richness in each 

sample by using the packages DivNet (v0.4) (Willis and Martin 2022) and breakaway (v4.7.9). We 

calculated the effects of the covariates on standardized estimates of alpha diversity by running a 

reduction analysis (RDA) using MicroViz package (v 0.10.10) (Barnett, Arts, and Penders 2021) and 

using the Bray-Curtis dissimilarity index (Bray and Curtis 1957). We visualized the distance across the 

samples by plotting the first and second components of a singular value decomposition of the count 

matrix, and we included the values of soil water content, pH, and number of functional groups as 

covariates. We analyzed the differential abundance of ASVs across control and drought samples for all 

https://benjjneb.github.io/dada2/tutorial.html
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plant diversity levels using ANCOM-BC (v1.6) (Lin and Peddada 2020). The code and data used in these 

analyses are deposited in the GitHub repository https://github.com/rsiani/yuri_et_al_22. 

For the statistical analyses, plant species richness and number of functional groups were log-

transformed to improve distribution and reach linearity. We fit the transformed data to a linear mixed-

effects model using the lme function in the package nlme to investigate the effects of block, plant 

diversity (plant species richness/number of functional groups), drought treatment, as well as the 

interaction of plant diversity and drought treatmenton the measured variables (Shannon, Inverse 

Simpson and Observed Richness metrics for alpha diversity). Plot was fitted as a random variable. The 

drought treatment was randomized at subplot level, while plant diversity was randomized at plot level. 

. Differences in microbial beta diversity were estimated via PERMANOVA of using index adonis2 

function from package Vegan v2.6.2 over the dissimilarity matrix with Bray-Curtis distance (Oksanen 

et al. 2022). 

 

Results 
 

Drought and plant diversity effects on soil bacterial diversity   
 

Linear mixed effects model results revealed a significant positive effect of the drought treatment and 

the sown plant diversity on the inverse Simpson diversity index (p < 0.001), while drought treatment 

and the interaction between drought and sown diversity were significant for the Shannon index (p < 

0.001 – Table 1 - A). The number of observed ASVs (observed richness) was not significantly affected 

by the drought treatment. The difference between drought and control for Shannon and inverse 

Simpson can be observed in Figure 1A and 1B, where drought-treated plots showed higher diversity 

(blue dots) when compared to the control treatment (gray dots), while no clear separation could be 

observed in the number of observed ASVs (Figure 1C). We did not observe any significant relationship 

between plant richness and the Shannon and observed ASVs, i.e. bacterial richness indexes (Table 1A, 

Figure 1A and 1C). However, plant richness presented a significant negative effect on inverse Simpson 

diversity (p < 0.001, Table 1, Figure 1B). 

To investigate the effects of the plant richness on the drought effects, we performed a post hoc test, 

contrasting the means of control plots against drought plots using Shannon and Inverse Simpson 

diversity indexes as response variables. First, we can observe that the difference between control and 

drought treated plots is significant at all plant richness levels (p < 0.001, Table 1B), in alignment with 

the trend observed in the correlation plots in Figure 1 and highlights the consistent effect of the 

https://github.com/rsiani/yuri_et_al_22
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drought treatment on the soil bacterial community. Secondly, the negative values of estimated 

marginal means while contrasting control against drought samples presents a consistent negative 

result, showing that average Shannon and Inverse Simpson diversity values are consistently higher in 

drought plots (Table 1B, Figure 1). 
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Table 1. A) ANOVA table displaying the numerator and denominator degrees of freedom, alongside the F and p values for the linear mixed effects models (lme). We used Shannon, inverse Simpson, 
and richness (number of observed ASVs)of soil bacterial communities  as response variables. The fitting order was AlphaDiversity~block+log(PlantRichness)*treatment, random=~1|plot. B) 
Estimated marginal means (EMMs) generated using the emmeans package in R. The statistical model employed was as previously described. Post hoc comparisons were conducted using Tukey's 
method, using pairwise comparison between control and drought across the plant diversity levels. We used the Shannon and Simpson as microbial diversity metrics, since they presented significant 
values in the linear models. 

A Linear mixed effect models 

 Shannon Inverse Simpson Richness 

 numDF denDF F-value p-value numDF denDF F-value p-value numDF denDF F-value p-value 

(Intercept) 1 76 10397176 <.0001 1 76 128388.44 <.0001 1 76 30.007.124 <.0001 
Block 3 75 82 <.0001 3 75 20.28 <.0001 3 75 0.7395 0.5680 

Plant Richness  1 75 1 0.2631 1 75 23.07 <.0001 1 75 0.4644 0.4977 
Drought Treatment 1 76 28790 <.0001 1 76 28349.18 <.0001 1 76 0.1488 0.7008 

Plant Richness and Drought  1 76 35 <.0001 1 76 0.02 0.8895 1 76 29.417 0.0904 

B Post hoc analysis 
 Shannon Inverse Simpson 

Contrast 
Plant  species  

richness 
estimate SE df t.ratio p.value 

Plant species 
richness 

estimate SE df t.ratio p-value 

control - drought 1 -0.00936 1.17e-04 76 99.994 <.0001 1 -3.02 0.0257 76 -117.604 <.0001 
control - drought 2 -0.00920 7.25e-05 76 136.111 <.0001 2 -2.97 0.0188 76 -157.432 <.0001 
control - drought 4 -0.00904 4.30e-05 76 167.521 <.0001 4 -2.91 0.0153 76 -190.494 <.0001 
control - drought 8 -0.00888 5.94e-05 76 148.959 <.0001 8 -2.86 0.0172 76 -166.478 <.0001 
control - drought 16 -0.00872 1.01e-04 76 110.186 <.0001 16 -2.81 0.0232 76 -120.992 <.0001 
control - drought 60 -0.00841 1.93e-04 76 65.791 <.0001 60 -2.71 0.0389 76 -69.790 <.0001 
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Figure 2: Pearson correlation plots between alpha diversity measurements (Shannon, Inverse Simpson and Observed 
richness) against plant species richness (natural log). Drought plots are represented in blue color, while gray dots and lines 
represent the control plots. Drought plots present higher diversity for both Shannon (A) and Inverse Simpson (B), while there 
is no clear differentiation between the treatments in the number of observed ASVs (C). 

 

To investigate the effects of the experimental design on soil bacterial composition, we used Reduction-

Diffusion Analysis (RDA) over Bray‒Curtis dissimilarity distance (Figure 2) using soil moisture, soil pH, 

and number of functional groups as explanatory variables. We observed that soil bacterial community 

composition follows the sown diversity gradient, and PERMANOVA results indicate a significant effect 

of both plant species richness and drought treatments on the bacterial community composition (p = 

0.001 in both cases – Table 2). Although drought exerted a significant effect on soil bacterial 

composition, we can observe plant species richness to be the main driver of those bacterial 

communities (Figure 2). This data also complements the results observed in the linear models and 

correlation plots for alpha diversity (Figure 1 and table 1), indicating that the impact of plant richness 

resides on the community composition, not on the overall diversity. Regarding the covariates, we 

observed a positive correlation between the number of functional groups and plant diversity, which is 

expected due to the increase in functional groups alongside the diversity gradient in the Jena 

Experiment design. Soil moisture content displayed a slight negative correlation with the plant diversity 

gradient, while pH did not seem to be influenced by the same gradient (Figure 2). 
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Figure 3: Redundancy analyses (RDA) plot displaying the relationships between pH, soil moisture, and number of plant 
functional groups as covariates. In the plot, the environmental variables (pH, soil moisture, and number of functional groups) 
are represented by arrows, indicating their direction and strength of influence. The length of the arrows represents the 
magnitude of the effect each variable has on the biological communities. The ellipses are colored according to the diversity 
level of each plot, and the line is dashed according to treatment (straight line for control and dashed line for drought-treated 
plots). 

