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IV Summary

Microbial colonizers of natural plant populations play a pivotal role in shaping microbial
community composition, influencing host physiology, and either promoting or suppressing
disease development. Investigating the microbiome of Arabidopsis thaliana populations in
the Tibingen region provided valuable insights into community structure and its interaction
with the obligate biotrophic pathogen Albugo laibachii. Identified as a hub species through
correlation network analysis, A. laibachii emerged as a key player in the phyllosphere, actively
shaping the surrounding microbial community. In the same study, basidiomycete yeasts were
found to be more stable than bacteria and occurred both in the presence and absence of
the oomycete pathogen. While many yeasts co-occur with Albugo, some — particularly
Moesziomyces bullatus and Cystofilobasidium — were predominantly found in its absence.
These yeasts were shown to significantly reduce pathogen infection, with glycoside hydrolase
25 (GH25) identified as the key effector enzyme in the case of M. bullatus.

In the present study, we sought to elucidate the mechanism behind the inhibitory effect of
Cystofilobasidium and uncovered an intriguing cross-kingdom synergy with a Pseudomonas
extremaustralis strain frequently co-isolated with Cystofilobasidium from natural A. thaliana
populations. Initial analyses confirmed that neither GH25 nor its orthologs are present in the
Cystofilobasidium genome, suggesting a previously uncharacterized mechanism. Confronta-
tion assays showed that the antimicrobial activity of our P. extremaustralis isolate is enhanced
in the presence of Cystofilobasidium yeasts against various A. thaliana-associated bacteria.
Notably, co-cultures of Cystofilobasidium and Pseudomonas exhibited increased biofilm for-
mation in the presence of these previously inhibited bacterial strains. Transcriptomic analysis
of the yeast revealed a distinct response to P. extremaustralis, and subsequent qPCR valida-
tion identified two candidate genes: the ABC transporter gh886 and the glycoside hydrolase
24647.

Together, these findings support a model in which the inhibition of A. laibachii observed in
initial infection assays results from a natural synergistic interaction between Cystofilobasidium
and P. extremaustralis. This interaction likely enhances biofilm formation, thereby reducing
pathogen adhesion, and promotes selective microbial inhibition that indirectly limits pathogen

colonization.




V  Zusammenfassung

Mikrobielle Besiedler natiirlicher Pflanzenpopulationen spielen eine zentrale Rolle bei der
Zusammensetzung mikrobieller Gemeinschaften, beeinflussen die Wirtspflanze und koénnen
Krankheitsverldaufe féordern oder unterdriicken. Die Untersuchung des Mikrobioms von Ara-
bidopsis thaliana-Populationen in der Region Tiibingen lieferte wertvolle Einblicke in die
Struktur der Gemeinschaft und ihre Wechselwirkung mit dem obligat biotrophen Pathogen
Albugo laibachii. Als zentraler Hub in der Korrelationsnetzwerkanalyse identifiziert, erwies
sich A. laibachii als Schliisselfaktor in der Phyllosphére, der die umgebende Mikrobiota aktiv
mitgestaltet. In derselben Studie wurden die Basidiomyceten als robuster im Vergleich zu
den Bakterien beschrieben und traten sowohl in Anwesenheit als auch in Abwesenheit des
Oomyceten-Pathogens auf. Wahrend viele Hefen mit Albugo koexistieren, wurden einige —
insbesondere Moesziomyces bullatus und Cystofilobasidium — iiberwiegend in dessen Abwe-
senheit gefunden. Diese Hefen reduzierten die Pathogeninfektion signifikant, wobei im Fall
von M. bullatus die Glycosid-Hydrolase 25 (GH25) als zentrales Enzym identifiziert wurde.
In dieser Studie untersuchten wir den Wirkmechanismus von Cystofilobasidium und entdeck-
ten eine reichsiibergreifende Synergie mit einem Pseudomonas extremaustralis-Stamm, der
haufig gemeinsam mit Cystofilobasidium aus natiirlichen A. thaliana-Populationen isoliert
wurde. Erste Analysen zeigten, dass weder GH25 noch orthologe Sequenzen im Genom von
Cystofilobasidium vorkommen, was auf einen unbekannten Mechanismus hindeutet. Kon-
frontationsassays ergaben, dass die antimikrobielle Aktivitat des P. extremaustralis-Isolats
in Anwesenheit von Cystofilobasidium gegeniiber verschiedenen A. thaliana-assoziierten Bak-
terien verstarkt wird. Zudem wiesen Mischkulturen von Cystofilobasidium und Pseudomonas
in Gegenwart dieser Bakterienstdmme eine erhohte Biofilmbildung auf. Die Transkriptom-
analyse der Hefe zeigte eine deutliche Reaktion auf P. extremaustralis, und gPCR-Validierung
identifizierte zwei Kandidatengene: den ABC-Transporter gh886 und die Glycosid-Hydrolase
g4647.

Diese Ergebnisse stiitzen ein Modell, bei dem die beobachtete Hemmung von A. laibachii auf
einer natiirlichen Synergie zwischen Cystofilobasidium und P. extremaustralis beruht, die iiber
verstarkte Biofilmbildung die Pathogenadhésion reduziert und durch selektive Mikrobenhem-

mung die Besiedlung durch Pathogene indirekt einschriankt.

XI






Introduction

6 Introduction

Microbial communities play a major role in natural, as well as man-made environments and
inhabit all known ecological niches, from extremophiles on the ocean floor (Bienhold et al.,
2016) to biofilms forming on space flight equipment (Marra et al., 2023). Diverse habitats
come with different challenges. Variable pH, temperature, salinity along with overall nutrient
limitation or heavy metals and many more all need to be dealt with. Over time, many different
methods of adaptation to the multitude of environmental conditions were developed. Slow-
growing microbes take a more methodical approach, while fast-growers try to outpace the
competition for nutrients and space. Other approaches include the formation of biofilms to
produce a physical barrier or the construction of microbial communities. Complex microbial
communities have the advantage that not all microbes have to adapt to all environmental

challenges but can share the responsibilities.

6.1 The Plant Holobiont

One such example of a microbial community is the plant microbiome. Here, a multitude
of interactions between the plant host, its associated microbes and among the microbes
themselves take place. Many of these interaction are symbiotic by providing stability for
the community and contributing to plant health (Newton et al., 2010). Combinations of
host-microbe, microbe-microbe and host-microbe-microbe interactions are responsible for the

establishment of the microbiome as we know it (Hunter et al., 2010, Bakker et al., 2014).

6.1.1 Plant-Microbe Interactions in the Rhizosphere

Microbial communities in the rhizosphere are distinct from those in bulk soil and often play
a beneficial role for the plant. To attract specific microbes to the root zone, plants release
various organic compounds, including sugars, amino acids, and phenolics, which promote
microbial enrichment in the rhizosphere (Hu et al., 2018, Y. Liu et al., 2024). This recruitment
process can be energy-intensive, with plants allocating up to 40% of their photosynthetic
output for this purpose (Zhalnina et al., 2018). Different plants have different rhizosphere
effects. For example, maize and lotus have a rather strong effect (Peiffer et al., 2013, S. Zhu et

al., 2016, Zgadzaj et al., 2016) compared to A. thaliana (Edwards et al., 2015, Schlaeppi et al.,

13



Introduction

2014). The acquired microbes in turn have multiple advantages for the plant. They provide
an increased capability to take up nutrients by making limiting compounds, like nitrogen
or phosphorus, more available (Richardson and Simpson, 2011). Through the increased
availability of food and certain microbes being able to produce phytohormones like indole-
3-acetic acid (IAA), plant growth is promoted (Gouda et al., 2018, Backer et al., 2018,
P.-F. Sun et al., 2014). Plant-derived carbon is exchanged not only for growth-promoting
phytohormones or enhanced nutrient solubilization but also for protection against pathogens.
For example, commensal Pseudomonas strains can suppress pathogenic Pseudomonas (Eitzen
et al., 2021, Shalev et al., 2022). Beyond just protecting directly from pathogens, microbes
can also prime the plants immune system through induced systemic resistance (Pieterse
et al., 2014, Peng et al., 2023). Necessarily, when enhancing plant immunity, microbes
need the ability to evade host defenses or suppress the immune response, which is especially
important for endophytes coming in closer contact with the host immune system (Zamioudis
and Pieterse, 2012, Y. Liu et al., 2017). Additionally, it was shown that under different
abiotic stresses, the microbial community surrounding the plant shifts to accommodate the
changing environment and help the plant handle stress such as drought better and faster (Lau
and Lennon, 2012, Gehring et al., 2017). Furthermore, the adaptation of plant responses to
dry soil was inferred not by changes in plant genetics but rather by the microbial community,

again displaying the importance of the microbiome (Lau and Lennon, 2012).

6.1.2 Composition and Colonization of Phyllosphere Microbiota

In addition to the rhizosphere — the below-ground plant-microbe interface — the phyllo-
sphere represents the above-ground counterpart, encompassing all aerial parts of the plant.
Globally, leaves constitute one of the largest natural surfaces, covering an estimated area of
approximately 508 million km? (Woodward and Lomas, 2004). It is estimated that within
this ecological niche, between 10% and 107 bacterial cells inhabit each square centimeter (Lin-
dow and Brandl, 2003). Microbial inhabitants consist of a broad range of taxonomic groups.
Overall, bacteria are the most abundant followed by filamentous fungi or single-celled yeasts
and other eukaryotes like protists, algae and archea (Vorholt, 2012, Almario et al., 2022).
Although not yet extensively studied in the context of microbial communities, viruses and

bacteriophages are widely acknowledged to be present and add an additional layer of com-
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plexity. Their roles may help shed light on some of the unresolved aspects of host—microbiome
interactions (Koskella and Brockhurst, 2014, Debray et al., 2024). Microbes can live on the
leaf surface, which we call epiphytes and often aggregate into biofilms (C. E. Morris et al.,
1997) compared to endophytes that enter the plant and inhabit its tissues. The plant is
able to assemble its microbiome indirectly by different leaf surface properties causing distinct
microbial colonization (Hunter et al., 2010). Not only is an indirect assembly possible but
it was shown that by jasmonic or gamma-aminobutyric acid signaling the host can directly
attract desired microbes (Kniskern et al., 2007, Balint-Kurti et al., 2010). Major taxa include
Alphaproteobacteria, which can make up to ~70% of leaf associated bacteria, followed by
Gammaproteobacteria, Bacteroidetes and Actinobacteria (Whipps et al., 2008, Lambais et al.,
2006, Vorholt, 2012). Key bacterial groups contain Sphingomonadaceae (mostly epiphytic),
Methylobacteriaceae, Pseudomonas, Pantoea and Xanthomonas (Beattie and Marcell, 2002,
Vorholt, 2012). Fungal community members often colonize the plant through airborne spores
and commonly consist of yeasts, but filamentous fungi like Alternaria or Cladosporium are

also frequently found (Vorholt, 2012).

6.1.3 Environmental and Host Factors Shaping the Phyllosphere Microbiome

The microbial community can be influenced by a multitude of factors including UV radia-
tion, temperature, humidity, precipitation and air quality. While pigmented microbes stand
a higher chance of survival on the leaf surface, non-pigmented ones either die, live on the leaf
underside or enter the plant to protect themselves leading to the diversification and differen-
tiation of the microbiome (Kadivar and Stapleton, 2003, Vorholt, 2012, Remus-Emsermann
et al., 2012). Temperature and humidity mostly go hand in hand, as higher temperatures in
general mean a more dry environment, with the exception of equatorial rain forest regions
or when rainfall occurs at elevated temperatures. If water aggregates on the leaf surface, the
flow of liquid can wash away microbes without the ability to adhere to the plant, for example
by formation of biofilms (Noel et al., 2022), or remove the ones not adapted to more humid
conditions (Monier and Lindow, 2004). In addition, water flow can move microbes on the leaf
and leave them in crevices in which they then accumulate creating “hot-spots” of microbial
presence. Another contributing factor to microbiome composition is the plant age. Senescing

leaves accumulate different nutrients compared to young ones and therefore provide differ-
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ent conditions, which in turn has an impact on the microbial community (Vorholt, 2012).
Geographical locations, combining multiple abiotic factor changes at once, also influence mi-
crobial community structure and shows that side-specific effects have a greater impact on the

microbiome than plant genotype (Finkel et al., 2011, Redford et al., 2010).

6.1.4 Microbial Hubs and Community Assembly

Not only does the host interact with the microbial community, but microbe-microbe interac-
tions are highly important to keep the community composition stable and to provide benefits
for the plant and its microbial members. While inter-kingdom interactions in the microbiome
are dominated by negative associations, positive correlations make up the majority of intra-
kingdom interactions (Agler et al., 2016). Some microbes have a bigger impact on the overall
community composition than others. If a microbe is highly interconnected — exhibiting high
betweenness and closeness centrality — and has a significant influence on the overall com-
munity, it is considered particularly important. We call these microbes hubs (Agler et al.,

2016).

6.1.5 Colonization Strategies and Microbial Succession

Primary colonizers, the initial microbes interacting with the plant, support secondary col-
onizers by shielding them from abiotic stresses such as drought and supplying essential
metabolites, thereby enhancing their competitiveness (Poza-Carrion et al., 2013, Roberts
and Lindow, 2014). The establishment of secondary colonizers is not solely based on mu-
tually beneficial interactions, as hyperparasitism of primary colonizers has been observed,
underscoring the complexity and diversity of microbial interactions (Horner et al., 2012).
There are two ways for a plant to be colonized by microbes. The first is vertically, inheriting
their microbial partners from the seeds, while horizontal transfer describes the process on
how microbes arrive on the plant from the environment (Truyens et al., 2015, Barret et al.,

2015, Links et al., 2014, Bulgarelli et al., 2013, Reinhold-Hurek et al., 2015).

6.1.6 Molecular Communication and Functional Interactions

The resulting microbial community is shaped in big parts by interactions happening between

the microbes themselves in a dynamic and diverse manner. Molecular communication, such as

16



Introduction

quorum sensing, plays a key role in shaping microbial interactions. It was shown that bacteria
use quorum sensing molecules to monitor population density, for example by employing N-
acyl-l-homoserine lactone (Eberl, 1999). The pathogenic yeast Candida albicans uses the
signaling compound farnesol to inhibit biofilm formation by regulating the switch from yeast
to mycelial growth and increase drug efflux rate of specific transporters (Hornby et al., 2001,
Ramage et al., 2002, Sharma and Prasad, 2011). Due to the conserved nature of many sensing
molecules, other microbes can interfere with quorum sensing of others leading to a constant
struggle between them. Surrounding microbes not only create niches for others, but extend
them. This is achieved by making nutrients available through the breakdown of compounds,
removal of toxins from the environment or exchanging electrons (Wintermute and Silver, 2010,
Harcombe, 2010, Schink, 2002, B. E. Morris et al., 2013). Such beneficial interactions promote
more positive interactions between microbes overall and result in increased connectivity (B. E.
Morris et al., 2013). On the other hand though, being dependent on others to provide, leads
to gene loss over time and full dependency on the provider (Mas et al., 2016, Kemen et al.,

2011).

6.1.7 Dispersal, Symbiosis, and Antagonism

Increased microbial dispersal on and within plants represents another context-dependent
interaction, with “fungal highways” providing a route for bacteria and other microbes to
move along hyphae (Kohlmeier et al., 2005). Other methods of distribution include spore
transport by protists or the usage of hyphae and mycelia to colonize in the plant endosphere
(Larousse et al., 2017). Speaking of fungi, they were shown to contain a microbiome of
their own. These intracellular communities have a low diversity, for example, the arbuscular
mycorrhiza fungi Gigaspora margarita can host two bacteria of the class Mollicutes and genus
Burkholderia (Desiro et al., 2014). But not only symbiotic interactions happen in and on the
plant host. As discussed earlier, resources are scarce and therefore competition for nutrients
is ever-present. Microbes continuously compete for survival, whether by secreting molecules
to aid in acquiring essential elements — such as siderophore production for enhanced iron
uptake (Wandersman and Delepelaire, 2004, Joshi et al., 2006) — or by outcompeting others
through superior speed or efficiency. Another way of securing their place in the niche is

the production of antimicrobials. In general, antagonistic interactions are known to be major
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drivers to shape and structure the microbial community (Tyc et al., 2014, Maida et al., 2016).
Most antimicrobials are secondary metabolites and can be produced by bacteria, fungi and
other eukaryotes (Shearer, 1995, Coleman et al., 2011). Some are only synthesized in co-
culture, so the presence of multiple microbes might be necessary for compound production
(Schroeckh et al., 2009, Netzker et al., 2015). Indirect killing of competitors is not the only
way microbes get rid of opposition. By direct contact many microbes use secretion systems
to introduce effectors or toxins into their target. Secretion systems are not necessarily used
for negative interactions, as it was shown that Burkholderia rhizozinica increases sporulation

of Rhizopus microsporus in a symbiotic manner (Records, 2011, Lackner et al., 2011).

6.1.8 Pathogenesis and Microbiome Destabilization

Similar to the animal kingdom, predation is also common in the microbial community with
bacterial mycophagy, fungal on fungi mycoparasitism or higher eukaryotes grazing on bacteria
reshaping the microbial network in plants (De Boer et al., 2004, Barnett, 1963, Flues et al.,
2017). As for other living organisms, diseases are not uncommon and plants can be host
to a multitude of non-beneficial, even harmful microorganisms. These pathogens have a
significant impact on plant health by production of toxins (Tsuge et al., 2013, Howlett,
2006), modification of the host metabolism (Cai et al., 2023, Berger et al., 2007) and altering
the host microbial community stability through structural and compositional changes of
the microbiome (Agler et al., 2016). Many pathogens usually live as commensals in the
plant microbiome. External perturbations like climate, nutrient change or the arrival of
a community disturbing actor can change the balance leading to opportunistic pathogens

becoming infectious (Charkowski, 2016).

6.2 Importance of Novel Plant-Protective Measures

Agricultural crop production forms the foundation of our food industry, with wheat alone
accounting for approximately 20% of global calorie and protein intake (Shiferaw et al., 2013).
Evidently, it is imperative that plant protection is a high priority research, not only for en-
vironmental protection and climate preservation but crucially to prevent world hunger by
securing our food production and making crops more resilient to disease. Nowadays, one of

the major plant protection methods is the use of chemical agents, which, more often than not,
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have a negative impact on the targeted plant. Additionally, the entire ecosystem including
animals and plants not intended as treatment targets or groundwater can be effected (Goul-
son, 2014, World Health Organization, 1990). As such, the search for alternative treatment
options needs to be a top priority. The main alternative in research today is the utilization of
naturally occurring microorganisms, which have several advantages: they target pathogens
more directly and specifically without too many side or off-target effects, while also being

beneficial for the plant health directly (Essiedu et al., 2020).

6.3 Arabidopsis thaliana Tiibingen Sampling

The baseline data for this study was collected during sampling trips across the city of
Tiibingen, Baden-Wiirttemberg, Germany. From 2014 onward, A. thalianae individuals from
populations were collected at six different sites (Agler et al., 2016 supplementary data) two
times a year. The first time, they were collected at the beginning of the growing season in fall
and the second time at the end of it in spring. During processing, the samples were washed to
collect epiphytic microbes and then surface sterilized to get the remaining endophytes. Over-
all, more than 700 samples were acquired and analyzed with three primer sets for bacteria
(16S), fungi (ITS) and other eukaryotes (18S) via amplicon sequencing. Correlation network
analysis revealed positive correlations mostly in kingdoms and negative ones predominately
between kingdoms (Agler et al., 2016). Further investigation identified the oomycete Albugo
laibachii and the basidiomycete yeast Dioszegia hungarica as major hub taxons in the studied

samples (Agler et al., 2016).

