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ABSTRACT

ALBUINI, Fernanda Matias, D.Sc., Universidade Federal de Vigosa, April, 2023.
Biotechnological applications of yeasts: stress responses of Spathaspora
passalidarum and mode of action of the biocontrol agent Pseudozyma
flocculosa. Adviser: Luciano Gomes Fietto. Co-adviser: Tiago Anténio de Oliveira
Mendes.

Yeasts are biodiverse microorganisms that present several biotechnological
applications, such as in bioethanol production and biological control of plants against
fungal pathogens. The first two chapters of this thesis focused on studying the
mechanisms underlying the stress responses of Spathaspora passalidarum, a yeast
capable of fermenting xylose into ethanol, and the third chapter aimed to investigate
the mode of action of Pseudozyma flocculosa, a natural antagonistic yeast of
powdery mildew fungi. In the first study, an RNA-seq experiment was performed with
S. passalidarum cells exposed to 2 h of 4% (v/v) ethanol stress. The bioinformatics
analyses supported that S. passalidarum activated responses regarding protein
folding and antioxidant stress. However, the osmotic stress response of this yeast
appeared impaired, and genes encoding proteins from lipid metabolism, transporters,
and enzymes from glycolysis and fermentation pathways showed downregulation.
Additionally, ethanol-treated cells presented a pseudo-hyphal morphology. Changes
in fatty acid profile were only observed after 12 h of ethanol exposure, coinciding with
the yeast recovery of its xylose consumption ability. Thus, the halt in nutrient
acquisition and fermentation, the lack of fast membrane adjustments, and the limited
osmotic stress response were the main aspects identified underlying the low ethanol
tolerance of S. passalidarum. In the second study, comparative genomic analyses
were performed with Spathaspora passalidarum and Saccharomyces cerevisiae
searching for clues regarding their distinct robustness to stresses. The results
showed major differences in transcription factor sequences while signaling pathways
and responsive proteins appeared conserved between the yeasts. The evolutionary
differences in transcription factors might contribute to distinct stress responses and,
ultimately, different physiological profiles. Indeed, our results showed that S.
passalidarum and S. cerevisiae present distinct tolerance profiles to ethanol,
oxidative, and osmotic stresses. The overexpression of the MSN-like transcription

factor of S. passalidarum in an S. cerevisiae msn2 msn4 double-deleted strain



indicated that the MSN-like only partially complemented the function of their
orthologs in S. cerevisiae under stress, corroborating our hypothesis that
transcription factors have diverged in S. passalidarum and it might have impacted the
yeasts stress responses. In the third study, the role of the Pf2826 effector of
Pseudozyma flocculosa was investigated in the yeast biocontrol activity against
barley powdery mildew. This gene is highly expressed only during the P. flocculosa-
barley-powdery mildew tripartite interaction. The knockout of this gene using the
CRISPR-Cas9 mediated genome edition tool showed that the mutant line developed
less aggressively and did not overtake the powdery mildew colonies, indicating that
this gene is essential for the full biocontrol activity of P. flocculosa. The yeast-two-
hybrid methodology was used to validate the interaction of the Pf2826 effector with
seven putative interactors previously identified by a pull-down assay. The results
confirmed the interaction of the Pf2826 effector with a barley pathogenesis-related
protein that has putative roles in plant defense against biotic stress, and with a
powdery mildew effector, which might be involved in the pathogen’s aggressiveness.
These interactions probably destabilize the effector-induced host immunity
suppression and boost the plant defenses, resulting in the collapse of the powdery

mildew colonies.

Keywords: Yeast biotechnology. Bioethanol production. Biological control.



RESUMO

ALBUINI, Fernanda Matias, D.Sc., Universidade Federal de Vicosa, abril de 2023
Aplicacbes biotecnoldgicas de leveduras: respostas a estresses de
Spathaspora passalidarum e modo de acdo do agente de biocontrole
Pseudozyma flocculosa. Orientador: Luciano Gomes Fietto. Coorientador: Tiago
Antonio de Oliveira Mendes.

Leveduras sdo microrganismos biodiversos que apresentam varias aplicacdes
biotecnolégicas, como na producdo de bioetanol e no controle biolégico de
patbgenos em plantas. Os primeiros dois capitulos desta tese investigaram as
respostas a estresse de Spathaspora passalidarum, uma levedura capaz de
fermentar xilose a etanol, e o terceiro capitulo analisou o modo de acdo de
Pseudozyma flocculosa, uma levedura antagonista ao oidio. No primeiro estudo, um
experimento de RNA-seq foi realizado com S. passalidarum sob 4% (v/v) de estresse
por etanol durante 2 horas. As andlises mostraram que S. passalidarum ativou
respostas relacionadas ao enovelamento proteico e antioxidante. No entanto, a
resposta ao estresse osmotico dessa levedura foi limitada, e os genes que codificam
proteinas do metabolismo lipidico, transportadores e enzimas da glicélise e
fermentacao foram downregulados. As células tratadas com etanol apresentaram
morfologia pseudo-hifal, e mudancas no perfil de acidos graxos foram observadas
apenas apés 12 h sob estresse por etanol, coincidindo com o inicio do consumo de
xilose pela levedura. Assim, a parada na absorcéo de nutrientes e na fermentacao, a
falta de ajustes rapidos na membrana e uma resposta limitada ao estresse osmotico
foram os principais fatores relacionados a baixa tolerancia de S. passalidarum ao
etanol. No segundo estudo, analises de gendbmica comparativa entre Spathaspora
passalidarum e Saccharomyces cerevisiae foram realizadas a fim de compreender
seus distintos perfis de tolerancia a estresses. Foram encontradas divergéncias nas
sequéncias dos fatores de transcricdo, e conservacdo nas vias de sinalizacdo e
proteinas responsivas a estresses. Diferencas evolutivas nos fatores de transcrigdo
podem contribuir para distintas respostas a estresses e perfis fisioldgicos. De fato,
nossos resultados mostraram perfis distintos de tolerancia das duas leveduras aos
estresses etanol, oxidativo e osmotico. A superexpressdo do fator de transcricao
MSN-like de S. passalidarum em uma cepa de S. cerevisiae duplamente deletada

para msn2 e msn4 indicou que o MSN-like complementou apenas parcialmente a



funcdo de seus ortdlogos em S. cerevisiae sob estresse, corroborando com nossa
hipétese de que os fatores de transcricdo divergiram em S. passalidarum, e que isso
pode ter impactado a resposta a estresse dessa levedura. No terceiro estudo, o
papel do efetor Pf2826 de Pseudozyma flocculosa foi investigado na atividade de
biocontrole dessa levedura contra o oidio da cevada. Este gene é altamente
expresso apenas durante a interacao tripartite involvendo P. flocculosa-cevada-oidio.
O nocaute desse gene por CRISPR-Cas9 mostrou que a linhagem mutante foi
menos agressiva e ndo causou o collapso do oidio, indicando que esse efetor é
essencial para a atividade de biocontrole de P. flocculosa. Duplo hibrido de levedura
foi utilizado para validar a interacdo do Pf2826 com sete possiveis interatores
previamente identificados por pull-down. Os resultados confirmaram a interagéo
entre Pf2826 e uma proteina relacionada a patogénese de cevada, possivelmente
envolvida na defesa da planta contra estresse bidtico, e um efetor do oidio, o qual
pode estar envolvido com a agressividade do patdgeno. Essas interacfes
provavelmente desestabilizam a supressao da imunidade do hospedeiro induzida
pelo efetor e favorecem as defesas da planta, resultando no colapso das col6nias do

oidio.

Palavras-chave: Biotecnologia de leveduras. Producdo de bioetanol. Controle

bioldgico.
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INTRODUCTION

Yeasts are unicellular fungi with remarkable biodiversity and enormous
biotechnological importance. Their use by humans in food and alcoholic beverage
processing dates from several millennia, although microorganisms were only
discovered in the 19th century (Mattanovich et al. 2014). One of the main
applications of yeasts is in fermentative processes, such as brewing, winemaking,
baking, and bioethanol production (Maicas 2020). Yeasts are also an excellent
scientific model due to their eukaryotic origin, simple life cycle, ease of cultivation,
and vast knowledge about their metabolism and genome. In this regard, it is worth
mentioning that the first eukaryotic genome to be completely sequenced belongs to
the yeast Saccharomyces cerevisiae and was finished in 1996, boosting molecular
studies and providing important information regarding genome structure and
evolution (Botstein and Fink 2011). Additionally, yeasts are exploited as cell factories
for heterologous protein production, for the study of diseases, for the in vivo analysis
of protein-protein interactions, and as natural antagonists of other microorganisms
with applications in fruit and crop protection against diseases (Bruckner et al. 2009;
Baghban et al. 2019; Nielsen 2019; Freimoser et al. 2019).

Undeniably, the conversion of sugars into ethanol and carbon dioxide is a
pivotal step in several industrial bioprocesses. Yeasts can utilize renewable
feedstocks to produce fuels or chemicals, such as bioethanol, organic acids,
enzymes, and biopharmaceutical proteins (Nandy and Srivastava 2018). Bioethanol
is a renewable biofuel produced from a variate of plant-based biomass, such as
energy crops (first generation) and lignocellulosic biomass (second generation),
which is considered an interesting alternative to assure energy security (Zabed et al.
2017). Brazil is the world’s second-biggest bioethanol producer. In 2021, the country
produced 7,320 million gallons of ethanol, which corresponded to 27% of the world's
production (Renewable Fuels Association). Bioethanol is produced in Brazil mainly
from the microbial fermentation of sugarcane juice. The residual biomass from the
juice extraction, such as sugarcane bagasse and straw, also contains fermentable
sugars that can contribute to increasing ethanol production. The fermentation of the

various components of plant biomass is of great industrial and economic interest as it
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allows increasing the productivity of the process without expanding the cultivable

areas (Dos Santos et al. 2016).

Plant biomass is a complex substrate composed of cellulose (40 - 50%),
hemicellulose (20 - 40%), and lignin (20 - 30%) (Pauly and Keegstra 2008).
Pentoses, such as xylose and arabinose, can represent up to 20% of the total sugar
in the biomass, with xylose being the second most abundant carbohydrate in these
materials (Zabed et al. 2017). Efficient xylose fermentation is a bottleneck for the
widespread production of ethanol from lignocellulosic materials. This is because the
yeast Saccharomyces cerevisiae, the most relevant and widely used yeast species in
industrial fermentative processes, does not naturally assimilate pentoses (Toivari et
al. 2004). Despite the impressive advances regarding the engineering of xylose
fermentation in S. cerevisiae strains, challenges remain in which concerns xylose
assimilation rates and simultaneous co-utilization of xylose and other sugars in
lignocellulosic hydrolysates, which demonstrates that there is room for improvement
(Gao et al. 2019; Sun and Jin 2021). Thus, it is worth noticing that the domestication
of xylose-fermenting yeasts is an interesting strategy for expanding the knowledge
about the regulation of xylose metabolism in order to allow their direct use on

industrial scales or improve other yeast strains.

Spathaspora passalidarum is a xylose-fermenting yeast isolated from the guts
of woodboring beetles (Nguyen et al. 2006) that can ferment xylose, glucose, and
cellobiose with high ethanol yields (0.48 g.g™!) and productivities and has emerged as
a candidate for domestication (Long et al. 2012; Cadete et al. 2016; Cadete and
Rosa 2018). Several studies have characterized this yeast regarding the co-
consumption of sugars, the best aeration and temperature conditions for ethanol
production, resistance against contaminants and inhibitors, fermentation of
hydrolysates, xylose metabolism through metabolome data, and others aspects (Hou
2012; Rodrussamee et al. 2018; Collograi et al. 2019; Veras et al. 2019; Ribeiro et al.
2021; Campos et al. 2022). Although S. passalidarum is currently among the best
xylose-fermenting yeasts, it presents high sensitivity to mild ethanol concentrations
and other chemicals (e.g. acetic acid) (Campos et al. 2022). The growth and
fermentative metabolism of S. passalidarum are highly inhibited in ethanol
concentrations equal to or greater than 4% (v/v), while the title of ethanol obtained in
second-generation ethanol fermentations varies between 5% and 7%. Besides,
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industrial environments display other stressful conditions for yeasts, such as osmotic
and oxidative stresses, changes in pH and temperature, and the presence of
inhibitors, which reassures the importance of improving S. passalidarum tolerance to
stresses (Deparis et al. 2017; Campos et al. 2022).

In the first two chapters of this thesis, the stress response and tolerance profile
of S. passalidarum were evaluated under different stress conditions. In the first
chapter, an RNA-seq analysis was performed to investigate S. passalidarum
transcriptional changes in response to two hours of 4% (v/v) ethanol stress aiming to
shed light on the mechanisms underlying the low ethanol tolerance profile of this
yeast and search for clues to improve this phenotype. In the second chapter,
divergences in transcription factor sequences of S. passalidarum and S. cerevisiae
identified through comparative genomic analyses raised the hypothesis that these
differences might influence the yeasts' stress response regulation and, ultimately,
their stress adaptation abilities. Thus, the tolerance profiles of S. passalidarum and
S. cerevisiae were compared under ethanol, oxidative, and osmotic stress conditions.
In addition, the function of the MSN-like transcription factor of S. passalidarum was
examined by performing phenotypic complementation assays with S. cerevisiae
msn2 msn4 double deleted strain overexpressing this gene under the mentioned

stress conditions.

The third chapter of this thesis focused on studying another yeast species with
a different but equally relevant biotechnological potential: Pseudozyma flocculosa
and its biological control activity against plant-pathogenic fungi. Biocontrol agents are
natural antagonists of phytopathogens that can control plant diseases by interfering
with the pathogen’s growth, development, or reproduction (Zhang et al. 2020). The
interest in biocontrol agents has emerged from the searches for more
environmentally safe strategies to replace or reduce the use of synthetic fungicides
while maintaining plant protection and low economic losses (Dukare et al. 2019).
Yeasts present several properties desirable for biocontrol agents, such as single cell
morphology - which is ideal for growth in fermenters, few nutritional requirements,
genetic stability, effectivity in low concentrations, and low biosafety risks to human
health and the environment (Teixido et al. 2022). Some yeast species, such as
Candida oleophila, strain O (NEXY®), has been successfully commercialized as a
formulate for the postharvest control of fungi on fruits (Lahlali et al. 2011; Ballet et al.
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2016). Deciphering the mechanisms involved in an organism’s mode of action is
crucial for efficiently controlling a given disease, besides understanding their potential

risks for humans and the environment (Ghorbanpour et al., 2018).

Pseudozyma flocculosa is an epiphytic yeast-like fungus discovered in 1987 on
powdery mildew-infected clover leaves (Traquair et al. 1988). This yeast presents a
powerful antagonistic activity against a wide range of powdery mildew pathogens
(Bélanger et al. 2012). Powdery mildew is a relevant plant disease distributed
worldwide that causes significant crops yield losses. Powdery mildew species are
obligate biotrophic pathogens that can infect and damage a vast spectrum of plants
of economic interest, such as cereals, vegetables, and ornamental plants (Glawe
2008). In Brazil, some of the crops affected by this disease include barley (Hordeum
vulgaris L.) (Agostinetto et al. 2014), wheat (Triticum aestivum L.) (Reis et al. 2013),
eucalypt (Eucalyptus spp. L’Hér.) (Fonseca et al. 2017), and cashew (Anacardium
occidentale) (Fonseca et al. 2019). Blumeria graminis f. sp. hordei is a powdery
mildew species that causes severe yield losses in barley (Zhu et al. 2016), the fourth
most produced grain in the world (Food and Agriculture Organization of the United
Nations), and one of the main winter crops in Southern Brazil. In 2022, the national
production of barley in Brazil achieved the highest number ever, with over 482
thousand tons produced (Conab, 2022).

The mode of action of P. flocculosa has been described so far as antibiosis,
which would be related to a glycolipid molecule with antimicrobial activity secreted by
this yeast termed flocculosin (Cheng et al. 2003). However, recent data has
demonstrated that the deletion of a crucial gene involved in flocculosin synthesis
resulted in a P. flocculosa strain unable to produce this glycolipid but still presenting
its biocontrol activity against barley powdery mildew (Santhanam et al. 2021). The
indication that flocculosin is not responsible for P. flocculosa antagonistic activity,
along with the identification of P. flocculosa effector proteins highly expressed only
during its interaction with powdery mildew infected plants (Laur et al. 2018), resulted
in a new hypothesis about the mode of action of this biocontrol agent involving a new
player, the Pf2826 effector protein.

In the third chapter of this thesis, the role of the Pf2826 effector protein in the

mode of action of P. flocculosa against barley powdery mildew was evaluated by
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generating a knockout strain for this gene using the CRISPR Cas-9 system and by
validating the effector interaction with proteins from barley and powdery mildew
previously identified by a pulldown assay. The precise identification of how P.
flocculosa kills its target can contribute to understanding the molecular dynamics that
occur during the development of the plant-pathogen-biocontrol interaction and
improve the exploitation of this microorganism as a biocontrol agent by enhancing its

biocontrol properties.
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Chapter 1

Transcriptome profiling brings new insights into the ethanol stress responses

of Spathaspora passalidarum
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1. INTRODUCTION

Microorganisms are cell factories to produce a large spectrum of value-added
compounds. Among them, yeasts present many biotechnological properties that are
of economic relevance. The model yeast Saccharomyces cerevisiae is one of the
most studied microorganisms (Kavscek et al. 2015). This yeast became the preferred
microbial factory for many industrial fermentative processes for several reasons,
including the vast number of studies that gave rise to its robust physiologic and
metabolic characterization, well-annotated genome, and the availability of various
tools for genetic manipulations. Despite these advantages, S. cerevisiae lacks some
desirable features that other non-conventional microorganisms, yet little exploited,

might present (Fatma et al. 2020).

The ability to ferment xylose is a desirable trait shown by some groups of
microorganisms (Jeffries 1983). Xylose is the second most abundant carbohydrate in
lignocellulosic hydrolysates (Zabed et al. 2017). The fermentation of xylose, along
with the other available sugars in vegetal biomass, is a crucial step in the
optimization of second-generation (2G) ethanol production (Saha 2003). Despite the
known advantages of S. cerevisiae utilization in the ethanol industry, this yeast does
not naturally ferment xylose, and the genetically engineered strains for glucose and
xylose fermentation still present relevant fermentative limitations (Gao et al. 2019;
Sharma and Arora 2020).

Spathaspora passalidarum is a non-conventional yeast that has been
receiving attention for biomass hydrolysate fermentation (Cadete and Rosa 2017).
Described by Nguyen and colleagues (2006) (Nguyen et al. 2006), Spathaspora
passalidarum NRRLY 27907 is a wood-boring beetle associated-yeast that efficiently
ferments xylose and other sugars under different aeration conditions with high yields
(close to the theoretical maximum) and productivities (Hou 2012; Long et al. 2012;
Cadete and Rosa 2017; Ribeiro et al. 2021; Campos et al. 2022). In a comparative
study performed by Veras and colleagues (2017) with four native xylose-fermenting
yeasts, the highest ethanol yields under oxygen limitation were obtained for S.
passalidarum and Scheffersomyces stipitis, while S. passalidarum showed the best
xylose consumption and ethanol production rates compared to the other yeasts

under anaerobic condition.
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However, xylose-fermenting yeasts are usually sensitive to different stresses
associated with industrial conditions, such as the accumulation of ethanol, the end
product of fermentative metabolism (Campos et al. 2022). Although high levels of
ethanol are required to reduce the distillation costs of the bioethanol production
process, it severely damages the cells, impairs growth, and even stops fermentation
(Deparis et al. 2017). Ethanol causes multi-aspect stress, which increases membrane
permeability, promotes loss of proton motive force, causes cytosol acidification,
interferes with transport systems, harms protein structure and generates protein
aggregates, increases the production of reactive oxygen species (ROS), and others
(Ma and Liu 2010; Auesukaree 2017).