 

Table 2: PERMANOVAs over Bray‒Curtis dissimilarity distance displaying the effect size and the significance of each tested 
variable. Plant diversity and drought treatment both presented significant effects on bacterial community composition, 
while the interaction between both factors was not significant. 

 
Permanova (Bray Curtis distance) 

 
Df SumOfSqs R2 F Pr(>F) 

Plant Species Richness  5 0.8097 0.05448 17.605 0.001*** 

Drought Treatment 1 0.2312 0.01556 25.135 0.005** 

Plant Richness and Drought Treatment 5 0.3903 0.02626 0.8486 0.836 

Residual 146 134.292 0.90370 
  

Total 157 148.603 100.000 
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Taxonomical responses to Drought and Plant Species Richness   
 

We also investigated the effects of both plant species richness and summer drought on the 

taxonomical composition of soil bacterial communities. The taxonomical annotation of sequencing 

reads indicates that the overall bacterial community composition in our experiment was dominated 

by the same taxa, regardless of the drought treatment or plant diversity level. Gemmytimonadota, 

Verrucomicrobiota, Patescibacteria, Myxococcota, Bacteroidota, Chloroflexi, Acidobacteriota, 

Actinobacteriota, Proteobacteria, and Planctomycetota were the most predominant phyla, being 

present in all treatments and all plant diversity levels (Supplementary Figure 1). To distinguish 

responsive taxa across the treatments, we applied a differential compositional analysis using the 

ANCOMBC package. We filtered significantly increased/decreased ASVs (p < 0.05), contrasting their 

abundances between control and drought-exposed plots across the plant diversity gradient (Figure 3). 

 

Figure 3: Differential analysis performed with ANCOMB package. The analysis estimated significant differences in ASV 
abundances between drought and control samples across the plant diversity gradient, with positively (right) and negatively 
(left) impacted taxa. Taxonomy on the left-hand side indicates the last possible level where that given ASV could be assigned, 
while bars are colored according to phylum (legend in the bottom). Plant diversity levels are indicated by the numbers on the 
right. 
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1-species diversity had both increasing and decreasing ASVs belonging to Acidobacteriota phylum, 

both assigned to the Vicinamibacteria class, while 1 ASVs assigned to the Myxococcota phylum (Figure 

3). Diversity levels 2 and 8 both had only significantly decreased ASVs, assigned to Bacteroidota and 

Acidobacteriota phyla, respectively. In the other hand, 4-species diversity level only presented a single 

ASV with significantly response to the drought treatment, increasing in abundance. This ASV was 

assigned to the Actiboacteriota phylum. In the 16-species plots, we observed an increase in 

Actinobacteriota and a decrease in Gemmatimonadota and Plantomycetota, and Bacteroidota had 

both increasing and decreasing ASVs, belonging to the uncultivated order AKYH767 (Mauch, Serra 

Moncadas, and Andrei 2022). The 60-species diversity level was the one with higher variance in terms 

of significantly increased/decreased ASVs, with 32 taxa (compared to 3 from levels 1, 2 and 4 and 10 

from levels 8 and 6 on level 16), which however might be an artifact caused by a lower number of plots 

at this plant diversity level (4 plots, with a total of 8 samples). The increasing ASVs were assigned to 

the Planctomycetota, Latescibacterota, Actinobacteriota and Patescibacteria phyla, while ASVs 

belonging to Proteobacteriota, Planctomycetota and Chloroflexi were severely reduced. Our analyzes 

did not associate any specific taxa/ASV with the drought treatment. In this case, the affected bacterial 

taxa were particular to each of the analyzed diversity levels, without a consistent bacterial taxon being 

affected by the drought treatment consistently.  

 

Discussion 

 
Our study investigated the effects of increasing plant diversity on the response of the soil bacterial 

community to extended periods of summer drought. We demonstrated that drought consistently 

increased bacterial diversity in comparison to ambient precipitation plots. This increase was consistent 

along the plant richness gradient, which also significantly impacted the composition of soil bacterial 

community.  

 

Bacterial diversity increases with long-term summer drought. 
 

The effects of drought events have already been largely studied in the soil sciences (Geng et al. 2015; 

Lipiec et al. 2013; J. P. Schimel 2018). Drought events have a drastic impact on plant and soi bacterial 

community abundance and composition. The lack of water increases temperature oscillations, reduces 

nutrient availability, and causes changes in the overall soil structure, making soils more compact and 

less porous (Yuxin Chen et al. 2022; Geng et al. 2015; Lipiec et al. 2013; Zeppel, Wilks, and Lewis 2014). 
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Those effects can impair plant growth and development and are largely detrimental for ecosystem 

functioning. Drought effects have also been largely demonstrated in soil bacterial communities (Preece 

et al. 2019; Sardans and Pen 2008; J. Schimel, Balser, and Wallenstein 2007), with the microbial 

response to drought representing a major disturbing factor for soil ecosystem functioning. The lack of 

water impacts soil microbes in several ways, limiting nutrient availability (Carson et al. 2010; Lawrence, 

Neff, and Schimel 2009), reducing community connectivity through dissolved molecules (Carson et al. 

2010; Manzoni et al. 2016; Manzoni and Katul 2014), and, obviously, diminishing the availability of 

water as a resource itself, which is essential to the basic functioning and maintenance of cellular 

processes (Potts 2001). Taking this into consideration, a drop in soil bacterial diversity shortly after a 

drought event is expected. On the one hand, drought events can quickly change soil properties and 

nutrient availability, a situation where copiotrophic bacterial taxa do not have enough time to react to 

drought exposure or simply do not possess the necessary machinery to cope with the changes imposed 

by drought.  

In our study, however, we tested the consequences of long-term, repeated summer drought, which 

might have an important effect on the adaptation of soil bacterial communities to drought events. In 

this case, chronic drought imposes a different challenge to soil bacterial communities. The lack of 

water diminishes soil homogenization, isolating the bacterial community in smaller compartments, 

which promotes niche formation (Carson et al. 2010), species differentiation (Dumbrell et al. 2010), 

and an increase in bacterial metabolic dependency (Morris, Lenski, and Zinser 2012). The absence of 

water also leaves space for more air and therefore more oxygen (Preece, Farré-Armengol, and 

Peñuelas 2020), increasing the access of the soil bacterial community to other gaseous and volatile 

substrates (Insam and Seewald 2010), such as methane. The extra oxygen and new substrate 

availability can then be used as high energy sources for soil bacteria to explore less available and more 

diverse substrates (Fest et al. 2017; Hartmann, Buchmann, and Niklaus 2011). 

Our data indicate that the diversity of soil bacterial communities increases with long-term drought. 

This trend has already been observed in soils from natural holm oak forest in exposed to chronic 

drought (Preece et al. 2019); however, it has – to our knowledge – never been reported in grasslands. 

We observed significant effects of drought treatment on both the Shannon and inverse Simpson 

diversity indexes (p < 0.001), while richness (the number of observed ASVs) did not show any significant 

responses to the drought treatment (p = 0.7). This indicates that the number of taxa did not differ 

between the treatments; however, their relative abundance did. This trend indicates long-lasting shifts 

in dominant species in each treatment, as observed in the taxonomic composition analysis. Drought is 

also shown to significantly affect the composition of soil bacterial community, as observed on the 

PERMANOVA calculations (p = 0.005).  
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A possible explanation for the increasing bacterial diversity might be the isolation of bacterial 

communities in the soil, alongside the promotion of less competitive bacteria in this less connected 

environment. Treves et al. (2002) demonstrated that less dominant taxa have a better chance of 

establishing as soil moisture decreases (Treves et al. 2003), with the competition between highly 

abundant taxa and less abundant taxa being more even under this condition. In this scenario, drought 

can reduce the nutrient availability to fast-growing taxa, allowing the growth of fastidious, less 

abundant taxa. Similarly, Carson et al. (2010) demonstrated that bacterial diversity increased in soils 

with low water content in comparison with the same soils with higher moisture (Carson et al. 2010). 