6.4 The Oomycete Pathogen Albugo laibachii

Surprisingly, A. laibachii is not only a hub taxon in the phyllosphere but additionally an
obligate biotrophic pathogen and the causal agent of the white rust disease on A. thaliana
(Kemen et al., 2011), which is one of the major diseases in Brassicaceae (Ploch and Thines,
2011). To fulfill its life cycle, Albugo first needs to enter the plant leaf through the stomata,
after which it forms intercellular hyphae, penetrating the cell wall to form haustoria used
to take up nutrients from the plant cell and secreting effectors into the host to stimulate
host reactions to, for example, evade detection (Kemen et al., 2005, Kemen and Jones, 2012,

Spanu and Kéamper, 2010, Rafiqi et al., 2010). Over time, the pathogen shed several essential

19



Introduction

metabolic functions required for independent survival, including thiamine synthesis, nitrate
reductase, and the molybdopterin biosynthesis pathway. Conversely, it also acquired new
genes, such as CHXC-effectors (Kemen et al., 2011). In addition, effectors in general not
only impact the host but shape the microbial community around it as Albugo uses released
proteins to selectively suppress bacteria and shapes its niche depending on the circumstances,
further cementing it as a major player in the A. thaliana phyllosphere microbiome (Gémez-
Pérez et al., 2023). Interestingly, when taking a deeper look into the genus we can see that
there are differences between the species. A. laibachii and A. candida are both obligate
biotrophic organisms but differ in terms of host range. Usually, obligate biotrophs have a
very narrow host range, infecting only one host, which is the case for A. laibachii infecting A.
thaliana. In comparison, A. candida is able to infect over 200 plant species (McMullan et al.,
2015). Even though there are huge differences when it comes to the hosts, both species share
very similar genome sizes with 32.77 Mbp for A. laibachii and 34.45 Mbp for A. candida
(McGowan et al., 2019). Comparing genome size, one might suggest the slightly higher
number of base pairs correlates to higher number of genes but it was shown that A. laibachii
has more predicted gene models than A. candida. The former having 12567, while the latter
has 10698 predicted genes (McGowan et al., 2019). Overall, both Albugo species have a
small but very dense genome compared to other oomycete pathogens and one of the highest
gene density (gene models per Mbp) in the group of obligate biotrophic oomycetes, with A.
laibachii having more than double the density compared to Hyaloperonospora arabidopsidis

(adapted from McGowan et al., 2019).

6.5 Microbial Network Structure and Key Species

In general, microbial network analyses help us understand how communities come into ex-
istence, evolve over time, and interact with each other (Faust et al., 2015). As previously
mentioned, hub microbes have high connectivity compared to non-hubs and therefore greatly
influence the community; however, being a hub does not necessarily equate to being a keystone
species (Agler et al., 2016). Certain individual Proteobacteria or Actinobacteria have a high
potential to act as keystone species, as demonstrated by drop-out experiments conducted by
Carlstrom et al., 2019, even though they may not appear as hub species in correlation-based

network analyses.
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6.6 Environmental Drivers of Microbial Community Dynamics

Naturally occurring microbial communities are shaped not only by their members but also
by abiotic factors that play a major role in sculpting the microbiome. As DNA, RNA, and
proteins are sensitive to temperature fluctuations — denaturing at high temperatures —
microorganisms must adapt to environmental changes or risk being lost from the commu-
nity. Temperature stress can alter gene expression, leading to changes in the production of
antimicrobial compounds and, consequently, shifts in community composition. Other abi-
otic stressors include nutrient availability, water supply, and the duration of daylight, which
influences UV exposure on leaf surfaces.

A common garden experiment demonstrated that over the growing period of A. thaliana
from November to March, the microbial network became progressively less complex and
diverse (Almario et al., 2022). Despite this, the stability of the community in response to
perturbations increased during the same period (Almario et al., 2022). Analysis of alpha
diversity — defined as the number of distinct taxa — showed that bacterial communities
had the highest diversity, followed by fungi and then oomycetes. Interestingly, fungal and
oomycete alpha diversity remained relatively stable throughout the growing season and across

multiple years of sampling (Almario et al., 2022).

6.7 Basidiomycete Yeasts in Leaf Microbial Communities

As well adapted, frequent colonizers of the plant leaf surface, basidiomycete yeasts are often
known to be a major part of the phyllosphere microbiome (Into et al., 2020). The phyl-
losphere is a nutrient scarce environment forcing microbes to adapt to harsh and quickly
changing conditions and compete for food and space (Gouka, Vogels, et al., 2022). The
production of carotenoids protects them from the UV radiation constantly faced on the leaf
and additionally are able to construct biofilms using extracellular polysaccharides and sur-
factants (Noel et al., 2022). Biofilm formation has many advantages. In biofilms, moisture
is accumulated compared to the rather dry leaves and it keeps the microbes on the leaf by
virtually gluing them to the surface (Gouka, Vogels, et al., 2022). In addition, not only do
the pigments produced by the yeasts protect from UV light but the biofilms themselves can
act as a barrier for UV radiation and a physical barrier for other microbes to protect the

microbial community from invaders, or the host from pathogens (Villa et al., 2017). Being
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able to use many different substrates in an otherwise nutrient deficient space as a carbon or
nitrogen source, basidiomycetes can utilize glucose, fructose, sucrose and methanol as well as
amino acids, ammonium salts or nitrate gives them a competitive edge (Mercier and Lindow,
2000, Zymar’lczyk—Duda et al., 2017, Moliné et al., 2010, Chi et al., 2015, Shiraishi et al.,
2015). Common leaf associated genera include Sporobolomyces, Rhodotorula, Cryptococcus
and others that spread through the air using ballistoconidia contributing to their widespread

appearance (Noel et al., 2022, Into et al., 2020).

6.7.1 Interactions with Other Microbes in the Phyllosphere

Basidiomycete yeasts can forge and participate in diverse and complex interactions with other
microbes present in leaf microbial communities like bacteria, filamentous fungi, other yeasts or
other eukaryotes like oomycetes. They often coexist with epiphytic bacterial populations and
removing them from the community has a great impact on the composition of the bacterial
residents (Noel et al., 2022). As previously shown, yeasts (and specifically basidiomycete
yeasts) can have a multitude of interaction types with other microbes. Using network analysis
they were observed to directly correlate in a positive and negative manner with a wide range
of organisms, for example as shown for D. hungarica being directly positively associated with

A. laibachii (Agler et al., 2016).

6.7.2 Antagonistic Functions Against Pathogens

On the other hand though, negative interactions of basidiomycete yeasts are also described
detailing their multifaceted role in communities. A study investigating powdery mildew in-
fections on cucumber plants could show that Pseudozyma aphidis hyperparasites the fungus
Podosphaera zanthii and therefore stop the infection (Gafni et al., 2015). The yeast accom-
plishes this by overgrowing the fungus, penetrating the hyphae to secrete effectors, which
hinder spore germination and results in pathogen inhibition (Gafni et al., 2015). Another
very interesting example of negative interactions of basidiomycete yeasts with a pathogen is
the example of Moesziomyces bullatus, which, in A. thaliana leaf microbial network analysis,
correlates negatively with A. laibachii in contrast to most other basidiomycete yeasts (with

the exception of Cystofilobasidium) (Dohlemann, Sengupta, Mahmoudi, Kemen unpublished).
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6.7.3 GH25 Lysozyme-Mediated Pathogen Suppression

Investigation regarding whether yeast growth is inhibited by the oomycete or the other way
around and questioning if the interaction happens in a direct manner revealed an interesting
mechanism for pathogen inhibition. M. bullatus produces a lysozyme belonging to the family
of glycoside hydrolases 25 (GH25), which even in an isolated form reduces pathogen infection
rate of A. thaliana leaves (Eitzen et al., 2021). Enzymes of the GH25 family specialize on hy-
drolyzation of 3-1,4-glycosidic bonds between N-acetylmuramic acid and N-acetylglucosamine
in peptidoglycan (CAZypedia.org, 2025). A unique characteristic of GH25 lysozymes is the
ability to degrade the O-acetylation of peptidoglycan at position C6, which is a modification
that some bacteria, like Staphylococcus aureus, use to be resistant to some lysozymes (Hash

and Rothlauf, 1967).

6.7.4 Direct Interactions with the Plant Host

Not only are basidiomycete yeasts able to interact within the microbial community but di-
rectly engage with the plant host. Growth stimulating yeasts were found to produce the
phytohormone indole-3-acetic acid (IAA), an auxin that increases plant growth (P.-F. Sun
et al., 2014). Species, such as Moesziomyces aphidis and Rhodotorula mucilaginosa can be
used as biofertilizers to enhance plant growth in various crops by promoting root growth

(Kumla et al., 2020).

6.8 The Basidiomycete Yeast Cystofilobasidium

As previously described, the basidiomycete yeast Cystofilobasidium was — together with
Moesziomyces — one of the two basidiomycete yeast genera that were shown to negatively
associate with the oomycete pathogen A. laibachii (Dohlemann, Sengupta, Mahmoudi, Ke-
men unpublished). The species belongs to the genus Cystofilobasidium, which was differenti-
ated from the genus Rhodosporium in 1983 (Oberwinkler et al., 1983). The main difference
that led to the distinction is the formation of teliospores, which, compared to basidiospores
from Filobasidium (a teleomorph of Cryptococcus neoformans), are thick-walled resting spores
(Oberwinkler et al., 1983, Moore and Rij, 1972). Approximately 20 years after the genus was
differentiated, Mrakiaceae was distinguished from Cystofilobasidiaceae, but both families still

belong to the order of Cystofilobasidiales (McLaughlin et al., 2001).
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6.8.1 Diversity, Ecology, and Field Relevance

Currently, ten species are described within the genus: C. alribaticum, C. bisporidii (type
species), C. capitatum, C. ferigula, C. infirmominiatum, C. intermedium, C. josepaulonis,
C. lacus-mascardii, C. lari-marini, C. macerans, with many having anamorphic states in
other genera (H.-Y. Zhu et al., 2023, X.-Z. Liu et al., 2015, Oberwinkler et al., 1983, Fell et
al., 1999, Libkind et al., 2009). Generally speaking, the yeasts are known to be able to survive
even at freezing temperatures, different pH-values and salinity conditions as C. bisporidii was
isolated from seawater in the Antarctic Ocean, though they are mainly associated with plants
(Sampaio et al., 2001). For example, C. macerans and C. capitatum were found in Cineraria
sp. and Trifolium sp. respectively (Sampaio et al., 2001). During our A. thaliana sampling
trips, we could also find yeasts with similar morphology and pigmentation. After further
investigation, we identified the isolated microbe as a Cystofilobasidium yeast, belonging to
the species C. macerans and C. capitatum, which is important as these two species were used
here. This reinforces the results from Almario et al., 2022 that showed Cystofilobasidiales

are part of the top 20 most abundant basidiomycete yeast orders and stable over years.

6.9 The Role of Pseudomonas in Leaf Microbial Communities

Pseudomonas is another major player in the leaf phyllosphere and is frequently of high
ecological significance. As a, often dominant, leaf colonizer it is a core part of the microbial
community (Gomila et al., 2015, Long et al., 2021). It can utilize a wide variety of nutrients
and is able to adapt to low nutrient conditions in a usually low food quantity environment
such as the leaf surface (Sitaraman, 2015, Mercado-Blanco and Bakker, 2007). Additionally,
the presence of sophisticated DNA repair systems, like the pSR1 and pSR5 plasmid in P.
syringae, protects the bacterium from UV radiation faced on leaves (Sundin et al., 1996).
High temperatures and low humidity have been shown to decrease the abundance, while
higher humidity increased it (Chai et al., 2023). Additionally, humidity can play a big role in
pathogenicity, as certain non-pathogenic strains of P. syringae do become pathogenic when

a specific threshold is reached (Xin et al., 2016).
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6.9.1 Metabolic Versatility and Survival Strategies

Showing high metabolic versatility, Pseudomonas contributes highly to nutrient cycling through
the production of siderophores like pyoverdine, which is used to sequester iron from the en-
vironment and modulate the overall microbial composition (Cox and Adams, 1985, Cox and
Graham, 1979, Poole et al., 1996). Moreover, some P. putida strains display the ability to
“clean the air” by reducing the amount of volatile organic compounds (VOC) (De Kempeneer
et al., 2004). It was also shown that Pseudomonas outcompetes other microbes in terms of
growth speed. It is, for example, able to quickly overgrow slow growers like Sphingomonas
species on the leaf surface (Lundberg et al., 2022). Additional on-leaf strategies for survival
include the formation of biofilms and quorum sensing. By exopolysaccharide production (like
alginate), Pseudomonas is able to better adhere to the plant and be protected from biotic
as well as abiotic factors (Helmann et al., 2019). A way to communicate and coordinate the
formation of biofilms is quorum sensing, which stimulates many more processes including an-
tibiotic production or the switch from commensalism to pathogenicity in some Pseudomonas

(Kuiper et al., 2004, Dubern et al., 2006).

6.9.2 Plant-Beneficial Functions and Pathogen Suppression

Specific species are beneficial for the plant host and the microbial community alike. It
was shown that Pseudomonas can promote plant growth by IAA production and can alter
root growth patterns. Exposure to bacteria-secreted 3-oxo-C12-AHL reduced primary root
growth, while diketopiperazines enhanced lateral root expansion, again demonstrating the
effects Pseudomonas can have on the plant (Fett et al., 1987, Ortiz-Castro et al., 2011).
Siderophore, quinolines, phenazines and the production of volatiles were all displayed to
induce pathogen inhibition (Santos Kron et al., 2020, Yasmin et al., 2017, Chin-A-Woeng et
al., 2003, Bailly and Weisskopf, 2017). Some species are also able to inhibit other pathogenic
Pseudomonas species such as P. syringae through direct contact using a type VI secretion
system mediated effector transmission (Bernal et al., 2017). Additionally, they can inhibit
fungal pathogens like Botrytis cinerea and Rhizoctina solani by lysis of zoospores (Kruijt et
al., 2009). Furthermore, P. fluorescence can induce plant growth through a type III secretion
system and P. putida induces systemic resistance in A. thaliana, showing the importance of

diverse sets of Pseudomonas species in the plant phyllosphere (Preston et al., 2001, Rainey,
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1999, Meziane et al., 2005).

6.9.3 Pathogenic Pseudomonas and Their Virulence Mechanisms

Unfortunately, the genus does not only comprise of beneficial species, some are pathogenic and
can cause potent foliar blights. P. syringae infects A. thaliana by epiphytic growth, which
then enters an endophytic phase to spread inside the leaf tissue (Innerebner et al., 2011,
Boureau et al., 2002, Hirano and Upper, 1983). After spreading internally, it produces the
effectors syringopeptin and -mycin, which are antimicrobially active and even toxic for plant
cells by their pore-forming characteristics (Lavermicocca et al., 1997, Hutchison and Gross,
1997). Overall, the genus is quite abundant in microbial communities with a few dominant
species that include detrimental pathogens causing high crop loss worldwide (Lundberg et al.,

2022).

6.10 Thesis Aim

This study investigates how cross-kingdom microbial cooperation can enhance antimicrobial
activity, with potential implications for managing the obligate biotrophic plant pathogen A.
laibachii. Our work was motivated by the discovery of a natural Pseudomonas strain in A.
thaliana populations that consistently co-occurs with Cystofilobasidium yeasts, suggesting an
ecological and functional association. We hypothesize that this co-culture improves bacterial
inhibition on the leaf surface, either through increased or more effective antimicrobial produc-
tion, and through enhanced biofilm formation, which may support microbial competitiveness
and stability in the phyllosphere.

To explore this interaction, we used a multi-faceted experimental approach. Confrontation
assays with a panel of leaf-associated bacterial strains assessed antagonistic activity in vary-
ing microbial contexts. In parallel, biofilm assays evaluated whether the bacterial partner
alters yeast biofilm structure or function. To uncover mechanistic insights, we conducted
transcriptomic analyses and validated key gene expression patterns with qPCR. Together,
these approaches allowed us to characterize both the phenotypic and molecular basis of this

cooperative interaction.
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7 Results

The goal of this work was to identify the role of basidiomycete yeasts in complex leaf micro-
bial communities. Primary network analysis revealed a negative association between the plant
pathogen Albugo laibachii and basidiomycete yeasts such as Moesziomyces bullatus (MbA)
and Cystofilobasidium, supporting the role of these yeasts in structuring microbial community
composition. Yeast isolation from natural Arabidopsis thaliana populations around Tiibingen
uncovered a consistent co-occurrence of Cystofilobasidium species with a Pseudomonas ex-
tremaustralis strain (subsequently referred to as B2). This interaction exhibited antimicrobial
activity against specific leaf-associated bacteria and raised the hypothesis that the yeast -
bacterium pairing contributes to pathogen suppression through targeted microbial interac-
tions. To investigate this, we employed co-culture assays and transcriptomic analyses to
elucidate the mechanisms of inhibition and to characterize the molecular basis of the yeast —

bacterium interaction.
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7.1 Glycoside Hydrolases in Cystofilobasidium

For the basidiomycete M. bullatus, a known A. laibachii antagonist, the glycosidic hydrolase
25 (GH25) was identified as the causal enzyme for pathogen inhibition (Eitzen et al., 2021).
The first question asked, was whether Cystofilobasidium uses the same mechanism to antago-
nize A. laibachii. Therefore, every publicly available Cystofilobasidium genome was analyzed
for the presence of hydrolases of the family 25 (data provided by Daniel Gémez-Pérez). Pfam
domain annotation was performed using InterPro Scan (V 5.73-104.0), and all domains con-
taining a GH domain, a GH catalytic core, or clearly assigned to one of the GH families were
identified across the seven publicly available Cystofilobasidium genomes (Table S1). The av-
erage number of hits per genome was then calculated to illustrate the distribution of GH

domains within the genus (Fig. 1).
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Figure 1: InterPro Scan analysis looking for Pfam domains belonging to GH families on all available
Cystofilobasidium genomes. Number of hits was divided by the number of available genomes to get the
average copy number over all available genomes. GenBank IDs for genomes used can be found in Table S1.

A wide range of GH families with varying average copy number, ranging from one for GH5
to 9.28 for GH20, was detectable, but no hint of a gene belonging to the family 25 was
found in the tested Cystofilobasidium genomes. The results are corroborated by searching
for the GH25 gene from M. bullatus in the genomes of the Cystofilobasidium yeasts used in
this study. By using the local BLAST+ suite (V 2.15.0), no hit for GH25 was found in our
genomes, as well as in the predicted genes list. This reinforces the hypothesis that the yeast

uses a different method to reduce pathogen infection.
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7.2 Cwystofilobasidium Strain Collection and Phylogeny

In this study, five different yeast strains, isolated over several years through multiple isolation
rounds, were used belonging to Cystofilobasidium capitatum, C. macerans, and Tausonia
pullulans. To characterize our Cystofilobasidium yeasts and build a foundation for later
downstream analysis, the genomes of the five yeasts were sequenced (Yeast 1, 2, 3 and 5 were
previously sequenced by Vladislav Mokeev) and assembled. In total, three yeasts belonging
to C. macerans (Yeast 1, 2 and 4), one belonging to C. capitatum (Yeast 3) and one yeast of
the family Mrakiaceae T. pullulans (Yeast 5) add up to the used strain collection. Yeast 1,
2, 3 and 5 sequencing was performed using long-read PacBio and short-read Illumina, while
Yeast 4 was done using our in-house Nanopore sequencing system (software: MinKNOW V
23.11.5). Genome assembly was done using the de-novo assembler Canu (V 2.2). Furthermore,

AUGUSTUS (V 3.2.3) was used for gene prediction (Table 1).

