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Abstract

Plant-associated microorganisms are very important for plant growth. Microbiota
influence, for example, nutrient uptake, flower and fruit production or biocontrol of
pathogens. Microorganisms are found in various plant organs. Each plant part then creates
different environments for the microorganisms to live in. This may influence their different
functions depending on which plant part they are found in. One such function is to help plants
cope with adverse conditions. Drought, as an adverse condition, has a major effect on both
plants and micro-organisms. The aim of this thesis is to study effect of long-term drought on
the composition of the microbiota in the rhizosphere and leaf and root endosphere.

Long-term drought affected the composition of microbial communities in different plant
parts. According to the original hypothesis, the response to drought of prokaryotes differed
from that of fungal communities. Fungal communities are more stable and their alpha
diversity did not change much during the different durations. The opposite trend in diversity is
seen in prokaryotes, where a relative increase in specialists can also be observed.

Regarding specific microbial taxa, the results confirm the previously reported trend
of increasing Actinobacteria abundance during drought. For fungi, on the other hand, there
was a surprising increase in saprophytic taxa. Last but not least, the results also
show a difference in the sharing of microbial taxa among the different plant parts.
In fungi, a clear division of taxa between the rhizosphere and endosphere of plants was
observed. In prokaryotes, on the other hand, we see a partition between the underground parts
of the plant and the leaf endosphere. This trend intensified during the drought.

The results therefore show that long-term drought has an impact on the composition,
diversity and function of plant-associated microbial communities. This effect was not only
evident after two years of drought, but it also intensified during the fourteenth year of

drought.
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Abstrakt

Mikroorganismy asociované s rostlinami jsou pro rist rostlin velmi dalezité. Mikrobiota
ovliviiuje naptiklad ptijem Zivin, tvorbu kvétl a plodl nebo biologickou kontrolu patogenii.
Mikroorganismy se vyskytuji v riiznych rostlinnych orgdnech. Kazda ¢ast rostliny pak vytvari
pro mikroorganismy rozdilné prostfedi, ve kterych mohou zit. To mlzZe ovliviiovat jejich
ruznorodé funkce v zavislosti na tom, ve které Casti rostliny se nachazeji. Jednou z takovych
funkci je pomahat rostlindm vyrovnat se s nepfiznivymi podminkami. Sucho jako neptiznivy
stav ma velky vliv jak na rostliny, tak na mikroorganismy. Cilem této prace je zabyvat se
vlivem dlouhodobého sucha na slozeni spolecenstev mikroorganismil v rhizosféfe a endosfére
listi a kotenti.

Dlouholeté¢ sucho mélo vliv na slozeni mikrobidlnich spolecenstev v riznych
rostlinnych Castech. Dle ptivodniho pfedpokladu se lisila odpovéd prokaryot od odpovédi
houbovych spolecenstev na sucho. Houbova spoleCenstva jsou vice stabilni a jejich alfa
diverzita se béhem rozdilné délky pfiliS§ neménila. Opacny trend v diverzité je vidét
u prokaryot, kde se da pozorovat i relativni narist specialistii s délkou trvani sucha.

Pokud se jedna o konkrétni mikrobiélni taxony, vysledky potvrzuji dfive zaznamenany
trend zvySujiciho se zastoupeni Actinobacteria béhem sucha. U hub byl naopak pozorovan
ptekvapivy narast saprofytickych taxont. V neposledni tfadé z vysledkd vyplyva i rozdil
ve sdileni mikrobialnich taxonli mezi jednotlivymi rostlinnymi ¢astmi. U hub bylo
zaznamenano jasné rozdéleni taxonll mezi rhizosféru a endosféru rostlin. U prokaryot naopak
vidime pfedél mezi podzemnimi Castmi rostliny a listovou endosférou. Tento trend
se v pribéhu sucha prohluboval.

Z vysledki je proto patrné, Ze dlouholeté sucho mé vliv na sloZeni, diverzitu a funkci
mikrobidlnich spolecCenstev asociovanych s rostlinou. Tento vliv byl patrny nejen po dvou

letech sucha, ale jeho efekt se prohloubil i béhem ¢trnactého roku sucha.

Kli¢ova slova: sucho, rostlinna mikrobiota, Festuca rubra, rhizosféra, rostlinna endosféra
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1 Introduction

Despite their size and possible insignificance in the eyes of humans, microorganisms
play a vital role in the functioning of other organisms — plants included. One of the most well-
known relationships of microbiota with plants is mycorrhiza, in which fungi, among other
things, provide the plant with a better supply of water and nutrients (Gryndler et al. 2004,
(Alvarez et al., 2009). The plant in turn provides the fungi with energy and assimilates, and
also shelter (Firakova et al., 2007). Additionally, tuber-associated bacteria can also help with
nutrient supply by being involved in nitrogen uptake (Alvarez et al., 2009; Read & Perez-
Moreno, 2003) and other mutualistic bacteria can also influence the cycling of sulphate or
carbon (Knief et al., 2012; Ofek-Lalzar et al., 2014).

In addition to influencing nutrient cycling in plants, microorganisms can also influence
plants through the production of proteins of various functions. For example, catalase produced
by bacteria in the root serves as a stress response and may also influence root development
(Ofek-Lalzar et al., 2014). Rhizobia also influence root structure and are involved in other
processes such as seed germination, seedling development, photosynthesis and stomata
activity (Chi et al., 2005).

Microorganisms also have an important effect on the production of plant hormones,
which e.g. influence the production of flowers and fruits (Zhu et al., 2022). They also help the
plant in biocontrol of pathogens through the production of antimicrobial substances (Basilio et
al., 2003) and play an important role in the plant's response to stress conditions (Bashir et al.,
2022). However, in addition to the positive effects, microbiota can also have a negative
impact on plants in the form of parasites and pathogens, which are equally important for plant

functioning (Klironomos, 2002; Zhu et al., 2022).