Yeast cells must adapt their metabolism and many other aspects of their cell
biology to ensure the necessary changes for stress adaptation. Among these
changes, the translation of most proteins expressed under normal situations is
repressed while stress-related proteins are induced. Relevant proteins for yeast
environmental stress response include heat-shock proteins (HSPs), enzymes
required for energy generation, proteins involved in cellular redox and antioxidant
response, DNA repair, cell wall and membrane structures, transport systems, and cell
signaling, for example (Gasch et al. 2000). Even though there are many other levels
of gene regulation besides transcriptional control, one of the main ways of changing
protein synthesis is by controlling the amount of mRNA produced. Therefore,
changes in the transcriptional level constitute a significant component of stress

responses (De Nadal et al. 2011).

Regarding the ethanol stress response of S. passalidarum, it was already
demonstrated that some central genes activated in yeasts facing the effects of
ethanol were downregulated in S. passalidarum submitted to 4% (v/v) ethanol
(Campos et al. 2022). The study suggested that S. passalidarum might not have
activated a proper response to deal with ethanol stress, which could have contributed
to its low tolerance profile. The authors suggested a broader transcriptional approach

to improve the understanding of this phenomenon.

Genome-wide transcriptional analyses have been used to elucidate
transcriptional alterations and identify genes involved in ethanol stress response in
yeasts (Alexandre et al. 2001; Chandler et al. 2004; Hirasawa et al. 2007; Dinh et al.
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2009; Li et al. 2010; Kasavi et al. 2016; Diniz et al. 2017; Miao et al. 2018; Mo et al.
2019). Even though ethanol responses have been extensively studied in the yeast S.
cerevisiae, ethanol tolerance is not yet fully understood for this model organism. On
the other hand, very few studies have focused on changes in global gene expression
of non-conventional yeasts under ethanol stress. In this work, the molecular
responses of Spathaspora passalidarum subjected to ethanol stress were
investigated by RNA-seq aiming to reveal important clues to improve this yeast
tolerance to ethanol.

2. MATERIALS AND METHODS

2.1.Yeast strain and maintenance

This study used the Spathaspora passalidarum NRRLY 27907 strain. The
yeast was stored in YPD medium (10 g.L? yeast extract, 20 g.L"! peptone, 20 g.L?
glucose) with 20% (v/v) glycerol at -80°C. For routine use, cells were plated on YPX-
agar medium (10 g.L! yeast extract, 20 g.L* peptone, 20 g.L* xylose, 20 g.L* agar).
Isolated colonies were used in cell growth assays in YPX liquid media conducted in
three biological replicates. Growth measurements were performed by recording
optical density readings at 600 nm (ODeoo) using a spectrophotometer (Biospectro
SP-220).

2.2.Tolerance assays and metabolites measurements

Overnight yeast cultures were grown at 32°C at 120 rpm. From the pre-
inoculum, the cells were diluted to an initial ODeoo of 0.50 in 25 mL of YPX fresh
medium and incubated for growth until reaching the exponential phase.
Subsequently, the ODsoo was adjusted to 1.0 and serial dilutions were performed (10"
1 — 10%®). Five microliters of each dilution were spotted on YPX solid medium
containing ethanol (0, 2, 4, and 8% v/v), and the plates were incubated at 30°C for 72
h. Ethanol tolerance tests were also performed in liquid YPX medium without ethanol
or added with 1, 2, 3, 4, 5, 6, 7, and 8% ethanol (v/v). The overnight grown pre-
inoculum was transferred into 25 mL fresh medium to an initial ODsoo of 0.50. The

flasks were incubated for 48 h at 32°C at 120 rpm before ODesoo measurements.

For the fermentation assays, S. passalidarum cells were inoculated into 125

mL Erlenmeyer flasks containing 25 mL of fresh YPX medium added of ethanol (0, 4,
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5, and 6% v/v) and incubated at 32°C, 120 rpm. The initial ODesoo was adjusted to 1.0.
Samples were taken during the incubation to evaluate cell viability and quantify
xylose and ethanol concentrations. Cell viability assays were performed by adjusting
the ODeoo to 1.0 and then spotting serial dilutions of the cultures on solid media (YPX-
agar), followed by incubation for 36 h. Colonies were counted, and the number of
viable cells was expressed as CFU.mL™. Xylose and ethanol were quantified by high-
performance liquid chromatography (HPLC) using a refractive index detector
(Shimadzu RID-10A) and Bio-Rad Aminex HPX-87H column at 45°C. The mobile
phase consisted of sulfuric acid (5 mM) at a flow rate of 0.7 ml.mint. The samples
were previously filtered using a 0.22 um membrane filter. Metabolites quantification

was performed using xylose and ethanol standard curves.
2.3.Experimental design, RNA isolation and sequencing

Cells used for RNA isolation were grown in YPX medium overnight and then
transferred to 125 mL Erlenmeyer flasks containing 20 mL of fresh medium (initial
ODeoo ~ 0.20). The flasks were incubated at 32°C and stirred at 120 rpm until the
cells reached the mid-exponential phase of growth (ODeoo 0.8 ~ 1.0). Then, the
cultures volumes were divided into two new flasks: one with fresh YPX (control)
medium and the other containing YPX added of ethanol to a final concentration of 4%
(v/v) (treatment). The flasks were incubated in the conditions described above, and
cell growth was recorded during the experiment. After 2 hours of stress exposure,
cells from control and treatment conditions were collected and treated with Lyticase
from Arthrobacter luteus (Sigma-Aldrich). Total RNA was extracted using the RNeasy
Mini kit (Qiagen) and quantified with Qubit 3.0 Fluorometer (Invitrogen). The
sequencing was performed with the Illlumina NovaSeq 6000 (100bp PE (pair-end))
sequencing platform (Macrogen Inc., Seoul, South Korea). Three biological replicates

were performed for each condition.
2.4.RNA sequencing analysis

The reports of FastQC (version 0.11.5, Andrews, 2010) assessed the quality
of MRNA-Seq sequencing data, and Trimmomatic (version 0.36, (Bolger et al. 2014))
trimmed and filtered the low-quality (Phred score <15, MINLEN: 50) data. The
bowtie2-build tool of Bowtie2 (version 2.2.8, (Langmead and Salzberg 2012))
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indexed the S. passalidarum reference genome (NCBI Accession Number:
GCF_000223485.1), and the reads were mapped to the indexed genome using
TopHat (version 2.1.1, (Trapnell et al. 2009)). The Cufflinks (version 2.2.1, (Trapnell
et al. 2010)) assembled the transcripts sequences and estimated their expression in
Fragments Per Kilobase per Million mapped reads (FPKM). The Fold Change (FC)
calculation was performed by dividing the FPKM values of the genes expressed in
the treatment by the genes expressed in the control condition. The selection of
differentially expressed genes (DEGs) considered combined criteria of |Log2FC| =
1.75, P value <0.05, and FDR (false discovery rate) <0.001.

2.5.Functional annotation

The proteins encoded by Spathaspora passalidarum differentially expressed
genes were aligned to the reviewed sequences of the Swiss-Prot database and to
the reference proteomes of S. passalidarum (Proteome ID UP000000709) and S.
cerevisiae (Proteome ID UP000002311) available in the UniProt database
(Consortium 2023), using the BLASTp tool of BLAST version 2.13.0 (Altschul et al.
1990). The proteins were also aligned with the Position-Specific Scoring Matrices
(PSSMs) of the Pfam database (Mistry et al. 2021), using the Reverse Position
Specific BLAST (RPS-BLAST) tool of BLAST. The E-value score threshold < 1-1°
filtered the significant alignments, and the gene ontology (GO) terms assigned to the

proteins were those from the best-hit sequences.
2.6.GO and KEGG enrichment analysis for differentially expressed genes

The GO enrichment analysis performed by YeastEnricher (Kuleshov et al.

2019) (https://maayanlab.cloud/YeastEnrichr/) determined the statistically (P-value <

0.0001) overrepresented terms of biological process, molecular function, and cellular
component categories among the DEGs. The pathways enrichment analysis
performed using KOBAS (Xie et al. 2011) (http://kobas.cbi.pku.edu.cn) identified

significantly enriched pathways (adjusted P-value < 0.01) among those from the

Kyoto Encyclopedia of Genes and Genomes (KEGG).
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2.7.RT-gPCR analysis

The experimental design described for RNA isolation was repeated for
harvesting samples for quantitative PCR analysis at 2 and 12 h of incubation of S.
passalidarum cells under ethanol stress (0% and 4% (v/v)). The experiments were
conducted in biological triplicates. Total RNA was quantified using Qubit 3.0
Fluorometer (Invitrogen), run in agarose gel to assess the quality, and treated with
RNase-free DNase | (Sigma-Aldrich). cDNA synthesis was performed using the High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems), following the
manufacturer’s instructions. Primers for the target genes were designed using the

GenScript Real-time PCR tool (https://www.genscript.com/tools/real-time-pcr-

tagman-primer-design-tool), and the nucleotide specificity was evaluated using
Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast) (Ye et al. 2012). The
Power SYBR Green PCR Master Mix (Applied Biosystems) and the StepOne ™ Real-
Time PCR System (Applied Biosystems) were used for the gPCR analysis. The

assays were carried out in technical duplicate using the following conditions: 10 min
at 95°C and 40 cycles of 15 s at 95°C, 1 min at 60°C. Relative mRNA quantification
was performed by the standard curve method. As such, a standard curve was
obtained for each gene by plotting the average Ct from the technical duplicate versus
the logl0 of different concentrations of S. passalidarum genomic DNA (1.56 — 100
ng.uL?). The results were normalized using actin (ACT1). An unpaired two-tailed t-
test (GraphPad Prism 5) was used for the statistical analysis. Thirteen genes were
selected for the gPCR analyses. Primers sequences and gene accession numbers

are available in Supplemental Table 1 (Appendix A).
2.8.Fatty acid profile determination

Single yeast colonies were inoculated in YPX media in triplicate and incubated
for approximately 16 h at 32°C at 120 rpm. From the pre-inoculum, cells were re-
activated to the mid-exponential phase of growth (ODsoo 0.8 ~ 1.0) as described in
the experimental design for the RNA isolation. Each culture was divided into two new
Erlenmeyer flasks, and ethanol was added to one of them to a final concentration of
4% (v/v). For the determination of the fatty acid content of S. passalidarum, the total
volume of the cells was harvested (10.000 rpm, 4°C, 10 min) at 2 and 12 h of

incubation. The three pellets from the same condition were pulled together and


https://www.genscript.com/tools/real-time-pcr-taqman-primer-design-tool
https://www.genscript.com/tools/real-time-pcr-taqman-primer-design-tool
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immediately used for fatty acid extraction according to the Sherlock Instant Fame ™
User's Guide (Newark). Agilent 7890A gas chromatograph with a flame ionization
detector (Agilent Technologies) was used to separate the mixture and identify the
fatty acids using the MIDI microbial identification system (Sherlock 6.0 Microbial

Identification System, Newark, USA).
2.9.Scanning electron microscopy (SEM) analysis

The cells were cultured as described in the previous item. Samples of S.
passalidarum cells from the control (0% (v/v) ethanol) and stress (4% (v/v) ethanol)
conditions were collected at 2 and 12 h of incubation at 32°C and 120 rpm. Pellets
were washed twice (10,000 rpm, 10 min) with potassium phosphate buffer (100 mM,
pH 7.2) and resuspended in 500 pl of the same buffer. Cells were visualized under a
light microscope, and dilutions were performed accordingly. Thirty pl of 0.1% (w/v)
poly-L-lysine (Sigma-Aldrich) were mixed with 10 pl of each sample. The total volume
was pipetted on the surface of a parafilm, covered with a coverslip, and maintained at
room temperature for 40 min. The coverslip was washed twice with potassium
phosphate buffer (100 mM, pH 7.2) for 10 min, then fixed overnight in 2.5%
glutaraldehyde. Subsequently, three washes with potassium phosphate buffer (100
mM, pH 7.2) were performed, and the samples were sequentially dehydrated with
alcohol 30, 50, 70, 80, and 90% (v/v) at room temperature for 15 min each time. A
further dehydration step was performed by incubating the samples in 100% alcohol
three times. Afterward, the coverslips were dried to the critical point (Critical Point
Dryer - CPD®, Bal-tec, model 030), mounted on the specimen holders (stubs), and
covered with gold using the metallizer Sputter coater (Balzers, model FDU 010). The
images were captured using a scanning electron microscope (LEO, model 1430 VP)

operating at 20 kV.
3. RESULTS
3.1.Physiological characterization of S. passalidarum under ethanol stress

Ethanol tolerance assays showed that S. passalidarum was unable to grow on
solid media with ethanol concentrations higher than 6% (v/v) (Fig. 1a). The presence
of ethanol severely limited S. passalidarum growth in the liquid medium, reducing its

relative growth by 50% in 4% ethanol (v/v) and by more than 90% in 6% ethanol (v/v)
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after 48 h of incubation (Fig. 1b). Overall, the addition of ethanol at the start of the
fermentation slowed sugar consumption and yeast growth. No ethanol production
was observed under the evaluated stress conditions. Cell viability was also not
reduced. In 6% ethanol (v/v), the cells remained latent for the initial 48 h. During this
period, there was a constant decrease in ethanol concentration. When approximately
31 g.L! of ethanol was reached (~ 4% v/v), growth and xylose consumption began,
indicating that higher concentrations inhibit S. passalidarum metabolism in liquid
media and that ethanol impaired growth without causing cell death (Fig. 1c).

a) 100 101 102 1073 b) 125+

4® 0 0 &
go 6 &
-

Ethanol (% v/v)
Relative ODgyo (%)

01 2 3 4 5 6 7
Ethanol (% viv)

8

C) 0 % Ethanol (viv) 4 % Ethanol (v/v)
80- F1.0:0° 80 ~1.0:10°
g L s S Q L s <
3 601/”%&\1 1.0:10 5 3 60 1.0:40 g
e 8 L0407 F e 6 L1007 F
& a0 B a8 4 G
Ch F1.0<0¢ T Ot F1.040° T
g c g <
€ 204 3 £ 20 3
3 1. s g ] -1, 5 g
S 1.0:40° 7 S 1040° 7
0 + * 1.0:104 0+ ' . 1.0:40*
0 24 48 72 0 24 48 72
Time (h) Time (h)
5 % Ethanol (v/v) 6 % Ethanol (v/v)
80 -1.0x10° 80~ r1.040°
Q 1 5 < ey =R 5 S
3 GUZW 1.0x10 g > o _ . 1.0x0 g
g5 F1.0d07 F s 6 F1od07 &
OF 404 5 AT 404 B
o F1.0x08 T Ot F1.0d08 T
8 e 8 3
c 204 3 £ 209
[=] - s . 1, 5 o,
3 1040° 7 8 0dos
0 T + 1.0x104 0 f T 1.0404
0 24 48 72 0 24 48 72
Time (h) Time (h)

Figure. 1 Ethanol tolerance and production in Spathaspora passalidarum. a) Spotting
assay in YPX media containing different ethanol concentrations. Petri dishes were
incubated for 3 days at 30°C before pictures were taken. b) Ethanol tolerance in
liquid medium. ODsoo Vvalues were measured after 48 h of growth and were
expressed relative to the control (0% ethanol). ¢) Fermentation profile of S.

passalidarum in YPX medium in the absence and presence of ethanol (v/v). Samples
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taken at 12, 24, 48, and 72 h were used for xylose (o) and ethanol (m) quantifications,

to perform ODsoo measurements (A ), and to evaluate cell viability (A).
3.2.Overall differential gene expression in response to ethanol

An RNA-seq experiment comparing the expression profiles of S. passalidarum
growing without ethanol exposure (control) and under 2 hours of 4% (v/v) ethanol
stress (treatment) was performed to understand the mechanisms underlying this
yeast ethanol response (Fig. 2a). This stress condition was selected because it
promoted a considerable reduction in the yeast specific growth rate (0.38 h-* (control)
to 0.22 h! (treatment)) without causing cell death (Fig. 2b). Principal component
analysis (PCA) demonstrated that there are no confounding effects between the
treatments, with the first principal component (PC1) separation corresponding to
96.73% of the existing differences in the transcriptional profile (Fig. 2c). The
transcriptome analysis mapped 5,982 from the 6,013 genes predicted in the S.
passalidarum genome (Wohlbach et al. 2011). The analysis revealed that 36 genes
were only expressed in the control condition, and 65 genes were exclusively
expressed on cells exposed to ethanol stress (Supplemental File S1 - T6 — Appendix
A). Moreover, a total of 663 genes met the criteria of the differential expression
analysis (Supplemental File S1 - T1 - Appendix A). Of these, 448 were more
abundant and 215 less abundant in ethanol-stressed cells. Among the DEGs, only
5.58% of them had a gene name assigned. In addition, 38.91% are uncharacterized
proteins, 24.73% are unspecific domain-containing proteins, and 1.05% are putative
proteins. Thus, the functional annotation analysis predicted the functions of the
proteins encoded by the DEGs. Among them, 540 aligned with proteins of the Swiss-
Prot database, 499 with proteins of S. cerevisiae reference proteome, and 456 with
profiles of the Pfam database. The annotation of up and downregulated DEGs of S.
passalidarum under ethanol stress is available in Supplementary file S2 - T2 -
Appendix A.
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Figure. 2 RNA-seq experimental design of Spathaspora passalidarum under ethanol
stress. a) Samples were collected for RNA isolation after 2 h of cultivation of S.
passalidarum cells at 120 rpm in the absence and presence of ethanol stress. b)
Growth curves of control (0% (v/v) ethanol) and ethanol-treated cells (4% (v/v) during
10 h of incubation. Values are represented as mean + S.D. c¢) Principal component
analysis performed using the FPKM data from three biological replicates of each

condition indicating that the analyzed samples clustered distinctively.

3.3.GO and KEGG enrichment analysis

The GO enrichment analysis of biological process, molecular function, and
cellular component used the DEGs annotated as orthologs of the S. cerevisiae
genes. The set of downregulated genes was enriched in the biological processes

“transcription from RNA polymerase |l promoter” and in “transmembrane transport”,
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and the cellular component terms “nucleus”, “integral component of the plasma
membrane”, and “vacuole”. The upregulated genes were mainly enriched in
translation-related biological processes and in the categories of “cytosol” and
“ribosome-related structures” for cellular components. All GO classifications are

available in Supplemental File S1 - T3 - Appendix A.

The data were also analyzed using KOBAS to search for KEGG pathways
statistically enriched (g-value < 0.01) with the DEGs. In this analysis, only the set of
upregulated genes resulted in significantly enriched pathways, as shown in
Supplemental File S1 - T4 - Appendix A. The enriched pathways retrieved were
related to “ribosome” (spaa03010, q < 0.01) and “ribosome biogenesis in eukaryotes”
(spaa03008, q < 0.01).

3.4.Ethanol compromises the expression of membrane components and

might affect other membrane-related processes

The enrichment analysis demonstrated that the cellular membrane was a
cellular component negatively affected by ethanol stress. Genes involved in
ergosterol biosynthesis (ERG3 and ERG25), as well as genes related to inositol
biosynthesis and metabolism, such as INO1, which encodes inositol-3-phosphate
synthase, were found to be downregulated (Supplementary File S2 - T5 - Appendix
A). Moreover, genes related to the biosynthesis of unsaturated fatty acids were not

differentially expressed between the conditions evaluated in our study.

The expression of genes encoding putative proteins that localize within or
across the membranes was also negatively affected, such as the ones involved in the
transport of nutrients (GO:0055085; GO:0015758; GO:0006812). In this regard, we
observed the downregulation of many putative sugar transporters after ethanol
stress, including members of the HXT family and an ortholog of SLT1, which encodes
a glycerol proton symporter (Tab. 1). Genes encoding an ammonium transporter
(MPE3) and a plasma membrane iron permease (FTR1) were also less expressed in
the stress condition. Similarly, downregulation was observed for the genes encoding
the general amino acid permeases GAP1 and AGP1, and the specific proline and

arginine permeases PUT4 and CANL1, respectively (Tab. 1). Consistent with these
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results, the STP2 gene, which encodes a transcription factor that activates the

transcription of amino acid permease genes, also showed downregulation.