Assembly statistic Yeast 1 Yeast 2 Yeast 3 Yeast 4 Yeast 5
Species C. macerans C. macerans C. capitatum  C. macerans T. pullulans
Total assembly length (Mbp) 20.7 20.5 20.5 16.3 24.0
N50 contig (kbp) 1040.19 858.11 431.28 40.97 1235.02
Contigs 31 45 80 597 41
GC-content (%) 61.40 65.60 58.67 65.40 58.40
Percentage CDS (%) 61.96 66.30 64.34 65.00 56.18
Average gene size (bp) 2161.8 2230.1 2311.11 2076.77 2255.84
Average gene density (gene/kbp) 0.355 0.362 0.3541 0.3838 0.3239
Protein coding genes 7350 7411 7270 6255 7775
Exons 39864 38253 46085 30954 51899
Introns 32538 30858 38848 24928 44135
Introns/Exon 0.8162 0.8067 0.8430 0.8053 0.8504
Introns/Gene 4.4269 4.1638 5.3436 3.9853 5.6765
Average intron length (kbp) 0.7098 0.7071 0.5896 0.6160 0.6528
Percentage of bases in

intergenic regions (%) 23.16 19.35 18.15 20.29 26.93

Table 1: Assembly statistic on the contig-level genome assemblies of Cystofilobasidium macerans, Cystofiloba-
sidium capitatum and Tausonia pullulans (CDS - Coding sequence). Statistics acquired using QUAST (V 5.0.3)
and R-packages rtracklayer (V 1.64.0), GenomicRanges (V 1.56.2), Biostrings (V 2.72.1), GenomelnfoDB (V
1.40.1), XVector (V 0.44.0), IRanges (V 2.38.1), S4Vector (V 0.42.1), BiocGenerics (V 0.50.0) and base (V
4.4.1).

Analyzing the assemblies, allowed us to identify key features of the Cystofilobasidium genomes.
Total length was around 20 Mbp for all but one, as Yeast 4 only assembled up to 16.3 Mbp.
Additionally, GC-content of the contig-level assemblies varied between 58.40% and 65.50%.
The number of predicted protein coding genes was in the range of 7270 to 7775, with Yeast 4

being the outlier having only 6255 predicted genes, which is correlated to the smaller genome
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size. The average gene size for all yeasts was around 2100 bp and therefore very similar.
Furthermore, gene density analysis showed that all of them were around 0.35 genes per kbp.
Adding to this, the percentage of nucleotides in CDS ranged from 56.18% for Yeast 5 to
66.30% for Yeast 2. Furthermore, the averag intron to exon ratio was 0.8 and the average
number of introns per gene reached from 3.9 (Yeast 4) to 5.6 (Yeast 5). Bases in intergenic
regions make up 18.15% (Yeast 3) to 26.93% (Yeast 5) of the total genome size. Together,
these genome assemblies provide a comprehensive overview of the genetic features of the iso-
lated Cystofilobasidium strains. Despite some variation, particularly in Yeast 4, the genomes

were largely consistent in size, gene content, and structure.

7.2.1 Whole Genome Alignment of Yeast Assemblies

For comparison of the genomic similarity among the five yeast strains, pairwise genome
alignments were performed using progressiveMauve (V snapshot 2015-02-25). The resulting
distance matrix and alignment were used to generate both a heatmap of genomic distances
and a phylogenetic tree, allowing visualization of divergence patterns and evolutionary rela-

tionships (Fig. 2).
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Figure 2: A: Heatmap visualizing pairwise genomic distances among Yeast 1-5, based on whole-genome
alignment performed with progressiveMauve (V snapshot 2015-02-25). The resulting genomic distance matrix
was computed from alignment outputs and visualized in R as a heatmap. Color intensity represents the degree
of genomic divergence between strains. B: Phylogenetic tree created using progressiveMauve pairwise analysis
and visualized with FigTree (V 1.4.4), where branch length corresponds to phylogenetic distance.

The heatmap revealed variation in genomic distance among the yeast strains (Fig. 2 A). The
closest relationship was observed between Yeast 2 and Yeast 4 (distance = 0.126), displaying

high genome similarity. In contrast, Yeast 1 and Yeast 5 showed the greatest divergence
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(distance = 0.857), while Yeast 5 was consistently more distant from the others (average
distance = 0.845) followed by Yeast 3 (average distance = 0.8325). The phylogenetic tree
based on pairwise sequence alignment revealed the same pattern, with Yeast 5 being the

furthest from the other yeasts, and Yeast 2 and 4 clustering the closest (Fig. 2 B).
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7.2.2 Genes Tree Inference Supports Phylogenetic Consistency

Using OrthoFinder (V 3.0.1b1), a species tree was inferred to show the phylogenetic relation-
ship between the isolated strains based on protein sequences. The analysis was performed
on predicted gene models obtained from AUGUSTUS (V 3.2.3, —species=Cryptococcus neo-
formans) annotation of the individual genomes. Additionally, the genome sequences of M.
bullatus (provided by the Doehlemann Lab, Universitat zu Kéln) and Cryptococcus neofor-
mans (GenBank ID: GCA _035658335.1) were used as references in the species tree to show
distances to related species. A rooted tree was created using the ”Species Tree” results from

OrthoFinder and visualized with FigTree (V 1.4.4) (Fig. 3).
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Figure 3: Phylogenetic distances between isolated Cystofilobasidium strains. The species tree was generated
using OrthoFinder (v3.0.1bl) and visualized with FigTree (v1.4.4). Distances are indicated along the edges
between nodes. C. neoformans and M. bullatus served as reference strains.

Yeast 2 and 4 are closely related to each other, while Yeast 1, which is also a C. macerans,
clusters nearby. Together with Yeast 3, a C. capitatum, they form the monophyletic group
for the genus Cystofilobasidium. The next closest related species is Yeast 5, a T. pullulans.
They together form the family of Cystofilobasidiales. The yeast Cryptococcus neoformans is
closer related to the Cystofilobasidium species than M. bullatus, which forms the overall out-
group in this tree as it belongs to the class of Ustilaginomycetes. The phylogenetic tree based

on gene trees here reflected the same relationships between the yeasts previously obtained
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from analysis of the genome assemblies alone (Fig. 2). This agreement between alignment-
based and ortholog-based phylogenies supports the reliability of the observed clustering and
reinforces the phylogenetic relations inferred from purely nucleotide sequence trees. The con-
sistent clustering patterns highlight the close genetic relatedness of certain strains, while also
confirming the distinct separation of others. These results further validate the evolutionary

structure within the isolated Cystofilobasidium yeast collection.
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7.3 Characterization of Cystofilobasidium - Pseudomonas Interactions

Building on the phylogenetic characterization of the isolated yeasts, we next investigated
their interactions with co-isolated microorganisms. During the isolation process, several
Cystofilobasidium yeasts were repeatedly found in association with bacterial partners. To
better understand these interactions, we focused on strains where consistent bacterial co-
isolation was observed. This led to the identification and further study of a bacterial partner

closely associated with the newly isolated Cystofilobasidium strains.
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7.3.1 Isolation of Novel Cystofilobasidium Revealed Bacterial Partner

Since neither the yeast nor the bacterium showed any signs of inhibited growth in each other’s
presence, we decided to investigate their relationship in more detail. 16S Sanger sequencing
of the bacterial isolate identified it as a Pseudomonas extremaustralis strain. When the co-
culture was grown on agar plates, an interesting phenotype emerged: the orange yeast formed

a central colony while the opaque Pseudomonas grew around it. We termed this distinctive

growth pattern the “fried-egg” phenotype (Fig. 4).

A B

Figure 4: Top: Macroscopic image of 10 pul co-cultured C. macerans with P. extremaustralis in a 1:1 ratio
(ODgoo = 0.8) on a PDA agar plate. Bottom: Microscopic image of the same culture in liquid (before
dropping on plate) at 400x magnification. A - C. macerans Yeast 1; B - P. extremaustralis.

Microscopic analysis revealed higher bacterial count compared to the yeast (Fig. 4 Bottom).
Sometimes, aggregations of P. extremaustralis around Cystofilobasidium was observed dis-
playing a close interaction. Additionally, when scraping cells off of the co-culture plate (Fig. 4

Top), in the "bacterial” as well as the "yeast” part both partners were observable, which re-
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inforces the idea that they are living together and do not antagonize each other.

7.3.2 A. thaliana Microbial Network Analysis

The observed association between the isolated yeast and bacterium prompted the question,
whether this phenotype is supported by the microbial correlation network analysis. There-
fore, a correlation matrix was created from the Arabidopsis thaliana Tiibingen sampling data
over five years to display co-absence or co-presence of microbes belonging to bacteria, yeasts
and oomycetes (data provided by Maryam Mahmoudi). The network incorporates only sig-
nificant co-occurrences (p — value < 0.05). As we were interested in the interactions of
the phyllosphere microbes, the microbial network was analyzed with a focus on bacteria,
Cystofilobasidium yeasts and oomycete co-occurrences. The resulting network of positive
(green) and negative (orange) relations between the corresponding operational taxonomic
units (OTUs) revealed that there are two Cystofilobasidium, five oomycete and 1909 bacte-
rial OTUs (Fig. 5).
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B Bacteria and Cystofilobasidia Bacteria and Oomycetes Cystofilobasidia and Oomycetes
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Figure 5: A: Network visualization generated in Cytoscape, illustrating co-occurrence relationships among
bacterial, Cystofilobasidium yeast, and oomycete OTUs. The network was constructed using a matrix filtered
at a significance threshold of p < 0.05 (data provided by Maryam Mahmoudi) and was subset to include
only the three organism groups of interest. Green edges represent positive co-occurrences (co-presence),
while orange edges indicate negative associations (co-absence). B: Pie plot summarizing the total number
of co-occurrences between each group, with light green representing co-presence and dark green indicating
co-absence as a percentage of the total.

When comparing their direct interactions, most happened between bacteria and oomycetes.
Here, in total 732 co-occurrences were found with 57% being classified as co-presence and
43% as co-absence. The second most interactions appeared between bacteria and the yeasts,
dominated by co-absence. 53.5% negative and 46.5% positive of a total of 413 correlations
were present. The least amount of co-occurrence is reported between Cystofilobasidium and
the oomycete group with a total of one co-absence (Fig. 5 B). As we were interested in the
interaction between P. extremaustralis and the yeasts we dived deeper into the network.
Therefore, a more detailed analysis looking into the network of Pseudomonas, Cystofilobasid-

1um and oomycetes was conducted, resulting in a condensed sub-network and redistribution
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of co-absence and co-presence interaction counts (Fig. 6).

A I2E ——— 7\

Cystofilobasidium

B Pseudomonas and Cystofilobasidia Pseudomonas and Oomycetes Cystofilobasidia and Oomycetes

Total: 13 Total: 14

71.4%
76.9% %

Positivel” Negative

Figure 6: A: Network visualization created in Cytoscape, showing co-occurrence relationships specifically
between Pseudomonas OTUs, Cystofilobasidium yeast, and oomycetes. The network was subset from the
original co-occurrence matrix (threshold p < 0.05) to include only nodes associated with Pseudomonas. Green
edges represent co-presence, and orange edges represent co-absence. B: Summary of total co-occurrences
among the three groups, with light green indicating co-presence and dark green indicating co-absence, shown
as a percentage of all interactions.

In comparison to the primary network (Fig. 5), the bacteria are further filtered to only show
members of the genus Pseudomonas. The co-presence (green) and co-absence (orange) in the
network was further analyzed (Fig. 6 B). Pseudomonas and Cystofilobasidium have a total
of 13 interactions, with 76.9% of them being of positive nature while only 23.1% are nega-
tive. A similar trend is seen between Pseudomonas and the oomycete group, where 71.4%
of the 14 total co-occurrences are co-presence and 28.6% are co-absence, which is in line

with our observation of co-culturing the yeasts with our Pseudomonas isolate. The one co-
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absence relation between oomycetes and the yeasts was still present. As previously reported,
Cystofilobasidium was shown to inhibit the growth of the oomycete pathogen A. laibachii,
with this effect being enhanced in the presence of a bacterial community (Kroll, 2018). Build-
ing on these findings, we next evaluated the antimicrobial activity of the Cystofilobasidium

— P. extremaustralis co-culture against a leaf-associated bacterial community.

7.3.3 Assessment of Antimicrobial Activity

To assess antimicrobial activity, we tested the yeast isolates and P. extremaustralis both indi-
vidually and in co-culture against a community of leaf-associated bacteria. The background
microbes used in this assay were part of the core microbial community of A. thaliana and
represented commonly encountered bacterial taxa. To determine whether the strains could
inhibit the growth of these bacteria, cultures were spotted onto bacterial lawns, and the

radius of the resulting inhibition zones was measured (Fig. 7).
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Figure 7: Heatmap illustrating the size of inhibition zones (in mm) formed by Yeast 1-5 (bottom section),
B2 (top section), and their respective co-cultures (middle section) against various background bacterial strains

shown along the x-axis. Color intensity corresponds to inhibition strength, with darker green shades indicating
larger inhibition zones.

When confronting our lawn bacteria solely with the yeast single cultures only Yeast 4 showed
a very small inhibition zone with 1 mm radius against Peribacillus frigoritolerans. P. ex-
tremaustralis single culture was able to effectively inhibit three bacteria, Brochothriz thermo-

sphacta, P. frigoritolerans and Arthrobacter humicola with respective inhibition zones of 2.5
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mm, 5 mm and 2 mm. Combining the different yeasts with Pseudomonas B2, the pattern for
inhibition changed. First, the same bacteria previously inhibited by P. extremaustralis alone
were also inhibited by the co-culture but with bigger inhibition zones. B. thermosphacta was
inhibited mostly with the same strength, as only the combination with Yeast 3 showed a 40%
bigger zone, while the others stayed at around 2.5 mm. Co-culturing had the biggest impact
on P. frigoritolerans. Here, the 2.5 mm inhibition zone of B2 alone stayed the same for the
combination with Yeast 4 but crucially increased for Yeast 1 to 120% and 4-fold for Yeast
4. The biggest change happened with Yeast 2, which displayed a 6.4-fold increase in inhibi-
tion zone compared to B2 single culture. Inhibition of A. humicola only showed one slight
increase and one slight decrease. Yeast 1 and 2 together with B2 stayed at 2 mm, whereas
Yeast 4 and Yeast 3 increased to 2.5 mm and 3.5 mm respectively. Only Yeast 5 with B2
displayed a 25% decrease in inhibition zone. Another interesting result was that for two lawn
bacteria, where previously no inhibition in either single culture was found, the co-culture
showed suppression. For Bacillus altitudinis inhibition using a combination of Yeast 4 or
Yeast 5 with P. extremaustralis showed a 2.5 mm and 2 mm suppression radius respectively.
Pseudomonas viridiflava on the other hand could only be antagonized by a Yeast 3 - B2
combination and showed an inhibition zone with a 1 mm radius. These findings highlight
that the antimicrobial activity of the yeast — P. extremaustralis co-cultures often exceeded
that of either partner alone, resulting in a synergistic effect in several combinations. Notably,
certain interactions led to the emergence of inhibitory activity not observed in single cultures,

pointing toward context-dependent enhancement of antimicrobial potential.

7.3.4 Biofilm Formation in Co-Cultures

Since antimicrobial activity is often linked to biofilm formation, we assessed biofilm pro-
duction in single cultures of Yeast 1 and B2, as well as in their co-culture. To examine the
influence of additional microbial interactions, three background lawn bacteria from the previ-
ous assay were included: P. frigoritolerans (B25), A. humicola (B52), and P. extremaustralis
(B60). Biofilm formation was evaluated using a crystal violet staining assay, with absorbance

measured at ODsg5 (Fig. 8).
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Figure 8: Biofilm formation measured as ODsg5, with higher values indicating increased biofilm production.
A Single cultures of Yeast 1 and B2 along with the Yeast 1-B2 co-culture (YB), without any background
bacterium. B: Biofilm formation of background control B25, Yeast 1, B2, and YB in the presence of the
background bacterium B25. C: Biofilm formation of background control B52, Yeast 1, B2, and YB with
B52 as background. D: Biofilm formation of background control B60, Yeast 1, B2, and YB with B60 as
background. Statistical analysis was performed separately for each group (A-D) using a Benjamini—Hochberg
adjusted Dunn’s Test (p — value < 0.05) to identify significant differences between conditions.

Single culture controls revealed that B60 exhibited the highest average ODsg5 at 3.11, fol-
lowed by Yeast 1 at 2.94 (Fig. 8 D and A). The co-culture of Yeast 1 and B2 showed a
lower OD595 compared to the B2 single culture, with values of 2.76 and 2.92, respectively.
The lowest ODsg5 readings were observed for B25 and B52, measuring 2.44 and 2.31 (Fig. 8
B, C). In contrast to the controls, the single cultures of Yeast 1 and B2 displayed reduced,
yet not significant (p — value > 0.05), biofilm formation, with average ODjsg5 values of 2.33
and 2.56 respectively when co-inoculated with the background bacterium B25 (Fig. 8 B).
However, the co-culture of Yeast 1 and B2 showed significantly higher ODs95 compared to
each single culture with B25 added (p — value < 0.05). Similarly, biofilm formation with the
lawn bacterium B52 did not exhibit statistically significant differences between the samples
(p — value > 0.05). Nevertheless, a trend was observed, with Yeast 1 displaying the lowest
ODsgs5 at 2.35, followed by B2 at 2.61, while the highest value of 2.86 was seen in the co-
culture (Fig. 8 C). Compared to the controls both the yeast and bacterium single cultures

demonstrated reduced biofilm formation (2.94 to 2.35 and 2.92 to 2.61, p — value > 0.05),
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whereas the combination culture showed an increase in biofilm formation with the B52 back-
ground (2.76 to 2.86, p — value > 0.05) (Fig. 8 A & C). Differences were also detected with
the background bacterium B60. Here, the Yeast 1 and B60 combination exhibited the lowest
overall ODsg5 recorded across all samples, at 2.29 (Fig. 8 D), which was significantly lower
than the Yeast 1 control (p — value < 0.05). However, when B2 was combined with B60, the
ODsg5 significantly increased to 2.56 compared to the Yeast 1 single culture in combination
with the background (p — value < 0.05). Overall, these results indicated that biofilm forma-
tion is influenced by both the presence of background bacteria and the interaction between
yeast and bacterial partners. While single cultures showed reduced biofilm production in
the presence of additional microbes, co-cultures of Yeast 1 and B2 frequently maintained or
enhanced biofilm formation. This showed a synergistic effect between the yeast and bacte-
rial partners when in contact with the B25 or B52 background bacteria and highlighted the

dynamic nature of biofilm development in multi-species communities.
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7.4 Cystofilobasidium macerans Transcriptome Analysis

Genes associated with the phenotype observed in the Cystofilobasidium - P. extremaustralis
interaction were investigated and characterized through a comprehensive transcriptome anal-
ysis of the yeast partner. To achieve this, mRNA was extracted from both single and co-
culture conditions to capture transcriptional changes resulting from the interaction. The
extracted mRNA was subsequently sequenced, generating high-quality transcriptome data
for each condition. Differential gene expression analysis was then performed to identify genes
that were uniquely upregulated or downregulated in response to the co-culture environment
compared to the single culture control (Fig. 9). This approach aimed to pinpoint candidate
genes potentially involved in mediating the observed phenotype and antimicrobial activity,
providing insights into the molecular mechanisms underlying the yeast - bacterium interac-

tion.
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Figure 9: A: Volcano plot of differentially expressed genes —log10(padj) plotted against log2FC in expression
of yeast mRNA sequencing co-culture compared to single culture. Black: abs(log2FC) < 2, Lightblue:
abs(log2FC) > 2 & padj > 0.01, Green: abs(log2FC) > 2 & padj < 0.01. B: Pie chart showing the
percentage of genes being non-differentially expressed (DE; grey), downregulated (darkgreen) and upregulated
(upregulated). Plots created from aligned mRNA sequencing reads to assembled Yeast 1 genome, created
using HISAT2 (V 2.2.1), reads mapped with R-package Rsubread (V 2.16.1) and differential expression was
calculated with DESeq2 (V 1.46.0) using a Wald test for statistical analysis (p — value < 0.01).