2 Plant as habitat

Microorganisms can be found in a wide variety of plant parts. In relation to the plant,
they can be found in its aboveground (Ehrenfeld et al., 2005; Muller et al., 2016) but also in
belowground organs (Muller et al., 2016; Zhu et al., 2022) and of course in the surrounding
soil (Muller et al., 2016) (Fig. 1). Particularly important in this context is the role of the
endosphere of the root and leaf. These various parts differ from each other in structural and
biochemical conditions and thus provide unique conditions for microorganisms to live (Gong
& Xin, 2021; Massoni et al., 2021; Muller et al., 2016).

Leaves can be considered the most stressful habitat, as the microorganisms here are
much more exposed to environmental influences than those in soil. These effects include in
particular UV radiation, herbivory and more frequent fluctuations in temperature and
humidity (Delmotte et al., 2009; Muller et al., 2016). The endosphere of the leaf further
differs from the belowground parts by its characteristics in terms of photosynthetic metabolic
capacity and the large apoplast, which serves as an additional habitat for microorganisms
(Gong & Xin, 2021). Plant metabolites can also create various conditions which can differ
based on different plant parts. For example, the leaf microbiota is adapted to process more
diverse and complex sugars (polysaccharides and leaf cuticle waxes) than those of roots and
soils, which obtain nutrients primarily from the rhizodeposits (Bai et al., 2015; Muller et al.,

2016).
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Figure 1. In figure (a) we can see the plant divided into the phyllosphere (i.e. the area of the aboveground
organs that is free in the environment and is closer to the environmental influences causing various stress
conditions) and the rhizosphere (which is located belowground and is primarily influenced by edaphic
conditions such as, soil type or soil moisture). In Figure (b) we see the anatomy of the leaf and its colonization
by bacteria (including the so-called phylloplane and intercellular spaces of mesophyll). Leaf characteristics
(e.g. cuticle composition and thickness or the presence of stomata and trichomes) can influence the colonization
process. In Figure (c) we see colonization of the abaxial part of the leaf. The bacteria colonize the leaf in
aggregates between the epidermal cells around the stomata. Figure (d) shows the anatomy of the root showing
the progression of colonization from epiphytic regions through the rhizoplane to the endophytic compartments.
Figure c) then shows the different composition of the microbial communities and furthermore how the

anatomical features of the root influence the colonization itself (Muller et al., 2016).

All these factors have an impact on the specific composition of microbial communities.
In general, the diversity of microorganism communities decreases the closer they are to the
endosphere. There are many different microbial strains in the surrounding soil, the richness of
which is lower in the rhizosphere. The rhizoplane then serves as a sorting gate, allowing only
a select few strains into the root endosphere. Which microorganisms eventually enter the
endosphere depends on several factors. One is the plant itself, which carries out selection by

the already mentioned primary and secondary metabolites (Edwards et al., 2015; Lundberg et
3



al., 2012; Muller et al., 2016). Plant characteristics such as cuticle thickness or its chemism
also play a role in determining which microorganisms will eventually be able to thrive in this
environment (Kembel et al., 2014; Muller et al., 2016).

Environmental influences (which affect the composition of the surrounding microbial
banks and their dispersal), as well as the competition between the microorganisms themselves
and the founder effect, also play an important role (Muller et al., 2016). It has been found out
that the largest source of microorganisms for plant roots is the soil, which determines which
strains of organisms are available to the plant (Basilio et al., 2003; Bulgarelli et al., 2013;
Muller et al., 2016) (Fig. 2). Interestingly, microbiota numbers begin to increase in the
endosphere only 24 hours after contact with soil, and stable community composition occurs

after two weeks (Edwards et al., 2015).
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Figure 2. In the figure we can see a two-step selection model for root microbiota differentiation. The soil
environment determines the structure of bacterial communities in soil biomes. The next step in determining the
composition of microorganisms is the rhizodeposition and cell wall properties of the plants. The last step
involves convergent selection of bacteria that are found on the rhizoplane and further inside the root (Bulgarelli

etal, 2013).

Compared to the rhizosphere, the phyllosphere is less complex and differs in the
composition of its microbial communities (Knief et al., 2012). In the case of the aboveground

parts, the role of soil is substituted by air, which serves as an important source of microbiota.



After the colonisation of the leaf, the communities then evolve gradually, always following a
similar pattern, with a difference in the relative abundance of each group, which may vary
from plant to plant (Maignien et al., 2014). The general trend in the composition of leaf
communities is then independent of geographical or climatic conditions (Knief et al., 2012).
In addition to the air, microbiota may enter the leaves from belowground organs (Chi et al.,
2005; Grady et al., 2019; Massoni et al., 2021). Up to 90 % of leaf taxa are also found in the
rhizosphere (Grady et al., 2019). In addition to migration from the soil, microorganisms can
also enter the leaves via insect vectors, wind or rain (Grady et al., 2019; Massoni et al., 2021)
Thus, the function and composition of the microbiota depends on where it is located in
relation to the plant (Bashir et al., 2022). Among the bacteria, Actinobacteria (especially
Streptomycetaceae), Proteobacteria (Betaproteobacteria), Firmicetes, Spirochaetes are the
most dominant in the endosphere, while few Acidobacteria, Gemmatimonadetes are abundant
in the rhizosphere (Bulgarelli et al., 2013; Edwards et al., 2015; Lundberg et al., 2012). In
contrast, Acinobacter, Variovorax and Pseudomonas (Maignien et al., 2014) were recorded in

the phyllosphere (Fig. 3).
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Figure 3. The figure shows the phylogenetic structure of the plant microbiota. Sequence data from several
studies (citation numbers in brackets) were clustered into operational taxonomic units (OTUs) and further
linked within families. In figure we can see families from root, leaves and in one case grapevine flowers (outer

ring) (Muller et al., 2016).

