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ABSTRACT

Emerging evidence suggests that the high phenotypic plasticity of one of the world's
most destructive phytopathogens, Phytophthora infestans (Mont.) de Bary, is driven by
epigenetic mechanisms that enable its rapid adaptation to internal signals and environmental
stressors, including the host-plant. Notably, Phytophthora lacks 5-methylcytosine DNA
modifications, suggesting that reversible histone modifications—particularly acetylation and
deacetylation—play a central role in gene regulation in these microorganisms. In P. infestans,
these processes are mediated by 33 histone acetyltransferases (HATs) and 11 histone
deacetylases (HDACs). Recent studies have shown that a potent signaling molecule, nitric
oxide (NO), beyond its diverse regulatory roles, may also function as an epigenetic
modulator of gene expression in both animals and plants. Although NO role in microbial
epigenetics remains underexplored, it may accumulate in pathogen structures during critical
developmental transitions and under stress.

Based on the above, the primary aim of the research was to determine whether
and to what extent NO and the following nitrosative stress to which P. infestans is
exposed during its lifecycle affect the histone (de)acetylation patterns, thereby
modulating gene expression to enhance adaptability and/or pathogenicity. The research
was based on a comparative analysis between the virulent (vr) MP977 and avirulent (Avr)
MP946 isolates of P. infestans against the potato (Solanum tuberosum L.) ‘Sarpo Mira’,
genotype with the R3a resistance gene, to identify changes that may affect the pathogen’s
virulence. The experiments included the saprophytic phase (in vitro) and the
microorganism’s parasitic phase (in planta). To mimic nitrosative stress, specific reactive
nitrogen species (RNS) modulators were applied to the pathogen culture.

Firstly, a significant increase in the formation of NO and its derivative, peroxynitrite,
was documented in P. infestans' structures during both the sporulation phase and in planta
growth. It has been shown that similarly to in planta conditions, pharmacologically induced
nitrosative stress results in significant changes in the global acetylation of histones H3 and
H4. The observed hyperacetylation of histone H3 lysine 56 (H3K56ac) and histone H4 lysine
16 (H4K16ac) correlated with the induction of the expression of HAT genes, i.e., PifHAMI
and PifHAC3, which may catalyze the formation of H4K16ac and H3K56ac, respectively.
The RNS-mediated changes in histone architecture in the form of enriched H3K56ac and

H4K16ac mark accumulation in the promoter regions of the molecular markers of the



pathogen’s biotrophic phase (i.e., Avr3a and Hmp1) and other critical pathogenicity-related
genes (CesAl, CesA2, CesA3, sPLD-likel) up-regulated their expression.

Subsequent in silico characterization and identification of RNS-responsive nuclear
HDACs in P infestans revealed that PifHDAC3 potentially catalyzes H3KS56ac
deacetylation and shows the highest level of transcript accumulation in response to NO.
Notably, PifHDAC3 showed high abundance under nitrosative environments (in vitro and in
planta); however, RNS did not provoke S-nitrosation and inhibition of recombinant
PifHDACS3.

As PifHDAC3 was associated with the host colonization by P. infestans, the final
stage of the study evaluated whether NO and the subsequent shift in the redox environment
could affect the HDAC’s recruitment to chromatin. Thus, chromatin immunoprecipitation
sequencing (ChIP-seq) profiling provided insight into the key pathways regulated by
PifHDAC3 in Avr/vr P. infestans exposed to a nitrosative environment, and revealed
PifHDAC3-targeted genes involved, including those related to the pathogen's offensive
strategies in a genotype-dependent manner. Notably, the NO availability led to the
displacement of PifHDAC3 from the Avr3a promoter, and the loss of repressive chromatin
structure enabled the transcriptional activation of Avr3a.

Summarizing, the dynamic interplay between RNS and HATs/HDAC: is vital in
influencing the expression of diverse P. infestans genes and documents NO as an essential
epigenetic signal in the pathogen biology. By altering the histone (de)acetylation status,
NO/RNS trigger the transcriptional reprogramming of genes related to metabolic,
developmental, and offensive strategies, which may promote high adaptability to new
(micro)environments. Thus, NO signaling and nitrosative stress play a crucial role in the

operation of P. infestans’ under environmental pressure.