The changes in this case could be attributed to low pore connectivity due to the lack of water, 

increasing spatial isolation and reducing soil homogenization. In this sense, our experiment indicates 

a persistent difference existing in bacterial communities after 9 years of repeated drought, even 1 year 

after the last treatment period, which indicates the potential long-term effects of moderate droughts 

on soil bacterial communities. Since plots have only been covered from environmental precipitation 

during summer months, the breaks in between could represent a sufficiently long recovering time. 

Early publications on the same experiment observed contrasting effects, in comparison with our data. 

Albracht et al. (Albracht et al. 2023) working on the same experiment design, investigated the effects 

of both plant richness increase and drought treatment on the diversity and composition of arbuscular 

mycorrhiza (AMF) and total fungal community. They reported a significant impact of plant richness 

gradient on the diversity and composition of AMF and total fungal community but did not observe any 

significant effect of drought treatment on the same variables. Wagg et al. (Wagg et al. 2017) observed 

a reduction on plant biomass on drought treated plots in comparison to control plots, however 

reported a less pronounced biomass loss as the plant richness increases. In contrast with our findings, 

however, Vogel et al. (Vogel, Eisenhauer, et al. 2013) observed a significant effect of drought treatment 

on the litter decomposition, however irrespective of plant diversity. Translating to your context, we 

observed a highly significant effect of drought treatment on the soil bacterial diversity, however this 

effect doesn’t seem to be correlated with the plant diversity gradient.  

 

Plant richness gradient changes soil microbial composition. 
 

Biodiversity is crucial for ecosystem resilience, which refers to the ability of an ecosystem to withstand 

and recover from disturbances (Cardinale et al. 2012). A diverse range of species provides functional 

redundancy, ensuring that ecosystem processes and services are maintained even if some species are 

lost (Yachi and Loreau 1999). Biodiversity also enhances ecosystem resistance by reducing competition 

through niche complementarity and increasing adaptability through a broader genetic pool. In this 
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sense, plant and soil bacterial communities are intimately linked, with plant communities directly 

impacting and modulating soil bacterial communities (L. Liu et al. 2020). This modulation takes place 

through diversification of plant exudates in soil (Eisenhauer et al. 2017; El Moujahid et al. 2017), which 

can be used as a substrate for bacterial growth, as well as the recruitment of specific bacterial taxa to 

complement plant growth needs, such as phosphorus and nitrogen supply (Berihu et al. 2023). In 

drought-exposed soils, increasing plant diversity reportedly improves ecosystem resistance and 

resilience (Wagg et al. 2017), mitigating the effects of drought on biomass loss with compensatory 

growth after rewetting (Wagg et al. 2017). However, the interaction between drought, the soil bacterial 

community and plant diversity is still poorly explored. 

The effect of increasing plant richness varied according to the diversity metric analyzed. We couldn´t 

observed a direct effect of plant richness on the Shannon and richness diversity metrics for soil 

bacterial diversity, with no significant effect on the lme analyzes (Table 1) and no significant linear 

correlation between plant riches and those metrics (Figure 1). We did, however, observed significant 

effects of plant richness gradient on the Inverse Simpson metrics, as well as slightly negative 

correlation between this diversity metric and the plant richness gradient, which indicates that diversity 

calculated by Simpson slightly decreases along the plant richness gradient. This difference might reside 

on the different calculation for both diversity index, when the Shannon index emphasizes both species 

richness and evenness, whereas the Inverse Simpson (derived from the Simson) index places more 

emphasis on the dominance or concentration of individuals in a few species. Therefore, we estimate 

that decrease in inverse Simson indicated the increase in dominant species along the plant richness 

gradient. We do, however, have significant interaction between plant richness and drought treatment 

on the Shannon metrics, which can be mostly attributed to the strong effect of drought treatment. The 

impact of plant richness gradient on the soil samples can also be observed on the PERMANOVA 

analysis, which shows significant effects of broth plant richness gradient and drought treatment. 

Moreover, previous works on the Jena experiment observed that biodiversity effects on belowground 

environments might not be significant even though aboveground effects can be observed (Bessler et 

al. 2009), which can indicate that diversity effects on soil bacterial diversity can be confounded by 

other environmental factors.  

The overall dominance of bacterial taxa did not change across the plant diversity levels or between 

drought and control plots. Soil samples were dominated by Actinobacteria, Acidobacteria, and 

Proteobacteria phyla, groups commonly abundant in grassland soil samples (Fierer, Bradford, and 

Jackson 2007; Janssen 2006). The ANCOMB analyses (Figure 3), however, identified ASVs which 

significantly increased/decreased after the drought treatment along the plant diversity gradient. The 

selection and increase/decrease in ASV abundance does not seem to be exclusive to a single phylum, 
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since we could observe different genera inside of the same phylum being depleted, while others are 

increased. The Actinobacteriota phylum, for example, had phyla with a 2-fold increase in plant diversity 

levels 4 and 16 (Actinomarinales order and Solirubrobacter genus, respectively), while in diversity level 

60 two of the present ASVs were depleted (Mycobacterium and Actinoplanes genera) while two others 

were increased (Solirubrobacter genus and Microtrichales order). Pérez Castro et al. (Pérez Castro et 

al. 2019) also observed the decrease in Proteobacteria, Verrucomicrobia, and Acidobacteria, while 

Actinobacteria abundance increased after drought stress. Therefore, despite the observation of a 

significant effect on the overall bacterial diversity, the drought treatment in our experiment did not 

select any specific group or taxa. 

This preferential accumulation of specific taxa according to plant diversity level indicates that the 

complementarity between bacterial and plant metabolism in the face of drought follows individual 

interactions at the species or even strain level, despite the overall consistent positive effect of plant 

diversity composition under drought. A possible explanation for these patterns might be the variation 

in the number of plant functional groups implemented in parallel in the Jena Experiment (see 

Supplementary table 1.) and/or the variation on species on each diversity level, being the changes on 

soil bacterial composition a specie-specific interaction, instead of an overall response to the increase 

in surrounding diversity. The drought experiment conducted by Preece et al. (Preece et al. 2019) also 

observed high variability in fungal community composition as affected by long-term drought, 

representing the most affected taxa highly dependent according to their experiment design. As 

previously mentioned,   Albracht et al (Albracht et al. 2023) observed the opposite: non- significant 

effect of drought and significant effect of plant diversity gradient over  fungal community. Together, 

this data indicates that microbial response to drought is dynamic, changes according to the 

investigated microbial group and according to the experimental design.  

In summary, our data indicate that the diversity of the soil bacterial community positively reacts to 

long-term drought, with a stable response to the plat richness gradient. This response may be 

explained by the spatial isolation of soil bacterial communities promoted by a reduction in water 

potential and the diversification of ecological opportunities offered by increasing plant diversity 

(Roscher et al. 2004; G. Wang et al. 2019; Weisser et al. 2017).  These findings indicate that soil 

bacterial diversity can adapt to long term drought conditions, being affected by the increase in plant 

richness, which might have important consequences for ecosystem functioning in a changing climate.  
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Supplementary table S1: Detailed information about the experiment desing. The desing consists of an split plot desing where 
drought treates samples and control samples were both  nested inside the samme plot. Each plot varies in plant species 
richness (monoculture, 2, 4, 8, 16 and 60 species)  and the composition of functional groups (1, 2, 3 and 4 groups divide among 
grasses, small herbs, tall herbs and legumes).  