Microorganisms adapt to factors such as environmental influences, competition or plant
metabolites by physiological changes and especially by the production of various metabolites.
The previously mentioned stress conditions of the phyllosphere force bacteria to produce
proteins that help them to withstand these conditions. Such proteins include, for example,

superoxide  dismutase, catalase or DNA protection proteins. In  addition,



Gammaproteobacteria produce oxidative stress regulators (Delmotte et al., 2009).
Streptomycetes in the roots in turn form antimicrobial substances (especially against Gram-
positive bacteria but also applicable against fungi and bacteria) (Basilio et al., 2003). In the
roots, we also find enzymes of methanogenesis, methane oxidation or nitrogenase (Fig. 4)
(Knief et al., 2012; Ofek-Lalzar et al., 2014). Dinitrogen reductase and dinitrogenase are
found in the root and leaves (Knief et al., 2012). Plants, together with their microorganisms,
form a complex feedback system that is able to compensate for the negative effects of their

environment (Lundberg et al., 2012; Muller et al., 2016).
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Figure 4. In the picture we can see some other genes than those mentioned above that are expressed by
microorganism in plants. Specifically, we can see genes that are expressed differently depending on whether
they were in Cucumis sativus (green) or Triticum turgidum (vellow). This shows a significant host effect on
bacterial protein production because the composition of the bacterial communities was very similar between

these plants (Ofek-Lalzar et al., 2014).



3 Plants, microbiota and drought stress

As mentioned above, in addition to the environmental characteristics provided by the
plant itself, abiotic conditions also influence the microorganisms, either directly or through
their association with host plants (Ehrenfeld et al., 2005; Firrincieli et al., 2020; Xu et al.,
2018). In recent years, due to the increase in anthropogenic emissions, there have been
significant changes in climate, including temperature increases and fluctuations in water
availability. These climate changes are causing extreme weather events that can lead to
disruptions in the water regime, causing e.g. extreme droughts. All of this further has a major
impact on the functioning of individual organisms and consequently entire ecosystems (IPCC
2014, IPCC 2018).

Drought has various effects on organisms. For plants these effects are mainly negative
and they can be cause of mechanisms, which we can observe on three different levels. On
physiological level these are e.g. reduction in turgor, stomatal conductance, photosynthetic
activity or growth. On the biochemical in level, changes in Rubisco activity and increases in
stress metabolite and antioxidative enzymes appear. Last but not least, we also see changes at
the molecular level such as the expression of ABA biosynthetic and responsive genes and
specific protein syntheses such as LEA, DSP or RAB (Pinhero et al., 1997). If a plant cannot
cope with drought, a reduction in its fitness logically follows — poor growth, fewer flowers
and subsequently fewer fruits. Drought stress then, in the worst case, leads to plant death.

The response to drought in microorganisms is not as unified as in plants. In fact, they
are much more diversified and complex groups that have very different adaptations and thus
may respond differently to drought (de Vries et al., 2018). However, in general, the literature
suggests that bacteria respond much more quickly to changes including drought than fungal
communities, which appear to be much more stable (Castro et al., 2010; de Vries et al., 2018).

Regarding the effect of drought on the interactions of plants and their microbiota, the
microbiota can significantly help plants in the event of drought, even long-term drought. Both
ectomycorrhizal symbioses helped seedlings with nutrient supply and reduced the negative
impact of drought (Alvarez et al., 2009) and arbuscular mycorrhiza also helped seedlings,
which then had much less biomass loss during the drought treatment (Ruizlozano et al., 1995).

In the case of bacteria and belowground organs, the situation is more complex. Plants
that have a much closer relationship with their bacteria may paradoxically experience more

negative effects of drought than those with a looser relationship (these bacteria had better
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survival rates and were capable to help their plants (O’Brien et al., 2018). This is especially
true for nitrogen-fixing bacteria, which may not be able to sustain tuber damage due to
drought and thus reduce their relationship with the plant (Albrecht et al., 1984; Guerin et al.,
1991). On the other hand in leaves, a positive effect of the bacteria was observed under
drought conditions. Lau & Lennon (2012) found that plants that were inoculated with
microorganisms that had been previously exposed to drought had a higher number of flowers
and fruits compared to other treatments. These plants had only a 19 % less decline in flowers
and fruits than those plants that grew with the moisture-adapted biota, which had a 59%
decline. While the drought reduced the richness of the communities, the bacteria that helped
with plant competitiveness remained. Another study further found that bacteria can produce
substances (e.g., catalases, peroxidases, or phenolic compounds) that help plants overcome
drought-induced oxidative damage (Naveed et al., 2014).

However, drought itself is not the only factor that can influence the behaviour and
responses of organisms to it. It is clear from the above that a plant can serve as a diverse
habitat with many different parts. This in turn influences the effect of drought on the
microorganisms within plants. Studies have shown that organisms in the endosphere of the
root respond much more to drought than those in the rhizosphere or soil (Fitzpatrick et al.,
2018; Santos-Medellin et al., 2017). Another factor is the length of the drought. It can make a
difference to organisms if the drought occurs only once and for a short period, or if the
drought is long and then recurs. How microorganisms will behave on longer time scales has
been addressed by studies looking at the legacy effect of drought. In general, there were
changes in the composition of microbial communities. Bacteria were able to respond quickly
to changing treatments, while fungi were not very plastic in their response and were slower to
recover from previous conditions (de Vries et al., 2018; Fuchslueger et al., 2016).

Resilience of fungi can also be reflected in the relationship between plants and soil
pathogens. The abundance of fungal pathogens can increase with recurrent droughts, due to
their highly resistant dormant spores that accumulate in the soil over time (Crawford &
Hawkes, 2020; Preece et al., 2019). Microorganisms that were previously in drought
treatment (after several generations) were able to compensate for the negative effects of the
current drought stress on plants (Lau & Lennon, 2012).

However, most studies to this date that have addressed effect of drought on relationship
between plants and their microbiota only been conducted over a relatively short period of time
and have not taken much account of the effect of recurrent prolonged drought on the plant-

associated microbiota.



3.1 The aim of the work

The aim of the diploma project is to fill the gaps in our understanding of how long-term
drought affects microorganisms of the leaf and root endosphere and rhizosphere. Furthermore,
I explore what connections we can find between the leaf and root endosphere and the
surrounding rhizosphere under these stress conditions and what kind of comprehensive picture

we can get from this.

Based on the findings in the literature so far, my hypotheses are:

* A prolonged drought will lead to a reduction in the diversity of microorganism
communities. The remaining taxa will be those that are appropriately adapted to
drought and may help the plant to cope with drought stress.