Key words: nitric oxide, reactive nitrogen species, nitrosative stress, epigenetic

modifications, histone (de)acetylation, Phytophthora infestans, late blight.



STRESZCZENIE

Coraz wigcej dowodow wskazuje na to, ze duza plastyczno$¢ fenotypowa jednego z
najbardziej niszczycielskich fitopatogenéw na §wiecie, Phytophthora infestans (Mont.) de
Bary, jest efektem mechanizmoéw epigenetycznych, ktore umozliwiaja mu szybka adaptacje
do zmiennych sygnatéw wewngtrznych i stresoréw $rodowiskowych, w tym réwniez
ro$liny-gospodarza. Co istotne, 5-metylocytozyna w DNA nie zostala wykryta u
Phytophthora, stad odwracalne modyfikacje bialek histonowych, w szczegdInos$ci acetylacja
1 deacetylacja, mogg odgrywac kluczowa role w epigenetycznej kontroli ekspresji genow.
U P. infestans procesy te sa kontrolowane przez 33 acetylotransferazy histonowe (HATS) 1
11 deacetylaz histonowych (HDACs). Zaréwno u ro$lin, jak i u zwierzat, czasteczka
sygnalowa - tlenek azotu (NO) moze réwniez funkcjonowac jako epigenetyczny modulator
ekspresji gendw. Chociaz rola NO w epigenetyce mikroorganizmow pozostaje niezbadana,
czasteczka ta moze by¢ formowana w strukturach patogenéw podczas krytycznych przemian
rozwojowych i ekspozycji na stresy.

Wobec powyzszego, nadrzednym celem badan bylo wyjasnienie, czy i w jakim
stopniu, NO oraz nastgpujacy stres nitrozacyjny, na ktory patogen jest narazony
podczas swojego cyklu zyciowego, wplywa na wzorce (de)acetylacji histonow i zmiany
ekspresji genow, prowadzace do efektywnej adaptacji i/lub patogenicznosci P. infestans.
Badania oparto na analizie poréwnawczej pomi¢dzy izolatem awirulentnym (Avr) MP946 i
wirulentnym (vr) MP977 P. infestans wzgledem odmiany ziemniaka (Solanum tuberosum L.)
Sarpo Mira z genem odpornosci R3a, co pozwolito na §ledzenie zmian, potencjalnie
zwigzanych z wirulencja patogenu. Eksperymenty obejmowaty faz¢ saprofitycznag (in vitro)
1 pasozytniczg mikroorganizmu (in planta). W celu stworzenia warunkow stresu
nitrozacyjnego patogen byl eksponowany na specyficzne modulatory reaktywnych form
azotu (RNS).

W pierwszym etapie badan wykazano, ze wzmozone formowanie NO i jego
pochodnej, nadtlenoazotynu, towarzyszylo fazie sporulacji oraz wzrostowi patogenu in
planta. Zarbwno w warunkach in planta, jak 1 in vitro, stres nitrozacyjny prowadzil do
istotnych zmian w globalnej acetylacji histonéw H3 1 H4. Zaobserwowana hiperacetylacja
lizyny 56 histonu H3 (H3K56ac) i lizyny 16 histonu H4 (H4K16ac) korelowata z indukcja
ekspresji genow HATS, tj., PifHAMI 1 PifHAC3, ktore odpowiedzialne sa za formowanie
H4K16ac i H3KS56ac. Zalezne od RNS zmiany w architekturze histondw, w postaci

wzbogaconej akumulacji znacznikéw H3KS56ac 1 H4K16ac, w regionach promotorowych



molekularnych markerow fazy biotroficznej patogenu (Avr3a i Hmpl) oraz innych
krytycznych genow zwigzanych z patogeniczno$cia (CesAl, CesA2, CesA3, sPLD-likel),
wplywaly na wzrost ekspresji tych genow.

W kontynuacji badan, przeprowadzona charakterystyka in silico i identyfikacja
jadrowych HDACs wrazliwych na RNS wykazaty, ze PifHDAC3 potencjalnie katalizuje
deacetylacj¢ H3KS56ac 1 reprezentuje najwyzszy poziom akumulacji transkryptu w
odpowiedzi na NO u Avr/vr P. infestans. Ponadto immunoanaliza wykazata, ze w §rodowisku
nitrozacyjnym in vitro oraz in planta, biatkko PifHDAC3 wystepuje powszechnie. Nie
stwierdzono jednak aby RNS wywotaty S-nitrozacj¢ 1 inhibicj¢ PifHDACS3.