The expression of genes involved in amino acid metabolism was also
reorganized. The amino acid biosynthetic enzymes ARG7 and CPA2 (arginine
biosynthesis), and TPR2 (tryptophan biosynthesis) had their expressions
upregulated. Moreover, the CTR86 gene, which is related to the threonine
biosynthetic process, was expressed only under the stress condition. The GLY2
gene, involved in glycine biosynthesis by converting threonine to glycine, was
downregulated. The GCV2 gene, which encodes a decarboxylase that catabolizes
glycine into CO2 and NH3, was upregulated. PUT1, involved in proline oxidation to
be used as a nitrogen source, and GLN1, which synthesizes glutamine from
glutamate and NH3, showed both downregulations (Supplemental File S1 - T5 -
Appendix A).

It is worth noticing that some genes encoding putative membrane transporters
were upregulated. The MDR1 gene of S. passalidarum, which encodes a multidrug
resistance protein, appears as the fourth most upregulated gene of the
transcriptome. Besides this gene, another two genes encoding drug resistance

proteins (FLR1 and PDR5) were upregulated under the stress condition (Tab. 1).
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Table 1. Differentially expressed genes encoding membrane transporters/sensors/permeases of S. passalidarum cultivated in the

presence of 4% (v/v) ethanol.

ID Gene name Gene name Protein annotation (Sp)  Protein annotation (Sc) Log2FC
(Sp) (Sc)
SPAPADRAFT 59608 XUT1 RGT2 Putative sugar trans- - uon o1cose sensor RGT2  -2,70487
porter, high affinity
Uncharacterized protein ~ High-affinity glucose trans- i
SPAPADRAFT 57693 HXT2.4 HXT?2 X To 4 sorter HxXT2 3,35831
SPAPADRAFT 55953 HGT1 HXT11 High affinity glucose . (<o transporter HXT11 ~ -2,71576
transporter
SPAPADRAFT 64051 HGT1.2 HXT13 High affinity glucose 1 1ce transporter HXT13  -2,34583
transporter
SPAPADRAFT 145342 HGT2 RGT2 U”Charaﬁeéﬁgd Protein igh glucose sensor RGT2  -1,81759
SPAPADRAFT 59267  Not annotated STL1 MFS dorgf‘(;:‘éicr?”ta'”'”g Sugar transporter STL1 ~ -2,93901
SPAPADRAET 61698 FTR1 FTR1 Plasma membrane iron Plasma membrane iron 3,6575
- permease permease
SPAPADRAFT 62045  Not annotated MEP3 Ammonium transporter Ammo”'mggnsmrter -2,90631
SPAPADRAFT 61775  Not annotated ITR1 MFS do”gf‘c')'t‘éfr?”ta'”'”g Myo-inositol transporter 1~ -2,01319
SPAPADRAFT 60662  Not annotated ITR2 MFS do”;f‘(;rt‘;r?”ta'”'”g Myo-inositol transporter 2 -2,56663
SPAPADRAFT 61231  Not annotated GAP1 General amino acid General amino-acid -1,87303

permease

permease GAP1
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Uncharacterized protein

General amino-acid

SPAPADRAFT 56131 GAP2.1 GAP1 GAP2.1 permease GAP1 -4,75696
SPAPADRAET 143839 AGP1 AGP1 High-affinity glutamine General amino acid 2.78465
- permease permease AGP1
SPAPADRAFT 51185  Not annotated PUT4 Putative proline Proline-specific permease ~ -3,59016
permease
SPAPADRAFT_63185  Not annotated CAN1 Arginine, lysine, histidine Arginine permease CAN1 -2,12722
permease Canlp
Pleiotropic ABC efflux
SPAPADRAFT_154329 Not annotated PDR5 Drug resistance protein 1 transporter of multiple 1,93855
drugs
SPAPADRAFT 142204  Not annotated FLR1 Multidrug resistance Fluconazole resistance 4 53,5g
- protein 7 protein 1
SPAPADRAFT 61521 MDR1 FLR1 Benomyl/methotrexate Fluconazole resistance 541267

resistance protein

protein 1

Sp, Spathaspora passalidarum; Sc, Saccharomyces cerevisiae
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3.5. Metabolic reorganization upon ethanol exposure

The presence of ethanol altered the expression of some genes that constitute
the main carbon pathways (Fig. 3). Genes encoding putative enzymes involved in
glycolysis and ethanol fermentation, such as glyceraldehyde-3-phosphate
dehydrogenase (TDH3), glycerate phosphomutase (GMP1-like), and alcohol
dehydrogenase (ADH5), were downregulated under the stress condition. Likewise,
the xylose metabolism also appears to have been affected by ethanol. The gene that
encodes xylose reductase (XYL1.1), the first enzyme of the xylose assimilation
pathway, was upregulated, and the gene encoding the enzyme involved in the
second reaction, xylitol dehydrogenase (XYL2.1), was downregulated. This
expression profile can result in xylitol accumulation, which would prevent the carbon

source from being directed to glycolysis and ethanol production.

The expression data suggest that part of the acetyl-CoA generated under the
stress condition was directed to the glyoxylate cycle due to the upregulation of the
genes encoding the enzymes isocitrate lyase (ICL1) and malate synthase (MLS1 and
DAL7) (Fig. 3). The gene encoding the enzyme malate dehydrogenase (MDH3),
which oxidates malate into oxaloacetate using NAD+, showed downregulation. Thus,
it is possible that the malate produced by this cycle was used for the biosynthesis of
precursors. Besides turning into malate, another possible alternative for the
glyoxylate produced under this condition was oxidation to oxalate and final
conversion into formate. The expression of the gene encoding formate
dehydrogenase, FDH1, was upregulated. This enzyme catalyzes the NAD*-
dependent oxidation of formate to carbon dioxide and H20, which provides redox

equivalents for respiratory metabolism (Fig. 3).

Fatty acid metabolism also appears to have been enhanced under ethanol
stress, with both fatty acid biosynthetic and degradation pathways showing
upregulation. For the fatty acid biosynthesis, the upregulated genes encoded the
enzymes fatty acid synthetase (FAS1), enoyl-[acyl-carrier-protein] reductase (ETR1),
and long-chain-fatty-acid-CoA ligase (FAA24). For the beta-oxidation pathway, the
genes with increased expression encoded the enzymes acyl coenzyme A oxidase
(POX1), 3-ketoacyl-CoA thiolase (POT1), carnitine O-acetyltransferase
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(mitochondrial) (CAT2), and peroxisomal acyl-coenzyme A thioester hydrolase 1
(TES1) (Supplementary File S2 - T5 - Appendix A).
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Figure. 3 Ethanol exposure alters the expression of genes encoding enzymes
involved in the central metabolic pathways. The enzymes are represented by arrows.
Blue arrows account for enzymes whose gene expression was downregulated. Red
arrows represent enzymes whose gene expression was upregulated. The expression
profile of the genes is shown in the graph containing the Log2(FC) values. Blue
columns indicate that the expression was downregulated. Red columns indicate that
the expression was upregulated. THD3, glyceraldehyde-3-phosphate dehydrogenase
3; GPM1-like, glycerate phosphomutase; ADH5, alcohol dehydrogenase 5; LPD1,
dihydrolipoyl dehydrogenase; XYL1.1, xylose reductase; XYL2.1, xylitol
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dehydrogenase; ICL1, isocitrate lyase; MLS1, malate synthase; DAL7, malate

synthase; MDH3, malate dehydrogenase; FDH1, formate dehydrogenase 1.

3.6.Expression of stress responsive genes in S. passalidarum under
ethanol stress

In response to the stress, it was observed the upregulation of putative
chaperone-related genes as SSB1 and SSZ1 (members of the HSP70 family), and
some heat shock proteins (HSPs) genes as HSP60 and HSP31, suggesting that
ethanol exposure induces genes involved in preventing protein aggregation and
promoting protein refolding (Fig. 4a). Additionally, a putative J domain-containing
protein and the chaperone HGH1 were only expressed under the stressed condition
(Supplemental File S1 - T6 - Appendix A). On the other hand, the HSP30 gene,
which encodes a negative regulator of the H*-ATPase Pmalp, showed
downregulation, and genes involved in trehalose biosynthesis were not differentially

expressed in our study (Fig. 4a).

Ethanol exposure also triggers the development of oxidative stress. A
glutaredoxin domain-containing protein ortholog of the GRX8 gene of S. cerevisiae
was present among the genes only expressed in the ethanol treatment condition.
Moreover, oxidative stress-responsive genes showing putative superoxide dismutase
activity (SPAPADRAFT_62004), NAD(P)H oxidoreductase activity (OYE32, OYES3,
QOR2), peroxisome functions (PEX25), and other oxidative stress responses (MHR1,
LTV1, HSP31) were upregulated under ethanol stress (Fig. 4b). On the other hand,
other classical genes involved in the cellular response to oxidative stress (FAP7,
POS5) were downregulated, including two transcription factors (SKN7 and HCM1)
(Fig. 4b).

Changes in osmotic pressure are another consequence of ethanol
accumulation. The yeast osmoadaptation response involves the activation of the
high-osmolarity glycerol (HOG) pathway, which promotes a part of the transcriptional
response. The expression of CLA4, a gene encoding a putative serine/threonine-
protein kinase that shares some essential functions with the HOG pathway kinase
member STE20, showed upregulation. PTC1, another gene from this pathway, which

encodes a putative phosphatase that de-activates Hoglp, was downregulated. The
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expression of the osmo-adaptative genes ENA1 and SLT1 were also downregulated
(Fig. 4c, d). Additionally, other well-characterized osmo-responsive genes were not
observed among the DEGs, especially the ones involved in the biosynthesis of the
osmoprotectant molecule glycerol.

a) .- b) ©-
= <t
2 o 2 o
(] o
tOnca- S’Q'
o~ Lo I
v +J8 8§ 5 8 % S oz o8 o8 5 %
- = &N ® 9 T © B R E W > o = T < o o X
©
9 %@ @ 5 & & @ K d 3 © o 2 = & 4o =z o
a8 8 2§ 8§ S
c) (" shot )= msb2 / Hkrt )o(" Opy2 )
. \ ¢ /
Cdc42
- !
o Ste20 / Clad
T
3 v
g
< o] ste11 Y Ste50
-
I8 %3
-
O L W @ —— (Ptp2 / Ptp3

Figure. 4 Expression levels (Log2(FC)) of differentially expressed genes related to a)
protein folding, b) oxidative and ¢) osmotic stress responses. d) Representation of
the HOG signaling pathway.

3.7.Expression analysis of selected DEGs by quantitative PCR in two time

points

Gene expression analysis by qPCR used S. passalidarum cells at 2 and 12
hours of incubation under 4% (v/v) ethanol and without the stress (Fig. 5). As
expected, all thirteen genes selected for the analysis showed the same expression
profile of the transcriptome (2 h), validating our RNA-seq results. At 12 h, a different
profile was observed. According to the expression results, xylose metabolism seems
to have been activated by the upregulation of the two genes from the xylose
assimilation pathway and the TDH3 gene from the glycolytic pathway. On the

contrary, production of ethanol was kept hindered, as shown by the downregulation



40

of GPM1-like and ADH5 genes. Genes from the glyoxylate cycle were either
downregulated or not significantly differentially expressed (ICL1, MSL1, and DAL7),
and the repression on the sugar transporters started to be released, as shown by the
upregulation of the HGT2 gene.
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Figure. 5 Expression analysis by gPCR of S. passalidarum DEGs after 2 (a) and 12

ok
0.00. 0

h (b) of incubation in the control condition (white column) and 4% (v/v) ethanol stress
(black column). The graphs represent the estimated mean and standard deviation
values. Asterisks denote statistical significance by the t test (*, p-value < 0.05; **, p-
value < 0.01; *** p-value < 0.001). XYL1l.1, xylose reductase; XYL2.1, xylitol
dehydrogenase; THD3, glyceraldehyde-3-phosphate dehydrogenase 3; GPM1-like,
glycerate phosphomutase; ADH5, alcohol dehydrogenase 5; ICL1, isocitrate lyase;

MLS1, malate synthase; DAL7, malate synthase; XUT1, putative sugar transporter,
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high affinity; SLT1, MFS domain-containing protein; HXT2.4, uncharacterized protein;
HGT1, high affinity glucose transporter; HGT2, uncharacterized protein.

3.8.Effect of ethanol on S. passalidarum fatty acid profile and cellular

ultrastructure

The fatty acid profile analysis showed that the ethanol stress changed the lipid
composition of S. passalidarum cells. The most abundant fatty acids, which
correspond to around 80% of the total, are shown in Fig. 6a. At 2 hours, the content
of oleic acid (18:1 w9c) showed a slight increase, while the abundance of vaccenic
acid (18:1 w7c/ 18:1 w6c) decreased in the stress condition compared to the control.
This profile was more evident at 12 hours, in which the oleic acid content was three
times higher in the presence of ethanol than in the absence of stress. The total
amount of saturated and unsaturated fatty acids did not change over time or between
ethanol and control conditions. Microscopy analysis also showed that ethanol altered
the shape of the yeast cells since the first couple hours of stress (Fig. 6b). More
elongated cells were observed in both analyzed times, but especially at 12 h of
incubation under ethanol stress, while rounded cells were found in the control

condition.
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Figure. 6 a) Fatty acid profile, and b) scanning electron microscopy analysis of S.
passalidarum cells after 2 and 12 hours of incubation in the control condition (without

ethanol) and 4% (v/v) ethanol stress.
4. DISCUSSION

Spathaspora passalidarum, a non-conventional yeast that can efficiently
ferment pentoses and hexoses into ethanol, is a potential candidate for 2G ethanol
production (Cadete and Rosa 2017). However, this yeast is sensitive to ethanol
stress, given that its growth is markedly impaired by mild ethanol concentrations (Fig.
1). Our analyses showed that S. passalidarum metabolism was severely affected
when the initial ethanol concentration was close to 6% (v/v), compromising cell

growth, xylose consumption, and alcoholic fermentation. The concentration of 4%
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ethanol (v/v) also caused significant stress in S. passalidarum cells. However, the
yeast cells grew since the beginning of the experiment and rescued some
metabolism features throughout time, such as the ability to consume sugar after 12

hours of incubation.

As with most non-conventional yeasts, the knowledge about the molecular
mechanisms underlying S. passalidarum phenotypes is still very scarce, especially in
which concerns the basis of its stress responses. The phenotype of low ethanol
tolerance, for example, is poorly understood. In this study, an RNA-seq methodology
analyzed the transcriptional reorganization of S. passalidarum cells in response to
ethanol stress (4% (v/v)) exposure (2 h), aiming to investigate possible molecular
aspects that differ from other yeasts with higher ethanol tolerance. The results
revealed that only 5.58% of the DEGs had a gene name assigned, and around 65%
of the total DEGs had poor protein annotation, which hindered gene ontology
analysis. Thus, a functional annotation analysis identified and assigned orthologs
from reference genomes to S. passalidarum DEGSs, improving the knowledge about
the biological processes altered by ethanol in this yeast. The significantly enriched
GOs indicated the downregulation of genes associated with transcription regulation,
which included genes encoding putative proteins involved in the recruitment of RNA
polymerase Il to the promoters; in controling mRNA initiation, elongation, and
degradation; in histone acetylation and deacetylation; in regulation of transcription
from RNA polymerase Il promoter, and others.

On the other hand, protein synthesis appears induced in S. passalidarum cells
under ethanol stress, which might have compensated for the downregulation of
transcription. For instance, translation, ribosome biogenesis, ribosome assembly,
rRNA processing, and ribosomal large/small subunit biogenesis were some GO
terms enriched within the upregulated genes. The analysis of the KEGG pathways
enriched with the DEGs also returned metabolic pathways related to the translation.
Previous investigations on the transcriptional response of yeasts to ethanol stress
showed that protein synthesis is transiently downregulated in an initial stress stage,
probably to conserve energy, which leads to growth arrest. The S. cerevisiae (30
min, 7% (v/v)) and Kluyveromyces marxianus (1 and 4 h, 6% (v/v)) yeast species
showed this profile after their exposure to short-term ethanol stresses (Alexandre et
al. 2001; Diniz et al. 2017). Otherwise, our results suggest that the induction of genes
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related to translation was important for S. passalidarum survival and growth under
the stress condition. Our experimental design demonstrated that the ethanol
concentration assessed reduced to 57.89% the yeast growth rate compared to the
control condition but was not sufficiently high to prevent the cells from growing since
the beginning of the experiment. High ethanol concentrations appear to trigger the
entry of yeast cells into the stationary phase, which is associated with a decrease in
the expression of genes related to translation and protein synthesis (Dinh et al.
2009). Thus, it is possible that the ethanol concentration evaluated in our study was
not stressful enough to stop protein translation or failed in activating signaling
networks crucial for triggering precise stress adaptative responses to adverse

environmental conditions.

It is vastly documented that ethanol stress severely affects many biological
processes and cellular structures (Auesukaree 2017). Among these, yeasts’
membranes have been considered one of the main targets of ethanol in the cells.
Ethanol exposure increases cellular membrane fluidity and can result in loss of
membrane integrity (Jones and Greenfield 1987; Piper 1995). Changes in membrane
composition are a well-known strategy employed by yeasts to overcome the damage
caused by ethanol (Henderson and Block 2014). In this regard, the increased
amounts of unsaturated fatty acid, especially palmitoleic and oleic acids, and
ergosterol content are correlated with ethanol tolerance (Agudo 1992; You et al.
2003). Our data showed that genes related to unsaturated fatty acids biosynthesis,
such as OLE1l, were not among the DEGs, and genes involved in ergosterol
biosynthesis showed downregulation, suggesting the reduction of ergosterol content
under ethanol stress. Diniz and colleagues (2017) (Diniz et al. 2017) showed for K.
marxianus that the expression of unsaturated fatty acid and ergosterol biosynthetic
genes were downregulated under ethanol stress, and additional measurements of
these compounds demonstrated that their contents did not change in the conditions
analyzed. The authors suggested that the absence of changes in the membrane
composition of K. marxianus can contribute to the low ethanol tolerance of this yeast.
The assessment of the fatty acid profile of S. passalidarum in the present study
evaluated the effect of ethanol on their contents at two distinct moments of the
growth curve: at the beginning of the experiment (2 h) and when the cells started to
consume xylose (12 h). The recovery of sugar consumption ability at 12 h indicates
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that the cells had somehow altered their physiology to adapt to the stress condition.
Our results demonstrated that the most expressive changes in the fatty acid profile
were at the latest point, in which there was a three-fold increase in oleic acid content
in the presence of ethanol, a change likely involved in the recovery of the yeast cell
membrane integrity. Interestingly, the upregulation of genes related to the
biosynthesis of fatty acids was reported by Neitzel and colleagues (2022) as one of
the main adaptation mechanisms of S. passalidarum cells submitted to fed-batch
fermentations with cell recycles, a condition in which the cells were exposed to long-
termed and increasing ethanol concentrations. These results agree with the

relevance of cellular fatty acid composition in improving ethanol tolerance in yeast.