* There will be a similar composition of microbial communities between plant
compartments, which could also indicate a possible exchange of organisms between

these plant parts.
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4 Materials and Methods

4.1 Experimental setup

The study site is part of the alpine grassland meadow in the Stubai Valley near
Innsbruck (47°07'00.0"N 11°19'00.0"E) at 1850 m above sea level. This meadow is cut
annually and fertilized every 3-4 years. The mean annual temperature is 3 °C and the mean
annual perception is 1100 mm (Bahn et al., 2006; Fuchslueger et al., 2016).

The summer drought was artificially induced roofing. The roofing system was installed
every summer for up to 14 years by team of M. Bahn from Uni. Innsbruck. The three plots
were specifically affected for 0, 2 and 14 years (Fig. 5). Each regime was held in four blocks,

My model plant is a common European perennial grass Festuca rubra, which is one of

the dominant species in the studied meadow (Bahn et al., 2006).

Figure 5. Photos of plots and construction for summer rain shelter.

4.2 Sample collection

From every block we selected three Festuca rubra plants and sampled their leaves, roots
and rhizosphere (i.e. 36 samples in total for each kind of measurement) and bulk soil. We

further cut plant species around each Festuca rubra in 20 cm diameter (in summer and then in

11



autumn when we collected the plants). We transported the samples in a refrigerator. After
transport to the Botanical Institute of the CAS in Prithonice we sterilized collected leaves with
series of soaking in sterile water and solutions of 75% etOH and 3.25% NaClO. After that we

froze all the samples for DNA isolation.

4.3 DNA isolation

After disruption of frozen leaf, soil and root samples in TissueLyser, I isolated DNA
from them. This was done using the DNeasy Plant Mini Kit from Qiagen for leaves and roots
and NucleoSpin Soil from Macherey-Nagel for soil. I followed both protocols except I did not
elute the isolated DNA in 100 pl Buffer AE (SE in case of soil), as written in the protocols,
but in 50 pl distilled water. I determined the DNA concentration using a NanoDrop

spectrophotometer.

4.4 DNA sequencing and analysis

I characterized the fungal communities by sequencing the internal transcribed spacer
(ITS2) region, and I characterized the bacterial communities using the 16S ribosomal RNA
gene. PCR amplification of fungal ITS2 was performed using labelled primers gITS7 and
ITS4 (Ihrmark et al., 2012). Amplification of the V4 region of bacterial 16S rRNA was
performed using the labelled primers 515F and 806R (Caporaso et al., 2012). PCR was
performed according to Scholer et al. (2017) and Nilsson et al. (2019) in duplicates.

I purified the amplified DNA using QIAquick PCR Purification Kit. I followed the
protocol from manufacturer.

Sequencing of PCR products was performed by a commercial company SEQME.

After that, I used the pipeline SEED2 2.1.2 (Vetrovsky et al., 2018) to cluster the fungi
and bacteria sequences into Operational Taxonomic Units (OTUs). In this pipeline I did
merging pair-ends using fastg-join 1.1.2 (Aronesty, 2011), quality filtering (I removed
sequences with quality lower than 30), sequence trimming and removing ambiguous bases. |
did fungal ITS extraction using ITSx 1.0.11 (Bengtsson-Palme et al., 2013). Then I removed
chimeric sequencies with VSEARCH 2.4.3 (Rognes et al., 2016). Getting of the representative
sequences was done within MAFFT 7.222 (Katoh et al., 2019)). For each cluster thus formed
I identified matches at specific taxonomic levels using blastn against The SILVA ribosomal

RNA database (Quast et al., 2013) and UNITE (Abarenkov et al., 2023).
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4.5 Data analysis

I performed statistical data analyses using Rstudio version 2023.12.1.402 (R Core
Team, 2023). I used the Redundancy Analysis (RDA) and the Rstudio package “Vegan”
(Oksanen et al., 2022) for primary detection of patterns in the compositions of microbial
communities based on drought duration. From the dataset, I've removed OTUs with
frequency less than 5 and further transformed it using the Hellinger method. I chose the effect
of individual blocks of a given treatment on samples as the covariate. The significance of the
model was tested using a Monte Carlo permutation test with 499 permutations and each
sample as a “strata” type “free”.

I calculated and analysed Shannon diversity index with Rstudio packages “nlme”
(Pinheiro, Bates, R Core Team, 2023) and “car” (Fox & Weisberg, 2019). Whether
differences between treatments are significant was assessed using estimated marginal means
and the “emmeans” package (Lenth, 2024).

I obtained the Specialisation index using the packages “phyloseq” (McMurdie
& Holmes, 2013) and its graphic output with “ggplot2” (Wickham, 2016) based on the
methodology from Chen et al. (2021) and Devictor et al. (2008).

Another analysis I performed was Differential abundance analysis using the packages
“ALDEx2” (Fernandes et al., 2013), “microeco” (Liu et al., 2021) and “ggtree” (Xu et al.,
2022). For data with a frequency greater than 5, I first used the “ALDEx2 kw” method with
family a taxa level and then plotted the top 30 significant OTUs. I then used the “lefse”
method to generate cladograms.

I determined the taxonomic composition using the packages “microbiome” (Lahti et
al.) and “plyr” (Wickham, 2011). I examined microbiota taxa at the class and family level.

Finally, I created Venn diagrams using the packages “microeco” (Liu et al., 2021) and
“ggplot2” (Wickham, 2016) while overlap were weighted by relative abundance.

Across analyses, the packages “RColorBrewer” (Neuwirth, 2022) and “tidyr”
(Wickham, 2024) were used.
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5 Results

5.1 Effect of drought on microbiota composition

From the RDA results (Fig. 6 and Fig. 7), we can see that for most observed plant
compartments in both prokaryotes and fungi, there is a distinct differentiation of microbial
communities depending on the length of drought (except for the fungi in the leaf endosphere).