Z uwagi na stwierdzony zwigzek PifHDAC3 z kolonizacja ziemniaka przez P.
infestans, ostatni etap badan wyjasniat, czy NO i zalezne od niego komoérkowe zmiany
redoks moga wpltywaé na rekrutacje PifHDAC3 do chromatyny. Analiza
immunoprecypitacji chromatyny (ChIP-seq) umozliwita identyfikacje kluczowych
procesow bezposrednio regulowanych przez PifHDAC3 u P infestans w warunkach
srodowiska nitrozacyjnego. Wykazano, ze loci genéw docelowych dla PiftHDAC3 obejmuja,
m.in., geny zaangazowane w strategie ofensywne P. infestans. Stwierdzony efekt byt zalezny
od genotypu patogenu. Dowiedziono, ze dostgpnos¢ NO prowadzi do przemieszczenia
PifHDAC3 z promotora Avr3a, a zniesienie represyjnej struktury chromatyny umozliwia
aktywacje transkrypcyjng Avr3a.

W podsumowaniu nalezy podkresli¢ kluczowa rolg NO jako waznego sygnatu
epigenetycznego w biologii P. infestans oraz dynamiczng interakcje migdzy RNS a
HATs/HDACs w regulacji ekspresji genow. Wykazano, ze NO/RNS, poprzez zmiang statusu
(de)acetylacji histondw, stymuluja proces przeprogramowania transkrypcyjnego genow
zwigzanych ze strategiami metabolicznymi, rozwojowymi 1 ofensywnymi patogenu i jego
szybka adaptacje¢ do nowych $rodowisk. Wykazano, Ze sygnalizacja zalezna od NO oraz
zwigzany z ta czasteczka stres nitrozacyjny, odgrywaja strategiczng role u P. infestans

egzystujacego w warunkach presji §rodowiska.

Stlowa kluczowe: tlenek azotu, reaktywne formy azotu, stres nitrozacyjny,
modyfikacje epigenetyczne, (de)acetylacja histondw, Phytophthora infestans, zaraza

ziemniaka.
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INTRODUCTION

Phytophthora infestans (Mont.) de Bary is regarded as one of the most devastating
phytopathogens worldwide (Fry, 2008; Fry et al., 2015). The pathogen is a hemibiotrophic
oomycete that causes potato late blight disease, generating substantial economic losses
worldwide, accounting for approximately ten billion dollars annually (Dong and Zhou, 2022).
Under optimal environmental conditions such as high air humidity (> 90%) and low
temperatures (16 °C) accompanied by rains, P. infestans can devastate potato crops even
within a week (Janiszewska ef al., 2021). As a heterothallic fungal-like microorganism, two
mating types (Al and A2) are necessary for P. infestans to complete the sexual cycle (Fry,
2008). The coexistence of both mating types is strongly linked to the increased genetic
variation of P. infestans, which has been observed in certain emerging geographic regions in
recent years (Babarinde ef al., 2024). Consequently, the increased infectious potential of P
infestans, driven by shifts in its population structure, is a critical factor underlying its
variability in pathogenicity and virulence toward new cultivars and species, as well as its
growing resistance to fungicides (Forbes, 2012; Michalska et al., 2016). Additionally,
continuous climate change influences plant disease epidemiology, and P. infestans can
swiftly adapt to shifts in temperature (Wu et al., 2019). Thus, the climate crisis can also
accelerate the evolution of microorganisms and alter the plant-microbe relationship, enabling
the emergence of new pathogenic strains. The molecular mechanisms underlying P. infestans
colonization and adaptation to new or adverse environments remain poorly understood.
Nevertheless, there is proof that the high pathogen plasticity derives from the epigenetic
regulation of gene expression, which contributes to Phytophthora's rapid adaptation to
various stresses and endogenous stimuli. Because S5-methylcytosine (SmC) - the
predominant DNA modification in mammals and plants - has not been detected in
Phytophthora species (Chen et al., 2018), reversible acetylation of histone proteins may play
a pivotal role in the epigenetic control in gene expression of these fungal-like

microorganisms.