Still in the context of cell membranes, our results showed several
downregulated DEGs enriched in GO terms associated with transport systems,
including sugar, ammonium, and amino acid transporters. Consistent with that, our
metabolite measurements showed the postponing of the xylose uptake in the
presence of 4% (v/v) ethanol. In the first hours of fermentation, xylose concentration
barely reduced, which is in line with the decreased expression of transporters and
genes encoding enzymes from carbon metabolism and fermentation shown by the
RNA-seq and gPCR (2 h) expression analyses. It has been proposed that ethanol
stress causes a pseudo-starvation state, in which the nutrients are not accessible to
the cells even though abundant amounts are present in the medium (Chandler et al.
2004). Thus, the induction of transporter genes possibly contributes to protecting the
cells against ethanol damage by enhancing nutrient uptake. The upregulation of
transporters has been demonstrated in studies with S. cerevisiae under short-term
stress and different ethanol concentrations (Chandler et al. 2004; Kasavi et al. 2016).
A transcriptome profiling of the yeast Issatchenkia orientalis also showed the
statistical overrepresentation of GO categories related to transmembrane
transporters under ethanol stress (4 h, 10% (v/v) (Miao et al. 2018). Interestingly, our
expression analysis performed by gPCR at the time of 12 h showed that from the five
genes encoding putative sugar transporters/sensors that were initially downregulated
(2 h), three remained less expressed, one was non-significant, and the ortholog gene
of the “high glucose sensor RGT2” was upregulated (HGT2). This new expression
profile suggests a release of the transporters’ repression profile and agrees with the

start of xylose consumption demonstrated by the HPLC measurements.
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Changes in amino acid metabolism (e.g. the upregulation of arginine and
tryptophan biosynthetic genes) possibly compensated for the apparent reduction in
amino acid transportation in S. passalidarum under ethanol stress. Amino acids are
the building blocks of protein synthesis and a source of nitrogen. Nutritional
starvation, especially nitrogen starvation, can result in yeast pseudohyphal growth,
meiosis, and sporulation (Schroéder et al. 2000). Genes involved in pseudohyphal
growth are among the only expressed under the stress condition and those of the set
of upregulated DEGs. In addition, the electron micrographs from SEM observations
showed S. passalidarum cells presenting an elongated shape under ethanol
treatment at both evaluated moments (2 and 12 h), but most notably at the latest,
contrasting with the rounded-shaped cells seen in the control condition. The
observed pseudohyphal morphology is a clear response of S. passalidarum cells to
ethanol stress. According to Lorenz and colleagues (2000), ethanol induces
filamentation in S. cerevisiae in a manner that bypasses the nutrient-sensing
machinery. The authors then suggested that the yeast might have co-opted its
fermentative metabolic by-product (ethanol) to act as a signal molecule to estimate
nutrient availability and regulate its development under poor nutritional conditions. In
this sense, pseudohyphal differentiation might contribute to nutrient scavenging

because of a higher surface area (Gimeno et al. 1992).

The diminished transportation of nutrients in S. passalidarum cells under
ethanol stress might have also affected the flux through some of the major metabolic
pathways in the first hours of stress exposure. Our results showed less expression of
genes encoding enzymes from glycolysis, fermentation, and xylose assimilation
under ethanol stress, a strategy likely adopted to avoid increasing the stress
condition in an organism that is very sensitive to ethanol. Indeed, there is no ethanol
production when its added 4% ethanol (v/v) in the beginning of the fermentation. On
the contrary, ethanol concentration decreased throughout the monitoring of the
experiment, which can be due to ethanol evaporation or consumption by the yeast. In
another study, it was also found genes from glycolysis less expressed in S.
passalidarum under ethanol stress (2h, 4% (v/v)) (Campos et al. 2022). The flow
decrease throughout these pathways might have led to diminished energy production
under the stress condition. The lipid metabolism appeared enhanced in S.

passalidarum subjected to ethanol stress, probably to cope with the energy demand.
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Both fatty acid biosynthetic and degradation pathways were upregulated in the
presence of ethanol. In addition to that, part of the acetyl-CoA molecules generated
from the central carbon metabolism and beta-oxidation pathway was most likely
directed to the glyoxylate cycle since the enzymes from this cycle showed
upregulation. The glyoxylate cycle is activated according to the carbon source
available in the medium, allowing cells to utilize fatty acids and two-carbon
compounds, such as ethanol and acetate. Also, the glyoxylate cycle is an important
source of precursors for the biosynthesis of amino acids and carbohydrates since it
does not include the two decarboxylation reactions of the tricarboxylic acid (TCA)
cycle, resulting in the production of essential organic compounds from two-carbon
substrates (Kunze et al. 2006). It is interesting to notice that the expression profile of
the genes from metabolism showed some changes at the time of 12 h. Overall, the
upregulation of the two genes encoding enzymes from the Xxylose assimilation
pathway and the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase
encoded by the gene TDHS3 indicated the induction of xylose metabolism as well as
glycolysis. Ethanol fermentation was kept halted as suggested by the maintenance of
the downregulation of ADH5, and the glyoxylate cycle was deactivated as two
enzymes from this cycle showed non-significant expression levels between the
evaluated condition, and the third gene showed downregulated under stress. The
repression of the glyoxylate cycle agrees with the utilization of preferable carbon
sources by the yeast, such as xylose.

The complex stress generated by ethanol also triggers the expression of
stress-responsive genes to minimize cellular dysfunctions and promote adaptation to
the stress condition. Several studies have pointed out that ethanol disrupts protein
conformation, generates ROS, and promotes changes in osmotic pressure, resulting
in other ethanol-associated stress (Ma and Liu 2010; Auesukaree 2017). In the
present study, we observed the upregulation of genes encoding putative chaperones
and HSPs, consistent with results from studies with other yeast species under
ethanol stress (Alexandre et al. 2001; Chandler et al. 2004; Fuijita et al. 2004; Miao et
al. 2018; Mo et al. 2019). Chaperones and heat-shock proteins are crucial to assist
the folding of newly synthesized proteins, refolding misfolded proteins, and
disassembling protein aggregates, which prevent the loss of protein functions
(Verghese et al. 2012). However, some classical HSPs usually induced by ethanol
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were found downregulated (HSP30 and CRP5) or were not present among the DEGs
(e.g., HSP104, HSP12, HSP26, HSP78, SSA4) (Ma and Liu 2010; Auesukaree
2017). In addition, genes encoding enzymes involved in the biosynthesis of trehalose
were not present among the DEGs. This molecule is considered a stress protectant
because it stabilizes protein structures and preserves the integrity of the plasma
membrane (Elbein et al. 2003). Thus, the lack of induction of some classical HSP
genes and genes from trehalose biosynthesis suggests that S. passalidarum's
response to misfolded proteins might not be adequate to counteract the effects of

more stressful conditions, such as higher ethanol concentrations.

The S. passalidarum cells also showed changes in the transcription of
antioxidant-encoding genes under ethanol stress. Oxidative stress arises mainly from
ROS generation under aerobic conditions due to incomplete reduction of Oz in
respiration. ROS accumulation can cause serious harm to the cells by promoting
protein oxidation, lipid peroxidation, and damage to DNA within the nucleus and
mitochondria (Morano et al. 2012). The presence of ethanol also induces ROS
formation (Du and Takagi 2007). S. passalidarum response to oxidative stress
included the expression of a gene encoding a glutaredoxin domain-containing
protein, expressed only in the treatment condition. Genes involved in mitochondrial
DNA replication in response to oxidative stress (MDH1) and some oxidoreductases
(OYE32, OYE3, and QORZ2) with potential roles in oxidative stress responses
showed upregulation. YOE32 and QOR2 also have been pointed out by
transcriptome analysis of Pichia pastoris as potential targets to improve this yeast
tolerance to lignocellulose-derived inhibitors (Paes et al. 2021). OYE3 was the third
most upregulated gene in the present transcriptome. This gene also showed
upregulation in all three S. cerevisiae strains investigated by Kasavi and colleagues
(2016) (Kasavi et al. 2016) under ethanol stress. Additionally, we observed the
upregulation of a gene encoding a putative protein with superoxide dismutase activity
under the stress condition in the present study. The HSP31 gene also showed
increased expression under stress. This gene encodes a glutathione-independent
glyoxalase involved in the regulation of redox homeostasis through reducing ROS
levels while maintaining cellular glutathione and NADPH levels (Bankapalli et al.
2015). On the other hand, two genes encoding transcription factors associated with

the oxidative stress response of S. cerevisiae showed downregulation in the present
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study (SKN7 and HCM1). SKN7 is one of the major transcription factors that regulate
the transcriptional response to oxidative stress along with YAP1 (Morano et al. 2012).
SKN7 is associated with the optimal induction of genes encoding HSPs under
oxidative stress (Raitt et al. 2000). HCML1 is a forkhead transcription factor involved
with  NAD synthesis and oxidative stress resistance during nutrient deficiency
(Rodriguez-Colman et al. 2013). The decreased expression of these genes could
have impacted the transcriptional activation of their targets and the yeast oxidative
response in case post-transcriptional mechanisms did not offset it.

The transcription data showed very few differentially expressed genes related
to osmotic stress response in S. passalidarum under ethanol stress. High ethanol
concentrations have been reported to cause water stress and activate the HOG
pathway in S. cerevisiae (Alexandre et al. 2001; Hohmann 2002; Udom et al. 2019).
Hyperosmotic stress induces water efflux, which might cause cell shrinkage and the
accumulation of ions (e. g. Na*), which can arrest cellular activities and impair growth
(Hohmann 2002; Saito and Posas 2012). The HOG pathway is responsible for
sensing and transducing osmotic stress. It plays a relevant role in regulating the
transmembrane transport of ions and the accumulation of the compatible solute
glycerol by enhancing the expression of genes encoding glycerol biosynthetic
enzymes and promoting its uptake from the medium (Saito and Posas 2012). Despite
specifically responding to osmotic stress, the HOG pathway is also related to ethanol
stress because Hoglp activates the transcription factors Msn2p/Msn4p, which are
involved in general stress response (Rep et al. 2000). The transcription factors
Msn2p/Msn4p are key proteins in ethanol response because they are associated with
the upregulation of several ethanol-responsive genes (Ma and Liu 2010). Our
expression results also showed the upregulation of CLA4 and the downregulation of
PTCL1, which suggests the enhancement of the HOG pathway. However, the HOG
pathway-responsive gene GPD1, which encodes the enzyme NAD-dependent
glycerol 3-phosphate dehydrogenase, was not differently expressed in our study,
while other reports pointed out the induction of this gene in S. cerevisiae under short-
term ethanol stress (30 min) (Alexandre et al. 2001; Udom et al. 2019). Our data also
showed the downregulation of the osmo-responsive genes SLT1, which encodes a
symport that actively transports glycerol inside the cell, and ENA1, which encodes a
sodium pump involved in Na® and Li* efflux. The work developed by Mo and
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colleagues (2019) with the yeast K. marxianus also showed the induction of genes
from the HOG pathway in an evolved strain under ethanol stress. However, the
authors observed the downregulation of most genes involved in glycerol
biosynthesis, suggesting that glycerol production might not be the strategy adopted
by the yeast to cope with the stress. Based on our transcription data, the osmotic
stress response of S. passalidarum under ethanol stress appears to be very limited,
suggesting that it could also be one of the reasons to explain the low ethanol

tolerance profile of this yeast.
5. CONCLUSION

It is worth noticing that S. passalidarum low tolerance to ethanol is a complex
phenotype that is likely not explained by a single reason. Overall, our RNA-seq data
suggest that S. passalidarum can activate responses regarding protein folding and
antioxidant stress. On the other hand, S. passalidarum appeared to have failed to
adjust its membrane lipid composition rapidly in response to ethanol. Additionally,
genes encoding transporters and enzymes from glycolysis and fermentation showed
downregulation at 2 hours of stress, which might have led to a lack of nutrients and
energy for the cells to cope with the stress condition. The release of repression
began only after 12 h of incubation under ethanol, preceding the start of xylose
consumption. Another physiological adaptation observed was the pseudohyphal
morphology of S. passalidarum colonies in response to ethanol, probably due to
ethanol-induced nutritional starvation. Finally, the S. passalidarum limited osmotic
stress response suggests that the low ethanol tolerance of this yeast can also be

related to a lack of ability to cope with ethanol-induced osmotic changes.
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Chapter 2

Comparisons between Spathaspora passalidarum and Saccharomyces
cerevisiae stress signaling pathways point to transcription factors as hot spots
of divergence

This chapter comprises a manuscript derived from the work developed
by Fernanda Matias Albuini and Alex Gazolla de Castro (Castro, 2019) in which

they share the co-authorship.
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1. INTRODUCTION

Fermentative environments display multiple simultaneous stressful conditions that
can impair the economically viable performance of fermenting microorganisms
(Deparis et al. 2017). Fluctuation in temperature and pH, presence of inhibitory
compounds, high concentration of substrates, and toxicity of products are some of
the environmental and metabolic stressors faced by yeasts used as microbial cell
factories in the bioethanol industry (Ndubuisi et al. 2023). Among these stresses, the
toxicity caused by high ethanol concentrations is considered one of the main factors
impairing fermentation since it negatively affects cell growth and viability (Stanley et
al. 2010). The complexity and extent of ethanol effect in the cells result in the
simultaneous development of other associated stresses, such as osmotic stress
caused by the reduction in the water activity and activation of the High-Osmolarity
Glycerol pathway (HOG-MAPK) (Udom et al. 2019), and oxidative stress resulted
from changes in mitochondrial membranes that affect the electron transport chain
and ATP synthesis leading to ROS generation (Pérez-Gallardo et al. 2013). From an
industrial point of view, yeasts should be multi-stress tolerant in order to deal with
stresses while maintaining cellular functions and assuring efficient ethanol production
(Deparis et al. 2017).

Cellular mechanisms allow the organisms to properly detect and respond to
environmental variation, aiming to restore the internal conditions required for optimal
growth and function. Stress adaptation involves several players and strategies, such
as the accumulation of protective compounds (e.g. trehalose), action of stress
proteins (e.g. repair systems), activation of signal transduction pathways, post-
translational modifications of existing enzymes, and transcriptional activation of
genes (Martinez-Pastor et al. 1996; Estruch 2000). A vast number of studies have
focused on yeast stress responses at the transcriptional level using the model
species Saccharomyces cerevisiae. Therefore, several stress-induced signal
transduction pathways, stress-activated transcription factors, and stress-responsive

proteins have been identified in this microorganism (Lin et al. 2022).

The transcriptional reprogramming that yeast cells undergo in stress situations
might be closely related to the role played by transcription factors, regulatory proteins

activated according to environmental signals by signal transduction pathways. These
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proteins bind to DNA elements located in the promoter region of their targets to
control the activation or repression of transcription (Estruch 2000; Ma and Liu 2010).
The fine regulation promoted by transcription factors in the presence of
environmental stresses influences the organism's physiological adaptation ability.
Thus, these proteins are considered candidates for genetic engineering approaches
to remodel complex phenotypes by altering gene networks and cellular metabolism
(Chen et al. 2016; Li et al. 2017). The general stress response transcription factors
Msn2p/Msn4p are activated by multiple stimuli (Auesukaree 2017). These
transcription factors are hyperphosphorylated in the presence of stresses, translocate
to the nucleus, and periodically enter and leave this compartment. Into the nucleus,
they regulate a wide range of genes in response to thermal, osmotic, oxidative, and
ethanol stresses by recognition and binding of their zinc finger domain on STRE
elements (5'CCCT,; stress response element) (Ma and Liu 2010; Auesukaree 2017).
The transcription factors Yaplp and Hsflp respond respectively to oxidative and
thermal stresses but also participate in ethanol response, probably due to the
pleiotropic effects of ethanol (Ma and Liu 2010).

Most of the information regarding yeast stress responses has been acquired for
S. cerevisiae due to its wide use in fermentation processes and ease of manipulation.
However, S. cerevisiae is unable to naturally ferment pentoses, such as xylose
(Moysés et al. 2016; Sharma et al. 2018), which constitute up to 20% of the entire
lignocellulosic biomass used for second-generation ethanol production (Zabed et al.
2017). In the past few decades, much effort has been made to overcome this issue
by genetic engineering S. cerevisiae yeast strains with xylose metabolism genes
(Cunha et al. 2019; Osiro et al. 2019). However, the generated strains are usually
accompanied by co-factor imbalance, low intracellular metabolic flux, and xylose
fermentation rates not comparable to glucose fermentation. In addition to that, the
limited knowledge about the regulation of xylose metabolism also makes difficult the
reprogramming of S. cerevisiae xylose fermentation properties. In this context,
another important strategy that arises is the amelioration and exploitation of innate
xylose-utilizing yeasts (Cadete and Rosa 2018; Gao et al. 2019).

Spathaspora passalidarum is a wood-boring beetle associated-yeast that
efficiently ferments xylose and other sugars under different aeration conditions (Hou
2012; Long et al. 2012; Cadete and Rosa 2018; Su et al. 2018; Ribeiro et al. 2021;

Campos et al. 2022). However, the knowledge about this yeast tolerance to different
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stresses is currently limited, which hinders its utilization. Also, there is few information
on the molecular mechanisms of gene regulation in S. passalidarum during stress
since the studies have mainly focused on its xylose metabolism. Spathaspora
passalidarum genome was sequenced in 2001 and is available to the public at NCBI
(Wohlbach et al. 2011). Several sequences are shown as hypothetical, and a

comprehensive analysis of transcription factors is still missing.

In this study, we attempted to identify possible molecular features that could
influence S. passalidarum response to stresses by performing comparative genomics
and phylogenetic approaches using S. cerevisiae as a model organism. Signaling
pathways components and proteins responsive to different stresses were identified,
as well as the inventory of putative S. passalidarum transcription factors. Additionally,
S. passalidarum tolerance to stresses (ethanol, oxidative and osmotic) was
characterized and the role of this yeast MSN-like transcription factor was evaluated in
stress tolerance complementation assays with S. cerevisiae knockout strain for the
MSN2 and MSN4 transcription factor genes. Thus, our study was the first to identify
transcription factors in this yeast and to evaluate structural differences with S.
cerevisiae orthologs, suggesting a potential impact of these divergences on the

regulation of S. passalidarum stress response.
2. MATERIALS AND METHODS
2.1. Strains and maintenance

Spathaspora passalidarum NRRL Y-27907 (Laboratory of Yeast Ecology and
Biotechnology of Universidade Federal de Minas Gerais), and the Saccharomyces
cerevisiae BY4741 (background), YO7117 (Amsn2), and Y04911 (Amsn4) strains
from the EUROSCARF collection were used in this study. In addition, the
Saccharomyces cerevisiae Amsn2/4 double knockout strain was constructed in the
present study using a homologous recombination approach. Cells stocks were
prepared in YPD medium (10 g.L! yeast extract, 20 g.L™* peptone, 20 g.L* glucose)
with 25% (v/v) glycerol and kept at - 80°C. The YPD or YPX (20 g.L* xylose) solid
(20 g.L? agar) or liquid media were used for activation and growth assays with S.

cerevisiae and S. passalidarum strains, respectively.
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2.2.Sequence acquisition and OrthoMCL analysis

Protein and nucleotide sequences of S. cerevisiae S288C (Goffeau et al. 1996)
were obtained from the Saccharomyces Genome Database
(https://www.yeastgenome.org/) (Hirschman et al. 2006), and S. passalidarum NRRL

Y-27907 sequences (assembly v2.0) (Wohlbach et al. 2011) were extracted from the
NCBI website (https://www.ncbi.nlm.nih.gov/genome). Orthologs protein analysis was
locally run using the OrthoMCL (v 1.4) (Li et al. 2003) software with a standard

inflation index of 1.5. Filters were used to remove low-quality sequences, such as
those with internal stop codons and size smaller than 10 amino acids (Fischer et al.
2011). The tool used the algorithm BLASTp (v 2.2.21) (Altschul et al. 1990) to do the
all versus all sequences alignment. Sequences unique to S. cerevisiae were
manually obtained by identifying OrthoMCL clusters that lacked S. passalidarum
proteins. The Gene Ontology (GO) analyses of the identified proteins were performed
using SGD Gene Ontology Slim Mapper with a p-value cutoff of 0.01
(https://www.yeastgenome.org/cqgi-bin/GO/goSlimMapper.pl).