In case of prokaryotes, we can see that RDA for all three plant compartments was
significant (tab. 1). In rhizosphere and root endosphere there is a relatively noticeable trend in
differential according the treatments. In leaf endosphere the division is mainly between 0 and

both of the other years (Fig. 6).

a) Prokaryotes - rhizosphere b)  Prokaryotes - root endosphere
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Figure 6. Ordination diagrams of redundancy analysis (RDA). Each diagram represents one of the observed
plant compartments. Thanks to the “ordispider” method we can see patterns in the microbial communities based
on the drought treatment. a) RDA of prokaryotes in the rhizosphere. The RDAI axis explains 8.5 % of the
variation and the RDA2 axis 2.7 % of the variation. b) RDA of prokaryotes in the root endosphere explains 8.3
% of the variation and RDA2 explains 4.5 % of the variation. c) RDAI of leaf endosphere explains 42.5 % of
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the variation and RDA2 explains 1 % of the variation.

Table 1. Results of RDA testing the effect of drought treatments on prokaryotes communities in different plant

compartments.

Plant compartment | total variation explained P-value
rhizosphere 11.2 % 0.002 **
root endosphere 12.8 % 0.002 **
leaf endosphere 44% 0.002 **

In case of fungi, we can see a significant distribution of microbial communities based

on the year but only in rhizosphere and root endosphere (Fig. 7). The RDA of leaf endosphere

was not significant (Tab. 2).
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Figure 7. Ordination diagrams of redundancy analysis (RDA) for fungi. Each diagram represents one of the

plant compartments. a) RDA of fungi in the rhizosphere. The RDAI axis explains 12.4 % of the variation and the
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RDA2 axis 5. 5 % of the variability. b) RDA of prokaryotes in the root endosphere explains 6.2 % of the
variation and RDA2 explains 2.8 % of the variability. ¢) RDAI of leaf endosphere explains 5.8 % of the
variation and RDA2 1.9 % of the variability.

Table 2. Results of RDA testing the effect of drought treatments on fungi communities in different plant

compartments.
Plant compartment | total variation explained P-value
rhizosphere 17.9 % 0.002 **
root endosphere 9,0% 0.004 **
leaf endosphere 7.7 % 0.154

5.1.1 Taxonomy

In prokaryotes, we can see that the root endosphere is richer in number of the families
than the rhizosphere (Fig. 8), with Bacilliaceae in particular dominating in the endosphere.
The relative abundance of Bacilliaceae even increases with drought length. For the root
endosphere, we can see that Micromonosporaceae or Streptomycetaceae are present, among
others.

Regarding class representation, we can observe a significant representation of
Actinobacteria in those plant compartments. The relative abundance also increased with time
in both compartments. For the rhizosphere, we have also a significant representation of
Bacilli and Thermoleophilia. Relative abundance increased in both classes with the duration
of drought. For the root endosphere, we also see significant abundances of
Alphaproteobacteria or Thermoleophilia, but their relative abundance did not change with

time.
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Figure 8. Relative abundance of prokaryote families in rhizosphere and root endosphere.

For the leaf endosphere (Fig. 9), the Bacilliaceae recur, and in contrast to underground
parts we have a significant representation of Archoleplasmataceae, Planococcaceae, or
Sphingomonadaceae.
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Figure 9. Relative abundance of prokaryote families in leaf endosphere.

On the taxa distribution based on drought duration between the rhizosphere and root
endosphere (Fig. 10) we can see a clear partition of fungi families among the different plant
parts. In the rhizosphere, we find mostly Archaeorhizomyces, Aspergillaceae, or
Piskurozymaceae. While in the root endosphere, we see a significant representation mainly in

Hyaloscyphaceae, Mycenaceae, or Magnaporthaceae.
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Figure 10. Relative abundance of fungi families in rhizosphere and root endosphere.

For the leaf endosphere (Fig. 11) we see only a limited number of families namely

Clavicipitaceae and Ploettnerulaceae.
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Figure 11. Relative abundance of fungal families in leaf endosphere.
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5.1.2 Shannon diversity index

I measured diversity using the Shannon diversity index. In prokaryotes (Fig. 12) we can
see that diversity varied depending on the plant compartment. In the rhizosphere, we see
a significant decrease in diversity after the 14th year (Tab. 3 and Fig. 12) whereas in the root
endosphere, the decrease in diversity took place in the 2nd year and did not change further.
For prokaryotes in the leaf endosphere, there were too little data for analysis.

In the case of fungi, I only observed a significant change in the root endosphere and this
was between year 0 and year 2 (Tab. 4 and Fig. 13) Neither the rhizosphere nor the leaf

endosphere had any significant change in the diversity.
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Figure 12. Boxplot of Shannon diversity index of prokaryotes in rhizosphere and root endosphere.

Table 3. Results from pairwise comparison of Shannon diversity index of prokaryotes.

Plant compartment

P-value for 0-2 year

P-value for 0-14 year

P-value for 2-14 year

P-value of the model

rhizosphere

0.9658

0.0002 ***

0.0001 ***

4.011e-06 ***

root endosphere

0.0072 **

0.0099 **

0.9909

0.00107 **
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Figure 13. Boxplot of Shannon diversity index of fungi in the rhizosphere and endospheres of roots and leaves.

Table 4. Results from pairwise comparison of Shannon diversity index of fungi.

Plant compartment | P-value for 0-2 year | P-value for 0-14 year | P-value for 2-14 year | P-value of the model
rhizosphere 0.7984 0.7910 0.9999 0.7556

root endosphere 0.0315 * 0.4974 0.2226 0.01699 *

leaf endosphere 0.9163 0.8581 0.5559 0.5389

5.1.3 Specialization index

The results of the Specialisation index showed that prokaryotes of root endosphere

(Fig. 14) in the 14™ year showed a significant increase in the specialists compared to year 0.

For the rhizosphere we then see the same but marginal trend (Tab. 5).
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Figure 14. Boxplot of specialization index of prokaryotes in rhizosphere and endospheres of roots and leaves.

Table 5. Results from pairwise comparison of specialization index of prokaryotes.

Plant compartment |P-value for 0-2 year P-value for 0-14 year |P-value for 2-14 year P-value of the model
rhizosphere 0.2392 0.0680 . 0.4076 0.05737 .
root endosphere 04118 0.1040 0.0053 ** 0.000419 **=*

For fungi (Fig. 15), we can see a significant change only for the root endosphere — a

decrease in specialists between years 0-2 and years 0-14 (Tab. 6).
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Figure 15. Boxplot of specialization index of fungi in rhizosphere and endospheres of roots and leaves.