The distribution of genes based on their log2-FoldChange (log2FC) and adjusted p-value
(padj) showed three main categories: genes with an absolute log2FC less than 2, genes with a
log2FC greater than 2 but a padj greater than 0.01, and genes with a log2FC greater than 2
and a padj below 0.01, the latter representing the differentially expressed genes (Fig. 9 A). Of

the 7350 genes analyzed, 91.6% were non-differentially expressed, 4.7% were downregulated,
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and 3.7% were upregulated in co-cultures compared to the yeast single culture (Fig. 9 B).

7.4.1 GO-Term Enrichment Analysis

The subsequent step in analyzing the yeast transcriptome involved performing a comprehen-
sive gene ontology (GO) search to gain functional insights into the mRNA sequencing data.
For this purpose, all genes were annotated using InterProScan (V 5.73) in conjunction with
the InterPro database, generating GO indices that facilitated downstream analysis. The top
ten significantly enriched GO terms associated with upregulated and downregulated genes
were identified (p—value < 0.01) through a topGO (V 2.58.0) analysis, providing an overview

of enriched biological processes (Fig. 10).
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Figure 10: Analysis of GO terms in regards to significant representation within the InterProScan (V 5.73)
dataset on transcriptome data (Fisher’s Exact Test; p — value < 0.01) using R-package topGO (V 2.58.0).
A: Top ten significant GO terms of downregulated genes (sorted by Fisher’s Exact Test —logl0(p — value)
in ascending order). B: Top ten significant GO terms of upregulated genes (sorted by Fisher’s Exact Test
—log10(p — value) in ascending order)

Summarizing the results of the top ten GO terms for downregulated genes, it is evident that
the most significantly downregulated biological processes primarily involved energy produc-
tion, respiratory mechanisms, and transmembrane transport (p — value < 0.01). The most
enriched GO term is DNA integration, with a —log10(p — value) of 15, exceeding transmem-
brane transport, which has a —log10(p —value) of 10.35 (Fig. 10 A). In contrast, upregulated
processes were predominantly associated with metabolic and cellular activities, particularly
those related to carbohydrates, lipids, steroids, and organophosphates. Additionally, path-
ways linked to transport, such as endocytosis and import into cells were significantly enriched

(p — value < 0.01). The most prominent response, however, was directed towards abiotic
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stimuli, as shown by a —loglO(p — value) of 5, the highest value among the upregulated

processes (Fig. 10 B).
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7.4.2 Signal Peptide Prediction

To investigate genes responsible for the interaction between Cystofilobasidium and P. ex-
tremaustralis, we looked into secretion signals present in the predicted gene models. To
achieve this, we performed a secretion signal analysis using SignalP6 (V 6.0) to identify
genes containing secretion signals within their sequences. By integrating this data with gene
expression profiles, we present both the number of genes with secretion signals and their

expression levels (Fig. 11).
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Figure 11: Number of genes with predicted secretion signal annotated using SignalP6 (V 6.0) grouped by
either being non-differentially expressed, down- or upregulated. Prediction probability > 0.5 is categorized as
containing a secretion signal.
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The figure presents the number of genes with a secretion signal predicted by SignalP6 cat-
egorized by their expression status. Out of the total identified genes, 257 were classified as
non-differentially expressed, representing the largest group. In contrast, a smaller proportion
of genes showed differential expression, with 38 genes being downregulated and 19 genes up-
regulated. This distribution highlights that while the majority of genes containing a secretion

signal are not differentially expressed, a subset displayed altered expression levels.

7.4.3 Differential Expression Reveals Genes of Interest

Differential expression analysis provided a comprehensive overview of the expression patterns
of the top 100 most differentially expressed genes identified through transcriptome analysis
(Fig. 12). The genes were organized into clusters based on their expression profiles, with
distinct patterns emerging between single and co-culture conditions. Notably, despite the
high variability among these genes, only two exhibit consistent upregulation under co-culture
conditions. The color gradient ranged from red to blue, where higher expression levels are

represented by red shades, while downregulation is indicated by blue shades.
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Figure 12: Heatmap displaying the top 100 most highly expressed genes from the RNA sequencing analysis
comparing Yeast 1 single culture and the Yeast 1 — B2 co-culture. Differential expression was assessed using
DESeq2, applying a Wald test with a significance threshold of p — value < 0.01. Expression levels are shown
as row-wise Z-scores, with red indicating upregulation (higher expression) and blue indicating downregulation
(lower expression). Of the 100 genes shown, 98 are upregulated in the single culture, while 2 genes show higher
expression in the co-culture condition.

The observation that only two genes are consistently upregulated (log2F'C > 2 and padj <
0.01) highlighted their importance in mediating the interaction between Cystofilobasidium
and P. extremaustralis. This distinct expression pattern not only underscored their relevance

but also showed a targeted response under co-culture conditions. Further investigation into
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the functional roles of these genes provided valuable insights into the underlying mechanisms
driving this interaction. Additionally, understanding how these genes influence or are influ-
enced by the co-culture environment helped identify potential targets for enhancing beneficial
microbial interactions or developing novel antimicrobial strategies.

To explore their potential functions, the two identified genes were labeled as gh886 and g4647.
A preliminary analysis using BLASTP (V 2.16.1) against the non-redundant protein database
was conducted to gain insight into their roles. The results revealed that g5886 is an ABC-
transporter associated with multi-drug transport, while g4647 belongs to the carbohydrate-
binding family 13. These findings provided a basis for further investigation into how these

genes contribute to the observed phenotype under co-culture conditions.
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7.4.4 Candidate Gene Expression Validation

To validate the differential expression of the two identified genes, gh886 and g4647, quan-
titative real-time PCR (qPCR) was performed using RNA extracted from liquid cultures
grown under both single and co-culture conditions. This approach aimed to confirm the
transcriptome analysis results and assess whether the observed upregulation of these genes
is consistently reproducible under independent experimental conditions. Their expression
levels were quantified against the reference gene elongation factor 1 (EF1-a). The qPCR
results provide further insights into the expression patterns of gh886 and g4647 during the

Cystofilobasidium - P. extremaustralis interaction (Fig. 13).
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Figure 13: A: qPCR comparing g5886 expression to EF1-a shows significantly higher expression in co-culture
(Bonferroni adjusted Wilcoxon Test p—wvalue < 0.001). B: qPCR comparing g4647 expression to EF1-a shows
significantly higher expression in co-culture (Bonferroni adjusted Wilcoxon Test p — value < 0.001)

As shown in the qPCR validation results, both genes, gh886 and g4647, exhibited significant
upregulation when the yeast culture was co-inoculated with B2, with statistical significance
confirmed by a Bonferroni-adjusted Wilcoxon Test (p — value < 0.001). Notably, the overall
relative expression level of g4647 (Fig. 13B) was considerably higher compared to g5886
(p — value < 0.001, Fig. 13 A). These findings provide robust experimental validation of
the transcriptome analysis performed previously, confirming that the differential expression
observed was not an artifact of sequencing. The strong upregulation of these genes under
co-culture conditions emphasized their relevance and supported their selection as targets for

further functional characterization.
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After validating the transcriptome analysis by qPCR using RNA extracted from liquid cul-
tures, we sought to confirm the differential expression of gh886 and g4647 under conditions
more representative of natural growth, since antimicrobial activity was observed during plate-
based cultivation. To this end, RNA was extracted from cultures grown on agar plates either
with or without background lawn bacteria, mimicking a more accurate representation of the
natural interaction between the yeast and B2. Statistical significance was determined using
a Benjamini-Hochberg-adjusted Dunn Test (p — value < 0.05), performed for each of the
background bacteria B25 and B52 separately (Fig. 14).

A 95886 on B25 B 95886 on B52
b a b ab a a ab b

0.100

0.075

0.02

0.050

Relative Gene Expression [2‘(AC°)]
L]
Relative Gene Expression [2729]

0.01

0.025

Y S

o ® — d

0.000

Yeast 1 Control Yeast 1 - B25 Yeast 1 & B2 Control Yeast 1 & B2 - B25 Yeast 1 Control Yeast 1- B52 Yeast 1 & B2 Control Yeast 1 & B2 - B52

Figure 14: A: qPCR comparing gb886 expression in single culture, single culture with B25, co-culture with
B2 and all three to EF1-« shows significant differences between groups (Benjamini-Hochberg adjusted Dunn’s
Test p — value < 0.05). B: qPCR comparing gh886 expression in single culture, single culture with B52,
co-culture with B2 and all three to EF1-a shows significant differences between groups (Benjamini-Hochberg
adjusted Dunn’s Test p — value < 0.05).

For the B25 background, the Dunn Test grouped the samples as follows: Yeast 1 Control and
Yeast 1 & B2 Control both displayed similar expression levels (grouped as "b”, p — value >
0.05). In contrast, co-inoculation of Yeast 1 with B25 resulted in significantly lower expression
(grouped as "a”, p — value < 0.05). The combination of Yeast 1 & B2 with B25 exhibited
an intermediate, but still low, expression level, classified as ”ab” (p — value > 0.05). Under
the B52 background, the Dunn Test revealed a different pattern. Both Yeast 1 Control
and Yeast 1 - B52 displayed similar expression levels (grouped as "a”, p — value > 0.05),
while the Yeast 1 & B2 Control showed a moderately increased expression level (grouped

as "ab”, p — value > 0.05). The highest expression was observed in the co-inoculation of
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Yeast 1 & B2 with B52, classified as ”b” (p — value < 0.05). These results showed that
the expression of gh886 was significantly influenced by the presence of B2, but its expression
patterns were modulated differently depending on whether B25 or B52 was present as a
background bacterium.

The qPCR validation results for g4647 under both B25 and B52 background conditions
showed, identical to gb886, the expression differences in each background (Fig. 15). Analysis
using a Benjamini-Hochberg-adjusted Dunn Test (p—value < 0.05), applied independently for

each background bacterium, was used to identify statistically significant expression changes.
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Figure 15: A: qPCR comparing g4647 expression in single culture, single culture with B25, co-culture with
B2 and all three to EF1-a shows significant differences between groups (Benjamini-Hochberg adjusted Dunn’s
Test p — value < 0.05). B: qPCR comparing g4647 expression in single culture, single culture with B52,
co-culture with B2 and all three to EF1-« shows significant differences between groups (Benjamini-Hochberg
adjusted Dunn’s Test p — value < 0.05).

Under the B25 background, Yeast 1 Control and Yeast 1 & B2 Control both exhibited rel-
atively high expression levels (group ”b”, p — value > 0.05), while Yeast 1 - B25 showed a
significant reduction (group ”a”, p — value < 0.05). Co-inoculation with B2 in the presence
of B25 (Yeast 1 & B2 - B25) resulted in intermediate expression, classified as group ”ab”
(p — value > 0.05). This pattern showed a reduction in g4647 expression in the presence
of B25 alone, with partial recovery when co-cultured with B2. In the B52 background, a
different expression pattern was observed. Both Yeast 1 Control and Yeast 1 - B52 were

grouped as "a”, reflecting lower expression levels (p — value > 0.05). In contrast, both Yeast

1 & B2 Control and Yeast 1 & B2 - B52 were grouped as ”b” (p — value < 0.05), indicating
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significantly higher expression. While Yeast 1 & B2 - B52 showed a higher average than
Yeast 1 & B2 Control, this difference was not statistically significant (p — value > 0.05). In
summary, the qPCR validation experiments confirm that gh886 and g4647 were significantly
and consistently upregulated in response to co-culture with B2, both in liquid and plate-based
growth conditions. Moreover, the expression patterns of these genes were modulated by the
presence and identity of background bacteria, with distinct responses observed under B25
and B52 conditions. These findings reinforced the reliability of the transcriptome data and
underscored the roles of gh886 and g4647 in mediating yeast-bacteria interactions. Together,
this evidence supported their selection as promising candidates for future functional studies

aimed at uncovering molecular mechanisms underlying microbial interactions.
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7.4.5 Gene Orthologs in Yeast 2 - 4

To asses the conservation of the two candidate genes identified through transcriptome and
qPCR analysis, an orthology search was conducted using OrthoFinder (V 3.0.1bl) on the
AUGUSTUS predicted gene models. This analysis aimed to determine whether the genes
are conserved across our related yeast species or unique to the tested strain Yeast 1. The
resulting tree was visualized with FigTree (V 1.4.4) and gives a comparative view of the
phylogeny of the genes.

The gene tree for gh886 highlights the presence of similar transporter genes across all exam-
ined Cystofilobasidium yeast strains (Fig. 16). Notably, no homologs were detected in either
M. bullatus or in the more closely related genus Cryptococcus. A second major cluster within
the orthogroup consists of P-loop containing nucleoside triphosphate hydrolases, with at least
one representative present in each of the tested yeast species. This group is positioned more

distant on the tree, showing greater phylogenetic divergence from the clade containing g5886.
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Figure 16: Phylogenetic tree of gh886 gene orthologs from Yeast 1-5, M. bullatus, and Cryptococcus, identified
using OrthoFinder (V 3.0.1b1). The tree was constructed using maximum likelihood analysis and visualized
with FigTree (V 1.4.4). Branch lengths indicate evolutionary distances, and numerical values represent branch
support.

The orthogroup associated with g4647 was larger and displayed a more complex structure,
clustering into several distinct subgroups. The monophyletic clade containing g4647 included

only closely related genes from Yeast 1 and Yeast 2, displaying a strain-specific expansion.
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Its sister group was associated with signal recognition functions. The largest portion of
the orthogroup consisted of multiple subclusters containing genes classified as carbohydrate-
binding proteins from family 13, which were functionally more closely related to g4647 than
those in the signal recognition clade. Additionally, a distant outgroup included genes with
Ricin B lectin domains, present in all yeasts except M. bullatus (Fig. 17).
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Figure 17: Phylogenetic tree of g4647 gene orthologs from Yeast 1-5, M. bullatus, and Cryptococcus, identified
using OrthoFinder (V 3.0.1b1l). The tree was constructed using maximum likelihood analysis and visualized
with FigTree (V 1.4.4). Branch lengths indicate evolutionary distances, and numerical values represent branch
support.

In summary, ortholog analysis using OrthoFinder combined with visualization in FigTree
provided a comparative view of the evolutionary context of both g5886 and g4647. The
resulting gene trees revealed distinct orthogroup structures and phylogenetic distributions
for each candidate gene, offering insight into their conservation and lineage specificity across
the analyzed yeast strains. These results complemented the expression data and served
as a foundation for subsequent functional exploration of both genes in the context of the

Cystofilobasidium - P. extremaustralis interaction.
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7.4.6 The ABC-Transporter gb886

To gain further insight into the structural features of gb886, a predicted three-dimensional
structure was generated using AlphaFold 3 (V 3). The resulting model was visualized
in ChimeraX (V 1.9) and colored according to the transmembrane topology predicted by
DeepTMHMM (V 1.0). Residue localization was assigned as follows: magenta for intracellu-
lar, red for transmembrane, and blue for extracellular regions. This integrative approach
enabled the visualization of predicted membrane-spanning segments within the protein’s
structural context. The AlphaFold model and the corresponding posterior probability plot
provided a comprehensive view of the membrane-associated topology of the predicted trans-
porter (Fig. 18).
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Figure 18: A: AlphaFold 3-predicted 3D structure of gh886, visualized in ChimeraX and colored by localiza-
tion based on DeepTMHMM predictions: magenta indicates intracellular regions, red marks transmembrane
helices, and blue highlights extracellular regions. B: Posterior probability plot generated by DeepTMHMM
showing residue-wise probabilities for intracellular (magenta), membrane (red), and extracellular (blue) local-
ization along the protein sequence. Peaks in red correspond to predicted transmembrane segments, aligned
with the helical regions observed in A. C: AlphaFold 3 prediction of the ATP binding site (ATP - green) on
the intracellular side (magenta). ipTM score = 0.65, pTM score = 0.67.

The DeepTMHMM prediction identified multiple high-confidence transmembrane helices,
which aligned well with the AlphaFold structure model (pTM score = 0.67), where membrane-

spanning regions were clearly resolved as helical segments embedded within the protein. The
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consistent localization of extracellular and intracellular domains further supports the struc-
tural model’s reliability and that gb886 encoded a membrane-associated transporter. Ad-
ditionally, AlphaFold 3 predicted an ATP-binding interaction with an ipTM score of 0.65,

further supporting the functional relevance of the structural model (Fig. 18 C).
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8 Discussion

Piants are exposed to a wide array of stresses throughout their growing season, ranging
from abiotic and ecological challenges to biotic stressors like pathogenic organisms. In re-
sponse, plants employ various adaptive strategies, including transcriptomic adjustments and
evolutionary changes (Yokoi et al., 2002, Lasky et al., 2014, Kover and Schaal, 2002). Addi-
tionally, they host diverse microbial communities that contribute significantly to their ability
to adapt to environmental pressures and defend against pathogens (Newton et al., 2010). The
collective system formed by a plant host and its associated microbial partners is referred to
as the “holobiont” (Cavalier-Smith, 1992, Simon et al., 2019). Investigating the interactions
between microbes, the plant, and other microbial community members reveals numerous
insights into how these relationships can either support mutual growth and coexistence or
result in antagonistic effects (Newton et al., 2010, Eitzen et al., 2021). A well-studied exam-
ple of a complex interaction network is the triad involving Arabidopsis thaliana, the obligate
biotrophic oomycete pathogen Albugo laibachii, and the surrounding microbial community.
Previous research has demonstrated that Albugo infection can be strongly modulated by other
microbes: while Dioszegia hungarica enhances infection rates, both Moesziomyces bullatus
(subsequently MbA) and Cystofilobasidium have been shown to reduce the number of infected
leaves following pathogen exposure (Kroll, 2018). Notably, one key discovery was that Albugo
relies on a functional bacterial community to successfully colonize the host (Kroll, 2018). In
this study, the focus was placed on natural Cystofilobasidium yeast isolates and their role
in indirectly inhibiting A. laibachii. We identified a close interaction of the yeast with a
bacterial member of the A. thaliana phyllosphere, Pseudomonas extremaustralis, which in
competition assays displayed increased antimicrobial activity. Furthermore, a transcriptomic
based strategy was utilized to unveil yeast genes involved in the interaction. The findings
highlight their potential importance in plant defense and suggest novel avenues for managing

plant disease through microbiome-based approaches.
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8.1 Functional Diversity and Phylogeny of Cystofilobasidium Yeasts

The obligate biotrophic oomycete Albugo laibachii, the causal agent of the white rust dis-
ease, is a pivotal member of the A. thaliana phyllosphere microbiome (Agler et al., 2016). It
often acts as a "hub” microbe that drastically reduces microbial diversity on infected leaves
(Agler et al., 2016). A. laibachii presence restructures the leaf microbiome and has earned
it the designation of a community ”keystone” taxon (Almario et al., 2022). This means that
targeting Albugo can have cascading, cross-kingdom effects on other microbes. In fact, the
identification of such a hub pathogen opened new entry points for targeted disease control,
since the disruption of a hub microbe has widespread effects on the community as a whole
(Agler et al., 2016). In the case of A. laibachii, finding novel ways to inhibit this pathogen is
particularly valuable not only for protecting the plant host but also to extrapolate findings
in the model system to crop plants and making them more disease resilient. Traditionally
chemical control agents are used for pathogen control, which carry high ecological side effects,
usually impacting not only the targeted disease but the entire microbial community and the
environment (Goulson, 2014, World Health Organization, 1990). Therefore, leveraging natu-
rally antagonistic microbes has emerged as an alternative way that promises to be safer and
more sustainable in the future. Targeting A. laibachii via its commensal antagonists repre-
sents a promising strategy to mitigate the pathogen’s effect on plant health and microbiome
structure.