2.3.Phylogenetic analysis and identification of putative orthologs

The transcription factors of S. cerevisiae were extracted from The Yeast
Transcription Factor Specificity Compendium (v1.02,
http://yetfasco.ccbr.utoronto.ca/index.php) and Yeastract (http://www.yeastract.com/)

(Teixeira et al. 2017). The list was curated according to the presence of the
transcription factor in both databases and with literature data. The sequences of the
171 transcription factors were recovered and used as queries for tBLASTn (v 2.2.21)
searches against the S. passalidarum genome. Protein and nucleotide sequences
with an E-value < 10 were manually curated and annotated. Phylogenetic analyses
were carried out for tBLASTn with inconclusive results or for families that had more

than five proteins.

The MEGA 7.0 software package (https://www.megasoftware.net/) (Kumar et al.

2016) was used for the construction and visualization of phylogenetic trees. The
transcription factors of S. cerevisiae and their respective sequences identified in S.
passalidarum were grouped according to the DNA binding domain (Hahn and Young

2011) obtained from Pfam Database with E-value cutoff of 1.0
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(https://pfam.xfam.org/) (El-Gebali et al. 2018). The alignment was performed with

Muscle (default settings), and the phylogenetic trees were constructed using the
Maximum Likelihood (ML) method, with JTT model and partial deletion of
gaps/missing data treatment (site coverage cutoff of 90%). The bootstrap tests were
carried out with 1000 replicates (Baker and Rogers 2006; Rojas-Ortega et al. 2018)
and nodes with support values > 50 were considered significant and used as

references for the determination of putative orthologs (Kocot et al. 2013).
2.4.Identification of domains and structural characteristics

The conserved protein domains of the transcription factors were predicted using
the Pfam Database (v 31.0) (E-value cutoff of 1.0) and Interpro
(https://www.ebi.ac.uk/interpro/) (Hunter et al. 2009). The location of the DNA binding

domain within the identified domains was also determined. The primary structure of
proteins was schematized with lllustrator for Biological Sequences

(http://ibs.biocuckoo.org/) and edited with Inkscape (https://inkscape.orq). The length

and isoelectric point were predicted using ExPASy (https://www.expasy.org/tools/).

The global identity of the pairwise alignment between orthologs was estimated using
the Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) with default settings
(Sievers et al. 2011; Sievers and Higgins 2014).

2.5.Gene knockout by homologous recombination

The Saccharomyces cerevisiae Y07117 (Amsn2 - Genotype: BY4741; MATa;
his3A1; leu2A0; met15A0; ura3A0; YMRO037c::kanMX4) strain was used as the
background for constructing a double mutant line for the MSN2/4 genes. The MSN4
gene knockout was performed using a DNA cassette composed of primer sequences
for LEU2 amplification fused to homologous regions (~ 60 bp) flanking the MSN4
gene locus (Supplemental Table 1 - Appendix B). The transformation of the S.
cerevisiae Y07117 cells with this DNA fragment aimed at the complete deletion of the
MSN4 coding sequence and its replacement by LEUZ2, allowing the transformants to
grow on a selective medium lacking leucine. The LEU2 gene was PCR amplified from
the plasmid YEP351, analyzed in agarose gel (1%), and purified using the Wizard®
SV Gel and PCR Clean-Up System (Promega). The DNA fragment was quantified
using a Qubit fluorometer (Invitrogen), and one ug was used for the YO7117 (Amsn2)


https://pfam.xfam.org/
https://www.ebi.ac.uk/interpro/
http://ibs.biocuckoo.org/
https://inkscape.org/
https://www.expasy.org/tools/
https://www.ebi.ac.uk/Tools/msa/clustalo/

64

yeast transformation by the LiIAc/SS carrier DNA/PEG method with modifications
(Gietz and Schiestl 2007).

Transformants were selected on synthetic defined media (SD) lacking leucine
(SD-leu, 6.7 g.L?! yeast nitrogen base without amino acids, Difco) and supplemented
with glucose. The plates were incubated at 30°C for 3 - 5 days. The confirmation of
successful genome integration was performed by PCR reactions using the genomic
DNA of the transformant line, BY4741, and YO7117 strains and primers for amplifying
the MSN4 (~ 1800 bp) and LEU2 (~ 1500 bp) genes (Supplemental Figure 1 -
Appendix B). Additionally, total RNA was extracted from the cells using the Trizol
reagent (Invitrogen), followed by DNAse treatment (Sigma-Aldrich), cDNA synthesis
(Applied Biosystems), and RT-PCR reactions to verify the synthesis of the mRNAs
from the MSN2 and MSN4 genes (Supplemental Figure 2 - Appendix B). The list of
the oligonucleotides used in the present study is in Supplemental Table 1 - Appendix
B.

2.6.Stress tolerance assessment

The tolerance profile of S. passalidarum, S. cerevisiae BY4741, Y07117
(Amsn2), Y04911 (Amsn4), and double mutant for the MSN2 and MSN4 genes
(Amsn2/4) were evaluated under ethanol (6, 8, and 10% (v/v)), osmotic (1, 1.25 and
1.5 M NacCl) and oxidative (1, 2 and 4 mM H2032) stress conditions. Three individual
colonies of each strain were inoculated and grown overnight at 30°C at 150 rpm in
YP media supplemented with xylose or glucose for S. passalidarum and S. cere-
visiae strains, respectively. The cultures' optical densities (ODsoonm) Were measured
using a spectrophotometer (Biospectro SP-220) at 600 nm and adjusted to 0.1 in 6
mL of fresh YPX or YPD media added or not (control) of the stress compounds in
screw-capped glass tubes. The flasks were incubated at 30°C and stirred at 150 rpm

for 48 hours. Aliquots were collected throughout time for cell growth analysis.
2.7.Molecular cloning and yeast transformation

The coding sequence of the MSN-like gene of S. passalidarum was retrieved
from the NCBI (SPAPADRAFT_61412), and a restriction analysis was performed to
select enzymes for the cloning step. Primers were designed for cloning the gene’s
full-length CDS. The restriction enzyme sites were added to the 5’ end of each pri-
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mer. The genomic DNA of S. passalidarum was used as the template for the PCR
amplification. The gene was cloned into the p426-GPD expression vector by re-
striction digestion with the enzymes BamHI and Xhol (Promega). The construction
was transformed by the heat shock method in Escherichia coli DH5a competent cells
for propagation. Cloning confirmation was performed by sequencing the plasmid. The
previously constructed line of S. cerevisiae Amsn2/4 double mutant and the BY4741
background strain were transformed with the p246-GPD empty plasmid (control) and
cloned with the MSN-like gene of S. passalidarum as previously described. The
transformants selection was performed in an SD-ura medium supplemented with glu-

cose.
2.8.Complementation assay

Three individual colonies of each transformant line were activated overnight in an
SD-ura medium supplemented with glucose under stirring at 30°C. The effects of the
S. passalidarum MSN-like gene expression in S. cerevisiae Amsn2/4 double mutant
and BY4741 strains were analyzed by measuring the growth of the cells under stress
conditions as previously described, except for selective medium (SD-ura) being used
instead of complete rich medium. The stress conditions assessed were 10% (v/v)
ethanol, 2 mM H202 and 1.25 M NaCl. Cell growth was followed during 48 h, and
samples were periodically collected in several time intervals for spectrophotometer
measurements at 600 nm. The statistical analysis was performed on GraphPad
Prism 5 using analysis of variance (non-parametric ANOVA) followed by the Tukey

test for comparison of means at 5% significance.
3. RESULTS

3.1.Transcription factor sequences of S. passalidarum and S. cerevisiae

show great diversity

The OrthoMCL analysis identified 501 proteins exclusive to S. cerevisiae.
Among these, 300 proteins have a known function annotated in SGD (Supplemental
File S1 — Attachment A). The category “transcription control” was over-represented
with 39 proteins, which represents 7,8% of the total number of unique S. cerevisiae
proteins retrieved from the OrthoMCL analysis (Fig. 1). Among these, 30 transcription

factors with functions involved in different physiological processes were identified.
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Figure 1. Gene ontology analysis of proteins exclusive to Saccharomyces
cerevisiae. The nine most representative categories retrieved from OrthoMCL
analysis were presented according to the absolute number of proteins identified for
each of them.

Since transcription factors are crucial regulatory elements in different stress
responses, the set of S. cerevisiae transcription factors were used as queries in
tBLASTn searches against S. passalidarum genome to identify putative transcription
factors in this yeast and to compare their sequences (Supplemental File S2 -
Attachment A). Saccharomyces cerevisiae transcription factors were grouped into 33
families according to their DNA binding domain. Phylogenetic trees and the domains
composition of the proteins were evaluated to define the putative orthologs
(Supplemental File S3 - Attachment A). This curated approach identified 149 putative
transcription factors in S. passalidarum. Among these, 105 were putative orthologs of
S. cerevisiae and 44 were unigue proteins of S. passalidarum. In addition to that, a
total of 42 exclusive transcription factors of S. cerevisiae were identified, expanding
the initial set of 30 S. cerevisiae unique proteins found by the OrthoMCL analysis.
Twenty-six transcription factors identified in S. passalidarum had two or more copies
in S. cerevisiae. Overall, the distribution of transcription factors in protein families was
similar (Fig. 2A and 2B). S. passalidarum had transcription factors in all families
except the AFT domain. A total of 43 sequences had their annotations manually
corrected compared to the NCBI draft (SPAPADRAFT v 2.0).

The sequences of the orthologs transcription factors were used to determine

different parameters that were binary evaluated for a graphical construction (Fig. 2C,
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Supplemental File S4 - Attachment A). Among the putative orthologs, about 14% of
the pairwise alignments showed coverage below 70%, while about 64% had a global
identity lower than 30%. In addition, 25% of the pairwise alignments had low overall

identity and different domain composition.
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Figure 2. Inventory of transcription factors of Saccharomyces cerevisiae and
Spathaspora passalidarum. Absolute (A) and relative (B) distribution of the
transcription factors in different families, based on DNA binding domains. The
predicted parameters (C) were distributed in columns (1 - 5) and visually compared
by pairwise alignments, according to the following cutoffs: 1, length (green: coverage
> 70%); 2, isoelectric point (green: pH difference + 1.0); 3, domains (green: same



68

domains identified); 4, DNA binding domain location (green: similar location); 5,
global identity (green: identity > 30%). Duplicated sequences were marked with curly
brackets, and incomplete annotated sequences of S. passalidarum in NCBI were
marked with an asterisk. Miscellaneous is a family that has only one member. Scer,
S. cerevisiae and Spas, S. passalidarum. The numbers in the Spas column refer to
the identification number of the annotated sequence in  NCBI
(SPAPADRAFT _number format). Access numbers can be obtained in the
Supplemental File S2 - Attachment A.

3.2.Stress signaling pathways are conserved in S. passalidarum

Signaling pathways components of S. cerevisiae were identified in the literature
and phylogenetic analyses were used to search for the S. passalidarum orthologs.
The parameters of the identified putative orthologs proteins were also annotated.
Figure 3A and Supplemental File S5 (Attachment A) show the signaling pathways
where green proteins have similar features (length, pl, domains, and global identity),
yellow proteins differ in only one parameter, and red proteins show differences in 2 or
more parameters. Figure 3A represents the high-osmolarity glycerol (HOG) pathway,
which is responsible to sense changes in the osmolarity of the environment and
induce adaptative responses to high osmolarity. Wide conservation of signaling
components was observed, although marked differences in transcription factors were
seen. Regulatory proteins of the Msn2/4p pathway were highly conserved, showing
identities higher than 30%, similar sizes and pl, and the same domains. The
exceptions were Ssklp (different pl) and Ssk2/Ssk22p (one copy in S.
passalidarum). For Msn2/4p, there were many differences: S. passalidarum had only
one copy, which showed overall identity below 30% and different pl value. The
activation pathway of other transcription factors (Supplemental File S5 - Attachment
A), such as Hsflp (heat shock stress), also presented conserved proteins. However,

differences in size and identity of Hsflp were seen.

Global identity of 171 transcription factors, 300 stress response genes and 52
signaling components of seven pathways were also evaluated. About 70% of the
transcription factors had identity below 30% or were exclusive to S. cerevisiae,
revealing the low degree of conservation among them. Proteins involved in signaling

pathways and ethanol response, on the other hand, were more conserved (Fig. 3B).
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Figure 3. Conservation of signaling and response mechanisms in Spathaspora
passalidarum. A) Reconstruction of the high-osmolarity glycerol (HOG) pathway and
activation of Msn2/4p. The figure shows two independent upstream osmosensing
branches (SInl and Shol sensors) that activate mitogen-activated protein kinase
(MAPK) signaling cascades, leading to the phosphorylation of the Hogl MAPK, and
the activation of the MSN2/4 transcription factors promoting a series of adaptive
responses. Conserved orthologs (coverage, identity, pl, and domains) are shown in
green, orthologs varying in only one parameter are shown in yellow, and orthologs
varying in 2 or 3 parameters are shown in red. B) Global identity of proteins involved
in different cellular processes. Identity < 30% (black), identity 30 — 50% (dark gray),
identity > 50% (light gray), and S. cerevisiae exclusive proteins (white).
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3.3.Transcription factors divergence is high among different yeast species

Identity matrices using ethanol-responsive proteins and transcription factors
were constructed to better understand the divergences of the stress response
mechanisms among yeasts (Fig. 4; Supplemental File S6 - Attachment A). Overall,
Msn2/4p, Hsflp, and Yaplp showed divergences in sequences, with the exception
seen in the genus Saccharomyces. The scenario was different for the responsive
genes, as illustrated by Tpslp, Sodlp, and Adhlp, which had identities higher than

60% and shared similar sizes and functional domains among the yeasts.
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Figure 4. ldentity matrices using ethanol-responsive proteins of 13 yeast
species. Transcription factors (Msn2/4p, Hsflp, Yaplp), and proteins involved in
carbon metabolism (Adhlp), trehalose biosynthesis (Tpslp), and superoxide
detoxification (Sodlp) were used to demonstrate the conservation of amino acid

sequences among Yyeasts. Calb, Candida albicans SC5314; Cort, Candida
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orthopsilosis Co 90-125; Ctan, Candida tanzawaensis NRRL Y-17324; Cvis, Candida
viswanathii; Kmar, Kluyveromyces marxianus DMKU3-1042; Sarb, Saccharomyces
arboricola H6; Scer, Saccharomyces cerevisiae S288C; Seub, Saccharomyces
eubayanus; Sjal, Spathaspora sp. JAL; Skud, Saccharomyces kudriavzevii IFO1802,;
Spas, Spathaspora passalidarum; Ssti, Scheffersomyces stipitis CBS 6054; Zrou,

Zygosaccharomyces rouxii.

3.4.Tolerance assessment to ethanol, oxidative and osmotic stresses of S.
passalidarum and S. cerevisiae revealed different behaviors

The control experiments showed that all S. cerevisiae strains had very similar
growth profiles regardless of the presence of gene deletions. On the other hand, S.
passalidarum grew slower than them but reached a higher final OD value (Fig. 5).
Overall, single deletions of the MSN2 or MSN4 genes had little or no effect on the
tolerance of the yeasts to all concentrations of ethanol, hydrogen peroxide (oxida-
tive), and sodium chloride (osmotic) evaluated in the present study compared to the
growth of the background strain (BY4741) in the same conditions. On the other hand,
the MSN2/4 double gene deletion led to an increased sensitivity of the mutant strain
to the stresses, more markedly to oxidative (2 and 4 mM H202) and osmotic (1.25 M
NaCl) stresses, and ethanol (10% (v/v)) at a lesser extent. Spathaspora passali-
darum was not able to grow even in the lowest concentrations of ethanol and NacCl
assessed, showing higher sensitivity to these stresses than all evaluated S. cere-
visiae strains. Surprisingly, S. passalidarum showed high tolerance to oxidative
stress, and its growth was not impaired even in 4 mM H202, a condition in which

even S. cerevisiae BY4741 presented considerable growth inhibition (Fig. 5).
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Figure 5: Tolerance assay of S. passalidarum and S. cerevisiae strains upon
ethanol (6, 8, and 10% (v/v)), oxidative (1, 2, and 4 mM), and osmotic (1, 1.25,
and 1.5 M) stresses. The control experiment was performed in YPD media. All cells
were incubated at 30°C for 48 h. The plotted values correspond to the estimated
mean and standard deviation of ODeoo readings. Three individual colonies were
assessed from each vyeast strain. Spathaspora passalidarum (blue line);
Saccharomyces cerevisiae BY4741 (black line); Saccharomyces cerevisiae YO7117
(red line); Saccharomyces cerevisiae Y04911 (gray line); and Saccharomyces

cerevisiae Amsn2/4 (yellow line).
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3.5.Complementation assay of mutant strain of S. cerevisiae msn2 msn4
with the S. passalidarum MSN-like gene suggests a different role for

these transcription factors

The MSN-like gene of S. passalidarum was PCR amplified from the yeast
genome and cloned in the p426-GPD expression plasmid using restriction enzymes.
Cloning was confirmed by sequencing (Supplemental Figure 3 — Appendix B). This
construction and the empty plasmid were transformed in S. cerevisiae Amsn2/4 to
evaluate the exclusive effect of the gene complementation in the double mutant
strain facing stress conditions. The yeast S. cerevisiae BY4741 was also transformed
with both plasmids to be used as a growth control (empty vector) and for evaluating

the S. passalidarum MSN-like gene overexpression in the yeast tolerance profile
(Fig. 6).

The growth of all four strains was very impaired under 10% (v/v) ethanol stress.
Even though some growth was observed for the BY4741 strains expressing the
empty and MSN-like cloned plasmids and the S. cerevisiae Amsn2/4 expressing the
MSN-like gene under this stress condition, no statistical differences were found
regarding the growth of all four strains (Table 2), which limits our conclusions about
the phenotype complementation under ethanol stress. Under oxidative stress, no
statistical difference was observed between the growth of the double mutant strain
expressing the MSN-like gene and BY4741 transformed with the empty plasmid. This
shows that the complementation of the double mutant strain with the MSN-like gene
of S. passalidarum restored the yeast tolerance to this condition. The overexpression
of this gene in the BY4741 strain did not show any statistical growth improvement
though (Table 2). Conversely, the overexpression of the MSN-like gene in BY4741
statistically reduced the yeast tolerance to osmotic stress compared to the BY4741
control (empty vector), resulting in a growth profile similar to the double mutant lines
transformed with empty and p426-GPD-MSN plasmids (Fig. 6).
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Figure 6: Tolerance assay of S. cerevisiae Amsn2/4 and BY4741 strains
expressing the MSN-like gene of S. passalidarum under ethanol (10% (v/v)),
oxidative (2 mM) and osmotic (1.25 M) stress conditions. The experiments were
performed in SD-ura media. All cells were incubated at 30°C for 48 h. The plotted
values correspond to the estimated mean and standard deviation of ODsoo readings.
Three individual colonies were assessed from each yeast strain. Saccharomyces
cerevisiae BY4741 transformed with the empty p426-GPD plasmid (black solid line);
Saccharomyces cerevisiae BY4741 transformed with p426-GPD-MSN-like
construction (black dotted line); Saccharomyces cerevisiae Amsn2/4 transformed
with the empty p426-GPD plasmid (yellow solid line); Saccharomyces cerevisiae
Amsn2/4 transformed with p426-GPD-MSN-like construction (yellow dotted line).
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Table 2: Optical density (OD soonm) measures represented by the mean and

standard deviation values obtained for the transformed S. cerevisiae strains under

stress conditions. The statistical analysis was performed using ANOVA followed by

Tukey's test (a

statistical difference.