Table 6. Results from pairwise comparison of specialization index of fungi.

Plant compartment

P-value for 0-2 year

P-value for 0-14 year

P-value for 2-14 year

P-value of the model

rhizosphere

0.9935

0.1612

0.1956

<2e-16 ***

root endosphere

0.0003 ***

0.0052 **

0.6612

1.748e-05 ***

5.2 Most prominent taxa in relation to drought duration

Using Differential abundance analysis, 1 identified the taxa that are significantly

associated with specific drought legacy. In rhizosphere prokaryotes (Fig. 16) we can see that

for the 14™ year of drought the most significant families are Geodermatophilaceae,

Micrococcaceae, Solirubrobacteraceae (from class Thermoleophilia), Mycobacteriaceae,

Pseudonocardiaceae (all of them from Actinobacteria) and Peptostreptococcaceae

(Clostridia).

22



a f__Geodermatophilaceae - - b
f_Micrococcaceae -
f__Solirubrobacteraceae -
f__undefined_OM190-
f _Mycobacteriaceae -
f__Pseudonocardiaceae -
f__Peptostreptococcaceae -
f__Pedosphaeraceae -
f_SC-1-84-
f_Alicyclobacillaceae -
ffuﬂdeﬁﬂ?d,s'fﬂg = f__Mycobacteriaceae -
f__Gemmataceae - Group
f__Streptosporangiaceae - . 0 f__Pseudonocardiaceae -
f__undefined_Vicinamibacterales -
f__Planococcaceae - B :
f_undefined_Elsterales - f__Peptostreptococcaceae -
f__Microscillaceae - . 14
f__Streptomycetaceae -
f__Oxalobacteraceae - f__Alicyclobacillaceae -
f__undefined_Subgroup_17 -
f__Erysipelotrichaceae -
f _undefined_SBR1031- f__undefined_OM190-
f__Haliangiaceae -
f__Nocardioidaceae -
f__undefined_Gaiellales - f_Pedosphaeraceae-
f__Paenibacillaceae -
f__Solibacteraceae -
f__Propionibacteriaceae - f_SC-1-84-
f_ Bacillaceae -

f__Geodermatophilaceae -

*
-
*
=
*

f__Micrococcaceae-

f__Solirubrobacteraceae -

Group

-14
B

o

0.00 0 IUE l!.’l() 0. '15 0.25 0.50 0.75 0

Relative abundance 1 - P.adjust

o
o
o

Figure 16. Results of differential abundance analysis in rhizosphere prokaryotes. a) 30 families most strongly
affected by drought and their relative abundance in different drought legacy b) bar plot of the indicator families
for a given year of drought — based on the results of significant difference in their relative abundance for a given

year.

In prokaryotes of root endosphere (Fig. 17) we can see significant families even for 2™
year of drought — Pseudonocardiaceae, Nocardioidaceae, undefined C0119 (class
Ktedonobacteria) and Bacillaceae (Bacilli). In 14™ year except for those families from
rhizosphere (Geodermatophilaceae, Micrococcaceae, Solirubrobacteraceae) we can see
Sphingomonadaceae (Alphaproteobacteria), Oxalobacteraceae (Gammaproteobacteria),

Devosiaceae (Aplphaproteobacteria) and Microbacteriaceae (Actinobacteria).
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Figure 1. Results of differential abundance analysis in root endosphere prokaryotes. a) first 30 families most
strongly affected by drought and their relative abundance in different drought legacy b) bar plot of the indicator
families for a given year of drought — based on the results of significant difference in their relative abundance

for a given year.
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Regarding fungi, in rhizosphere (Fig.18) for the 2™ year of drought there are
Trichosphaeriaceae (Trichosphaeriales), Serendipitaceae (Sebacinales), Ceratobasidiaceae
(Cantharellales), Melanommataceae (Pleosporales), Glomeraceae (Glomerales) and
Apiosporaceae (Xylariales). For the 14" year of drought, we can see Aspergillaceae
(Eurotiales), Sporormiaceae (Pleosporales), Nectriaceae (Hypocreales),
Cunninghamellaceae (Mucorales), Bionectriaceae (Hypocreales), Phaeosphaeriaceae

(Pleosporales) and Lentitheciaceae (Pleosporales).
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Figure 18. Results of differential abundance analysis in rhizosphere a) first 30 families most strongly affected
by drought and their relative abundance in different drought legacy b) bar plot of the indicator families for a
given year of drought — based on the results of significant difference in their relative abundance for a given

vear.

In root endosphere (Fig. 19) fungi there are fewer significant families. For the 14th year
of drought, we can see Aspergillaceae (Eurotiales) and Cunninghamellaceae (Mucorales) and

one family from Hypocreales — all of them are even in rhizosphere for 14" year of.
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Figure 19. Results of Differential abundance analysis in root endosphere a) first 30 families most strongly
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affected by drought and their relative abundance in different drought legacy b) bar plot of the indicator families
for a given year of drought — based on the results of significant difference in their relative abundance for a given

year.

The cladograms further elaborate results from differential abundance analysis. The
cladograms of the prokaryotes (Fig. 20, Fig. 21) clearly show that the taxa most significant for
root endosphere years 2 and 14 belong primarily to the class Actinobacteria, which is in
agreement with previous results of Differential abundance analysis. Actinobacteria has been
repeatedly found to respond positively to drought treatment compared to other bacterial
classes. Actinobacteria was also most prominent for the 14" year in the rhizosphere. Then for

the rhizosphere 2™ year, 1 also have representatives of Alphaproteobacteria and

Gammaproteobacteria.
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Figure 20. Cladogram of prokaryotes in the rhizosphere and their significance based on the length of
the drought.
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Figure 21. Cladogram of prokaryotes in the root endosphere and their significance based on the length of
the drought.

No extensive pattern was observed for prokaryotes in the leaf endosphere due to the low

number of identified taxa (Fig. 22).
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Figure 22. Cladogram of prokaryotes in the leaf endosphere and their significance based on the length of
the drought.
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In the cladograms (Fig. 23 and Fig. 24) of fungi, we can see that the distribution of the

most important taxa based on plant compartments and length of treatment is quite different.