Sample Block Plot Treatment Plant Species 

Richness 

N of functional 

groups 

Grasses Small 
Herbs 

Tall Herbs Legumes 

1 B4 22 Drought 4 1 0 0 4 0 

2 B3 9 Control 16 1 16 0 0 0 

3 B3 2 Drought 2 2 1 0 1 0 

4 B3 2 Control 2 2 1 0 1 0 

5 B3 17 Drought 1 1 0 1 0 0 

6 B3 3 Control 4 3 1 1 0 2 

7 B3 6 Control 1 1 1 0 0 0 

8 B2 17 Control 8 2 0 4 0 4 

9 B3 8 Control 2 1 2 0 0 0 

10 B2 20 Drought 2 2 0 1 0 1 

11 B2 21 Control 8 3 0 2 3 3 

12 B3 13 Drought 4 1 4 0 0 0 

13 B3 4 Control 8 1 8 0 0 0 

14 B4 8 Control 8 2 4 4 0 0 

15 B4 10 Control 8 3 2 3 3 0 

16 B4 10 Drought 8 3 2 3 3 0 

17 B3 11 Control 4 2 2 2 0 0 

18 B1 4 Drought 4 4 1 1 1 1 

19 B4 12 Drought 1 1 1 0 0 0 

20 B3 12 Drought 1 1 0 0 0 1 

21 B4 15 Control 2 2 0 1 0 1 

22 B3 1 Drought 1 1 0 0 1 0 

23 B3 5 Control 8 3 3 0 2 3 

24 B3 8 Drought 2 1 2 0 0 0 

25 B3 14 Drought 60 4 16 12 20 12 

26 B3 23 Drought 4 4 1 1 1 1 

27 B3 16 Control 16 2 0 8 0 8 

28 B3 6 Drought 1 1 1 0 0 0 

29 B4 8 Drought 8 2 4 4 0 0 

30 B4 11 Control 4 3 1 0 2 1 

31 B1 12 Drought 8 1 0 0 0 8 

32 B1 5 Control 2 1 0 0 0 2 

33 B2 10 Control 16 2 8 8 0 0 

34 B4 17 Control 2 1 0 0 2 0 

35 B4 1 Control 60 4 16 12 20 12 

36 B2 3 Drought 60 4 16 12 20 12 

37 B1 2 Drought 8 2 4 0 4 0 

38 B4 13 Control 1 1 0 0 1 0 

39 B1 8 Control 1 1 0 0 0 1 
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40 B4 7 Control 4 2 0 0 2 2 

41 B4 2 Drought 16 3 5 5 6 0 

42 B1 12 Control 8 1 0 0 0 8 

43 B1 6 Control 16 2 8 0 8 0 

44 B1 11 Drought 16 1 0 0 16 0 

45 B2 9 Control 4 1 0 4 0 0 

46 B3 19 Drought 2 2 1 1 0 0 

47 B2 21 Drought 8 3 0 2 3 3 

48 B1 15 Control 1 1 0 0 1 0 

49 B2 16 Drought 4 3 0 2 1 1 

50 B3 23 Control 4 4 1 1 1 1 

51 B4 4 Control 4 4 1 1 1 1 

52 B4 9 Control 1 1 0 0 0 1 

53 B1 16 Drought 2 2 1 1 0 0 

54 B4 14 Control 2 1 0 2 0 0 

55 B4 6 Control 8 1 0 8 0 0 

56 B1 21 Control 4 2 2 0 2 0 

57 B1 16 Control 2 2 1 1 0 0 

58 B3 20 Control 8 2 0 0 4 4 

59 B1 13 Drought 4 1 0 0 0 4 

60 B3 21 Control 2 1 0 0 0 2 

61 B3 9 Drought 16 1 16 0 0 0 

62 B1 18 Control 1 1 0 1 0 0 

63 B4 16 Drought 8 4 2 2 2 2 

64 B3 24 Control 16 3 6 5 0 5 

65 B3 21 Drought 2 1 0 0 0 2 

66 B3 22 Control 16 4 4 4 4 4 

67 B2 17 Drought 8 2 0 4 0 4 

68 B1 19 Drought 2 3 2 1 1 0 

69 B4 16 Control 8 4 2 2 2 2 

70 B1 7 Control 2 1 0 0 2 0 

71 B1 13 Control 4 1 0 0 0 4 

72 B4 18 Control 16 4 4 4 4 4 

73 B2 1 Control 4 4 1 1 1 1 

74 B4 2 Control 16 3 5 5 6 0 

75 B2 5 Drought 1 1 1 0 0 0 

76 B1 5 Drought 2 1 0 0 0 2 

77 B1 22 Control 60 4 16 12 20 12 

78 B3 20 Drought 8 2 0 0 4 4 

79 B4 6 Drought 8 1 0 8 0 0 

80 B4 1 Drought 60 4 16 12 20 12 

81 B2 4 Drought 1 1 0 0 1 0 

82 B4 7 Drought 4 2 0 0 2 2 

83 B4 13 Drought 1 1 0 0 1 0 
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84 B2 1 Drought 4 4 1 1 1 1 

85 B1 19 Control 2 3 2 1 1 0 

86 B3 7 Drought 8 4 2 2 2 2 

87 B4 15 Drought 2 2 0 1 0 1 

88 B2 13 Drought 1 1 0 1 0 0 

89 B4 21 Drought 2 2 0 0 1 1 

90 B4 21 Control 2 2 0 0 1 1 

91 B2 6 Control 4 2 0 2 0 2 

92 B1 8 Drought 1 1 0 0 0 1 

93 B3 7 Control 8 4 2 2 2 2 

94 B2 6 Drought 4 2 0 2 0 2 

95 B1 15 Drought 1 1 0 0 1 0 

96 B2 15 Drought 1 1 0 0 0 1 

97 B1 11 Control 16 1 0 0 16 0 

98 B1 6 Drought 16 2 8 0 8 0 

99 B1 17 Drought 2 2 1 0 1 0 

100 B1 1 Control 16 4 4 4 4 4 

101 B1 17 Control 2 2 1 0 1 0 

102 B1 14 Control 8 4 2 2 2 2 

103 B2 3 Control 60 4 16 12 20 12 

104 B1 7 Drought 2 1 0 0 2 0 

105 B2 2 Drought 2 1 2 0 0 0 

106 B4 11 Drought 4 3 1 0 2 1 

107 B1 1 Drought 16 4 4 4 4 4 

108 B2 2 Control 2 1 2 0 0 0 

109 B4 4 Drought 4 4 1 1 1 1 

110 B2 16 Control 4 3 0 2 1 1 

111 B3 14 Control 60 4 16 12 20 12 

112 B4 18 Drought 16 4 4 4 4 4 

113 B3 11 Drought 4 2 2 2 0 0 

114 B2 19 Control 2 1 0 2 0 0 

115 B2 9 Drought 4 1 0 4 0 0 

116 B2 5 Control 1 1 1 0 0 0 

117 B1 4 Control 4 4 1 1 1 1 

118 B1 22 Drought 60 4 16 12 20 12 

119 B4 20 Control 16 2 0 0 8 8 

120 B3 3 Drought 4 3 1 1 0 2 

121 B2 22 Drought 16 3 5 0 5 6 

122 B3 1 Control 1 1 0 0 1 0 

124 B3 5 Drought 8 3 3 0 2 3 

125 B3 13 Control 4 1 4 0 0 0 

126 B4 14 Drought 2 1 0 2 0 0 

127 B2 4 Control 1 1 0 0 1 0 

128 B2 18 Control 16 4 4 4 4 4 



 