0.05). Means identified with the same letters do not show

st Time BY4741- BY4741-p426- Amsn2/4- Amsn2/4-
ress
p426-empty MSN-SP p426-empty p426-MSN-SP
EtOH
10% 48 0.183+0.076™ 0.207+0.047" 0.088+ 0.027"™ 0.177+0.023"
0

H20:2

24 1.163+0.115% 1.324+0.0272 0.294+ 0.156° 1.039+0.103%
2mM
NaCl
125 M 48 0.965+ 0.1022 0.526+0.023° 0.613+0.009° 0.562+ 0.035°

4. DISCUSSION

Spathaspora passalidarum has been widely studied due to its enhanced xylose
fermentation ability (Cadete and Rosa 2018; Selim et al. 2020). However, this yeast
presents low ethanol tolerance (Campos et al. 2022), and little is known about its
responses to other stress conditions usually found in fermentation environments,
such as osmotic and oxidative stresses. Thus, the industrial use of S. passalidarum
depends on a broader understanding of this yeast tolerance profile and the

mechanisms involved in its stress adaptation.

Signaling pathways reconstruction and identification of stress-responsive proteins
may contribute to a deeper comprehension of stress detection, transduction, and
response in yeast species. Our results indicated that signaling components and
responsive proteins are highly conserved between the yeasts, presenting similar
functional domains, high coverage, and identity values. On the other hand,
considerable evolutionary divergences were seen upon comparison of amino acid
sequences of the transcription factors of S. passalidarum and S. cerevisiae yeasts.

Morphological and physiological diversity among different species may be related to
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the evolution of transcriptional control (Chen and Rajewsky 2007; De Mendoza et al.
2013). In this context, two distinct processes may coexist: i) the evolution of cis-
elements in the promoter region of the genes; ii) the evolution of transcription factors
sequences and their ability to bind to DNA sites (Wagner and Lynch 2008; Schaefke
et al. 2015; Mack and Nachman 2017; Rosanova et al. 2017). The dynamic of
regulatory changes in cis and trans are complex, and mutations in both aspects can
affect the abundance levels of transcripts. In general, trans changes are expected to
have a more pleiotropic effect because transcription factors usually interact with
multiple downstream target genes leading to a larger impact in gene expression
patterns. The functional consequences of cis-regulatory evolution, such as
phenotypic evolution, has been well supported by empirical studies (Wray 2007,
Wittkopp and Kalay 2011). The transcription factors, however, are thought to evolve
more slowly, although it still represents a primary potential source of phenotypic
diversity and evolution (Wagner and Lynch 2008). Thus, the divergences in
sequence found in our results may have effects on several transcriptional networks
that respond to environmental stimuli and contribute to altering the expression levels

of hundreds of genes.

Our study revealed a large number of transcription factors only found in S.
cerevisiae, such as Gcerlp and Pdrl/3p, which are involved in ethanol tolerance
(Teixeira et al. 2009; Swiecito 2016). Among the orthologs, most S. cerevisiae
transcription factors differed in sequence and/or had additional copies compared to
S. passalidarum. Divergences found among the transcription factors might directly
affect their post-translational modification, protein-protein interaction, and formation
of protein complexes (Hahn and Young 2011). Post-translational modifications, such
as phosphorylation, can alter the subcellular location of transcription factors and their
DNA binding affinity, affecting gene expression (Oliveira and Sauer 2012). The
substitution of serine residues (phosphorylation targets) for alanine in Msn2p
impacted the fermentative ability and ethanol tolerance of S. cerevisiae (Vamvakas et
al. 2019), while the simultaneous replacement of six residues had a lethal effect
(Pfanzagl et al. 2018). On the other hand, the substitution of one serine residue for
phenylalanine in the TATA-binding protein Sptl5p affected the transcription of
several genes probably due to the formation of Spt3p-Spt15p-SAGA protein complex
increasing ethanol tolerance and fermentative efficiency (Alper et al. 2006).
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The evolutionary differences in the transcription factors may be one of the
factors contributing to distinct stress responses and, ultimately, to different
physiological profiles. The S. passalidarum ortholog (MSN-like) for the MSN2/4
genes of S. cerevisiae was used to investigate these differences in transcription
factors sequence and correlate them with the S. passalidarum stress response
profile. Spathaspora passalidarum has only one copy of these proteins, which shows
different isoelectric point and less than 30% global identity compared to both S.
cerevisiae transcription factors. This difference in copy number is likely related to the
Whole Genome Duplication event that occurred during fungal evolution (Wolfe 2015),
which might have impacted the patterns of gene regulation in both yeasts since there
is evidence of the MSN2 and MSN4 individual regulatory contributions under different
stress conditions, for instance (Estruch 2000; Ma and Liu 2010). Thus, the existing
differences in copy number and the primary structures of the MSN-like and MSN2/4
transcription factors might indicate that their function in stress responses have also

diverged.

First, an S. cerevisiae knockout strain for the MSN2/4 genes was constructed,
and the stress tolerance profile of S. passalidarum and S. cerevisiae background,
single and double deleted strains for these transcription factors were compared
facing ethanol, oxidative, and osmotic stresses. According to our results, the S.
cerevisiae double deleted line was more sensitive to the evaluated conditions
compared to the other assessed strains of S. cerevisiae, which agrees with reports
from the literature (Martinez-Pastor et al. 1996; Schiavone et al. 2016). The stress
phenotype of S. passalidarum, however, was a bit surprising. While the low ethanol
tolerance of this yeast was a previously known profile, its high tolerance to oxidative
stress was an interesting finding that deserves further investigation. Meanwhile, it is
possible to suggest that S. passalidarum likely presents a high antioxidant capacity
due to its xylose assimilation ability and carbon flux through the pentose phosphate
pathway, which is a source of reducing power (NADPH) necessary for reducing
antioxidant molecules back to their redox-active forms (Meyer et al. 2009; Toledano
et al. 2013). On the other hand, S. passalidarum was very sensitive even to the
lowest NaCl concentration (1 M) tested, a condition in which all S. cerevisiae strains
grew considerably and with very similar profiles. In the condition of 1.25 M NacCl, the
S. cerevisiae double mutant strain behaved like S. passalidarum and did not show
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any growth, opposing the other S. cerevisiae strains. These results indicate that S.
passalidarum and S. cerevisiae present distinct responses and tolerance phenotypes
to the evaluated stresses. Moreover, the role of MSN2/4 in stress responses is also
evident, reinforcing the relevance of these transcription factors action upon stress.

Complementation tests were conducted to evaluate the function of the
heterologous expression of the MSN-like gene of S. passalidarum in S. cerevisiae
double mutant for the MSN2 and MSN4 genes. Saccharomyces cerevisiae BY4741
transformed with the empty plasmid and the p426-MSN-SP construction were used
as a control and to evaluate the effect of the MSN-like gene overexpression,
respectively. Overall, the overexpression of the MSN-like gene only restored the
tolerance of the S. cerevisiae msn2 msn4 double mutant to oxidative stress,
indicating that this gene is clearly involved in the yeast antioxidative stress response.
According to our results, oxidative stress is a stressor in which S. passalidarum
naturally presents a high tolerance profile. Thus, the lack of tolerance improvement in
the S. cerevisiae background strain (BY4741) overexpressing this gene indicates that
probably other factors are involved in this S. passalidarum phenotype. Under ethanol
stress, there were no statistical differences regarding the growth of all four strains,
probably due to the high standard deviation values between the replicates, which
limited our conclusions about the phenotype complementation by the MSN-like
overexpression. Conversely, the MSN-like gene did not complement the tolerance of
the S. cerevisiae double mutant to osmotic stress, and the overexpression of this
gene in BY4741 reduced the yeast tolerance to this stress condition, resulting in a
growth profile similar to the double mutant strain expressing the empty and p426-
MSN-SP plasmids. Although surprising, it is worth noticing that these results agree
with the very low tolerance of S. passalidarum to osmotic shock shown in figure 5,
which suggests that the MSN-like transcription factor might be involved in this
phenotype. The lack of functional complementation of the MSN2/4 transcription
factors by orthologs was also reported in a study with Candida albicans (Nicholls et
al. 2004). The CaMsn4 and Mnll proteins of C. albicans weakly restored the
expression of STRE-lacZ reporter genes in S. cerevisiae msn2 msn4 double
knockout strain. According to the study, the CaMsn4 and Mnl1l might have lost their
functions in stress response in C. albicans, corroborating the authors' idea of

significant divergences regarding stress signaling between the two yeast species,
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which is also our hypothesis in the present study. Overall, our results indicate that
changes in transcription regulators affect yeasts adaptation to environmental stimuli

regardless of the maintenance of the cellular response mechanisms.
5. CONCLUSION

In this study we suggest that transcription factors are a potential hot spot in the
evolution of stress response in yeast. Even though Spathaspora passalidarum and
Saccharomyces cerevisiae show distinct stress tolerance phenotypes, they share
conserved stress-responsive mechanisms, such as signaling pathways and ethanol-
responsive proteins. In contrast, divergences were found regarding their transcription
factors sequences conservation, which was identified as a possible factor affecting
the yeasts stress responses. Our results with the MSN-like gene corroborate our
hypothesis that the transcription factors have diverged in S. passalidarum and exert
distinct functions in this yeast compared to their orthologs in S. cerevisiae. The role
of the MSN-like gene of S. passalidarum appears to have been partially reassigned
in this yeast, which might be one of the factors responsible for the low tolerance of S.
passalidarum to ethanol and osmotic stresses, and high tolerance to oxidative stress.
Taken together, these results indicate that effective adaptation depends on a
complex network of gene expression control, which may be strongly influenced by

differences in transcription factors repertoires.
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Chapter 3

The role of the Pf2826 secreted effector protein of Pseudozyma flocculosa in

its biocontrol activity against barley powdery mildew

This chapter contains results that are part of the article entitled “Functional
analysis of a unique effector secreted by Pseudozyma flocculosa reveals a
novel mode of action for a biocontrol agent” which has been submitted for
publication in the BMC Biology Journal. Authorship: Parthasarathy Santhanam,
Mst Hur Madina, Fernanda Matias Albuini, Caroline Labbé, Luciano Gomes
Fietto and Richard R. Bélanger.
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1. INTRODUCTION

Powdery mildew is a fungal disease that causes significant losses to
agriculture and horticulture worldwide (Kiss 2003). Powdery mildew fungi are
obligate biotrophic parasites that obtain food from living cells through the generation
of a specialized feeding structure called haustorium (Huckelhoven and Panstruga
2011). The pathogens' actions do not kill the plant but interfere with the host
immunity in order to access the plant resources and propagate (Chaudhari et al.
2014). Powdery mildew fungi belong to the Erysiphales order within the Ascomycota
phylum. They comprise more than 400 powdery mildew species that can infect nearly
10,000 host species (Takamatsu 2004), including important crops such as barley,

wheat, grapevines, apple, and many vegetables and ornamentals (Kiss 2003).

Blumeria graminis f. sp. hordei is a powdery mildew species that causes
severe yield losses in barley (Hordeum vulgare) (Zhu et al. 2016), the fourth most
produced grain in the world (Food and Agriculture Organization of the United
Nations). To manage this disease, an alternative approach to agrochemicals
comprises the use of biological control, a method that exploits the natural antagonism
between microorganisms. Biological control is an efficient and environmentally
acceptable approach that receives growing attention due to environmental concerns
regarding the excessive use of fungicides and their adverse effects on humans and
ecosystems (Kiss 2003). Overall, biocontrol agents (BCA) are natural enemies of
invading pathogens that can protect crops with one or more of the following modes of
action: induction of host resistance, competition for the same space and nutrients as

the pathogen, parasitism, and antibiosis (Ghorbanpour et al. 2018).

Pseudozyma flocculosa is a basidiomycetous fungus that has an efficient
biocontrol activity against powdery mildews (Bélanger et al. 2012). It is considered an
epiphyte and was first identified in powdery mildew (Erysiphe polygoni) infected
clover leaves (Traquair et al. 1988). P. flocculosa mode of action against powdery
mildew has been described as antibiosis according to in vitro bioassays, electron
microscopy studies, and chemical analyses (Bélanger et al. 2012). This classification
was reinforced by the discovery of flocculosin, an extracellular glycolipid that
presents antimicrobial activity (Cheng et al. 2003). Flocculosin was later investigated

against several microorganisms under in vitro conditions and displayed a large
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spectrum of activity (Mimee et al. 2005; Mimee et al. 2009). However, further studies
aiming to relate the production of flocculosin with the mode of action of P. flocculosa
analyzed the glycolipid production and biocontrol activity of P. flocculosa, U. maydis
and other species of Pseudozyma (producers and non-producers of glycolipids). The
bioassays revealed that only P. flocculosa was able to antagonize powdery mildews,
even though the other evaluated microorganisms also produced the same glycolipids
profile as P. flocculosa. Thus the authors concluded that there was no direct
correlation linking glycolipid production and biocontrol activity against powdery
mildew, which indicated that flocculosin alone could not be responsible for P.
flocculosa antagonism to powdery mildews (Clément-Mathieu et al. 2008; Hammami
et al. 2011). Additionally, Santhanam and colleagues (2021) recently generated a P.
flocculosa knockout strain for the fatl gene, which encodes the last enzyme of the
flocculosin biosynthesis pathway, and they observed that the mutant strain lost its
ability to produce flocculosin but conserved its biocontrol properties. These findings
corroborate that flocculosin-mediated antibiosis is not responsible for the biocontrol

activity of P. flocculosa in vivo.

To investigate the mode of action of P. flocculosa at a molecular level, Laur
and colleagues (Laur et al. 2018) analyzed the simultaneous transcriptomic response
of the tritrophic system P. flocculosa-powdery mildew (Blumeria graminis f.sp.
hordei)-barley (Hordeum vulgare) over the development of the interaction. The genes
within the cluster of flocculosin biosynthesis were expressed at a much lower level in
the bioassay compared to in vitro conditions, showing no clear evidence of
flocculosin central role in the biocontrol activity of P. flocculosa. On the other hand,
some candidate-secreted effector proteins (CSEPSs) such as Pf2826, Pf2382, and
Pf0303 were among the highly expressed transcripts. Moreover, these CSEPs were
only expressed when in contact with B. graminis structures and synchronized with
the time at which P. flocculosa overwhelmed the pathogen, suggesting that these

effectors are somehow involved in fungal-fungal interactions.

The role of these CSEPs in the biocontrol activity of P. flocculosa is yet to be
experimentally investigated. To functionally characterize the Pf2826 effector protein
in the tritrophic interaction, the present study aimed to knockout this gene using the
CRISPR Cas9 system and analyze the biocontrol properties of the mutant against
powdery mildew in vivo and validate the physical interaction of this effector with
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potential interactors previously identified in a pull-down assay by the Yeast-two-

Hybrid methodology.
2. MATERIALS AND METHODS
2.1.Microorganism and growth conditions

Pseudozyma flocculosa stock cultures were grown on Petri dishes containing
YMPDA medium (3 g.L! yeast extract, 3 g.L'* malt extract, 5 g.L"! peptone water, 10
g.L! dextrose, and 15 g.L* agar) for 5 days at 28°C. The culture was inoculated in
liquid medium by transferring agar blocks (5 mm) from the margins of the culture into
500 mL baffled flasks containing 100 mL YMPD medium. Cultures were incubated at

28°C on a rotary shaker at 150 rpm for 3 days.
2.2.sgRNA synthesis and RNP complex formation

CRISPR RNA (crRNA) targeting the Pf2826 effector was designed using the
E-CRISP online tool (http://www.e-crisp.org/E-CRISP/). A single-stranded oligo (5 -
GGTTGTACTTGCCACACAGG - 3’) corresponding to the crRNA was synthesized
(Life Technologies) and used as the template for the sgRNA synthesis with the

EnGen sgRNA synthesis kit from NEB following the manufacturer’s instructions

(https://international.neb.com/protocols/2016/05/11/engen-sgrna-synthesis-kit-s-

pyogenes-protocol-e3322). The resulting sgRNAs were treated with DNAse |

(RNAse-free, provided), and purified and concentrated using the RNA clean and
concentrator-25 kit from Zymo Research. The Cas9 protein was purchased as a
purified protein from GenScript. Ten pug of Cas9 protein was complexed with freshly
prepared sgRNA (56 pmol) following the manufacturer’s instructions (37°C, 30 min).
The resulting ribonucleoprotein (RNP) complex was used for in vitro cleavage assay

or for the PEG-mediated transformation targeting the Pf2826 gene of P. flocculosa.
2.3.In vitro digestion assay

The Pf2826 gene was amplified from the genomic DNA of the P. flocculosa
wild type (WT) strain using the OneTaq DNA polymerase enzyme (NEB) and the
primers Pf02826-F (ATGAAGGGATTCAAGCTCAGC) and Pf02826-R
(CTAGTTGAAGGTCGGCTTGAC). The PCR product was purified using QIAquick
PCR purification kit (Qiagen). For the cleavage reaction, 1.5 pl of diluted Cas9


http://www.e-crisp.org/E-CRISP/
https://international.neb.com/protocols/2016/05/11/engen-sqrna-synthesis-kit-s-pyogenes-protocol-e3322
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protein (400 ng.ul?), 2 pl of 10X Cas9 reaction buffer, 100 ng of freshly prepared
sgRNA and 200 ng of purified Pf2826 PCR product were mixed in a PCR tube. The
final reaction volume (20 pl) was completed with sterilized Milli-Q water. The reaction
mix was incubated at 37°C for 2 h. The in vitro cleavage was analyzed on 1%

agarose gel.
2.4.PEG mediated transformation of P. flocculosa

For protoplasts generation, a volume of 1.5 ml of a 3-days-old P. flocculosa
culture was centrifuged at 3900 rpm for 1 min. The cells were resuspended in 15 ml
of 5 mM EDTA supplemented with 25 mM B-mercaptoethanol and incubated at room
temperature for 20 min with gentle shaking. The spores were collected by
centrifugation (3900 rpm for 1 min) and resuspended in an enzyme solution
containing 50 mg Tricho-derma lysing enzymes (Sigma), 200 mg B-D-Glucanase
(Interspex), 100 ul Viscozyme L (Sigma), and 2.5 ml of 50 mM KCE buffer (600 mM
KCI, 100 mM sodium citrate, 10 mM EDTA; pH 5.8). Cells were incubated at room
temperature with gentle shaking for 5 h. Protoplasts were pelleted by centrifugation
(3900 rpm for 2 min), washed with 15 ml of KTC buffer (0.8 M KCI, 25 mM Tris pH 8,
50 mM CacClz), and pelleted again (3900 rpm for 2 min). Finally, protoplasts were
resuspended in 1 ml of KTC buffer.

For the PEG-mediated transformation, 200 ul of protoplasts, 5 pg of the
plasmid pRB-Hyg (Supplemental Figure 1 — Appendix C), 20 pl of the RNP complex
and 100 pl of PEG solution (PEG 4000 60% w/v, 50 mM Tris-HCI, 50 mM CaCl>)
were added sequentially in a 50 ml Falcon tube and incubated on ice for 20 min. The
control reaction was prepared as described above but without the addition of DNA
(pPRB-Hyg plasmid and RNP complex). Subsequently, 2 mL of PEG 4000 solution
were added to the wall of the tubes and mixed gently, following another 20 min
incubation on ice. For protoplast recovery, 5 ml of YMPD supplemented with 0.8 M
sucrose were added to the protoplasts, and the solution was incubated at room
temperature with gentle shaking for 1-3 h. After that, 45 ml of lukewarm (42°C)
regeneration medium (YMPDA with 0.8 M sucrose) containing or not (control) 50
ug.mlt of Hygromycin B (Invitrogen) were added to the protoplasts, and the final
mixture was immediately plated. The plates were incubated at room temperature for

4 days.
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2.5.Confirmation of CRISPR-Cas9 mediated gene edition by sequencing

Isolated colonies were transferred to new Petri dishes containing PDA (Potato
Dextrose Agar, Himedia) + Hygromycin B (50 pg.ml't) medium and incubated at 28°C
for approximately 7 days. The transformant colonies and the P. flocculosa WT strain
were grown on YMPD medium for genomic DNA isolation. The regions flanking the
sgRNA binding site in the Pf2826 gene were PCR amplified, and the fragments were
sent for sequencing to confirm the gene edition. Stock cells were prepared and
stored at -80°C.