The only family that occurred among the plant compartments was the family Aspergillaceae

(in the 14th year of the drought). For the root endosphere, we can see that

Cunninghamellaceae is found as an important representative in the 2nd and 14th year.
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Figure 23. Cladogram of fungi in the rhizosphere and their significance based on the length of the drought.
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Figure 2. Cladogram of fungi in the root endosphere and their significance based on the length of the drought.

For the leaf endosphere, again we do not see a significant pattern and this is due to the

low number of observed taxa (Fig. 25).
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Figure 25. Cladogram of fungi in the leaf endosphere and their significance based on the length of the drought.
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5.3 Effect of long-term drought on shared taxa between plant

compartments

5.3.1 Venn diagrams

Comparison of taxa composition between plant parts (Fig. 26) then showed two
different trends. For the prokaryotes, we can see that the rhizosphere and the endosphere of
the root share most of the taxa. In contrast, in fungi, we see a significant partition between the
rhizosphere and the root endosphere. On the other hand, fungi tend to share taxa within both
root and leaf endospheres, which is not the case for prokaryotes.

Regarding the difference based on drought duration, in prokaryotes, we can see a shift
of shared taxa between the rhizosphere and the root endosphere between the treatments. In

contrast, for fungi, we see an increase in shared taxa between the leaf and root endosphere.
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Figure 26. Venn diagrams of shared microbial taxa depending on plant compartment and year treatment.
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6 Discussion

6.1 Effect of long-term drought on the diversity of microbial

communities

From the results of the redundancy analysis, we see that drought affects the distribution
of microbial community composition in most of the plant studied compartments. This,
especially for the underground plant compartments, confirms my hypothesis that changes in
the composition of microbial communities as a function of drought length are gradual and
evolve with the length of drought.

The exception is then the leaf endosphere, where a clear divide is seen between the
control and both drought treatments. This suggests that the change in composition took place
relatively quickly and has remained so. An explanation for this could be that the above-
ground parts of the plant are much more exposed to environmental influences and thus much
more susceptible to change. For example, it could be that the overall drought-weakened plant
was unable to provide suitable conditions for these microorganisms and they responded
rapidly by changing the composition of their communities. A further contributing factor to
this effect may be that the leaf endosphere is one of the least diverse of all plant parts and,
according to some evidence, the microorganisms present here undergo the greatest selection
by the plant (Bulgarelli et al., 2013; Muller et al., 2016). Indeed, the number of taxa in leaf
endospheres was poor. This is therefore another thing that could have influenced such a result.

Even in the case of fungi, we can see in the underground parts that the length of the
drought explains the distribution of the microbial communities. The exception is again the
leaf endosphere, where even there was no significant distribution. The order Neotyphodium,
an endophytic symbiont of the family Clavicipitaceae (Faeth & Sullivan, 2003), was the most
abundant order represented in the leaf endosphere. The effect of Neotyphodium on plants has
been studied since the end of the last century and although it is mainly referred to as a plant-
beneficial symbiont, it can also behave as a parasite (Faeth & Sullivan, 2003). Neotyphodium
has been shown in several studies to have a positive effect on plants in drought (Malinowski
& Belesky, 2006). These plants had a greater aboveground biomass and relative growth rate
(Morse et al., 2002). On the other hand, the resulting effect of endophytes on plants also
depends greatly on the genotype of the plant and other environmental conditions. According

to some studies, based on these factors, in addition to the positive effect already mentioned,
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endophytes may have no effect or even a negative effect on plants (Cheplick, 2004; Faeth &
Sullivan, 2003; Morse et al., 2002), Malinowski & Belesky, 2006). The reason for such a high
representation of Neotyphodium in my samples is still unclear. It may be the effect of several
factors together. Because of the strong attraction between this endophyte and the plant, I
believe that it may have become dominant in the plant with an effect on other
microorganisms. This may have been further accentuated by a weaker isolation effect.

The fact that there are other changes in the composition of microbial communities
depending on the duration of drought is confirmed by the Shannon diversity index. At the
same time, its results also follow up on previous studies that report different compositions of
microbial communities depending on plant compartments and whether they are prokaryotes or
fungi (Bulgarelli et al., 2013; Carbone et al., 2021; Edwards et al., 2015; Hereira-Pacheco et
al., 2023; Knief et al., 2012; Maignien et al., 2014; Tkacz et al., 2020). For prokaryotes, this
change is evident between the rhizosphere and the root endosphere, with only the 14th year of
drought having a significant effect on their diversity, whereas the root endosphere showed
a change in diversity after the 2nd year. This may be indicative of several things. First, the
composition of prokaryotic communities in the rhizosphere is relatively stable in the short
term and only declines significantly in diversity with long-term drought, which goes against
the preliminary assumption based on earlier studies that bacterial communities should respond
to drought relatively quickly (Castro et al., 2010; de Vries et al., 2018). The decline in
diversity in the root endosphere could then be explained by the influence of the plant itself,
which may have selected beneficial prokaryotes (Basilio et al., 2003; Bulgarelli et al., 2013;
Muller et al., 2016) from early in the drought.

In contrast, we do not see overall changes in fungi diversity. This too agrees with
previous discoveries that fungal communities appear to be more stable under drought stress
(Castro et al., 2010; de Vries et al., 2018). Surprisingly, even the 14th year of drought does
not affect their diversity. Why fungal communities are so stable has not yet been determined
with certainty. One reason may be already mentioned highly resistant spores which can
support fungi communities across time thanks to their accumulation (Crawford & Hawkes,
2020; Preece et al., 2019).

The thought that the stability of fungal communities may be mainly due to general
physiological resistance rather than to different specializations may be suggested by the result
of the Specialisation index. In the results of this analysis, we see a decrease in specialists at

year 14 relative to the control. According to my hypothesis (as far as the general response of
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the microbiota is concerned), we should rather see an increase in specialists as a selection of
the plant on organisms beneficial to it.

However, in agreement with my hypothesis, we see this trend within the prokaryotes
root endosphere — an increase in specialists in year 14 relative to the control. This could
confirm both hypotheses. Firstly, that the influence of the plant is stronger in the endosphere,

and secondly, that the plant selects for self-beneficial specialists.