A prominent example of a microbial antagonist against Albugo is the epiphytic yeast M.
bullatus, which naturally occurs on Arabidopsis leaves. MbA has been shown to significantly
reduce pathogen infection on the leaf, acting as an antagonistic member of the community
(Eitzen et al., 2021). Recent work has elucidated the mechanism of this antagonism: M.
bullatus secretes a glycoside hydrolase family 25 (GH25) enzyme with lysozyme activity that
directly targets A. laibachii (Eitzen et al., 2021). Transcriptomic analyses identified this
GH25 hydrolase as a key effector induced during MbA - Albugo interactions, and genetic
experiments confirmed its importance. Deletion of the GH25-encoding gene in M. bullatus
abolishes the yeast’s ability to suppress the oomycete, demonstrating that the loss of this
single enzyme removes its antagonistic effect (Eitzen et al., 2021). Notably, the purified
protein alone strongly inhibits A. laibachii infection on host leaves, which indicates that the

enzyme is both necessary and sufficient to show biocontrol activity. GH25 likely is a lytic
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transglycosylase that degrades critical components of the oomycete’s cell wall, thereby slowly
killing the pathogen. This finding highlights how individual commensal microbes can be
leveraged to combat disease.

Given their potent effect on A. laibachii infection, it was striking to find no GH25 homologs or
other glycoside hydrolases of the family 25 in any of the five tested Cystofilobasidium strains.
One reason for the absence of GH25 might be its phylogenetic context. Construction of a
phylogeny based on OrthoFinder results proved that Yeast 1 - 5 grouped on a different branch
than Moesziomyces and even farther than Cryptococcus, a human pathogen. It appears that
the GH25 lysozyme-based antagonism was either retained or gained by M. bullatus and is
absent in the Tremellomycetes, which include Cystofilobasidium, Tausonia and Cryptococcus.
The lack of GH25 genes in these closely related yeasts suggests that the GH25-mediated
pathogen suppression is not ubiquitous among phyllosphere yeasts, but rather confined to
specific groups. Notably, Moesziomyces is related to plant pathogenic smut fungi, such as
the Ustilaginaceae smut Ustilago maydis, which are known for their antimicrobial enzymes,
whereas Cystofilobasidium and Tausonia belong to a different branch of basidiomycete yeasts
(Cortes-Sanchez Alejandro, 2011). If these yeasts antagonize A. laibachii, they must do so
without usage of the GH25 lysozyme, which is an opportunity to uncover alternative pathogen
inhibition mechanisms. In fact, microbe-microbe interactions in natural populations don’t
occur in a binary manner but in a community context.

Recent research into the impact of M. bullatus’s GH25 on the microbiome revealed that
the lysozyme does have an active role in shaping the leaf bacterial community elevating
the previous findings of a tripartite inter-kingdom interactome (Sorger et al., 2025). In
conjunction with the findings regarding M. bullatus and its lysozyme effector, previously
unpublished preliminary studies performed by us (in collaboration with the Doehlemann
Lab, Cologne) revealed an interesting fact. In leaf infection assays, the A. laibachii infection
rate was significantly increased with the addition of a bacterial community, which overall
had no additional significant impact on the disease suppression of M. bullatus. If the added
bacteria have a positive impact on pathogen infection, one might assume they can at least
protect the pathogen and maybe even rescue it from negative interactors. Strikingly though,
Cystofilobasidium was able to reduce disease symptoms even further with the addition of these

microbes, which lead us to hypothesize that these yeasts can utilize the bacterial community
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in a way to suppress A. laibachii even further than the previously described direct GH25

inhibition.
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8.2 Emerging Interactions between Cystofilobasidium and Pseudomonas

Isolation of novel Cystofilobasidium yeasts from natural A. thaliana populations revealed a
tight association with a bacterium that was identified as Pseudomonas extremaustralis (B2).
On co-culture plates, the pair displayed a distinctive ”fried-egg” phenotype: a central orange
yeast colony surrounded by a halo of opaque bacterial growth. This morphology suggests an
intimate, possibly mutualistic, relationship. The yeast’s orange pigmentation (likely rich in
carotenoids) and exudates may create a microenvironment or nutrient niche that encourages
B2 to grow around it. Such spatial organization is reminiscent of cooperative cross-feeding
or facilitation seen in other microbial pairs, where one organism’s metabolites or enzymes
support the growth of another (Germerodt et al., 2016, Estrela et al., 2012, Zelezniak et al.,
2015). In our system, the Cystofilobasidium - Pseudomonas pairing appears to establish itself
as a structured consortium on the leaf, hinting that these microbes might co-colonize and per-
sist together in nature. This natural co-isolation is a novelty for phyllosphere studies, which
have historically focused mostly on bacterial communities while largely overlooking yeasts
(Wang et al., 2016). Our finding provides direct evidence that specific yeasts and bacteria
form tight partnerships on leaves relevant for community function and disease suppression.

Network analysis of microbial co-occurrence further reinforces the idea that Cystofilobasidium
yeasts are deeply embedded in bacterial interaction networks while remaining largely antag-
onistic to oomycetes. In the A. thaliana leaf microbial network, the yeasts exhibited high
connectivity with diverse bacteria, nearly half of which were positive correlations. This indi-
cates that Cystofilobasidium frequently co-occurs with many bacterial taxa. Intriguingly, the
yeast had only one direct negative association with oomycetes showing their co-absence and
further hinting at an indirect inhibition of the pathogen. As A. laibachii is a dominant mem-
ber of the microbial community, we can assume the network oomycete OTUs (Operational
Taxonomic Unit) correspond to the white rust disease germ (Agler et al., 2016). Moreover,
when we investigated Pseudomonas-related edges in the network, we found that interactions
with oomycetes and Cystofilobasidium yeasts were mainly of positive nature. Interestingly,
some positive interactions flow from the yeasts to a Pseudomonas node, which itself is neg-
atively associated with one of the oomycete OTUs. This reinforces our earlier hypothesis,
that an inter-kingdom relationship has a negative impact on pathogen spread. It seems

though that the interaction between Pseudomonas and Cystofilobasidium is in the minority,
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as most associations of oomycetes and Pseudomonas are showing co-occurrence, indicating
that many bacterial species benefit from an Albugo-infected leaf. In that context, the rela-
tionship between Cystofilobasidium and P. extremaustralis may act as a counterbalance and
plant protection mechanism. The yeast - bacterium duo likely represents a beneficial consor-
tium prevalent in healthy leaves that prevents or combats pathogen infection. These findings
about an inter-kingdom partnership combating a pathogen is corroborated by a recent study
in tomato. Here, it was revealed that a synthetic community consisting of bacteria and
fungi was able to decrease Fusarium infection (X. Zhou et al., 2022). Our data thus provide
community-level evidence that this yeast—bacterium partnership is both naturally occurring
and potentially antagonistic to the pathogen.

A central question is whether the close association between Cystofilobasidium and B2 merely
reflects niche overlap or if it confers functional advantages - particularly in inhibiting other
microbes, as our hypothesis states. The confrontation assays address this by testing antimi-
crobial effects against a panel of leaf-associated background bacteria. Our results reveal a
clear synergy in antimicrobial activity when the yeast and B2 are combined. Co-cultivation
produced substantially larger inhibition zones against the same three background strains pre-
viously lightly inhibited by B2 alone and together they inhibited two additional, previously
impervious bacteria. This hints to the fact that the producer of the antimicrobial compound
is the bacterial partner of this interaction, which is promoted in its antimicrobial activity by
the yeast.

Possible explanations can be manifold and don’t have to be mutually exclusive. Metabolic
cooperation can play a major role here. The yeast may secrete growth factors or nutrients,
for example vitamins, amino acids or carbon sources that boost Pseudomonas’s growth or
antibiotic production. As implied by the ”fried-egg” phenotype, B2 grows more robustly
around the yeast and could indicate a higher concentration of the antimicrobial(s) at play,
which leads to a stronger inhibition zone. Another possibility is that the yeast produces
a complementary antimicrobial compound that by itself is too weak or has no mechanism
to cause inhibition. For instance, Cystofilobasidium could secrete a metabolite that perme-
abilizes the target bacteria or weakens their defense, making them more susceptible to B2’s
inhibitory compound. This phenomenon resembles combination antibiotic therapy in which

two agents together overcome a microbe that is resistant to each alone, such as the utilization
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of beta-lactam antibiotics with beta-lactamase inhibitors (Bush, 1988). Additionally, pH or
microenvironment modification might change the bacterial antimicrobial in a way to make
it more potent (Thomas et al., 2012). Yeast metabolism, such as fermentation, can acidify
the local medium or consume oxygen, which in turn could enhance production or activity
(Vylkova, 2017). This is supported by the fact that many Pseudomonas antibiotics are pro-
duced in stationary growth phases or low-oxygen conditions (Xu and Zhong, 2011, Whooley
and McLoughlin, 1982).

The net result is a cooperative antagonism whereby the yeast - bacterium pair inhibits a
broader array of organisms and to a greater extend than either could alone. This finding
is novel in the context of phyllosphere microbiology and provides experimental proof that
cross-kingdom interactions can yield emergent antimicrobial activity. In essence, the yeast
and bacterium function as a synergistic biocontrol unit. Similar concepts have been explored
in agricultural biocontrol, though often with intentionally combined agents. For example,
mixing the yeast Pichia guilermondii with a Bacillus mycotdes bacterium resulted in additive
suppression of Botrytis gray mold, as each partner contributed different anti-pathogen mech-
anisms (Guetsky et al., 2002). In our case, the synergy arose from a naturally co-occurring
pair, underlining the novelty of harnessing inherent microbial relationships.

Beyond direct antagonism on agar plates, we also examined how the yeast - bacterium inter-
action influences biofilm formation - a key factor in microbial colonization and community
resilience (Scher et al., 2005, Lapidot et al., 2006). Biofilms can protect microbes and also
modulate antimicrobial production, especially in Pseudomonas species (Yan et al., 2003,
Recinos et al., 2012). Our biofilm assays, performed with Yeast 1 and B2 in the presence
or absence of additional background strains, revealed nuanced, context-dependent effects of
their interaction. In simple two-species cultures (Yeast 1 and B2 alone, and Yeast 1 with
B2) the yeast monoculture formed the thickest biofilm, whereas B2’s biofilm was moderate
and the co-culture formed less biofilm than either alone. This outcome suggests a form of
competition or interference between the yeast and bacterium in terms of biofilm formation
- perhaps each slightly reduces the other’s optimal biofilm development. For instance, B2
might produce biosurfactants or enzymes that disrupt the yeast’s matrix formation, while
the yeast could consume nutrients that B2 would otherwise use in biofilm production. The

result is an intermediate biofilm mass when combined, indicating no inherent biofilm synergy
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without external stressors.

However, the dynamics shifted when a third-party background bacterium was introduced.
Against two of the tested background strains (B25 and B52), the Yeast and B2 co-culture
produced more biofilm than either the yeast or B2 alone. This implies that in the face of
competition from other microbes, the yeast and B2 cooperate more tightly - possibly co-
assembling into mixed biofilms that exclude their antagonist. The presence of B25 or B52
might stimulate the yeast - bacterium pair to fortify their biofilm, whereas alone they did
not have that incentive. Notably, in the B25 background condition, the co-culture’s biofilm
biomass was not just higher in trend but significantly greater, underscoring a genuine syn-
ergistic response. These results echo the idea that beneficial interactions often manifest
under stress or competition (Piccardi et al., 2019). In low-nutrient or high-competition en-
vironments, positive interactions become more pronounced (Hoek et al., 2016). Our findings
aligns with a recent report that beneficial cross-kingdom interactions dominate in challeng-
ing conditions, whereas richer media can shift interactions toward antagonism (Velez et al.,
2018). Thus, the partnership between Cystofilobasidium and P. extremaustralis is flexible -
sometimes neutral when alone, but cooperative when confronting other microbes, enhancing
community defensive capacity by building a stronger joint biofilm.

Interestingly, in the case of background strain B60, which was additionally also not inhibited
by either Yeast 1, B2 or co-culture in the competition assay, this synergistic pattern was not
observed. Our results suggests that the effect of the yeast - bacterium interaction can be
antagonistic or neutral in certain conditions. The likely reason for the lack of inhibition and
the significantly enhanced biofilm formation observed in the B2 and B60 combination is that
both strains belong to the same species, P. extremaustralis. With both microbes being the
same species (still different strains), it makes sense that they do not interfere with each other
as they probably have the ability to neutralize each other’s antimicrobial arsenal. Nonethe-
less, across most conditions tested, the co-culture performed on par with or better than the
single strains. This trend indicates that Yeast 1 and B2 together maintain a high perfor-
mance level across different competitive scenarios, potentially buffering each other against
challenges. Such consistency can be valuable in a fluctuating natural community, analogous
to how combining biocontrol agents can reduce variability in disease control (Guetsky et al.,

2002, Bush, 1988). In summary, the biofilm assays illustrate that the Cystofilobasidium -
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Pseudomonas relationship can toggle between mild competition and cooperation, with the
latter prevailing especially when it’s needed to confront competitors. This plasticity may
help the pair dominate niches and resist invasion by other microbes, contributing to a more
stable community that is adversative to pathogens.

Taken together, these findings support a model in which inter-kingdom microbial interactions
bolster antimicrobial activity and thereby shape community composition in ways that favor
plant health. The Cystofilobasidium — P. extremaustralis synergy appears to enhance the ex-
clusion of certain bacteria. In a natural leaf setting, the targets of this inhibition may include
bacterial taxa that are commensals of A. laibachii or otherwise promote its infection. Prior
studies have shown that Albugo infections often coincide with shifts in microbial diversity
and composition, likely due to the pathogen’s ability to suppress plant defenses and alter
the microenvironment through nutrient leakage (Agler et al., 2016, Eitzen et al., 2021, Mah-
moudi et al., 2024). By extending antimicrobial activity to bacteria unaffected by B2 alone,
the yeast — bacterium pair may help eliminate microbial groups essential for A. laibachii or
other pathogens to establish on A. thaliana.

Unpublished data from our lab (Kroll, Kemen, unpublished) further support this mechanism:
A. laibachii infection was effectively suppressed only when the Cystofilobasidium yeast was
established on the leaf surface prior to pathogen exposure. This illustrates a priority ef-
fect, where early-arriving microbes can shape community assembly and influence the success
of subsequent colonizers (Fukami, 2015, Hess et al., 2019). Such effects may result from
early occupants monopolizing resources or altering the niche through compound secretion
or biofilm formation. These dynamics can have lasting consequences, leading to divergent
community outcomes based on colonization order (Carlstrom et al., 2019). The presence of
our Cystofilobasidium — P. extremaustralis partners may exert a similar effect, precluding A.
laibachii establishment through niche preemption or community reshaping. As a result, the
pathogen may be unable to colonize the leaf surface — an essential step in its infection cycle.
This mechanism parallels probiotic strategies in the gut microbiome, where beneficial mi-
crobes are introduced to outcompete or inhibit pathogens (Vergin, 1954, Lilly and Stillwell,
1965). Additionally, the robust biofilm formed by Cystofilobasidium and P. extremaustralis
may act as both a physical and chemical barrier, obstructing pathogen access and releasing

antimicrobials in situ. The net effect is a community less conducive to A. laibachii infection.
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Indeed, our findings align with field observations showing that the presence of Cystofiloba-
sidium in natural leaf communities correlates with approximately 73% lower Albugo levels
(Mahmoudi et al., 2024). The partnership with P. extremaustralis may be a key driver of

this pronounced anti-pathogen effect.
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8.3 Genomic Insights into Yeast - Bacterium Symbiosis

Understanding genomics is foundational and crucial for interpreting the interaction between

Cystofilobasidium and P. extremaustralis. Therefore, we sequenced and assembled the genomes
of our five yeast strains. These assemblies surpass the quality of currently available Cystofiloba-
sidium genomes, offering greater completeness, higher sequencing depth, and improved con-

tiguity. To our knowledge, this represents the most comprehensive genomic dataset for this

genus to date. Here we discuss the key assembly-derived characteristics of these genomes,

compare intra-group similarities and subtle differences, and consider the implications for

downstream transcriptomic analyses.

The five Cystofilobasidium yeast isolates show remarkably consistent genome features, re-

flecting their close taxonomic relations. All five genomes roughly range from 20 to 40 Mb in

size, with GC contents around 49 to 50%, which is typical for Tremellomycete yeasts (Loftus

et al., 2005, Floudas et al., 2012, Janbon et al., 2014, Kourist et al., 2015, S. Sun et al.,

2017, Jarrige et al., 2022). Minor deviations in the C. macerans and C. capitatum assemblies

are most likely attributed to sequencing variation or small lineage-specific elements rather

than fundamental differences. All yeast assemblies show reasonable contiguity, with contig

counts ranging from a few dozen to just over a hundred and N50 values between 10° — 10°
bp, indicating successful assembly of large chromosomal segments. Notably, the T. pullulans
assembly was the most contiguous, with N50 in the megabase range, consistent with long-
read sequencing achieving near chromosome-level scaffolds (Wright et al., 2024). Overall,
the similarity in these metrics underscores that the genomes of these yeast isolates share a
conserved structure, with subtle differences likely due to technical factors or the presence of
particular regions rather than major genomic differences.