140 
 

 

 

 

 

 

 

129 B1 3 Drought 8 3 3 3 0 2 

130 B3 12 Control 1 1 0 0 0 1 

131 B4 17 Drought 2 1 0 0 2 0 

132 B3 17 Control 1 1 0 1 0 0 

133 B4 9 Drought 1 1 0 0 0 1 

134 B1 2 Control 8 2 4 0 4 0 

135 B2 18 Drought 16 4 4 4 4 4 

136 B2 10 Drought 16 2 8 8 0 0 

137 B3 22 Drought 16 4 4 4 4 4 

138 B2 12 Drought 8 1 0 0 8 0 

139 B3 16 Drought 16 2 0 8 0 8 

140 B3 4 Drought 8 1 8 0 0 0 

141 B2 20 Control 2 2 0 1 0 1 

142 B3 19 Control 2 2 1 1 0 0 

143 B2 19 Drought 2 1 0 2 0 0 

144 B2 14 Control 8 4 2 2 2 2 

145 B4 20 Drought 16 2 0 0 8 8 

146 B2 15 Control 1 1 0 0 0 1 

147 B2 8 Drought 2 2 0 0 1 1 

148 b2 13 Control 1 1 0 1 0 0 

149 B2 22 Control 16 3 5 0 5 6 

150 B1 20 Drought 16 3 0 6 5 5 

151 B4 22 Control 4 1 0 0 4 0 

152 B1 14 Drought 8 4 2 2 2 2 

153 B2 12 Control 8 1 0 0 8 0 

154 B4 12 Control 1 1 1 0 0 0 

155 B1 21 Drought 4 2 2 0 2 0 

156 B1 20 Control 16 3 0 6 5 5 

157 B1 18 Drought 1 1 0 1 0 0 

158 B2 14 Drought 8 4 2 2 2 2 

159 B2 8 Control 2 2 0 0 1 1 
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Supplementary table S2: Sumary of the sample destribution along the plant richess gradient. On A the number of functional 
groups  destribute along the plant richness gradient and on B the number of replicates on each treatment along the 
gradient.  

A     

 Number of functional groups  

Plant species richness  1 2 3 4 

1 28 0 0 0 

2 16 16 0 0 

4 8 8 8 8 

8 8 8 7 8 

16 4 8 7 8 

60 0 0 0 8 

     

B     

     

Plant species richness  Drought  Control    
1 14 14   
2 16 16   
4 16 16   
8 16 15   
16 13 14   
60 4 4   
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Supplementary Figure S1: Bar plot displaying the relative abundance of top 12 taxa at phylum level. Samples were merged at 
diversity and treatment level. Overall microbial diversity is stable along the diversity levels and treatment, being dominated 
by Acidobacteria (especially Vicinamibacteraceae family) Actinobacteria, Proteobacteria and Bacteroidota. The taxa with 
significantly differs between the control and drought plots are displayed on the main text, figure 3. 

 

 

Supplementary Figure S2: Correlation plot displaying the relationship between plant scpecies richness and total plant 
biomass on the time of sampling from soil samples (August 2017). We observed a slightly positve corelation between the 
plant species richness gradient and the plant biomass production, however drought treatment did not impact biomass 
estimation after 1 year of termination of the drought treatment.  
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Supplementary table S3: table displaying the result of linear mixed effect models analyzes over total biomass data. We 
observed highy significant effect of plant richness on the over total biomass productivity while the drought treatment did 
not show significant effects. The fitting order of the terms in the model was 
TotalBiomass~Block+DroughtTreatment+log(PlantRichness) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
numDF denDF F-value p-value 

(Intercept) 1 131 5.732.677 <.0001 

block 3 131 0.3629 0.7799 

treatment 1 131 0.0000 10.000 

Plant richness 1 131 2.638.730 <.0001 
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7.5. Publication III 
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Supplementary Figure S1: Seed sampling scheme. Blossoms were samples on each diversity level containing Plantago 
lanceolata in the Jena experiment. In each of the 12 sampled plots, 3 individuals were sampled, each individual is composed 
by 3 blossoms.   
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Supplementary Figure S2: Rarefaction curve drawn using the ASV table prevenient from metabarcoding sequencing.  
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Table S1: Metadata information with block, plot,  indivudal, replicate code, neighbor information of each sampled individual and taxonomical compostion of each sampled plot.  

Sample Code Block Plot Replicate Plant Species Richness  Individual Neighbor_1 Neighbor_2 Neighbor_3 Plot_Species 

1_S72 B1A01-1-1 B1 B1A01 B1A01-1-1 16 A Knautia arvensis Plantago lanceolata Galium mollugo Anthoxanthum odoratum; Avenula 
pubescens; Bromus erectus; Poa 
pratensis; Ajuga reptans; Plantago 
lanceolata; Ranunculus repens; 
Taraxacum officinale; Anthriscus 
sylvestris; Carum carvi; Geranium 
pratense; Tragopogon pratensis; 
Lathyrus pratensis; Lotus 
corniculatus; Trifolium campestre; 
Vicia cracca 

2_S73 B1A01-1-2 B1 B1A01 B1A01-1-2 16 A Knautia arvensis Plantago lanceolata Galium mollugo 

3_S74 B1A01-1-3 B1 B1A01 B1A01-1-3 16 A Knautia arvensis Plantago lanceolata Galium mollugo 

4_S75 B1A01-2-1 B1 B1A01 B1A01-2-1 16 B Ranunculus repens Geranium pratense 
 

5_S76 B1A01-2-2 B1 B1A01 B1A01-2-2 16 B Ranunculus repens Geranium pratense 
 

6_S77 B1A01-2-3 B1 B1A01 B1A01-2-3 16 B Ranunculus repens Geranium pratense 
 

7_S78 B1A01-3-1 B1 B1A01 B1A01-3-1 16 C Geranium pratense Plantago lanceolata Galium mollugo 

8_S79 B1A01-3-2 B1 B1A01 B1A01-3-2 16 C Geranium pratense Plantago lanceolata Galium mollugo 

9_S80 B1A01-3-3 B1 B1A01 B1A01-3-3 16 C Geranium pratense Plantago lanceolata Galium mollugo 

13_S81 B1A04-1-1 B1 B1A04 B1A04-1-1 4 A Arenaterum elatius Picris hieracioides 
 

Festuca pratensis; Plantago 
lanceolata; Campanula patula; 
Onobrychnis viciifolia 

14_S82 B1A04-1-2 B1 B1A04 B1A04-1-2 4 A Arenaterum elatius Picris hieracioides 
 

15_S83 B1A04-1-3 B1 B1A04 B1A04-1-3 4 A Arenaterum elatius Picris hieracioides 
 

16_S84 B1A04-2-1 B1 B1A04 B1A04-2-1 4 B Arenaterum elatius Picris hieracioides 
 

17_S85 B1A04-2-2 B1 B1A04 B1A04-2-2 4 B Arenaterum elatius Picris hieracioides 
 

18_S86 B1A04-2-3 B1 B1A04 B1A04-2-3 4 B Arenaterum elatius Picris hieracioides 
 

19_S87 B1A04-3-1 B1 B1A04 B1A04-3-1 4 C Arenaterum elatius Picris hieracioides 
 

20_S88 B1A04-3-2 B1 B1A04 B1A04-3-2 4 C Arenaterum elatius Picris hieracioides 
 

21_S89 B1A04-3-3 B1 B1A04 B1A04-3-3 4 C Arenaterum elatius Picris hieracioides 
 

25_S90 B1A14-1-1 B1 B1A14 B1A14-1-1 8 A Knautia arvensis Plantago lanceolata unidentified grass Luzula campestris; Trisetum 
flavescens; Leontodon hispidus; 
Plantago lanceolata; Anthriscus 
sylvestris; Daucus carota; 
Trifolium campestre; Trifolium 
fragiferum 