6.2 Changes in the taxonomic composition of microbial

communities

As far as specific prokaryote taxa are concerned, here too my results are in agreement
with previous studies (Naylor et al., 2017; Santos-Medellin et al., 2017; Simmons et al., 2020;
Xu et al., 2018), Among the most abundant prokaryote classes are the Actinobacteria, Bacilli,
Alphaproteobacteria, and Gammaproteobacteria. On top of that in my data I observed
Thermoleophilia, which was abundant in both underground compartments. Regarding the
effect of long-term drought, we see that in both underground compartments, there is a relative
increase in the abundance of Actinobacteria based on the duration of the drought. For the
rhizosphere, then, there are also increases in Bacilli.

Actinobacteria appears to be the only class of prokaryotes that has a stable response in
increase to drought across the literature. This is in contrast to other classes where responses to
drought vary quite a bit depending on the studies (Naylor et al., 2017; Simmons et al., 2020;
Xu et al., 2018).

In the rhizosphere, the Bacilliaceae is particularly dominant and the relative abundance
of Bacilliaceae even increases with drought duration. Members of the genus Bacillus are well
known for their positive effect on plants. From the production of phytohormones, to their role
in nutrient uptake or antibiotics and other substances that serve as protection against
pathogens (Saxena et al., 2020; Shafi et al., 2017). Some species even play a positive role in
the fight against drought (Gagné-Bourque et al., 2016; Vardharajula et al., 2011). For the root
endosphere we see represented, among others, e.g. Micromonosporaceae or
Streptomycetaceae, which have a positive impact on plant thanks to their antimicrobial
substances (Basilio et al., 2003).

For the leaf endosphere, we see a surprising decline in Actinobacteria, and conversely
an increase in Bacilli and Gammaproteobacteria. It is possible that presented members of

Bacilli and Gammaproteobacteria were much more suitable for extreme condition in the
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leaves. In addition in phyllosphere we can see mostly competition rather than cooperation
(Carlstrom et al., 2019). It is also possible that more competition capable taxa easily won over
the less successful one.

In fungi the rhizosphere is predominant by saprotrophic (Polme et al., 2020)
Archaeorhizomyces, Piskurozymaceae, and Aspergillaceae, increasing over the years. While
in the root endosphere, we see a significant representation, especially in saprotrophic
Mycenaceae and Hyaloscyphaceae and endophytic Magnaporthaceae (Polme et al., 2020),
which show an increase — especially in the 14™ year. An increase in saprophytic fungi during
drought, especially in the root, has been already observed (Hereira-Pacheco et al., 2023).
Saprotrophs allow the plant and other microorganisms to access otherwise unavailable
nutrients (Chen et al., 2020). Theoretically saprotrophs and their functioning can be supported

by plant itself or maybe even by other microorganisms via various feedbacks.

6.3 Similarities in microbial community composition between

compartments

Regarding taxon sharing and possible migration, the results suggest that a trend can be
observed in prokaryotes whereby as drought progresses, taxa are shared more in the
underground parts of the plant rather than between all compartments. As already mentioned
this result may be partly due to the overly strong influence of harsh and different conditions of
the above-ground parts or strong competition between microbiota. Another factor may be that
the diversity recorded in the leaf endosphere is too low, because of the strong presence of
plant-selected or highly competitive taxa.

For fungi, on the other hand, we observe a different effect, namely that there is an
increase in shared taxa between the leaf and root endospheres. In contrast, the rhizosphere
appears to be completely decoupled in this respect (as suggested by the results from the
taxonomic analysis). Thus, it is possible that there is some form of migration within the plant
endosphere. This sharing is likely to occur within the order Hypocreales and Helotiales,
which were present the most in leaf endosphere. Neothyphodium itself is from Hypocreales
and Lachnum, which was significant for leaf endosphere and for 14™ year of root endosphere
is from Helotiales. Order Helotiales is one of the larges ascomycetous group with broad range
of ecological roles (Wang et al., 2006). Is it therefor uncertain what role Helotiales might play
in case of the long-term drought stress. In any case, both of these taxa experienced at least a

slight increase in relative abundance during drought in both endospheres studied.
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7 Conclusion

In recent years, attention has increasingly turned to microbiota and their impact on other
organisms. In addition to the relationship between humans and their microbiome, for example,
the relationship between plants and their microbiota is also being explored. It is evident from
these studies that this relationship between the plant and its associated microbiota plays an
important and often irreplaceable role, such as in the case of drought stress.

The results of our experiment built on those of previous short-term studies answer the
question of how long-term drought affects plant associated microbiota. In general, different
drought lengths had an effect on the composition of both prokaryotes and fungi communities.
These changes are then seen predominantly in the rhizosphere and root endosphere. In these
two parts, the harsher environmental conditions do not have such a strong influence and the
microorganisms have a rather positive relationship with each other (as opposed to increased
competition in leaves).

The hypothesis that prokaryotes and fungi would differ in their response was also
confirmed. For prokaryotes, we see a decline in the diversity of the root endosphere
communities after only two years of drought, when selection of specific taxa by the plant may
have occurred. In contrast, we see almost no change in fungi in response to drought at all.
This may be due to the physiological characteristics of the groups rather than the relationship
with the plant itself. This is in line with the result of the specialization index, where we see an
increase in specialists only in prokaryotes and rather a decrease in fungi.

Our experiment also confirmed the previously observed trend of a relative increase in
Actinobacteria under drought. I also recorded classes such as Bacilli, Alphaproteobacteria,
Gammaproteobacteria or Thermoleophilia. For fungi, 1 then noted a surprising increase in
saprophytic taxa predominantly in the root endophyte.

Last but not least, my work has also provided insight into the sharing of microbial taxa
between plant compartments. Prokaryotes share most of their taxa in the rhizosphere and root
endosphere whereas fungi share their taxa mostly between the root and leaf endosphere. Both
of these trends were deepened by the length of the drought.

This work has provided answers to the question of how a prolonged drought will affect
plant-associated microbial communities. However, what specific effects these changes in the
microbiota have on plants and other organisms remains unanswered and it is worth addressing

these questions in the future.
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