Importantly, all five yeast genomes exhibit the general characteristics of basidiomycete genome
structure. They have a high gene count in the order of 6000 - 7500 genes, consistent with
other Tremellomycete yeasts. Coding sequence density in these fungal genomes is moderate,
with about 50% of the genomic bases are protein-coding and the rest being either intronic or
intergenic. This is in contrast to compact yeasts genomes like the Ascomycete Saccharomyces
and reflects the intron-rich gene structures characteristic of basidiomycetous yeasts (Janbon
et al., 2014). Nearly every predicted gene in our isolates contains multiple introns, as typical

for this clade. For example, the pathogenic basidiomycete yeast C. neoformans is noted to
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have introns in 99.5% of its genes, averaging around 5 to 6 per gene (Janbon et al., 2014).
While our environmental isolates are different species, their gene models likewise contain nu-
merous introns and many genes span multiple exons. In practical terms, the average number
of exons per gene we observed closely mirror those reported in other basidiomycete genomes
(Janbon et al., 2014). This means that a typical gene in these yeasts is broken into many
short coding exons by introns, a feature that can expand the genome size and regulatory
complexity without increasing gene number. The prevalence of introns in basidiomycetes has
functional implications, by which introns are known to modulate gene expression and enable
alternative splicing in fungi, and our isolates likely share these regulatory attribute (Heyn
et al., 2015, Shaul, 2017, Kelemen et al., 2013, Fan and Lin, 2020, Goebels et al., 2013). Ad-
ditionally, the intergenic regions make up a substantial fraction of the yeast genomes. These
sequences include promotors, terminators and possibly repetitive elements (Jubin et al., 2014,
Kéamper et al., 2006). Their proportion further highlights the more expansive, less gene-dense
genome organization of the yeasts compared to microbes like bacteria. In summary, the yeast
isolates’ assemblies consistently reveal a genome architecture of moderate gene density with
intron-rich genes - a pattern in line with other basidiomycetous yeasts. The subtle differences
among them likely reflect its distinct genus lineage but do not obscure the overall intra-group
genomic coherence.

A significant outcome of obtaining high-quality genomes is the ability to perform robust
phylogenetic analysis. In the case of our yeast isolates we constructed an alignment-based
phylogenetic tree from their whole-genome sequences, and importantly, this genome-based
tree was congruent with the gene-based tree we had inferred using OrthoFinder on shared
orthologous genes. The agreement between these two approaches increases the confidence
in the evolutionary relationships of theses isolates. All analyses indicate that the three C.
macerans strains from a tight clade, with C. capitatum grouping just outside and T. pullulans
as a more distant outgroup within the broader Cystofilobasidiales order. This topology
matches classical expectations based on taxonomy and confirms our assemblies have captured
the phylogenetic signal without artifact. The OrthoFinder species tree, which was derived
from hundreds of single-copy gene alignments, was in complete agreement with the alignment-
based tree, illustrating that when sufficient genomic data is analyzed, the inferred species

relationships are robust and reproducible. In fact, large-scale fungal phylogenetic studies
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have shown that using genome-scale data yields highly resolved and congruent phylogenies
in which the majority of branches are consistently supported (Y. Li et al., 2021).

These findings validate that our genome assemblies and annotations are accurate. If there
were major misassemblies or missing genes, the phylogenetic trees might have conflicted. The
lack of conflict suggests that the set of orthologous genes identified is complete and correctly
assembled for each yeast, and that alignment of conserved genomic regions is meaningful. The
placement of Cystofilobasidium and Tausonia in the trees agrees with published phylogenies of
Tremellomycete yeasts (Millanes et al., 2011, Wright et al., 2024). Thus, our alignment-based
tree essentially recapitulates known relationships, providing an independent confirmation
using whole-genome data. This is noteworthy because sometimes gene tree methods can
disagree due to horizontal gene transfer or gene family biases, but in this case the OrthoFinder
approach was sound and no conflicting information arose (Galtier and Daubin, 2008, Slot and
Rokas, 2011, Fitzpatrick, 2012).

Beyond comparative genomics and phylogeny, the ultimate purpose of assembling these
genomes was to enable downstream functional analyses, notably transcriptomics in the con-
text of inter-kingdom interactions between the yeasts and P. extremaustralis isolate B2. Hav-
ing high-quality, annotated genomes for each organism is vital to these next steps. With the
genome sequences in hand, we can now interpret transcriptomic data with great resolution

and confidence.
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8.4 Transcriptomic Shifts in Cystofilobasidium macerans

The co-culture of C. macerans Yeast 1 and P. extremaustralis B2 elicited a focused transcrip-
tomic response. Only roughly 8.4% of the yeast’s genes were differentially expressed (DE),
with 3.7% being upregulated and 4.7% downregulated, while the vast majority remained
unchanged. This modest proportion of DE genes suggests that Yeast 1 mounts a targeted
adaption to B2 rather than a large scale rewiring of its transcriptome. Similar observations
have been reported in other inter-species interactions, such as the yeast-like fungus Aureoba-
sidium pullulans, which altered expression of only 79 genes when confronting a competitor
(Rueda-Mejia et al., 2021). Such limited yet strategic transcriptional plasticity implies that
specific pathways are modulated to facilitate coexistence or competition, while core cellular
functions remain stable. In our system, the enriched functional categories among differentially
expressed genes provide clues to the nature of the yeast - bacterium interaction.

Upregulated genes in Yeast 1 during co-culture showed significant gene ontology enrichment
in carbohydrate metabolism, lipid metabolism, DNA integration and endocytosis. These sug-
gest an enhanced metabolic engagement with the environment and possible genome or protein
turnover events in the presence of B2. Elevated carbohydrate and lipid metabolism indicates
the yeast may be leveraging available substrates or energy stores - potentially consuming
bacterial exudates or mobilizing its own reserves to adapt to new conditions. Increased en-
docytosis could reflect increased uptake of nutrients or signaling molecules released by B2.
Additionally, this can indicate active internalization of extracellular material for remodeling
the cell’s surface and membranes to cope with bacterial presence. Another idea is that the
yeast cell can take up the antimicrobial compound produced by B2 to modify and release it
back into the environment making it more potent in the process. Interestingly, the upregula-
tion of DNA integration-related processes might point to transposable element activation or
virus-related function, which are sometimes triggered by stress or inter-kingdom interactions
(Capy et al., 2000, Makarevitch et al., 2015, Gusa et al., 2023). In contrast, oxidative phos-
phorylation and aerobic respiration were enriched among the downregulated genes, alongside
a broad repression of many transmembrane transporters. This downregulation hints that
Yeast 1 may be shifting its energy metabolism, possibly due to oxygen limitation or altered
redox conditions imposed by P. extremaustralis presence. If B2 rapidly consumes oxygen or

produces respiratory inhibitors, C. macerans might suppress its own mitochondrial activity

70



Discussion

and rely more on fermentative metabolism, a common adjustment in mixed cultures (Filkins
et al., 2015, N. Zhou et al., 2017). The reduction in certain transport processes could mean
the yeast is conserving energy and minimizing nutrient uptake pathways that are less needed
or already supplemented by the bacterial partner. Overall, this pattern suggests C. macerans
is reallocating its metabolic priorities in response to the presence of P. extremaustralis B2.

A notable aspect of the co-culture response is the change in the yeast’s secretome. SignalP6
analysis predicted secretion signals in 19 up- and 38 downregulated genes. The induction
of nearly 20 secreted or cell-surface targeted proteins in co-culture indicates an adjustment
of the yeast’s outward facing arsenal. Many of the upregulated genes with secretion signal
peptides likely encode enzymes and effectors that act in the extracellular space. For in-
stance, hydrolases involved in nutrient breakdown or molecules that mediate communication
or defense. Indeed, studies of microbial consortia often find that organisms modulate their
secreted enzyme profiles when a partner is present. In the previously mentioned co-culture
study, Aureobasidium pullulans specifically upregulated a number of secreted hydrolases and

secondary metabolites during competition with a fungus (Rueda-Mejia et al., 2021).

8.4.1 ABC Transporter g6886: Detoxification and Inter-Kingdom Signaling

Among the most strongly upregulated genes in co-culture was gh886, annotated as an ABC
multidrug transporter. qPCR validation confirmed its robust induction specifically with P.
extremaustralis B2. The prominence of this transporter suggests it plays a critical role in the
yeast’s strategy for dealing with bacterial partners. Members of the ATP-Binding Cassette
transporter family are well known for mediating antimicrobial eflux and drug resistance in
fungi (Winski et al., 2022). In host-pathogen contexts, fungal ABC pumps reduce intracellu-
lar accumulation of toxic compounds and can even affect interaction outcomes. For example,
the plant pathogen Botrytis cinerea upregulates its ABC transporter BcatrB in response to
antibiotics like phenazines produced by Pseudomonas, enabling the fungus to pump out these
bacterial toxins (Schoonbeek et al., 2002). Deletion of BcatrB renders B. cinerea hypersen-
sitive to Pseudomonas phenazines and other antimicrobials, highlighting the importance of
eflux pumps in microbial interactions. By analogy, the induction of gb886 in C. macerans
likely serves a detoxification function, safeguarding the yeast from inhibitory metabolites that

B2 may secrete. P. extremaustralis, like many pseudomonads, secretes antibacterial or anti-
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fungal compounds, which make the presence of an effective detoxification system even more
important. This interpretation aligns with broader findings that microbial eflux systems
are often the front line defense in inter-species competition. In a recent co-culture study,
a rumen bacterium exposed to antagonistic fungi likewise upregulated multiple drug eflux
pump genes to protect itself from fungal toxins, underscoring the universal importance of
transporters (Swift et al., 2021).

Beyond detoxification, gh886 might also contribute to inter-kingdom metabolite exchange
or signaling. ABC transporters are versatile, while some secrete toxins, others are known
to transport signaling molecules or nutrients. In bacteria, for instance, multidrug efflux
pumps can secrete quorum-sensing autoinducers and other communication signals (Dawan
et al., 2022). We speculate that Yeast 1’s transporter could similarly handle small molecules
that mediate cross-talk with B2. If P. extremaustralis produces a diffusible quorum sensing
molecule — such as an acyl-homoserine lactone (AHL) or another signal compound — the
yeast may detect or modulate this signal via the gb886 gene, potentially by mimicking or
importing the bacterial molecule. While import of such signals by ABC transporters in fungi
is relatively uncommon, the export of signaling compounds is more plausible. Given that
quorum sensing is a cell density—dependent system, the addition of the yeast might raise the
local concentration of signaling molecules above the threshold required to trigger enhanced
antimicrobial production in the bacterium.

Notably, inter-kingdom quorum sensing enables bacteria and fungi to influence each other’s
physiology in mixed communities. For example, Pseudomonas aeruginosa secretes 3-oxo-
C12-homoserine lactone (30C12-HSL), a quorum signal that can be sensed by fungal cells.
This molecule has been shown to inhibit filamentation in Candida albicans without affecting
its overall growth (Hogan et al., 2004). Candida, in turn, produces its own quorum sensing
molecule, farnesol, which not only regulates its own morphology but also modulates bacterial
behavior. Farnesol can disrupt bacterial quorum sensing pathways and, strikingly, stimulate
phenazine toxin production in P. aeruginosa even when its main quorum regulator LasR is
inactive (Cugini et al., 2010). In this way, fungal signals can restore or amplify bacterial
secondary metabolite production, potentially increasing antimicrobial output.

Conversely, bacterial quorum signals can also interfere with fungal signaling. For instance,

30C12-HSL inhibits fungal hyphal growth in a manner similar to Candida’s own farnesol-
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mediated repression of filamentation (Hogan et al., 2004). These reciprocal interactions high-
light a sophisticated chemical dialogue between bacteria and fungi. Even in basidiomycete
yeasts such as Cryptococcus, quorum sensing systems have been described. These systems
utilize molecules like pantothenic acid and Qspl1 for signaling, suggesting that basidiomycete-
derived signals could also engage in cross-kingdom communication with bacterial quorum
systems (Pruitt et al., 2025). In summary, quorum sensing serves as a molecular language
for inter-kingdom communication, enabling coordination between yeasts and bacteria in pro-
cesses such as biofilm formation and antimicrobial compound production.

Another possible role is the export of yeast-derived metabolites that influence the bacteria
and surrounding microbiome. Yeasts are known to influence microbial communities through
the secretion of organic acids and other metabolites, which can either inhibit or promote
the growth of neighboring bacteria. An upregulated efflux pump may support the export of
such compounds. Overall, gh886 appears to enhance the capacity of C. macerans Yeast 1
to engage in chemical interactions with B2, primarily through efflux-based detoxification of
antimicrobial compounds and possibly by contributing to inter-species signaling.

Its protein structure, as predicted by AlphaFold 3 and DeepTMHMM, revealed a prominent
intracellular nucleotide binding domain, consistent with ATP-dependent transport activity
and multiple transmembrane regions for substrate translocation. The structure is typical of
PDR-type (pleiotropic drug resistance) fungal ABC transporters, supporting the hypothesis
that gb886 functions as an active efflux pump (Winski et al., 2022). This interpretation is
further supported by the AlphaFold 3 prediction of ATP binding, which yielded an ipTM score
above 0.60 — generally considered indicative of a reliable structural fit. Notably, orthologs of
25886 were found in our closely related species Yeast 2 - 4 but not in more distantly related M.
bullatus or C. neoformans. This phylogenic distribution suggests gh886 is a lineage-specific
adaption, possibly evolved in Cystofilobasidium and its near relatives to interact with P.
extremaustralis B2. Its clustering with P-loop nucleoside triphosphate hydrolases confirms it
belongs to the classic ABC ATPase superfamily and its conservation in the Cystofilobasidium
yeasts hints at a conserved function.

In the context of yeast - bacterium interactions, the induction of gh886 is therefore a strong
indicator that C. macerans Yeast 1 actively manages chemical stress and communication

when dealing with bacteria. By pumping out unwanted molecules, like antimicrobials, toxic
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byproducts or signaling molecules, the yeast likely maintains cellular homeostasis and can
persist alongside B2. Such transporters may also enable the yeast to tolerate antimicrobial
compounds and thus modulate bacterial community dynamics, as was seen in plant-associated
environments where fungal ABC transporters helped fungi survive in the presence of bacteria

(Schoonbeek et al., 2002).

8.4.2 Glycoside Hydrolase g4647: Uptake and Interaction

The second gene of interest, g4647, encodes a putative glycoside hydrolase of family 13
(GH13) and was also strongly upregulated in the presence of B2 and validated by qPCR.
GH13 enzymes typically include a-amylases and related starch-degrading enzymes, which
act on a-linked polysaccharides (Svensson, 1994, Janecek, 1997). The upregulation of a
GH13 suggests that Yeast 1 may be boosting its capacity to degrade complex carbohydrates
during co-culture. One straightforward explanation is nutrient acquisition: the yeast could
be breaking down extracellular polysaccharides into simple sugars that it can absorb. In a
mixed culture, such polysaccharides might come from various sources, such as remnants of
growth medium, plant material if present or even polymers produced by other microbes, like
biofilms formed by B2. In fact, microbial partnerships often involve cross-feeding on complex
substrates. Research on anaerobic fungal - bacterial consortia has shown that fungi will ramp
up carbohydrate-active enzymes in co-culture, benefiting both partners. For instance, one
study found a gut fungus upregulated over 100 CAZyme genes (about 12% of its CAZyme
repertoire) when grown with a bacterium, presumably to break down plant fiber more effi-
ciently for mutual gain (Swift et al., 2021). Drawing a parallel, g4647 might help Yeast 1
and B2 access additional carbon sources that neither could fully utilize alone. The presence
of background bacteria was also found to induce g4647, though less consistently than B2 did,
which implies that this gene responds to a general cue of nearby bacteria and possible compe-
tition for nutrients. Cross-feeding could thus be a factor by secretion of g4647 by C. macerans
and subsequent liberation of sugars from polysaccharides, some of which the yeast consumes
and some might become available to B2. This cooperative aspect would enhance growth in
both organisms in the co-culture and is one way the yeast could modulate the microbiome,
by increasing the pool of readily available nutrients through enzymatic digestion.

It is also worth noting that g4647 forms a monophyletic group limited to Yeast 1 and Yeast
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2, according to ortholog analysis. This restricted distribution suggests that it is a relatively
novel or unique enzyme, possibly evolved for a niche function shared by these two yeasts.
Intriguingly, it is sister to proteins involved in signal recognition and carbohydrate binding,
hinting that it might have dual functionality - perhaps binding to specific cell surfaces or
sugars as a recognition mechanism before hydrolysis. One could speculate that g4647 has
adapted to recognize particular glycans associated with the plant or certain bacteria and
hydrolyze them. Its induction specifically by bacterial co-culture supports the idea that its
natural role is tied to the presence of other microbes. In contrast, g4647 likely does not
encode a secreted enzyme, as SignalP6 analysis revealed no secretion signal in the amino acid
sequence, indicating an intracellular role.

In summary, g4647 appears to equip Yeast 1 with an enhanced capability to alter the carbo-
hydrate landscape of its environment on the presence of bacteria. Whether that is primarily
to harvest additional nutrients or to degrade bacterial protective layers is an open question.
As GH13 contains no secretion signal, its intracellular activity remains elusive. We speculate
that one possibility is that similar to other antimicrobial compounds, the agent produced
by B2 is taken up by the yeast, a sugar residue is cleaved off and the resulting product is

secreted again displaying increased antimicrobial activity.
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8.5 Yeast — Bacterium Relations and Microbiome Modulation

The interaction between Cystofilobasidium and P. extremaustralis B2 appears to be mu-
tualistic, with important consequences for the leaf microbiome and pathogen suppression.
Rather than a one-sided antagonism, this yeast - bacterium partnership benefits both mi-
crobes and the host plant. Taken together, the yeast is able to enhance B2’s antimicrobial
activity against other leaf-associated bacteria, an effect that likely reshapes the microbial
community to the detriment of pathogens. Notably, the oomycete pathogen Albugo laibachii,
which normally infects more effectively in the presence of a supportive community, may be
indirectly suppressed by this pairing (Kroll, 2018). In essence, Cystofilobasidium yeast and
P. extremaustralis form a cooperative alliance that excludes competitors and deprives the

pathogen of potentially crucial infection promoting bacteria.

8.5.1 Mutualistic Partnership Enhances Antimicrobial Activity

Our findings indicate that when Cystofilobasidium yeasts and P. extremaustralis B2 co-exist,
the production or efficacy of antimicrobial compounds is increased, leading to stronger inhi-
bition of other phyllosphere bacteria. This contrasts with typical cross-kingdom interactions
on leaves, which are often antagonistic in nature (Agler et al., 2016). Here, the yeast - bac-
terium cooperation deviates from the norm, by instead of inhibiting each other, they work
together to target third-party microbes. This synergy likely benefits both partners. B2 gains
a competitive edge in the leaf environment, by more efficiently eliminating rival bacteria,
while Cystofilobasidium benefits from P. extremaustralis’s suppression of potential antago-
nists. The net result is a pruned microbial community dominated by mutualists and lacking
other bacteria. Such community modulation can directly impact A. laibachii, a pathogen
known to exploit the microbial community on A. thaliana leaves (Agler et al., 2016, Muller
et al., 2018, Trivedi et al., 2020). As a hub microbe, it decreases the bacterial diversity
and stabilizes the community composition in its favor (Agler et al., 2016). It effectively cre-
ates a supportive network suppressing or tolerating certain bacteria while excluding others
(Gémez-Pérez et al., 2023). The combination of Cystofilobasidium yeast and Pseudomonas
B2 may counter this by preemptively inhibiting a range of leaf microbes, thereby preventing
Albugo from assembling its normally supportive community. In preliminary plant infection

experiments (Fig. S2), we could see an indication of reduced A. laibachii infection supporting
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our in-vitro findings and conclusions.