26_S91 B1A14-1-2 B1 B1A14 B1A14-1-2 8 A Knautia arvensis Plantago lanceolata unidentified grass 

27_S92 B1A14-1-3 B1 B1A14 B1A14-1-3 8 A Knautia arvensis Plantago lanceolata unidentified grass 

28_S93 B1A14-2-1 B1 B1A14 B1A14-2-1 8 B unidentified grass Knautia arvensis 
 

29_S94 B1A14-2-2 B1 B1A14 B1A14-2-2 8 B unidentified grass Knautia arvensis 
 

30_S95 B1A14-2-3 B1 B1A14 B1A14-2-3 8 B unidentified grass Knautia arvensis 
 

31_S96 B1A14-3-1 B1 B1A14 B1A14-3-1 8 C Trifolium pratense Plantago lanceolata Knautia arvensis 

32_S97 B1A14-3-2 B1 B1A14 B1A14-3-2 8 C Trifolium pratense Plantago lanceolata Knautia arvensis 

33_S98 B1A14-3-3 B1 B1A14 B1A14-3-3 8 C Trifolium pratense Plantago lanceolata Knautia arvensis 

37_S99 B1A20-1-1 B1 B1A20 B1A20-1-1 16 A Knautia arvensis Medicago varia 
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38_S100 B1A20-1-2 B1 B1A20 B1A20-1-2 16 A Knautia arvensis Medicago varia 
 

Ajuga reptans; Bellis perennis; 
Leontodon autumnalis; Leontodon 
hispidus; Plantago lanceolata; 
Veronica chamaedrys; Achillea 
millefolium; Geranium pratense; 
Knautia arvensis; Ranunculus 
acris; Sanguisorba officinalis; 
Lotus corniculatus; Medicago 
varia; Onobrychnis viciifolia; 
Trifolium hybridum; Trifolium 
repens 

39_S101 B1A20-1-3 B1 B1A20 B1A20-1-3 16 A Knautia arvensis Medicago varia 
 

40_S102 B1A20-2-1 B1 B1A20 B1A20-2-1 16 B Trifolium pratense Knautia arvensis Medicago varia 

41_S103 B1A20-2-2 B1 B1A20 B1A20-2-2 16 B Trifolium pratense Knautia arvensis Medicago varia 

42_S104 B1A20-2-3 B1 B1A20 B1A20-2-3 16 B Trifolium pratense Knautia arvensis Medicago varia 

43_S105 B1A20-3-1 B1 B1A20 B1A20-3-1 16 C Geranium pratense Medicago varia Knautia arvensis 

44_S106 B1A20-3-2 B1 B1A20 B1A20-3-2 16 C Geranium pratense Medicago varia Knautia arvensis 

45_S107 B1A20-3-3 B1 B1A20 B1A20-3-3 16 C Geranium pratense Medicago varia Knautia arvensis 

49_S108 B1B045-1-1 B1 B1B045 B1B045-1-1 1 A Plantago lanceolata   Plantago lanceolata (monoculture) 

50_S109 B1B045-1-2 B1 B1B045 B1B045-1-2 1 A Plantago lanceolata  
 

51_S110 B1B045-1-3 B1 B1B045 B1B045-1-3 1 A Plantago lanceolata  
 

52_S111 B1B045-2-1 B1 B1B045 B1B045-2-1 1 B Plantago lanceolata  
 

53_S1 B1B045-2-2 B1 B1B045 B1B045-2-2 1 B Plantago lanceolata  
 

54_S2 B1B045-2-3 B1 B1B045 B1B045-2-3 1 B Plantago lanceolata  
 

58_S3 B1B045-4-1 B1 B1B045 B1B045-4-1 1 C Plantago lanceolata  
 

59_S4 B1B045-4-2 B1 B1B045 B1B045-4-2 1 C Plantago lanceolata  
 

60_S5 B1B045-4-3 B1 B1B045 B1B045-4-3 1 C Plantago lanceolata  
 

61_S6 B1C076-1-1 B1 B1C076 B1C076-1-1 1 A Plantago lanceolata  
 

Plantago lanceolata (monoculture) 

62_S7 B1C076-1-2 B1 B1C076 B1C076-1-2 1 A Plantago lanceolata  
 

63_S8 B1C076-1-3 B1 B1C076 B1C076-1-3 1 A Plantago lanceolata  
 

67_S9 B1C076-3-1 B1 B1C076 B1C076-3-1 1 B Plantago lanceolata  
 

68_S10 B1C076-3-2 B1 B1C076 B1C076-3-2 1 B Plantago lanceolata  
 

69_S11 B1C076-3-3 B1 B1C076 B1C076-3-3 1 B Plantago lanceolata  
 

70_S12 B1C076-4-1 B1 B1C076 B1C076-4-1 1 C Plantago lanceolata  
 

71_S13 B1C076-4-2 B1 B1C076 B1C076-4-2 1 C Plantago lanceolata  
 

72_S14 B1C076-4-3 B1 B1C076 B1C076-4-3 1 C Plantago lanceolata  
 

76_S15 B2A06-2-1 B2 B2A06 B2A06-2-1 4 A Cirsium arvense 
  

Plantago lanceolata; Taraxacum 
officinale; Lotus corniculatus; 
Medicago lupulina 

77_S16 B2A06-2-2 B2 B2A06 B2A06-2-2 4 A Cirsium arvense 
  

78_S17 B2A06-2-3 B2 B2A06 B2A06-2-3 4 A Cirsium arvense 
  

79_S18 B2A06-3-1 B2 B2A06 B2A06-3-1 4 B Cirsium arvense 
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80_S19 B2A06-3-2 B2 B2A06 B2A06-3-2 4 B Cirsium arvense 
  

81_S20 B2A06-3-3 B2 B2A06 B2A06-3-3 4 B Cirsium arvense 
  

83_S22 B2A06-4-2 B2 B2A06 B2A06-4-2 4 C Bromus erectus  
  

84_S23 B2A06-4-3 B2 B2A06 B2A06-4-3 4 C Bromus erectus  
  

85_S24 B2A09-1-1 B2 B2A09 B2A09-1-1 4 A Trifolium pratense Prunella vulgaris Knautia arvensis Ajuga reptans; Plantago 
lanceolata; Primula veris; Prunella 
vulgaris 

86_S25 B2A09-1-2 B2 B2A09 B2A09-1-2 4 A Trifolium pratense Prunella vulgaris Knautia arvensis 

87_S26 B2A09-1-3 B2 B2A09 B2A09-1-3 4 A Trifolium pratense Prunella vulgaris Knautia arvensis 

91_S27 B2A09-3-1 B2 B2A09 B2A09-3-1 4 B Prunella vulgaris Primula veris 
 

92_S28 B2A09-3-2 B2 B2A09 B2A09-3-2 4 B Prunella vulgaris Primula veris 
 

93_S70 B2A09-3-3 B2 B2A09 B2A09-3-3 4 B Prunella vulgaris Primula veris 
 

94_S29 B2A09-4-1 B2 B2A09 B2A09-4-1 4 C Primula veris Prunella vulgaris 
 

95_S30 B2A09-4-2 B2 B2A09 B2A09-4-2 4 C Primula veris Prunella vulgaris 
 

96_S31 B2A09-4-3 B2 B2A09 B2A09-4-3 4 C Primula veris Prunella vulgaris 
 

98_S32 B2A10-1-2 B2 B2A10 B2A10-1-2 16 A unidentified grass Geranium pratense Primula veris  Alopecurus pratensis; 
Anthoxanthum odoratum; 
Arrhenaterum elatius; Bromus 
erectus; Festuca pratensis; Holcus 
lanatus; Phleum pratense; Poa 
pratensis; Bellis perennis; 
Leontodon autumnalis; Leontodon 
hispidus; Plantago lanceolata; 
Primula veris; Prunella vulgaris; 
Ranunculus repens; Veronica 
chamaedrys 