Epigenetics refers to non-genotoxic, reversible, and temporary genetic processes that
regulate gene expression without changing DNA sequence or genotype (Dupont et al., 2009;
Watson and Riccio, 2009; Tirado, 2014). Histone proteins play a fundamental role in

regulating chromatin structure and gene expression. Histones undergo post-translational



modifications (PTMs), which physically restrict the accessibility of the transcriptional
machinery to specific genomic regions, making /oci more or less available for transcription.
These epigenetic modifications on histones may include methylation, acetylation,
phosphorylation, ubiquitylation, and SUMOylation (Weinhold, 2006). Among these, histone
acetylation, a process occurring at the e-amino groups on the N-terminal of histone tails, is
particularly critical for transcriptional regulation. This modification is dynamically
controlled by two types of enzymes: histone acetyltransferases (HATs), which catalyze the
addition of an acetyl group from acetyl-CoA, and histone deacetylases (HDACs), which are
responsible for the removal of these groups (Wang et al, 2016; Narita et al., 2019).
Acetylation neutralizes the positive charge of lysine residues, weakening histone—DNA
interactions and promoting a more open chromatin structure, which facilitates transcriptional
activation (Sterner and Berger, 2000; Nitsch et al., 2021). Consequently, histone acetylation
leads to gene upregulation, while deacetylation inhibits gene expression (Verdone, 2006). In
relation to oomycetes, five families of HATs have been identified, including histone
acetyltransferases GNAT family (HAGs), histone acetyltransferases TAFII250 family
(HAFs), histone acetyltransferases CBP family (HACs), histone acetyltransferases MYST
family (HAMs), and histone acetyltransferases Hatl family (Hatls). Moreover, there are
only three classes of HDACs in oomycetes: classes I, I, and III, while class IV is absent.
In P, infestans, 33 HATs have been identified and distributed into these five families (Wang
et al.,2016). In turn, the identified 11 HDACsS are grouped into three distinct classes (Wang
etal.,2016).

The specific role of histone acetylation in pathogenic microorganisms is currently
not well understood. However, research on Phytophthora species has shown that histone
acetylation is crucial for their growth, reproduction, pathogenicity, and adaptation to
environmental conditions (Zhao et al., 2015; Wang et al., 2016, 2020a). In P. infestans, all
11 HDACs and 33 HATs were found to be differently expressed throughout ten stages of
development during the infection process and under various stress conditions. This indicates
that HDACs and HATs are involved in many key biological processes in this pathogenic
microorganism (Wang et al., 2016). Additionally, transformants of P. infestans in which
HDAC:s were silenced exhibited changes in sex hormone production and produced defective
asexual and sexual structures, highlighting the essential role of HDACs in pathogen
reproduction (Wang et al., 2020a). Several studies have also demonstrated the role of

HDAC:s in gene silencing in P. infestans (van West et al., 2008; Vetukuri et al., 2011). In P,



sojae, the HAT, GenS has been identified as essential for the pathogen's adaptation to
oxidative stress. As documented by Zhao et al., (2015), the application of hydrogen peroxide
led to reduced growth in GenS-silenced mutants, emphasizing the importance of GenS in the

tolerance of P. sojae to oxidative stress conditions.

Over the past two decades, NO has been recognized as a key signaling molecule in
humans, animals, plants, and microorganisms. In pathogenic microorganisms, NO can act as
a sophisticated regulator involved in developmental processes, virulence, host survival, and
responses to the changing environments (Arasimowicz-Jelonek and Floryszak-Wieczorek,
2013; Arasimowicz-Jelonek and Floryszak-Wieczorek, 2016). In P infestans, both
saprophytic and parasitic stages are associated with the production of NO and other RNS
(Izbianska et al., 2019). Overproduction of RNS may lead to nitrosative stress and induce
alterations at the cellular level through the modifications of nucleic acids, proteins, and lipids
(Ischiropoulos, 2003; Wang et al., 2021). Nevertheless, a recent study has shown that P,
infestans possesses a multifaceted system of metabolic sensors that control RNS balance via
its enzymatic detoxification. This system enables the pathogen to thrive in various
microenvironments characterized by nitrosative stress, thereby preventing redox misbalance
and reducing NO-dependent modifications of biomolecules (Gajewska et al., 2023).
Research studies conducted on animal and plant systems have implicated that RNS may
influence the alterations in chromatin (Nott et al., 2008; Okuda et al., 2015; Mengel et al.,
2016; Ageeva-Kieferle et al., 2021; Drozda et al., 2022a). There is experimental evidence
that NO directly influences the expression and activity of HDACs. For example, in human
lung cancer cells, treatment with NO donors significantly increased the expression of S-
nitrosated HDAC6, which was associated with reduced enzymatic activity (Okuda et al.,
2015). In contrast, NO-mediated S-nitrosation of HDAC2 in mouse and rat spinal neuron
cells exhibited no detectable impact on its activity (Nott et al., 2008). Further studies on
Arabidopsis have demonstrated that exogenous NO reduces HDAC activity in protoplasts
and nuclear extracts (Mengel et al, 2016). Additionally, light intensity-dependent
fluctuations in NO levels have been shown to affect global histone acetylation dynamics (H3,
H3K9, and H3K9/K 14), thereby influencing HDAG6 activity (Ageeva-Kieferle et al., 2021).
These studies suggest that HDACs in animals and plants play central roles in redox signaling