This concept aligns with broader principles of microbiome-mediated pathogen suppression.
Cooperative interactions between different microbes can yield emergent antimicrobial capa-
bilities that surpass what single species achieve alone. For example, in plant roots, cross-
kingdom synthetic communities containing both bacteria and fungi were far more effective
at suppressing Fusarium wilt disease, a soil-borne pathogen, than either bacterial or fungal
communities alone (X. Zhou et al., 2022). In our A. thaliana leaf system, the presence of
Cystofilobasidium yeasts and P. extremaustralis B2 together similarly creates a heightened
defensive effect. The yeasts might directly stimulate the antimicrobial compound production
of B2 or create conditions in which the bacterium is able to increase their antagonism towards
other microbes. Additionally, through the breakdown of other microbes, P. extremaustralis
releases nutrients, which Cystofilobasidium can use to promote its growth, reinforcing the
partnership. Importantly, this positive feedback stands in contrast to purely competitive
outcomes and highlights how mutualism can shape community structure and be a driving
force in community assembly. This is consistent with observations in A. thaliana microbial
networks, which are typically dominated by positive interactions (Agler et al., 2016). Such
mutualistic dynamics are thought to contribute to community stability and host health.
The Cystofilobasidium - P. extremaustralis interaction demonstrates this principle in a novel
way, uncovering a previously undescribed cross-kingdom mutualism that not only enhances
partner fitness but also contributes to pathogen suppression. This expands the current under-
standing of beneficial microbial interactions by showing how a yeast — bacterium consortium
can coordinate metabolic and ecological functions to promote host protection. Instead of act-
ing independently, they create a hostile microenvironment for pathogens on the leaves. This
supports the idea that emergent properties like pathogen resistance arise from multi-microbe
interactions. While individual microbes can promote health, microbial consortia often have
stronger, more stable effects. Ecologically, the cross-kingdom relationship of yeast and bac-
terium likely shifts the phyllosphere toward a lower-diversity, more pathogen resilient state.
Like pathogenic hubs that restructure communities, this beneficial pair may reduce diver-
sity in a way that favors plant health. Their presence might suppress pathogen-beneficial
microbes, offering a strategy for biological control at the community level. This reflects a

growing trend in plant protection - using consortia rather than single agents to outcom-
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pete pathogens (Martins et al., 2023). Multi-species treatments are more resistant under
environmental stresses, with different members compensating for each other.

Cross-kingdom microbial mutualism, like the one we observed in this work, are widespread
in nature. In cheese rinds, yeasts and bacteria cooperate metabolically to create stable, pro-
tective communities (Mayo et al., 2021). In the gut, cross-feeding between bacteria enhances
productivity and pathogen resistance (Berkhout et al., 2022). On leaves, microbes like M.
bullatus protect plants by targeting specific pathogens like A. laibachii or a set of differ-
ent microbes (Eitzen et al., 2021, Sorger et al., 2025). Such examples show how microbial
symbiosis can result in emergent benefits and reinforces the impact of microbial partnerships
promoting plant health. Genomic analyses reveal that key microbial genes are often activated
only in co-culture. Genes like gh886 and g4647 may seem non-essential in isolation but are
crucial in interaction with a bacterial partner. This highlights many functional traits, such as
secondary metabolites or stress responses, emerge in the context of microbial communities.
Co-cultivation frequently uncovers hidden genes and novel metabolites. Understanding these
genetic interactions is vital for designing effective microbiome-based solutions for biocontrol.
In conclusion, the Cystofilobasidium - P. extremaustralis mutualism serves as a model for mi-
crobiome engineering through cooperation. Their partnership boosts antimicrobial activity
and alters the microbiome in a way that disfavors pathogens. Genes like gh886 and g4647 un-
derpin this interaction, linking molecular mechanisms to ecological outcomes. Studying such
interactions expands our view of plant microbiomes from isolated species to interconnected
networks. By uncovering how these relationships suppress disease, we can develop innovative
agricultural strategies — deploying synergistic microbial communities as living therapeutics

to promote sustainable plant health.
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8.6 Functional Innovation through Cross-Kingdom Cooperation

This work uncovered a novel cross-kingdom interaction in the phyllosphere, where a leaf-
associated Clystofilobasidium yeast is partnering with a Pseudomonas bacterium. Together
they posses emergent antimicrobial and biofilm-forming capabilities, not seen in either mi-
crobe alone. Phyllosphere yeasts haven been historically understudied, and little is known
about their ecological functions (Gouka, Raaijmakers, and Cordovez, 2022). Identifying a
cooperative yeast - bacterium consortium on leaf surfaces is therefore highly novel. While
microbial interactions in the phyllosphere often focus on bacteria - bacteria or pathogen an-
tagonism, our findings highlight synergistic cross-kingdom cooperation. Such inter-kingdom
synergy has few precedents in plant systems. Notably, analogous phenomena have been
described in medical contexts. For example, mixed biofilms of a Candida yeast and Pseu-
domonas on lung tissues are far more extensive than single-species biofilms (Phuengmaung
et al., 2022). By drawing a parallel, our study suggests that beneficial microbes too can form
enhanced mixed biofilms on plant surfaces, potentially fortifying their survival and antago-
nistic capabilities. This presents a significant advance in phyllosphere biology, demonstrating
cooperation - not just competition - between vastly different microbes can drive important
functional outcomes. Indeed, recent synthetic community experiments support that combin-
ing microbes often yields superior plant protection than single inoculants (Ali et al., 2021,
Z. Li et al., 2021). Our discovery provides a concrete example of this principle in the phyl-
losphere, marking a new understanding that multi-species and multi-kingdom alliances on
leaves can produce heightened biocontrol effects.

From an applied perspective, these findings are especially important given current gaps
in plant disease management, particularly for obligate biotrophic pathogens like Albugo
laibachii. Obligate biotrophs are challenging to control and study as they cannot be cul-
tured outside their hosts and often evade conventional biocontrol agents. Our yeast - bac-
terium partners offer a promising microbe-based strategy to reduce disease susceptibility
in this context. In preliminary in planta infection assays, A. thaliana plants treated with
the co-culture showed lower Albugo infection levels compared to untreated single-inoculant
plants (Fig. S2). This suggests an entirely new approach, where instead of trying to kill the
pathogen with chemicals, we enlist naturally occurring epiphytes to create an inhospitable

environment or directly attack the pathogen or its necessary bacterial partners. Notably, A.
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laibachii and other foliar biotrophs have an infection stage on the surface before penetrat-
ing the leaf, which could be targeted by antagonistic microbes. The synergistic biofilm of
Cystofilobasidium and Pseudomonas might form a physical and chemical barrier on the leaf,
preventing pathogen establishment, or the partners might jointly produce antimicrobials and
lytic enzymes to destroy the incoming pathogen. This fills a critical gap: current biocon-
trol efforts for leaf pathogens often focus on single bacteria (e.g. Bacillus or Pseudomonas
strains) with inconsistent success and very few target obligate biotrophic oomycetes. By
contrast, our findings point to a community solution, leveraging a natural Cystofilobasidium
- Pseudomonas partnership to achieve what neither can do alone. The importance of this is
underscored by recent research identifying Cystofilobasidium as a key health-associated taxon
in wild A. thaliana populations (Kemen et al., 2025). Given the urgent need for sustainable
crop protection, especially against pathogens that are hard to manage, this work provides a
proof of concept for harnessing native microbiome interactions. It addresses a current gap
by showing that even understudied players in the phyllosphere like Cystofilobasidium yeasts
can be pivotal when combined appropriately, expanding the arsenal of biocontrol strategies
beyond the well-trodden soil bacteria and signaling a shift towards targeting foliar pathogens

with tailored cross-kingdom microbial consortia.
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8.7 Prospects and Possibilities

Building on the promising findings of this work, several avenues for future research can
deepen our understanding of the yeast - bacterium symbiosis and its role in microbiome-
mediated suppression of the oomycete pathogen A. laibachii. To increase our knowledge,
several integrated research directions should be pursued. First, proteomic and metabolomic
approaches are essential to bridge the gap between transcriptional responses and functional
phenotypes. Proteomics will validate the production and secretion of key proteins such as
the ABC-transporter gh886 and the glycoside hydrolase g4647 under co-culture conditions,
and may uncover additional interaction-specific proteins not evident at the transcript level.
Untargeted metabolomics applied to co-culture supernatants and plant-microbe microcosms
allows the identification of secreted compounds or metabolite modifications associated with
increased antimicrobial activity. These datasets will clarify whether the yeast modulates or
enhances the bioactivity of bacterial antimicrobials through enzymatic or metabolic cooper-
ation.

To causally link gene function to phenotype, the development of gene knock-out mutants in
C. macerans Yeast 1 is a critical next step. Deletion of our genes of interest will reveal their
role in the interaction with P. extremaustralis B2. Equally important is deeper exploration
of the bacterial side of the interaction, as we postulate that the antimicrobial compound is
produced by the bacterial partner. While B2 exhibits antimicrobial activity independently,
the co-culture significantly amplifies its effects, suggesting that compound production may be
modulated by yeast-derived cues. Future work should focus on bioassay-guided fractionation
and comparative metabolomics of B2 mono- versus co-culture conditions to identify specific
antimicrobial compounds responsible for the observed inhibition. Genome mining tools such
as antiSMASH or PRISM could be used to predict biosynthetic gene clusters (BGCs) in B2’s
genome, guiding the search for candidate metabolites such as phenazines, lipopeptides, or
siderophores. Expression analysis of BGCs in co-culture will reveal whether the presence of
the yeast activates otherwise silent or lowly expressed pathways — a phenomenon often seen
in microbe-microbe interactions. This may ultimately allow identification of novel bioactive
compounds or synergistic activities enhanced by yeast—bacteria cross-talk.

Additionally, expanding co-culture assays to include microbial strains more closely related

to Albugo laibachii or known to facilitate its infection will help determine whether the
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Cystofilobasidium - P. extremaustralis interaction selectively inhibits Albugo-supportive mi-
crobes or exerts broader suppressive effects. This is key to understanding the specificity
and ecological relevance of the observed pathogen suppression. Finally, screening additional
environmental Cystofilobasidium and Pseudomonas isolates for similar interaction traits will
clarify whether the mutualism observed here is conserved or strain-specific. Such insights
will be foundational for designing microbial consortia with enhanced stability and biocontrol
potential, leveraging natural mutualisms to reshape host-associated microbiomes in favor of

plant health.
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9 Material and Methods

9.1 Reagents

A complete list of reagents, chemicals, and materials used throughout the experimental proce-
dures is provided, including supplier information (Table 2). Reagents included in commercial

kits are specified in the corresponding kit protocols.

Reagents Company
Nuclease Free Water Sigma-Aldrich
MgCls Carl Roth GmbH
NaOH Carl Roth GmbH
Potassium Acetate Carl Roth GmbH
Sodium Acetate Carl Roth GmbH
Potato Dextrose Broth Carl Roth GmbH
Potato Dextrose Agar Carl Roth GmbH
King’s B Broth Carl Roth GmbH
King’s B Agar Carl Roth GmbH
Ethanol Carl Roth GmbH
Isopropanol Carl Roth GmbH
Tris Carl Roth GmbH
EDTA Carl Roth GmbH
Crystal Violet Merck
Phenol:Chloroform:Isoamylalcohol Carl Roth GmbH
RNase A Carl Roth GmbH
dNTPs Genaxxon
Oligo(dT) Primer Merck

SYBR Green Supermix Bio Rad

Bovine Serum Albumin Merck

Zirconia Beads Carl Roth GmbH

SpeedBead Magnetic Carboxylate Modified Particles Cytiva

Table 2: List of reagents and materials used in this study along with their respective suppliers.

9.2 Kits

The following commercial kits were used for DNA and RNA extraction, reverse transcription,

and library preparation during the study (Table 3).
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Kit

Company

Quick-DNA Fungal/Bacterial Miniprep Kit
Native Barcoding Kit 24 V14 (SQK-NBD114.24)

RNeasy MiniKit from Yeast
RNeasy Plant MiniKit
TURBO DNA-free Kit

SuperScript IV Reverse Transcriptase

Zymo Research

Oxford Nanopore Technologies
Qiagen

Qiagen

Thermo Fischer

Invitrogen

9.3 Instruments

Table 3: List of molecular biology kits used in this study and their corresponding manufacturers.

The instruments and equipment used for sample processing, quantification, and molecular

analyses are listed below along with their manufacturers (Table 4).

Machine

Company

NanoDrop 2000C Spectrophotometer
Infors HT Ecotron

Tecan Spark Plate Reader
Centrifuge 5425R

Sorvall RC 6+ Centrifuge

Precellys Evolution

Cryolys

Thermomixer C

Mixer Uzusio VTX-3000

CFX Connect Real-Time PCR Detection System
MinION Flow Cell R10 (FLO-MIN114)

Thermo Fischer
Infors AG

Tecan

Eppendorf

Thermo Fischer
Bertin Technologies
Bertin Technologies
Eppendorf

LMS

Bio Rad

Oxford Nanopore Technologies

Table 4: Laboratory equipment and analytical instruments used in this study, with corresponding manufac-
turers.

9.4 Primer List

Primers were designed and used for amplification of the fungal ITS region, bacterial 165

rRNA gene, and selected candidate genes for qPCR analysis, including two genes of interest

and the EF1-a reference gene (Table 5).
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Amplicon Direction Name Sequence

ITS Forward ITS1 TCCGTAGGTGAACCTGCGG
Reverse ITS4 TCCTCCGCTTATTGATATGC
16S Forward 27F AGRGTTYGATYMTGGCTCAG

Reverse 1492R° TACGGYTACCTTGTTACGACTT

25886 Forward Q099 TGGCACCTTTCTCGCCCTGTCT
Reverse Q100 TGGATCGCCTGACTCAGCGTGA

g4647 Forward Q117 TTCTGGCGGTCCCGATGAAAGC
Reverse Q118 AACTGGAGACACAGGGCGAGCA

EFl-« Forward Q071 GCGGCTACAACCCCAAGACC
Reverse Q072 GTCGATGGCCTCAAGGAGGG

Table 5: Sequences and annotations of primers used for ITS and 16S rRNA gene sequencing, as well as for
quantitative PCR targeting two candidate genes (g5886, g4647) and the EF1-« reference gene.

9.5 Microbe Isolation from Natural A. thaliana Populations

Epiphytic microbes from natural A. thaliana populations were isolated by collecting plants
in sterile tubes using disinfected tweezers at designated field sites Agler et al., 2016, Supple-
mentary Data. Roots were removed, and visible debris or senescent tissue was cleaned off
prior to storage. For processing, 5 mL of 10 mM MgCly was added to each plant to dislodge
epiphytic microorganisms. The resulting wash was serially diluted and plated on 0.2x PDA

agar to select for yeasts. Colonies were subsequently transferred to 1x PDA for cultivation.

9.6 Crude DNA Extraction from Liquid Culture

Genomic DNA for colony PCR was extracted from overnight cultures using a rapid alkaline
lysis method. A 50 pL aliquot of overnight culture was transferred to a 1.5 mL microcentrifuge
tube and centrifuged at 15.000 rcf for 1 minute. The supernatant was discarded, and the
pellet was resuspended in 50 puL of 20 mM NaOH. The suspension was frozen at —80°C for
at least 30 minutes and subsequently boiled at 98°C for 10 minutes. The lysate was used

directly as PCR template without further purification.

9.7 ITS and 16S Sequencing

DNA sequencing for colony PCR was performed by LGC Genomics using their Ready2 Run
service. Therefore 10 pL sample DNA and 4 pL forward primer (Table 5) were added to a

1.5 mL test tube according to instructions (Table 6).
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Sample DNA 200 - 500 bp 10 ng/pL
500 - 1.000 bp 20 ng/nL
1.000 - 2.000 bp 40 ng/pL

Table 6: Recommended DNA concentrations for Sanger sequencing using LGC Genomics Ready2Run service,
based on amplicon size. A total volume of 10 pL. DNA at the specified concentration was submitted per sample.

9.8 Co-Culture Microscopy

Single colonies of C. macerans Yeast 1 and P. extremaustralis B2 were individually inoculated
into 5 mL of Potato Dextrose Broth (PDB) and cultured overnight at 22°C with shaking at
180 rpm. The following day, the ODggy was adjusted to 0.8 for each culture, and the two
cultures were combined in a 1:1 ratio. After an additional incubation period of 3 hours at
22°C and 180 rpm, the ODggo of the co-culture was readjusted to 0.8. Subsequently, 10
pL of the co-culture was placed on a microscopy slide, and images were captured using a
Zeiss Axiophot microscope at 400x magnification, equipped with a Zeiss Axiocam 512 color

camera and Zeiss Zen lite 2.3 software.

9.9 Confrontation Assay

Single colonies of yeast and bacteria strains were revived from cryogenic stocks by plating
onto Potato Dextrose Agar (PDA) and King’s B agar, respectively, and incubated at 22°C
for 24 hours. Subsequently, a single colony from each was inoculated into 10 mL of their
corresponding media and incubated for 24 hours at 22°C with shaking at 180 rpm. The
ODggo of each culture was then adjusted to 0.4 in its respective medium, after which each
yeast culture was combined with the P. extremaustralis B2 strain at a 1:1 ratio. Additionally,
single cultures of yeast and B2 were refilled to their original volumes following the combination
step. The cultures were incubated for an additional 3 to 4 hours at 22°C and 180 rpm, after
which their ODggp was adjusted to 0.8 using their respective media (for yeast—bacteria co-
cultures, a 1:1 medium mixture was used). Next, 100 uL of background bacteria culture was
spread onto fresh PDA plates and allowed to dry for 5 minutes. Subsequently, 10 pL of yeast,
B2, or co-culture suspension was spotted onto the center of each plate and allowed to dry for
an additional 5 minutes. Plates were incubated for 3 days at 22°C, and inhibition zone radii

were measured from the edge of the central colony to the beginning of the bacterial lawn.
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9.10 Biofilm Formation Assessment

Single colonies of yeast and bacterial strains were revived from cryogenic stocks by streak-
ing onto Potato Dextrose Agar (PDA) and King’s B agar plates, respectively, followed by
incubation at 22°C for 24 hours. Afterwards, a single colony from each strain was inoculated
into 10 mL of its corresponding medium and cultured for 24 hours at 22°C with shaking at
180 rpm. Each culture was then adjusted to an ODggg of 0.4 in its respective medium, and
yeast cultures were combined individually with the P. extremaustralis B2 strain in a 1:1 ratio.
Single cultures of yeast and B2 were refilled to their original volumes following combination.
After an additional incubation of 3 to 4 hours at 22°C and 180 rpm, each culture’s ODggg
was set to 0.2 in their respective media (for yeast—bacteria co-cultures, a 1:1 medium mixture
was used).

Next, 200 pL of the appropriate medium (a 1:1 mixture of media for yeast—bacteria combi-
nations) was dispensed into each well of a 96-well plate. Subsequently, either 20 pL or 40
pL of medium was removed, depending on the intended treatment: 20 pL was removed from
wells designated to receive yeast, B2, co-culture, or background culture alone, and 40 pL was
removed from wells receiving yeast, B2, or co-culture combined with background bacteria.
Wells were then inoculated accordingly: some received 20 uL of yeast, B2, co-culture, or back-
ground single culture individually, whereas others received 20 pL of yeast, B2, or co-culture
along with an additional 20 pL of background bacterial culture.