2.6.Biocontrol activity assay

Strains of P. flocculosa WT and knockout for the Pf2826 effector were grown
in baffled flasks containing 100 ml of YMPD at 150 rpm and 28°C for 3 days. From
the cultures, spores’ suspensions (2 x 106 spores.ml!) were prepared and sprayed
on barley plants infected with Blumeria graminis until the solutions runoff. Water was
sprayed on the leaves as the negative control. The inoculated leaves were left to
evaporate at room temperature for 20 min before a plastic bag was used to cover the
plants. Plant tissues were examined at 24 and 36 hours post-inoculation (hpi) by
stereomicroscope, and samples were collected for scanning electron microscopy
(SEM) analysis. The biocontrol activity of the strains was rated based on the
stereomicroscope pictures and according to a scale of 1-5 as previously described
by (Hammami et al. 2011), in which 1 = no collapse of conidial chains; 2 = 1 to 25%;
3 =26 to 50%; 4 = 51 to 75%; and 5 = 76 to 100%.

2.7.Scanning electron microscopy (SEM)

The leaf segments collected from the biocontrol assay were fixed with 100%
methanol for a minimum of 10 min, followed by a further dehydration step in 100%
ethanol overnight. The 100% ethanol solution was changed twice. Subsequently, the
critical drying point was carried out on samples previously mounted on aluminum
stubs to further dehydrate them. Finally, gold coating (20 nm) was performed before
the SEM observations. Samples were observed on SEM InspectTm F50 from a FEI
microscope (Hillsboro).
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2.8.Molecular cloning of putative interactors of the Pf2826 effector protein

The coding sequences of seven targets identified as putative interactors of the
Pf2826 effector by a previous pull-down experiment, were retrieved from the National
Center for Biotechnology Information - NCBI (https://www.ncbi.nim.nih.gov/). The

targets included genes from B. graminis and barley. Primers were designed to clone
the targets’ full-length CDS, excluding the signal peptide in the case of secreted
proteins. The list of primers used for cloning can be assessed in the Supplemental
Table 1 (Appendix C). Total RNA was extracted from samples of barley leaves
infected with B. graminis 24 hpi with P. flocculosa WT spores’ suspension using the
RNEasy Mini Purification Kit (QIAGEN) and including a DNAse treatment step as per
manufacturer’s instructions. cDNA was synthesized using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) and used as the template for the
PCR amplifications. The genes were cloned into the pGADT7 and pGBKT7 vectors
using restriction enzymes. The constructions were transformed in Escherichia coli
TOP10 competent cells for propagation by the heat shock method. Confirmation of
cloning was performed by sequencing. The cloning of the Pf2826 effector into the

pPpGADT7 and pGBKT7 vectors was performed by a previous work.

2.9.Yeast transformation and interaction validation by the Yeast Two Hybrid
(Y2H) system

For the Y2H experiment, the Yeastmaker™ Yeast Transformation System 2
(Clontech) was used following the manufacturer’s instructions. The Gold Yeast Two-
Hybrid strain was made competent and transformed with the plasmids pGADT7 and
pGBKT7 cloned with the Pf2826 effector and the seven putative interactors in both
orientations. Moreover, the cells were transformed with both empty plasmids, and
with pGBKT7 empty and pGADT7 cloned with the genes to assess the targets
autoactivation properties. The transformants were selected on synthetic defined
medium lacking leucine and tryptophan (DDO). Plates were incubated at 28°C for 3-5
days. Three individual colonies of each yeast transformation line generated were
used for interaction validation. The protein-protein interaction was assessed using
synthetic defined media lacking leucine, tryptophan, histidine (TDO), and adenine

(QDO) to evaluate the expression of his3 and ade2 reporter genes.


https://www.ncbi.nlm.nih.gov/
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3. RESULTS
3.1.In vitro digestion assay

The RNP complex, consisting of the Cas9 purified protein and the sgRNA
designed to target the Pf2826 gene of P. flocculosa, was first tested in vitro to
evaluate its cleavage potential against the PCR product of the Pf2826 gene (Fig. 1).
The gene is 1365 bp long, and the binding site of the sgRNA starts at the nucleotide
position 174 (5’- 3’). The digestion reaction in column 2 shows a strong DNA band
slightly smaller than the control (column 1) and a faint band close to the bottom of the
gel, which represents the cleaved piece. The control reaction consists of the same
PCR product submitted to the incubation step without the addition of the RNP
complex. The cleavage results indicate that the digestion reaction worked efficiently,

since digested products showed the expected sizes.

DNA ladder 1 2

1500 bp—

1000 bp—

Figure 1. In vitro digestion of the Pf2826 PCR product by the RNP complex designed
to target this gene. Column 1 represents the control reaction of the digestion in which

the RNP complex was not included. Column 2 represents the digestion reaction.
3.2.CRISPR-Cas9 mediated gene edition in P. flocculosa

Pseudozyma flocculosa WT strain was transformed with freshly synthesized

RNP complex and the pRB-Hyg plasmid by a PEG-mediated protocol. Colonies that
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grew on selective media containing hygromycin after transformation were propagated
in liquid media for genomic DNA extraction. The Pf2826 gene was PCR amplified
from the transformants, and the products were sent for sequencing to verify the
presence of a CRISPR-Cas9 mediated edition event in the gene sequence. The
sequencing results for one of the colonies showed a deletion of 59 nucleotides in the
region surrounding the sgRNA binding site (Fig. 2). Based on this result, we can
expect that this nucleotide deletion will be translated into a truncated form of the
protein, compromising its function. The mutant strain was identified as Pf2826°¢ and
used in further experiments to evaluate the role of the Pf2826 effector in the

biocontrol activity of P. flocculosa.

crRNA PAM

| _)_]
i Y _
mRNA_P{2826 AlcclclclccAlc.cclclAIcAlcc-cAA.AcAAccclAtzlccuclc.&clcclc.clclcclclclc CICCACGICICAAC
colcle cOOTOCCOCBABCA c

CESQ_PfZSZE Al CCABCEERNC CHCHABCAREE - - - - - - - - - - - - - -ttt ma e sttt aamas s s e CC CAAC|

Consensus AGGCCTCGCGCCAGCGGTGCCGCGAGCAGGGLCTGTGTGGCAAGTACAACCCGGACGCCAACGCACGCCGCOTCOCGCCGCGCGCCOCCACCTGCOTCAAL

Figure 2. Comparison of the nucleotide sequences surrounding the sgRNA binding
site of the Pf2826 gene of P. flocculosa WT (mMRNA_Pf2826) and the mutant strain
generated by CRISPR-Cas9 mediated edition (Cas9_Pf2826).

3.3.In vitro physiological characterization and biological control assay of
the knockout strain

The growth profile of the Pf2826%°%¢ strain was evaluated in liquid and solid
media to verify if the mutation compromised the fithess of the organism. The results
showed the absence of morphological differences regarding spore production (size
and shape) and radial growth on agar plates between the mutant and P. flocculosa
WT strains (Fig. 3).
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Pf28265%%

Figure 3. Physiological characterization of P. flocculosa Pf2826°% strain regarding
spore production and radial growth. Pictures were taken 3 dpi in liquid cultures and 7
dpi in solid media. WT stands for P. flocculosa wild type strain. Pf28265% refers to the
CRISPR-Cas9 generated mutant strain.

The biocontrol assay was performed with the Pf2826°%* mutant strain, and P.
flocculosa WT and water as controls (Fig. 4 a, b). After 36 h of inoculation with the P.
flocculosa strains, the stereomicroscope observations showed that B. graminis
conidial chains were completely agglutinated and overgrown by P. flocculosa WT,
whereas a more moderate stage of conidia and conidiophores collapse was
observed in the treatment with the Pf2826°* mutant strain. These observations were
rated and presented as a graph (Fig. 5 b), which shows a reduction of the biocontrol
activity of the mutant strain. The SEM pictures confirmed these results in a more
detailed view by presenting the mycelial filaments of the P. flocculosa strains either
extensively colonizing B. graminis structures (WT) or at an earlier stage of
colonization (Pf2826°%). The water control showed that the B. graminis structures
were kept intact throughout the experiment in which the plants were not sprayed with
the biocontrol agent.
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Figure 4. Comparative assessment of the biocontrol potential of P. flocculosa WT
and Pf28265°%¢ strains against barley powdery mildew by stereomicroscope and SEM
observations at 36 hpi. a) The stereomicroscope analysis shows the complete
agglutination of B. graminis conidial chains in the assay with the P. flocculosa WT
strain, while a more moderate stage of collapse was observed in the treatment with
the mutant strain (Pf2826°%%). The SEM images confirm these results by showing the
mycelial filaments of the P. flocculosa WT strain extensively colonizing the B.

Graminis structures, while a lower stage of colonization is observed in the mutant
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strain. P. flocculosa (white arrow); B. graminis (black arrow). b) Biocontrol rating
graph based on the stereomicroscope pictures taken at 24 and 36 hpi, in which 0 =
no activity and 5 = complete collapse of the powdery mildew colonies. Each
experiment comprised five leaves and three different sites per leaf.

3.4.Validation of putative interactors of the Pf2826 effector protein

Seven putative interactors of the Pf2826 effector (Table 1) were selected for
interaction validation by Y2H. The selection of the putative interactors from barley
and powdery mildew was based on their molecular function and cellular localization,
and on previous immunolocalization results which showed that the Pf2826 effector
localizes around the haustoria and on powdery mildew spores (submitted data). The
two selected targets from barley (AOA287N0S4 and AOA287RAV7) are potentially
involved in stress responses and presented predicted signal peptides, which
indicates that they are secreted to the extracellular region. Three out of the five
targets from B. graminis were identified as candidate secreted effector proteins
(N1J6Z3, AOA383UML4 and N1J908). Blumeria graminis potential interactors also
included a serine/threonine-protein kinase (N1J4Z2) and an uncharacterized protein
related to the COP9 signalosome complex (AOA383V2V0).

The targets and the Pf2826 effector were cloned in pGADT7 and pGBKT7
plasmids and co-transformed in the Gold Yeast Two-Hybrid strain. The interaction
between the preys and the Pf2826 effector were assessed by the reconstitution of an
active form of the Gal4 transcription factor and consequent transcription activation of
two reporter genes (his3 and ade2), allowing growth on TDO and QDO media. Some
basal growth was observed for all lines in TDO medium (Fig. 5). The growth on QDO
media indicated that the Pf2826 effector interacted in yeast with the barley
pathogenesis-related (PR) proteins HvPR1a (AOA287RAV7) and with a putative
effector protein (N1J908) from powdery mildew in both bait-prey cloning orientations.
Yeast lines expressing the uncharacterized effector protein (AOA383V2V0) from
powdery mildew predominantly grew in one bait-prey orientation on QDO medium,
and some growth was also observed for the negative control (pGBKT7-
uncharacterized effector/pGADT7-empty). The yeast lines expressing the other
targets behaved like negative controls and did not grow on QDO media, which

indicates that there is no interaction between them and the Pf2826 effector (Fig. 5).
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Table 1. List of targets selected from a pull-down screening using the Pf2826 effector as bait used for interaction validation by Y2H.

. . . GO (cellular GO (molecular Signal
. Accession Protein name Protein length : . :
Organism . . component)  function or bio- Peptide
(Uniprot) (Uniprot) (aa) logical process)

Hordeum Apoplast YES
vulgare Germin like (G0:0048046); (cleavage
subsp. AOA287N0S4 protein 183 Extragellular between 23
vulgare region and 24 aa

(Domesticated (GO:0005576) residues)
barley)

Hordeum VES
vulgare Extracellular Response to (cleavage
subsp. HvPr-1a region biotic stimulus
vulgare ~ PUASBTRAVY 170 (GO:0005576)  (GO:0009607) baert]‘(’j"ez‘;”a?

(Domesticated residues)
barley)

Blumeria Serine/threonine- kinase activity

graminis f. sp. N1J4Z2 protein kinase _
hordei (strain Sgk2 234 (G0:0016301) NO
DH14)
Blumeria Uncharacterized coP9
graminis f. sp.  AOA383V2V0 . signalosome
hordei (strain protein S11 (GO:0008180) NO
DH14)
Blumeria N1J6Z3 CSEP0313 284 YES

graminis f. sp. putative effector (cleavage
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hordei (strain protein between 19
DH14) and 20 aa
residues)
. YES
Blumeria Uncharacterized (cleavage
graminis f. sp.  AOA383UML4 . g
. . protein 171 between 18
hordei (strain and 19 aa
DH14) i
residues)
. - - YE
Blumeria Putative candi- (cleav?age
graminis f. sp. N1J908 date secreteq 134 between 21
hordei (strain effector protein and 22 aa
DH14)

residues)




102

Plasmids Dilutions
pGBKT7 pGADT7 1 10" 102 1 10'1 10- 1 10" 107
Pf2826 -

Germin -
Germin Pf2826
Pf2826 Germin
HvPria -
HvPr1a Pf2826
Pf2826 HvPr1a
Sgk2 -
Sgk2 Pf2826
Pf2826 Sgk2

Unch-protein -

Unch-protein

Pf2826

Pf2826 Unch-protein
CSEP0313 -

CSEP0313 Pf2826
Pf2826 CSEP0313
Unch-effector -
Unch-effector Pf2826

Pf2826 Unch-effector

Putative-effector -

Putative-effector Pf2826

O
O
©
O
O
O
O
O
©
®
.

©
O
©
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O
O

Pf2826 Putative-effector

Figure 5. Validation of interaction between the Pf2826 effector and putative interac-
tors from barley and powdery mildew by Y2H. Growth on TDO and QDO media indi-
DDO (SD/-Leu/-Trp); TDO (SD/-Leu/-Trp/-His); QDO
(SD/-Leu/-Trp/ -His/- Ade). Pictures were taken 5 days after spotting and incubation

cates interaction.
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at 30 °C. From top to bottom, candidate interactors are AOA287N0S4 (Germin);
AOA287RAV7 (HvPR-1a); N1J4z2 (Sgk2), AOA383V2V0 (Unch-protein), N1J6Z3
(CSEP0313), AOA383UML4 (Unch-effector), and N1J908 (Putative-effector).

4. DISCUSSION

Pseudozyma flocculosa, a yeast-like fungus recognized by its powerful antag-
onistic potential against powdery mildew, is the object of study of the present work.
More precisely, we attempted to investigate how P. flocculosa exerts its biocontrol
activity in the tritrophic system which includes barley and powdery mildew (B. grami-
nis). Recent evidence has demonstrated that flocculosin-mediated antibiosis does
not account for the P. flocculosa biocontrol mode of action (Santhanam et al. 2021).
Conversely, a set of unique candidates secreted effector proteins (CSEPS) of P. floc-
culosa were strongly and exclusively expressed during contact with powdery mildew
structures in the tripartite interaction (Laur et al. 2018). Among these CSEPs, the
most expressed one was the Pf2826 effector, a 454 amino acids long protein con-
taining a predicted N-terminal signal peptide. In this regard, the present study aimed
to functionally characterize the Pf2826 effector protein by knocking out this gene and

by confirming possible interaction partners belonging to barley and powdery mildew.

The knockout of the Pf2826 gene was performed using the CRISPR-Cas9 sys-
tem. This methodology allows site-specific genome modifications and is especially
interesting for organisms that mainly relay on non-homologous end joining (NHEJ) to
repair double-strand DNA breaks (Adli 2018). While gene disruption in Saccharomy-
ces cerevisiae can be easily achieved using DNA cassettes displaying short stretch-
es of homology domains (< 50 bp) targeting the site of interest through homologous
recombination (HR), a similar strategy was not effective when applied to P. flocculosa
because it led to multiple random genomic insertions (Santhanam et al. 2021). On
the other hand, the same study achieved successful gene knockout in P. flocculosa
by using the CRISPR-Cas9 technology. In short, the technology principle relies on
the ability of the Cas9 nuclease to create double-stranded DNA breaks driven by the
complementarity of a designed RNA guide molecule at any locus three nucleotides
upstream of an NGG protospacer adjacent motif (PAM). The cellular DNA repair
pathways are then activated and result in indels (insertions or deletions) that can dis-

rupt genes (Adli 2018). Our sequencing analysis revealed the occurrence of an edi-
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tion event that led to the deletion of 59 nucleotides in the Pf2826 gene sequence,
which consequently translates into a shorter protein with an altered frame and very

likely compromised function.

The disruption of the Pf2826 gene allowed the interrogation of its functional
significance regarding the antagonistic activity of P. flocculosa against barley pow-
dery mildew. The mutant and WT strains of P. flocculosa were sprayed on powdery
mildew-infected barley leaves, and the plants were monitored by microscopy obser-
vations. The results showed that the knockout strain was not able to overtake the
powdery mildew colonies, while the WT strain developed extensively and resulted in
the complete collapse of the pathogen structures. The observations demonstrated
that the Pf2826%%% strain was less aggressive against powdery mildew and showed
reduced biocontrol activity compared to the WT. These results indicate that the
Pf2826 effector plays an essential role in the biocontrol phenotype of P. flocculosa. It
is well documented that effector proteins are central players in plant-pathogen inter-
actions. These molecules are secreted by the pathogens to manipulate plant pro-
cesses to allow successful infection (Asai and Shirasu 2015). However, the identifica-
tion of a crucial effector belonging to a biocontrol agent brings new insight into the

development of the interaction system and the biological control modes of action.

The identification of interaction partners of the Pf2826 protein was performed
aiming to shed light into the function of this effector. Proteins are biological molecules
that usually establish a set of physical interactions with other molecules to properly
exert their biological activity. Protein-protein interactions participate in the develop-
ment of many cellular processes, such as sensing and transducing environmental
signals, catalyzing enzymatic reactions, and maintaining cellular organization (Braun
and Gringras 2012). The screening of the putative interactors of the Pf2826 effector
was previously performed by an in vitro pull-down assay using the Pf2826 fused to
an N-terminal his-tag and the total protein extract from the tripartite assay 36 hpi with
spores of P. flocculosa (data not shown). Mass spectrometry analysis identified puta-
tive interactors from all three organisms. From the list, two targets from barley and
five from B. graminis were selected for interaction validation by Y2H. Pull-down and
Y2H are two complementary approaches in what concerns the kind of interactors
they can detect. In short, pulldown is an in vitro methodology that can identify many
molecules that constitute larger complexes, even though not all of them interact di-



105

rectly with the bait. The Y2H assay is an in vivo system that evaluates the interaction
between two proteins in yeast (Bruckner et al. 2009). It is relevant to highlight that the
combination of these two approaches increases the chance of identifying a real inter-

action.

The Y2H results confirmed the interaction of the Pf2826 effector with proteins
from the plant (HvPr-la) and the pathogen (putative effector). The pathogenesis-
related protein HvPr-1a from barley (AOA287RAV7), is a putative extracellular protein
involved in plant response to biotic stimulus (Uniprot). In general, PR proteins are
classified into several families and described as associated with plant resistance
(Muthukrishnan et al. 2001). For instance, the PR-1b protein from barley was shown
to contribute to penetration resistance to powdery mildew fungus (Schultheiss et al.
2003). The abundance of several classical PR proteins was shown to be increased
upon attack of pathogens (Lambertucci et al. 2019). Moreover, the characterization of
some PR proteins revealed antifungal functions such as lytic enzyme activity (chi-
tinases, glucanases), proteinase inhibitors, and peroxidases (Van Loon and Van
Strien 1999). Although the function of the PR-1a protein is unknown, its interaction
with the Pf2826 effector suggests that the biocontrol agent may contribute to boost-

ing the plant defenses against B. graminis infection.