99_S33 B2A10-1-3 B2 B2A10 B2A10-1-3 16 A unidentified grass Geranium pratense Primula veris  

100_S34 B2A10-2-1 B2 B2A10 B2A10-2-1 16 B unidentified grass Geranium pratense Primula veris  

101_S35 B2A10-2-2 B2 B2A10 B2A10-2-2 16 B unidentified grass Primula veris 
 

102_S36 B2A10-2-3 B2 B2A10 B2A10-2-3 16 B unidentified grass Primula veris 
 

103_S37 B2A10-3-1 B2 B2A10 B2A10-3-1 16 C unidentified grass Primula veris 
 

104_S38 B2A10-3-2 B2 B2A10 B2A10-3-2 16 C unidentified grass 
  

105_S39 B2A10-3-3 B2 B2A10 B2A10-3-3 16 C unidentified grass 
  

109_S40 B2A13-1-1 B2 B2A13 B2A13-1-1 1 A Plantago lanceolata 
 

Plantago lanceolata (monoculture) 

110_S41 B2A13-1-2 B2 B2A13 B2A13-1-2 1 A Plantago lanceolata 
 

111_S42 B2A13-1-3 B2 B2A13 B2A13-1-3 1 A Plantago lanceolata 
 

115_S43 B2A13-3-1 B2 B2A13 B2A13-3-1 1 B Equisetum arvense Plantago lanceolata 
  

116_S44 B2A13-3-2 B2 B2A13 B2A13-3-2 1 B Equisetum arvense Plantago lanceolata 
 

117_S45 B2A13-3-3 B2 B2A13 B2A13-3-3 1 B Equisetum arvense Plantago lanceolata 
 

118_S46 B2A13-4-1 B2 B2A13 B2A13-4-1 1 C Campanula barbara Plantago lanceolata 
 

119_S47 B2A13-4-2 B2 B2A13 B2A13-4-2 1 C Campanula barbara Plantago lanceolata 
 

120_S48 B2A13-4-3 B2 B2A13 B2A13-4-3 1 C Campanula barbara Plantago lanceolata 
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124_S49 B4A08-2-1 B4 B4A08 B4A08-2-1 8 A unidentified grass Crepis vesicaria 
 

Avenula pubescens; Bromus 
hordeaceus; Festuca rubra; Ajuga 
reptans; Plantago lanceolata; 
Taraxacum officinale; Veronica 
chamaedrys; Anthoxanthum 
odoratum 

125_S50 B4A08-2-2 B4 B4A08 B4A08-2-2 8 A unidentified grass Crepis vesicaria 
 

126_S51 B4A08-2-3 B4 B4A08 B4A08-2-3 8 A unidentified grass Crepis vesicaria 
 

127_S52 B4A08-3-1 B4 B4A08 B4A08-3-1 8 B Picris hieracioides Plantago lanceolata unidentified grass 

128_S53 B4A08-3-2 B4 B4A08 B4A08-3-2 8 B Picris hieracioides Plantago lanceolata unidentified grass 

129_S54 B4A08-3-3 B4 B4A08 B4A08-3-3 8 B Picris hieracioides Plantago lanceolata unidentified grass 

130_S55 B4A08-4-1 B4 B4A08 B4A08-4-1 8 C Picris hieracioides 
  

131_S56 B4A08-4-2 B4 B4A08 B4A08-4-2 8 C Picris hieracioides 
  

136_S58 B4A04-2-1 B4 B4A04 B4A04-2-1 4 A Picris hieracioides 
  

Arrhenaterum elatius; Plantago 
lanceolata; Anthriscus sylvestris; 
Trifolium dubium 

137_S59 B4A04-2-2 B4 B4A04 B4A04-2-2 4 A Arenaterum elatius Picris hieracioides 
 

138_S60 B4A04-2-3 B4 B4A04 B4A04-2-3 4 A Arenaterum elatius Picris hieracioides 
 

139_S61 B4A04-3-1 B4 B4A04 B4A04-3-1 4 B Arenaterum elatius Picris hieracioides 
 

140_S62 B4A04-3-2 B4 B4A04 B4A04-3-2 4 B Arenaterum elatius Picris hieracioides 
 

141_S63 B4A04-3-3 B4 B4A04 B4A04-3-3 4 B Arenaterum elatius Picris hieracioides 
 

142_S64 B4A04-4-1 B4 B4A04 B4A04-4-1 4 C Arenaterum elatius Picris hieracioides 
 

143_S65 B4A04-4-2 B4 B4A04 B4A04-4-2 4 C Arenaterum elatius Picris hieracioides 
 

144_S66 B4A04-4-3 B4 B4A04 B4A04-4-3 4 C Arenaterum elatius Picris hieracioides 
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Table S2: Table displaying the read loss per processing step during the bioinformatic pipeline. Samples with blank in their name display extraction controls and with NTC PCR controls. 

Sample Individual filter+trim 
reads.in 

filter+trim 
reads.out 

dadaF dadaR merged seqtable removeBimera Removal 
chloroplast 

and 
mitochondria  

1_S72 B1A01-1 13050 10625 10574 10453 10320 10320 10262 3774 

100_S34 B1A01-1 15141 10594 10415 10413 9968 9968 9706 1846 

101_S35 B1A01-1 53412 46343 45770 45874 44007 44007 35860 14083 

102_S36 B1A01-2 15071 12098 11921 11940 11103 11103 10444 3288 

103_S37 B1A01-2 63345 55796 55126 55170 50905 50905 38832 32087 

104_S38 B1A01-2 19135 16770 16504 16525 15556 15556 14454 7114 

105_S39 B1A01-3 73279 61862 61443 61355 59331 59331 48192 18910 

109_S40 B1A01-3 40468 34990 34122 34419 30368 30368 24282 9687 

110_S41 B1A01-3 9802 7033 6878 6821 6278 6278 6038 1302 

111_S42 B1A04-1 28654 23512 23240 23273 22239 22239 21268 4762 

115_S43 B1A04-1 16089 13732 13557 13551 12971 12971 11539 254 

116_S44 B1A04-1 421 367 248 245 214 214 201 3 

117_S45 B1A04-2 84751 74984 74609 74839 73491 73491 47928 46257 

118_S46 B1A04-2 964 801 750 735 690 690 666 38 

119_S47 B1A04-2 70831 60878 60304 60411 57154 57154 52909 13644 

120_S48 B1A04-3 36985 30613 30198 30247 28888 28888 23080 8670 

124_S49 B1A04-3 2206 1602 1540 1521 1395 1395 1343 162 

125_S50 B1A04-3 6253 5485 5408 5346 5155 5155 4360 4032 

126_S51 B1A14-1 9550 7993 7794 7820 7235 7235 5670 2410 

127_S52 B1A14-1 62391 54566 54102 54076 52250 52250 42405 14838 

128_S53 B1A14-1 9626 8423 8360 8353 8261 8261 8033 7043 

129_S54 B1A14-2 73495 63980 63811 63773 63382 63382 62095 60218 

13_S81 B1A14-2 85 50 38 32 23 23 23 15 

130_S55 B1A14-2 43352 36707 36174 36268 34424 34424 29940 2019 

131_S56 B1A14-3 50521 43405 42993 43132 41177 41177 36606 6663 
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136_S58 B1A14-3 149 88 38 22 14 14 14 14 