The plate was incubated undisturbed at 22°C for 3 days. Following incubation, cultures were
removed from the wells, and 200 pL of a 10% Crystal Violet (CV) solution was added and
incubated for 15 minutes at room temperature. Wells were subsequently washed three times
with 200 pL MilliQ water, after which the plate was firmly tapped onto an absorbent cloth
to remove residual water and CV. Next, the stained biofilms were solubilized by adding 200
pnL of 95% ethanol to each well, followed by mixing at 500 rpm for 15 minutes. Finally,
absorbance at 595 nm (ODs95) was measured using a Tecan Spark plate reader equipped

with SPARKCONTROL software.

9.11 High Molecular Weight DNA Extraction

Fresh cultures were streaked from cryogenic stocks onto potato dextrose agar (PDA) plates

and incubated at 22°C for 2-3 days. A single colony was inoculated into 10 mL of potato
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dextrose broth (PDB) and grown overnight at 22°C with shaking at 180 rpm. The overnight
culture was then transferred to 740 mL of PDB in a sterile Erlenmeyer flask and incubated

overnight at 22°C with shaking at 120 rpm.

9.11.1 Cell Harvesting and Mechanical Lysis

Cells were harvested by centrifugation at 4,000 rcf for 20 minutes. The pellet was transferred
to a sterile mortar using a spatula and ground in the presence of 20 g of 0.1 mm zirconia
beads. Liquid nitrogen was added intermittently during grinding to aid in cell disruption and

preserve DNA integrity.

9.11.2 Chemical Lysis and Protein Precipitation

An equal volume (17.5 mL) of Genomic Lysis Buffer (Quick-DNA™ Fungal /Bacterial Miniprep
Kit, Zymo Research) was added to 17.5 mL of ground cell material. The mixture was incu-
bated at 37°C for 30 minutes with inversion every 5 minutes. After incubation, the lysate
was chilled on ice for 5 minutes before adding 3.5 mL of 5 M potassium acetate (pH 7.5).
The solution was mixed by inversion and incubated on ice for another 5 minutes. Debris was

pelleted by centrifugation at 5,000 rcf for 12 minutes at 4°C.

9.11.3 Organic Extraction and RNA Removal

The clarified supernatant was transferred to a fresh tube containing 17.5 mL of phenol :
chloroform : isoamyl alcohol (PCI, 25:24:1), mixed by inversion for 2 minutes, and centrifuged
at 4,000 rcf for 10 minutes at 4°C. The aqueous phase was transferred to a new tube containing
a second volume of PCI, mixed, and centrifuged again under the same conditions. The final
supernatant was treated with 5 pLL RNase A and incubated at room temperature for 30

minutes.

9.11.4 DNA Precipitation

To precipitate genomic DNA, 1.8 mL of 3 M sodium acetate (pH 5.2) and 18 mL of 100%
isopropanol were added to the sample, mixed gently by inversion, and incubated at room
temperature for 10 minutes. The DNA was pelleted by centrifugation at 10,000 rcf for 30

minutes at 4°C. The supernatant was carefully discarded, leaving 2 mL, and the pellet was
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transferred to a 1.5 mL tube. Remaining liquid was removed by centrifugation at 6,000 rcf

for 5 minutes at 4°C.

9.11.5 Ethanol Wash and Initial Resuspension

The DNA pellet was washed three times with 1.5 mL of 70% ethanol, each followed by
centrifugation at 6,000 rcf for 5 minutes at 4°C. After the final wash, the pellet was air-dried
for 10 minutes and resuspended in 200 pL of 10 mM Tris-HCl (pH 9). The sample was
incubated for 3 hours at room temperature. Subsequently, 200 pL. of TE buffer (1 % Tris
base, 0.2% EDTA) was added and the solution was incubated overnight at room temperature.
An additional 100 pL. of TE buffer was added the next day to ensure full dissolution of the
DNA pellet.

9.11.6 Magnetic Bead Clean-Up

To purify the DNA, 0.8x volume of self-prepared magnetic beads was added to the DNA
solution in a 1.5 mL tube. The mixture was incubated at 400 rpm for 5 minutes, then
allowed to rest at room temperature for another 5 minutes. Tubes were placed on a magnetic
stand for 15 minutes to pellet the beads, and the supernatant was removed. Beads were
washed three times with 1 mL of 80% ethanol, with each wash followed by a 15-minute

incubation on the magnetic stand.

9.11.7 Final Elution

Beads were air-dried for at least 15 minutes on the magnetic stand. DNA was eluted in 70
nL of 10 mM Tris-HCI (pH 8) by incubating on a thermomixer at room temperature and 400
rpm for a minimum of 20 minutes. After separation on a magnetic stand for 5 minutes, the
eluate containing purified high molecular weight DNA was transferred to a fresh 1.5 mL tube

and stored for downstream applications.

9.12 Nanopore Sequencing

Nanopore sequencing run was prepared according to Oxford Nanopore Technologies Native

Barcoding Kit 24 V14 (SQK-NBD114.24) protocol.
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9.12.1 DNA Repair and End-Preparation

AMPure XP Beads (AXP) and the DNA Control Sample (DCS) were thawed at room tem-
perature (RT) and mixed by vortexing. AXP was kept at RT, and DCS was stored on ice.
NEBNext FFPE DNA Repair Mix and NEBNext Ultra II End Repair/dA-Tailing reagents
were thawed on ice, mixed by gentle inversion, and briefly centrifuged. DNA input was ad-
justed to 400 ng per sample (for >4 barcodes) or 1000 ng per sample (for <4 barcodes) in a

0.2 mL PCR tube. The volume was brought to 12 pL using nuclease-free water (Table 7).

Component Volume [pL]
DNA sample (adjusted to 400 or 1000 ng) 12
NEBNext FFPE DNA Repair Buffer 0.875

Ultra II End-prep Reaction Buffer 0.875

Ultra II End-prep Enzyme Mix 0.75
NEBNext FFPE DNA Repair Mix 0.5

Table 7: Reaction mix for DNA repair and end-prep.

Samples were mixed by pipetting, spun down, and incubated at 20°C for 5 minutes followed
by 65°C for 5 minutes. Each sample was transferred to a 1.5 mL DNA LoBind tube and
purified using 15 pl. AXP beads. After 5 minutes of incubation on a rotator, beads were
pelleted on a magnetic rack, washed twice with 200 pL 80% ethanol, and air-dried. DNA was

eluted in 10 pL nuclease-free water.

9.12.2 Native Barcoding Ligation

NEB Blunt/TA Ligase Master Mix, Clear Cap EDTA, and Native Barcodes (NB01-NB24)
were thawed, mixed, and kept on ice. Each sample was ligated to a unique barcode in a 0.2

mL PCR tube (Table 8).

Component Volume [pL)]

End-prepped DNA 7.5
Native Barcode (NBO1-NB24) 2.5
Blunt/TA Ligase Master Mix 10

Table 8: Reaction mix for native barcode ligation.

Samples were incubated at RT for 20 minutes, followed by the addition of 2 nl. EDTA. All

barcoded samples were pooled and purified using 0.4x AXP beads. After bead binding and
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washing twice with 700 puL 80% ethanol, DNA was eluted in 35 pL nuclease-free water after a
10-minute incubation at 37°C with intermittent flicking. Beads were pelleted, and the eluate

was retained.

9.12.3 Adapter Ligation and Cleanup

NEBNext Quick Ligation reagents, Native Adapter (NA), and Quick T4 DNA Ligase were

thawed and mixed. In a 1.5 mL DNA LoBind tube, adapter ligation was performed (Table 9).

Component Volume (nL)
Pooled barcoded DNA 30

Native Adapter (NA) 5

Quick Ligation Reaction Buffer (5x) 10

Quick T4 DNA Ligase 5

Table 9: Reaction mix for adapter ligation.

The reaction was incubated at RT for 20 minutes and purified with 20 nl. AXP beads. Beads
were washed twice with 125 pLb Long Fragment Buffer (LFB), and DNA was eluted in 15 pL
Elution Buffer (EB) following a 10-minute incubation at 37°C. Beads were pelleted and 15

pL eluate was retained.

9.12.4 Flow Cell Priming and Library Loading

Sequencing Buffer (SB), Library Beads (LIB), Flow Cell Tether (FCT), and Flow Cell Flush
(FCF) were thawed, mixed, and placed on ice. The priming mix was prepared by combining
1170 pL FCF, 5 pL 50 mg/mL BSA, and 30 uL. FCT. A MinlON flow cell was mounted and
primed by withdrawing 20-30 pL from the priming port and loading 800 uL of priming mix.

After 5 minutes, a library mix was prepared (Table 10).

Component Volume [pL]

Sequencing Buffer (SB) 37.5
Library Beads (LIB) 25.5
DNA Library 12

Table 10: Final library mix prepared for SpotON flow cell loading.

Following the addition of 200 puli priming mix to the priming port, 75 pL of the prepared

library was loaded dropwise into the SpotON sample port. The flow cell was closed, and
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sequencing was initiated using MinKNOW v23.11.5.

9.13 RNA Extraction and cDNA Synthesis
9.13.1 Culture Preparation and Cell Lysis

Single colonies of yeast and bacterial strains were revived from cryogenic stocks by streak-
ing onto Potato Dextrose Agar (PDA) and King’s B agar plates, respectively, followed by
incubation at 22°C for 24 hours. Afterwards, a single colony from each strain was inoculated
into 10 mL of its corresponding medium and cultured for 24 hours at 22°C with shaking at
180 rpm. Each culture was then adjusted to an ODggg of 0.4 in its respective medium, and
yeast cultures were combined individually with the P. extremaustralis B2 strain in a 1:1 ratio.
Single cultures of yeast and B2 were refilled to their original volumes following combination.
After an additional incubation of 3 to 4 hours at 22°C and 180 rpm, each culture’s ODggg
was set to 0.8 in their respective media (for yeast—bacteria co-cultures, a 1:1 medium mixture
was used). The samples were then further used in two ways: firstly, they were centrifuged at
19150 rcf at 4°C for 5 minutes and subsequently the pellet was frozen in liquid nitrogen to
gather RNA from liquid cultures. Secondly, background bacteria were prepared identical to
the confrontation assay culture preparation, the lawn was plated and the treatment dropped
onto the plate. After 3 days of incubation, the yeast or yeast - bacterium culture in the center

was scraped off the plate, frozen in liquid nitrogen and used for RNA extraction.

9.13.2 RNA Extraction

These samples were then processed using the Qiagen RNeasy MiniKit from Yeast and there-
fore the pellets were loosened by flicking the tube and 600 pl. Buffer RLT was added and
vortexed. Next, the samples were added to acid washed Zirconia beads (mixture of 0.1 mm,
0.5 mm and 2.3 mm diameter beads) and the cells were lysed using a Bertin Technologies
Precellys Evolution cell lyser with added Bertin Technologies Cryolys advanced temperature
controller. Therefore, the machine was pre-cooled to at least -15°C and the samples were

lysed according to protocol (Table 11).
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Tube 2 mL Cryo Off
Speed 6300 rpm | Temp 0°C
Cycle 2x 40 sec | Mode Normal
Pause 15 sec

Table 11: Cell lysis settings used with the Precellys Evolution tissue homogenizer (Bertin Technologies).
Parameters include tube volume, speed, cycle duration, and cooling settings used for effective disruption of
microbial cells.

The tubes were removed from the homogenizer and briefly allowed to settle, after which
the lysate was transferred to fresh tubes. The samples were then centrifuged at 19150 rcf
for 2 minutes, and the resulting supernatant was transferred to new tubes. One volume of
70% ethanol was added to the lysate and mixed thoroughly by pipetting. Subsequent steps
followed the protocol outlined in the Qiagen RNeasy Plant Mini Kit manual. Briefly, each
sample was transferred to an RNeasy spin column placed within a 2 mL collection tube and
centrifuged at 19150 rcf for 20 seconds. The flow-through was discarded, and 700 pL of Buffer
RW1 was added, followed by centrifugation under the same conditions. After discarding the
flow-through again, 500 pl. Buffer RPE was added, and the columns were centrifuged at
19150 rcf for another 20 seconds. Following removal of the flow-through, a second 500 pL
aliquot of Buffer RPE was added, and columns were centrifuged for 2 minutes at 19150 rcf.
Next, each spin column was placed in a new collection tube, centrifuged at 19150 rcf for 1
minute to remove residual ethanol, and finally transferred to a clean 1.5 mL tube. RNA
was eluted by adding 30 pL. of RNase-free water directly onto each spin column membrane,

followed by centrifugation at 19150 rcf for 1 minute.

9.13.3 DNase Treatment

Next, DNase treatment was carried out to eliminate any remaining DNA from the RNA
samples, using the Thermo Fisher TURBO DNA-free kit. To each RNA sample, 0.1 volume
of 10x TURBO DNase Buffer and 1 pL. TURBO DNase enzyme were added, and the mixture
was gently mixed. The samples were incubated at 37°C for 25 minutes. Afterward, the DNase
Inactivation Reagent was thoroughly resuspended, and 2 pl. was added to each sample and
mixed carefully. The tubes were incubated at room temperature for 5 minutes, occasionally
flicked to ensure proper mixing, and then centrifuged at 10000 rcf for 90 seconds. Finally,

the supernatant containing the purified RNA was transferred to fresh tubes.
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9.13.4 cDNA Synthesis

c¢DNA synthesis was performed following the Invitrogen SuperScript IV Reverse Transcriptase
protocol. The RNA-primer mixture was prepared by combining the components listed in

Table 12 in a reaction tube.

Component Volume for 20 nL reaction [plL]

Oligo(dT) Primer 1
10 mM dNTP Mix 1
Template RNA 11
Nuclease Free Water 7

Table 12: Preparation of the RNA-primer mix for a 20 pL reverse transcription reaction using the Invitrogen
SuperScript IV Reverse Transcriptase protocol. The mix includes template RNA, oligo(dT) primers, dNTPs,
and nuclease-free water prior to denaturation and primer annealing.

The RNA-primer mix was heated to 65°C for 5 minutes, followed by an incubation on ice
for at least 1 minute. Next, the Reverse Transcriptase reaction mix (RT reaction mix) was

prepared by combining the following agents in Table 13.

Component Volume for 7 pL reaction [pL]
5x SSIV Buffer 4
100mM DTT 1
RNaseOUT Recombinant RNase Inhibitor 1
SuperScript IV Reverse Transcriptase (200 U/pL) 1

Table 13: Composition of the reverse transcription reaction mix for a 7 pL reaction using SuperScript IV
Reverse Transcriptase (Invitrogen). The mix was prepared according to the manufacturer’s protocol and used
for first-strand cDNA synthesis.

After mixing the RNA-primer mixture and the RT reaction mix in a 1:1 ratio, the sample
was incubated initially at 53°C for 10 minutes, followed by a second incubation at 80°C for 10
minutes. Additionally, a step not included in the original Invitrogen protocol was performed
by adding 1 pL. of RNase A to each sample, followed by incubation at 37°C for 20 minutes

to degrade any residual RNA.

9.13.5 Magnetic Bead Clean-Up

Following cDNA synthesis, a bead-based clean-up was performed to improve cDNA purity.
Magnetic beads (SpeedBead Magnetic Carboxylate Modified Particles, Cytiva) were first

resuspended by vortexing. In a 1.5 mL tube, 20 pL of ¢cDNA was mixed with 1.8 volumes
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of beads by pipetting. After incubating the mixture at room temperature for 5 minutes,
the tubes were placed on a magnetic rack for at least 2 minutes to separate the beads. The
supernatant was carefully removed, leaving behind approximately 5 nL. While keeping the
tubes on the rack, 200 puL of 70% ethanol was gently added without disturbing the pellet,
incubated for 30 seconds, and then removed. This ethanol wash was repeated a total of three
times. The samples were then air-dried for 15 minutes, removed from the magnetic rack,
and resuspended in 50 pl. of nuclease-free water. After thorough mixing by pipetting, the
samples were incubated with shaking at 500 rpm for at least one hour. Finally, the tubes
were returned to the magnetic rack, incubated for at least one minute, and the supernatant

containing the purified cDNA was transferred to a fresh tube.

9.14 RNA Sequencing

The purified and cleaned cDNA samples were send to BMKGENE for sequencing. Samples
were prepared according to the sequencing company’s instructions (Table 14). Sequencing
was carried out on the Illumina NovaSeq 6000 platform (PE150), generating approximately

9Gb of data per sample.

Concentration > 100 ng/pL
Volume 20 nL.

Table 14: Sample quality and quantity requirements for RNA sequencing submission to BMKGENE. Each
RNA sample was required to have a concentration of at least 100 ng/pL and a total volume of 20 nL.

9.15 gPCR Validation of Candidate Genes

To validate the expression data gathered from RNA sequencing analysis, Real-Time qPCR
was performed. Therefore, 10 pL. qPCR Master Mix (Table 15) and 5 nl. cDNA template
was added to a 96-well PCR plate (Hard-Shell PCR Plates 96-well, thin-well, Bio Rad). The
plates were then spun down for a few seconds and put into a CFX Connect Real-Time PCR

Detection System (Bio Rad).
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Component Volume for 10 pL reaction [pL]

SYBR Green Supermix 7.5
Nuclease Free Water 1.9
10 pM Primer Forward 0.3
10 pM Primer Reverse 0.3

Table 15: Composition of the quantitative PCR (qPCR) master mix for a 10 pL reaction volume. The
reaction was prepared using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), with final primer
(Table 5) concentrations of 300 nM each.

Using the CFX Maestro Software (Bio Rad), the gPCR was run on reactions with a sample
volume of 20 pL (Table 16).

Step Temperature [°C] Time [s] Cycles
1 95.0 10

39
2 60.0 30

3 65.0 - 95.0 in 0.5 steps 20 per step 1

Table 16: Thermal cycling protocol used for quantitative PCR on the CFX Connect Real-Time PCR Detec-
tion System. The protocol includes 39 amplification cycles (steps 1 and 2) followed by a melt curve analysis
(step 3) with temperature increments of 0.5°C.

9.16 Computational Analyses

All computational analysis were performed either on a de.NBI sourced virtual machine or
the BinAC Server Cluster.
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10 Supplementary Data

10.1 Genbank Accession Numbers for GH-Family Search

GenBank ID

Species Name

GCA_014825545.1
GCA_014825535.1
GCA_014825765.1
GCA_014825675.1
GCA_014825555.1
GCA_014825745.1
GCA_014825955.1

Cystofilobasidium capitatum
Cystofilobasidium bisporidii
Cystofilobasidium macerans
Cystofilobasidium ferigula

Cystofilobasidium bisporidii
Cystofilobasidium macerans
Cystofilobasidium ferigula

Table S1: GenBank accession numbers and corresponding species names for genome assemblies used in GH

family analysis.

10.2 Genome Assembly Statistics

Yeast 1

31 contigs, 20,679,883 bp total
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Figure S1: Summarized plots for the contig-level yeast genome assemblies displaying length per contig, contig
number, N50 and total assembly length.
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10.3 Preliminary Infection Assay

Yeast 1 & B2 on A. laibachii Infection
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Figure S2: Preliminary infection assay results of A. laibachii infection of non-sterile A. thaliana plants.
Percentage of infected leaves plotted for each Treatment. Significance test and grouping performed using a
Benjamini-Hochberg adjusted Dunn’s Test p — value < 0.01.
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