A putative secreted effector (N1J908) from B. graminis was also validated as
an interaction partner of the Pf2826 effector. Fungal effectors are virulence factors
delivered by the pathogen to interfere with the plant immunity or mask pathogen in-
vasion (Chaudhari et al. 2014). The release of B. graminis genome allowed the iden-
tification of 491 genes classified as candidate secreted effector proteins (CSEPS)
(Pedersen et al. 2012), and Y2H screenings have already identified B. graminis ef-
fectors that interact with barley proteins. For instance Zhang and colleagues (2012)
(Zhang et al. 2012) confirmed that the CSEP0055 effector contributes to the aggres-
siveness of the pathogen and interacts with the PR1 and PR17 proteins from the
host. Additionally, Peningthon and colleagues (2016) (Pennington et al. 2016)
showed that the BEC1054 effector interacts with several barley proteins including a
malate dehydrogenase, a glutathione-S-transferase (GST), an elongation factor
(eEFg), and the PR5 thaumatin-like protein. Based on our results, we can infer that

the PF2826 effector from P. flocculosa might also be involved in reducing B. graminis
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infection aggressiveness against barley by interacting with one of the pathogen’s ef-

fectors.
5. CONCLUSION

The present study investigated the mode of action of the biocontrol agent P.
flocculosa against barley powdery mildew. The use of the CRISPR-Cas9 gene edi-
tion system brought evidence of the direct role of a fungal effector (Pf2826) in the
antagonistic activity of a biocontrol agent. Moreover, the validation of interaction
partners by the yeast two-hybrid methodology revealed the occurrence of a fungal-
fungal interaction, besides the association between a biocontrol effector and a plant
defense protein, which might have both contributed to altering the plant-powdery mil-

dew fungus biotrophic interaction resulting in the pathogen collapse.
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CONCLUSION

Understanding the molecular basis underlying a microorganism given
phenotype is pivotal for accelerating biotechnological exploitation. The study of
Spathaspora passalidarum transcriptional responses to ethanol stress revealed the
repression of genes responsible for nutrient transportation and from the central
carbon pathways, halting sugar consumption and fermentation. These findings
suggest that ethanol stress causes a pseudo-starvation state, in which nutrients are
not accessible to the cells, although available in abundant amounts in the medium.
Additionally, a pseudo-hyphal morphology of S. passalidarum colonies was observed
in ethanol-treated cells, and an increase in oleic acid content was only observed at a
late stage of the fermentation growth curve. A limited osmotic stress response is
another possible aspect involved in the low ethanol tolerance profile of S.

passalidarum inferred from our data.

Changes in gene expression profiles, such as the ones shown by our
transcriptome analysis, can be associated with the action of transcription factor
proteins. Comparisons between the set of transcription factors from S. passalidarum
and Saccharomyces cerevisiae showed wide divergences in sequence and copy
numbers among them, which can be one of the factors influencing the adaptive
responses of the yeasts to stress. Growth profiling showed that S. passalidarum and
S. cerevisiae present different tolerance levels to ethanol, oxidative and osmotic
stress. Complementation assays of the MSN-like transcription factor of S.
passalidarum in S. cerevisiae msn2 msn4 double knockout strain revealed a partial
tolerance phenotype restoration in the mutant line. These results indicate that the
MSN-like exerts different functions in stress responses from its orthologs in S.
cerevisiae, which agrees with our bioinformatic data that showed high divergences in
transcription factor sequences among yeast and our hypothesis that this might

influence yeast stress adaption.

The study of the mode of action of Pseudozyma flocculosa antagonistic
activity against barley powdery mildew revealed the Pf2826 effector protein as a new
player involved in this phenotype. The knockout of this effector compromised the
ability of the mutant strain to overtake the powdery mildew colonies, indicating that it

is required for the full biocontrol activity of P. flocculosa. The search for interaction
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partners of the Pf2826 effector identified that it interacts with a pathogenesis-related
protein from barley and an effector protein from powdery mildew, which might
contribute to deregulating the interaction between the host and the pathogen, leading
to the collapse of the powdery mildew structures. These findings point to a new mode
of action with which biocontrol agents can antagonize pathogens that involves the

direct action of effector proteins.
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APPENDIX A: Supplemental material Chapter 1

Supplemental File S1 (T1 - T6), Link:
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https://docs.google.com/spreadsheets/d/12c3GK6cxvyokZECMVEUWEBS50WIi3pDspG/edit?usp=share link&ouid=10243163

6824392108401&rtpof=true&sd=true

Supplemental Table 1: List of oligonucleotides used in the study.

containing

Protein Protein
NCBI ID annotation S. annotation S. Primer Forward Primer Reverse
. o Reference
passalidarum cerevisiae

SPAPADRAFT 61341 YYL11 GRE3 CTCAGGTCA(’:A'(I;’TGATGCCTTT TCTTTAAAC_I(_:((:B(':I'CACCGACT Cadggelgt al.,
SPAPADRAET 59053 Y121 SORL TGCTGCCAGAGTCATTGTCAT | AACATTTGGTTCAACACCGT | Ribeiro et al.,

— TG CAA 2021
SPAPADRAFT 67816 TDH3 TDH3 ACGGTTTCGGACGTATTGGT TAAGCAGCGEAGTCGGTAG Camggglet al.,
SPAPADRAFT 130940 not annotated YOR283W CGTGATATGGGACATTGTGAG | CACCACCATGAGTACATACC This work

— GGA AAGACA
SPAPADRAFT 59873 | not annotated ADH5 TGCTTGTGTTGGCCCTAATGG TGGTCGGAT&;GACGTTATC This work
SPAPADRAFT 58160 ICL1 ICL1 TGAACGTGGTGCTGCTGGTA AGTGGCGGZTTTCAGAATCA This work
SPAPADRAFT 139829 MLS1 DAL7 CCCAGAAGCTCTCGCTCTTGT GGAGGACCASTCCAGGTTG This work
SPAPADRAFT 59277 | not annotated DAL7 CTGGCCGGTTTGAACTGTGG GCAGCCATTCACTCCCATAGC This work
SPAPADRAFT 59267 | MFS domain- STL1 CTCCTGTGGCGTTTGAAAAT | CACCACTGTGCATTTGGTTC This work



https://docs.google.com/spreadsheets/d/12c3GK6cxvyokZEcMVEuwEB5OWi3pDspG/edit?usp=share_link&ouid=102431636824392108401&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/12c3GK6cxvyokZEcMVEuwEB5OWi3pDspG/edit?usp=share_link&ouid=102431636824392108401&rtpof=true&sd=true
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protein
SPAPADRAFT 59608 XUT1 RGT2 AGCTGCTGGTGTCGGTAAGA | ATCGGCGACGTAACCGTTCA |  This work
SPAPADRAFT 57603 X124 T2 TGCTAGATTC(_BI_CTCTTGGTGG AGACCCTTGCA;CTCTGTGGG s work
SPAPADRAFT 55953 HGT1 HXT11 GGTGTCGGTGTTGGTTTCGG TGACCCAACE(T:GTAAGAAAG This work
SPAPADRAFT 145342 HGT2 RGT2 TTCGTCTGTTCCTTCGCTTC GCGTTACCTCTTTTGGGAGAT This work
AGATACCCAATTGAACACGGT | GATTTAGGATTCATTGGAGC | Cadete et al,
SPAPADRAFT 61664 ACT1 ACT1 A all e
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APPENDIX B: Supplemental material Chapter 2

Supplemental Table 1: List of oligonucleotides used in the study.

NCBI ID Primer ID Primer Sequence Description
GGGTACTGTTGTACGAAGCGGTTGGTAG
CGATGACAGTGGCCAGGGCTGCTAGGCA

LEU2-MSN4_F
TGGTGAATCTTTTTAAGCAAGGAT Homologous
N/A ACGCCAAGCGTTTAATTATCAGAAAGCA Recombination,
LEU2- AACGTCGTACCAATCCTTGAATGCTTCC Confirmation
MSN4_R CAATTAACTGTGGGAATACTCAGGT
v Msnd ScF CGCGGATCCATGCTAGTCTTCGGACCTA
NM_001179628. P '—"°M*— o
Confirmation
1 CGCGAATTCAAAATCACCGTGCTTTTTGT
pY_Msn4_ScR
Msnd ScF GCACAACCAACGTTTCTGCT
NM_001179628, Vo .
1 AGTGGCGTCCGTTCTATGC Confirmation
gMsn4_ScR
Msn2 ScF TCACGCCGAAGATTTAGCGA
NM_001182534,  dVSNe—
Confirmation
1 CGGATGGTTCCAAAGGTCCA
gMsn2_ScR
GGTGCGATTCCGAAACGTAGTG
NM_001180249.  9RBSLF
1 Confirmation
gRBS1_R CAGTATCCCTAGATGACGGCGAA

pY_Msn_SpF TTAGGATCCATGAATACCCCCCAGAATTT

SPAPADRAFT_

o
p426_Msn_Sp TATACTCGAGCTACTGCAG- Cloning

R TTTCTTCTTTTC

61412
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Supplemental Figure 1: PCR reactions using genomic DNA for MSN2/4 double
knockout confirmation with primers for a) MSN4 (~1800 bp) and b) LEU2 (~1500 bp)
amplifications. Yeast strains: YO7117 and Amsn2/4. Water was used instead of DNA
in the negative controls. The YEP351 plasmid was used as a positive control for the
LEU2 amplification.

a) Y07117A
Marker (bp) Y07117 Control (1)  msn2/4

2000
1500

b Y07117A
) Marker (bp)  YEP351  Y07117  Control(-) msn2/4
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Supplemental Figure 2: RT-PCR reactions using cDNA for MSN2/4 double
knockout confirmation with primers for MSN2 (~100 bp), MSN4 (~120 bp), and RBS1
(~ 100 bp) amplifications. Yeast strains: BY4741, YO7117 and Amsn2/4. Water was

used instead of cDNA in the negative controls.

gMSN2 gqMSN4 gRBS1
1 1 1
Marker/ \[ \f \

(bp) BY4741 Control () Y07117 YO/Y178 gya741 control () Yo7117 Y0717 avaza1 control () YO7117 YO71178
msn2/4 msn2/4 msn2/4

8k
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Supplemental Figure 3: Sequence alignment analysis for confirming the MSN-like
gene cloning in the p426-GPD expression plasmid. Restriction digestion sites for the

BamHI and Xhol enzymes are highlighted in red and yellow, respectively.

MSN-SP
p426-MSN-SP GACGGATTCTAGAACTAGT]

MSN-SP 95
p426-MSN-SP 120
% % e g de 3k % e g gk e ok kg g ok e ke 3 e ok e g %k gk e vk e g ok ok e ok g ok ok e ok g o ok b e ok e e ok ok e ok e e ok ok e ek
MSN-SP 155
p426-MSN-SP 180
hhkhkhkhkkhkhhhkhhkhkhhhhhkhkdkhhhhkhhhhkhhkhhhhkhhkhhhhkhhbhdhhkhhhdkhhkhhhhkhhkkk
MSN-SP 215
p426-MSN-SP 240
KA AR A KA KA KA AR AR A KA AR A A AR AR AR AR AR A AR AR AR A Ak Ak Ak hkhkhkhhkd
MSN-SP 2175
p426-MSN-SP 300
Khkhkkhkkhkkhkhkkdkkhhkdhhkkhkdhhkhkhkdkhkhhkhhkkdkhkhkkkhkkhkkkhkhkhhkhkhkkhhkkhkikk
MSN-SP 335
p426-MSN-SP 360
e J e vk Je dk % g g vk de dk v T e vk de dk vk g e vk e vk ok sk e ok e gk ok ok e ok e dk ok ok e ok vk gk ok ok e ok ok e ok ok e ok e e ok e ek ke e
MSN-SP 395
p426-MSN-SP 420
EE 2222222222223 2222ttt ss st s s s s
MSN-SP 455
p426-MSN-SP 480
hhkhk kA A kAR A A A A Ak Ak Ak h kA hh ko kh bk kA h kA hkhhkhhkhhh bk hhhd
MSN-SP 515
p426-MSN-SP 540
AR KKKR KK KA KK AR KA KK AAKRAKRA A AR AR AR AR AR AR AR AR IR AR A AT A Ak hkhkhkhhhk kK
MSN-SP 575
p426-MSN-SP 600
% % e g Je 3k % g g gk de kg g ok de g % g de ok e g %k gk e vk e g ok sk e ok g sk ok e e ok e ke ok % de ok e e ok gk e ok e g ok ok e ek
MSN-SP 635
p426-MSN-SP 660
e g e % e d % e de v de de v g ke ok e gk %k de e g de g ok g e ok e dk ok de e v e g ok gk e ok e d ok d e g e g ok gk e ok e d ok de e v ok e
MSN-SP 695
p426-MSN-SP 720
dhkkkhkkhkhhkhkkdkhdkhhkhdkhdkhhkhdkhdhhdkhkhdkhhkdhkhddkdkdhhkdkddhhkhkdkhhkkk
MSN-SP 755
p426-MSN-SP 780
KAKKKKKK KKK KKK AKKKAKAKRAKRKKAAKRAKRK AR KRR AR AR AR AR AR AR IRk hkhkhhhhhhkk
MSN-SP 815
p426-MSN-SP 840
KKK AR AR AR AR AR A A AR AR AR AR AR AR AR AR A A AN A A kA A Ak kk
MSN-SP 875
p426-MSN-SP 200
s g e % de ke % e de gk de g s g ke ok e gk % de e gk g g ok g e ok e gk %k e e gk g g ok g e ok e g ok e e gk g g ok g e ok e e ok e e e ke
MSN-SP 935
p426-MSN-SP 960
Khkhkkhhkkhhhhhhhhkhhhhdhhhhhkhhhhhhkhhhbhhrhrhdkhhhhhhhkhhhhhhkhhhhhkd
MSN-SP 995
p426-MSN-SP 1020
KA KA KA AR A KA AR A KA A AR AR A A AR A A A A AR A A A A A A Ak bk Ak h kb kA hhhhkhhhhhk
MSN-SP 1055
p426-MSN-SP 1080
hhkhkkhkhkhkhkhhkhhkhkrhkhkhkhkhkhhhkhhkhkrhkhkhkhkhkhhhkhhhkrhkhkhkhhkhrhhkhhkhkdhkhkhkhhkhkhhkkh
MSN-SP 1115
p426-MSN-SP 1140
*hkhkkhkhkkhkhdkhdkhkkhbhhhkhhdbhdbhdhbhhhkhbhdbhdhdhhbhhhkhbhdbhdkhkdhkhkdkhkhkdhdkhd
MSN-SP 1175
PA426-MSN-SP 1200
e g sk Je dk % d ke vk de ok v gk sk de gk ok g ke vk gk ok sk e ok ke gk ok ok e ok vk Tk ok ok e ok vk Sk ok ok e ok o ke ok ok e ok e e ok ke ok ok e
MSN-SP 1235
p426-MSN-SP 1260
e g e vk Je d d g g vk de dk e g e vk de dk vk s e vk e vk ok sk e ok e vk ok ok e ok v ke ok ok e ok vk gk ok ok e ok vk e ok ok e ok e e ok ok e ok ke e
MSN-SP 1295
p426-MSN-SP 1320
E2 2322 2222222222222ttt sttt sttt sl
MSN-SP 1355
p426-MSN-SP 1380



MSN-SP
p426-MSN-SP

MSN-SP
p426-MSN-SP

MSN-SP
p426-MSN-SP

MSN-SP
p426-MSN-SP

MSN-SP
p426-MSN-SP

MSN-SP
p426-MSN-SP

ddkkkdkkkdkhkkkkhhkhkkkkhkdkkdkdkhkhkkhkdkkhkhkddkhkdkhhkkkhkhkhkhkdkdkdhkdkkkihkhkkkkx

Fhkkkhkkkkkhkhkhhhhhbhhhhhkhhdkhhhhkkhhhkhkdkhhkkkhkrhkkhhhkkkkhhknkk

hhkhkhkhkkkhhkhhkhkhkhhhhhhkhkkhkhhhhhhhkhhkhhkhhhkhhhkhdkhdhkhkhkhhhkrkhkhkkrkkhkhkk

Je g e 3k e dk % d ke sk ok e sk % ke ke ok e ok ok de ok gk o vk vk ok ke ke ok vk ke sk Sk ok vk e dk ok ke ke vk ok ke ok ok e ok b e ok ke ok b ko ke ke

KKK A KKK AR K RN KA AR AR A AN KA I KRR AR A RAKR A A KRR AR R AR AR AR A Ak h ko kK

dhkkkhkkdkkkhkhkhkhhhdbkhhhkdhdhhhkhdhhhrhhhdhhhkhdhdhkhdkhhkrhkdkhhhkkdkkdhkrkr

TCGAGTCATGTAATTAGTTATGTCACGCTTA
B

1415
1440

1475
1500

1535
1560

1585
1620

1655
1680

1683
1740
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APPENDIX C: Supplemental material Chapter 3

Supplemental Figure 1: Map of the vector pRB-Hyg. The selection marks for
bacteria (Amp) and Pseudozyma flocculosa (HygR — codon optimized) are
highlighted in yellow. The GPD Promoter is highlighted in blue. The GPD terminator
is highlighted in grey.

pRB-Hyg

4942 bp
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Supplemental Table 1: List of primers used for cloning the pull-down targets in
pGADT7 and pGBKT?7 vectors.

Acession Primer : . .
(Uniprot) identification Primer sequence (5'-3") Plasmid
CACTGCATATGACCGACCCTGACCCTCTA
Germin_Ndel_F
C
AOA287N0S4
Both
CACTGCCCGGGTTAAGACCCACCGGCGA
Germin_Xmal_R
AC
ATCTGCATATGCAAAACTCGCCTCAGGAC
HvPrla Ndel F
AOA287RAV TAC
Both
7 ATCTGCCCGGGTTAGTATGGTTTCTGTCC
HvPrla_Xmal_R
AACAACA
ATCTGCATATGATGTCTGTTTCTCCAGAG
Sgk2_Ndel _F
G
N1J4Z2 Both
ATCTGCCCGGGTTATCCTAAAGTTTTTTCT
Sgk2_Xmal_R
TCATCT
Unch_Blumeria_ | ATCTGGGATCCAAATGTTGGACAGCCATC
BamHI F AAT
pGADT7
Unchar_Blumeria | ATCTGCTCGAGTTAATAAACTCCCATAATA
_Xhol R TCCTCA
AOA383V2V0
Unch_Blumeria_ | ATCTGCCATGGAAATGTTGGACAGCCATC
Ncol F AAT
pGBKT7
Unch_Blumeria_ | CCTCCGGATCCTTAATAAACTCCCATAATA
BamHI_R TCCTCA
CSEP0313 Ndel | ATCTGCATATGGAGGATTCCGTGTCAACA
_F AGC
N1J6Z3 Both
CSEP0313_Xmal | ATCTGCCCGGGTCAGGTGATGTCGTTTAC
R TCGA
Unchar_effect B | ATCTGGGATCCAAATGTACTGTGTGCCGC
HI_F CCTCATC GADT7
AOA383UML ame- p
Unchar_effect X | ATCTGCTCGAGTTAAAAAATACGGATGGG
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4 hol R AGTTTT
Unchar_effect N | ATCTGCCATGGAAATGTACTGTGTGCCGC
col_F CCTCATC
pGBKT7
Unchar_effect B | ATCTGGGATCCTTAAAAAATACGGATGGG
amHl_R AGTTTT
Putative_effect N | ATCTGCATATGGTGTCAGTTCCGAATAGT
del F GGA
N1J908 Both

Putative_effect X

mal_R

ATCTGCCCGGGTTAATTGAGTGAGCAGGC

TCTGA
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ATTACHMENT A: Supplemental material Chapter 2 (Castro, 2019)

Supplemental File S1 - S6, Link:

https://drive.google.com/file/d/1gVhfLEUNE9EQa2lkyboFxt-
BOcmhmu?24/view?usp=share link



https://drive.google.com/file/d/1qVhfLEUNE9EQa2IkyboFxt-BOcmhmu24/view?usp=share_link
https://drive.google.com/file/d/1qVhfLEUNE9EQa2IkyboFxt-BOcmhmu24/view?usp=share_link
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