137_S59 B1A14-3 20697 13339 12882 12783 11332 11332 10940 5624 

138_S60 B1A20-1 7725 4672 4556 4538 4275 4275 4002 275 

139_S61 B1A20-1 58086 48468 48167 48118 46615 46615 39183 27248 

14_S82 B1A20-1 14884 12516 12207 12288 10961 10961 10123 5672 

140_S62 B1A20-2 26139 20316 19904 20033 18465 18465 16765 9699 

141_S63 B1A20-2 28476 24190 23854 23816 22550 22550 19143 7311 

142_S64 B1A20-2 17698 13128 12909 12893 11970 11970 11021 2518 

143_S65 B1A20-3 20115 16772 16553 16480 15420 15420 13927 8159 

144_S66 B1A20-3 15106 13137 13037 13038 12855 12855 12525 6687 

15_S83 B1A20-3 28237 23981 23433 23504 20567 20567 18530 12295 

16_S84 B1B045-1 300214 260942 260129 260271 253730 253730 223332 113403 

17_S85 B1B045-1 22570 17541 17193 17218 15871 15871 15534 7049 

18_S86 B1B045-1 24417 20148 19740 19733 17479 17479 15409 11310 

19_S87 B1B045-2 56 34 16 15 9 9 9 6 

2_S73 B1B045-2 38404 32779 32558 32550 31915 31915 28940 11605 

20_S88 B1B045-2 15704 14085 13920 13897 12721 12721 9561 8103 

21_S89 B1B045-4 17316 15293 15105 15159 14382 14382 13523 7079 

25_S90 B1B045-4 5850 4476 4354 4283 3692 3692 3587 1012 

26_S91 B1B045-4 2173 225 184 178 173 173 173 8 

27_S92 B1C076-1 106 60 38 13 13 13 5 5 

28_S93 B1C076-1 22302 20108 19723 19643 17264 17264 11542 6013 

29_S94 B1C076-1 52147 45783 45380 45406 42647 42647 36651 26267 

3_S74 B1C076-3 17363 14435 14299 14158 13683 13683 13395 2878 

30_S95 B1C076-3 26 14 1 1 0 0 0 0 

31_S96 B1C076-3 18360 13291 12794 12865 11267 11267 10595 4810 

32_S97 B1C076-4 24622 21588 21406 21372 20757 20757 19610 1565 

33_S98 B1C076-4 21478 18837 18695 18681 18112 18112 17786 3322 

37_S99 B1C076-4 18665 16450 16179 16122 14255 14255 13676 4448 
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38_S100 B2A06-2 33706 30263 29843 29872 27681 27681 19495 16690 

39_S101 B2A06-2 27172 24139 23903 23835 23054 23054 18940 7687 

4_S75 B2A06-2 16413 12130 11806 11630 10487 10487 9876 6154 

40_S102 B2A06-3 30941 22359 22018 22040 20172 20172 19815 8850 

41_S103 B2A06-3 46933 41687 41416 41374 39533 39533 37714 32323 

42_S104 B2A06-3 8403 7389 7284 7302 6722 6722 5251 1916 

43_S105 B2A06-4 25424 22105 21918 21898 21572 21572 21018 19902 

44_S106 B2A06-4 33681 29605 29191 29396 27315 27315 24526 9194 

45_S107 B2A09-1 17333 15752 15669 15687 15432 15432 14123 14026 

49_S108 B2A09-1 7155 3939 3830 3771 3435 3435 3162 976 

5_S76 B2A09-1 27080 22372 22071 22052 20652 20652 20066 11701 

50_S109 B2A09-3 72233 62713 62317 62375 59935 59935 53240 8880 

51_S110 B2A09-3 32309 28033 27642 27717 25379 25379 22146 16244 

52_S111 B2A09-3 44476 39182 38877 38961 36890 36890 32047 18807 

53_S1 B2A09-4 14678 12349 12085 12101 11002 11002 9486 4945 

54_S2 B2A09-4 22610 18518 18274 18356 17582 17582 16731 3265 

58_S3 B2A09-4 56298 50723 50384 50383 48182 48182 38624 18354 

59_S4 B2A10-1 26448 22669 22431 22471 21147 21147 19480 2360 

6_S77 B2A10-1 42606 34739 34130 34183 30922 30922 27912 13783 

60_S5 B2A10-2 39415 35086 34877 34925 33630 33630 31536 2663 

61_S6 B2A10-2 10404 8885 8780 8725 8374 8374 8176 3067 

62_S7 B2A10-2 16998 14896 14697 14673 14064 14064 10327 8082 

63_S8 B2A10-3 24583 21341 21137 21076 20124 20124 18561 5115 

67_S9 B2A10-3 5771 4988 4838 4845 4457 4457 4154 575 

68_S10 B2A10-3 10735 9395 9297 9298 9026 9026 6900 6786 

69_S11 B2A13-1 28326 24604 24422 24421 23560 23560 22348 2029 

7_S78 B2A13-1 35915 30009 29588 29450 26702 26702 25865 15974 

70_S12 B2A13-1 37854 33197 32957 32918 31221 31221 28357 6415 

71_S13 B2A13-3 29156 25600 25406 25320 24382 24382 23070 3867 
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72_S14 B2A13-3 4960 4366 4296 4298 4148 4148 4117 1784 

76_S15 B2A13-3 40193 34862 34209 34289 29875 29875 27462 22007 

77_S16 B2A13-4 47823 41859 41373 41297 37230 37230 31584 25377 

78_S17 B2A13-4 7714 6565 6403 6412 5878 5878 5511 650 

79_S18 B2A13-4 21431 18924 18644 18699 17263 17263 14623 6250 

8_S79 B4A08-2 12564 10658 10549 10526 10033 10033 9835 4602 

80_S19 B4A08-2 32980 29650 29306 29344 27359 27359 23016 13194 

81_S20 B4A08-2 12916 11353 11245 11151 10598 10598 9849 4113 

82_S21 B4A08-3 11814 9977 9825 9759 9402 9402 8461 0 

83_S22 B4A08-3 2973 2622 2519 2472 2244 2244 2168 1872 

86_S25 B4A08-3 173822 150022 148170 148895 138419 138419 89751 38793 

87_S26 B4A08-4 5489 4723 4588 4627 4339 4339 4226 516 

9_S80 B4A08-4 33497 29229 28739 28768 25939 25939 17582 10942 

91_S27 B4A04-2 13839 11500 11398 11385 10915 10915 10428 1222 

92_S28 B4A04-2 2917 2434 2372 2321 2167 2167 2109 1179 

93_S70 B4A04-2 22846 18102 17288 17380 14087 14087 13404 12635 

94_S29 B4A04-3 814 670 638 629 586 586 578 152 

95_S30 B4A04-3 35151 29760 29370 29493 27615 27615 25326 4370 

96_S31 B4A04-3 2040 1691 1540 1529 1259 1259 1212 292 

98_S32 B4A04-4 92431 81438 80701 80936 76760 76760 67332 37709 

99_S33 B4A04-4 28795 25023 24730 24714 23493 23493 13507 13248 

Blank_S67 B4A04-4 12305 9223 9051 9087 8644 8644 8063 REMOVED 

NTC-
1_S68 

NTC 1192 485 435 411 336 336 329 REMOVED 

NTC-
2_S69 

NTC 941 680 631 607 535 535 514 REMOVED 

NTC-
3_S71 

NTC 47 26 11 12 8 8 6 REMOVED 
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Supplementary figure S3: Correlation plots (Spearman correlation index) between seed endophytic microbiome (number of 
observed ASVS) and Shanon and Simpson realized plant species diversity on each plot. Plant diversity was calculated based 
on species biomass harvest on August 2021.  

 