pathways, translating NO production into epigenetic responses.



The epigenetic landscape of oomycetes is still largely unexplored, particularly
regarding the potential role of nitric oxide and its derivatives in epigenetic regulation.
In view of the above, it can be hypothesized that NO and the resulting nitrosative stress
to which P. infestans is exposed throughout its lifecycle may influence histone
(de)acetylation patterns, thereby modulating gene expression to enhance the
pathogen’s adaptability and/or pathogenicity. Therefore, the primary aim of the
presented dissertation was to determine whether and to what extent NO and the
following nitrosative stress influence the (de)acetylation patterns of histone proteins in
pathogenic oomycete P. infestans. The research specifically addressed (1) the
characterization of RNS-dependent acetylation profiles in Avirulent/virulent (Avr/vr)
P. infestans and (2) the identification of RNS-dependent histone acetylation patterns
that contribute to transcriptional reprogramming crucial for the pathogen’s offensive

strategy.

Those mentioned above (primary) aim was achieved by implementing the

following research tasks:

1. Determination of reactive nitrogen species (RNS) formation in P. infestans at

different developmental stages and during in planta growth— Publication 1.

2. Analysis of histone H3/H4 acetylation patterns under nitrosative stress at the

selected developmental stages of P. infestans — Publication 1.

3. Verification of the transcriptional status regarding the RNS-dependent relative
abundance of H3/H4 acetylation marks (H3K56ac and H4K 16ac) on developmental

and pathogenicity-related marker genes — Publication 1.

4. In silico characterization of P. infestans HATs/HDAC:s, including the identification
of RNS-sensitive HATs/HDACs — Publications 1, 2 and 3.

5. Analysis of the effect of nitrosative stress on the functionality of the selected NO-

sensitive HDAC(s) complexes (ChIP-sequencing of PifHDAC3 complexes) —
Publication 3.
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The avirulent (Avr) MP946 (race 1.3.4.7.10.11) and the virulent (vr) MP977 (race
1.2.3.4.6.7.10) isolates of Phytophthora infestans (Mont.) de Bary in reference to the potato
cv. Sarpo Mira (carrying the R genes R3a, R3b, R4, Rpi-Smiral, and Rpi-Smira2) were used
in the experiments to elucidate the influence of NO and the following nitrosative stress on
the (de)acetylation patterns of histone proteins in P. infestans. Additionally, both in vitro and
in planta phases of P. infestans were analyzed in the experiments, reflecting the saprophytic

and parasitic phases of the pathogen.

According to Gajewska et al., (2023), selected concentrations of RNS modulators
were applied to the pathogen culture to induce nitrosative stress conditions, i.e.: (i) donors -
S-nitrosoglutathione (GSNO) at a concentration of 400 uM and 3-morpholinosydnonimine
(SIN-1) at a concentration of 5 mM; (ii) scavengers —2-(4-carboxyphenyl)-4,5-dihydro-
4.4,5,5-tetramethyl-1H-imidazolyl-1-oxy-3-oxide (cPTIO) at a concentration of 500 uM and
ebselen at a concentration of 200 uM. Control cultures were treated with sterile water.
Hyphae were harvested at 0, 2, 24, 48, and 72 h post-treatment and either processed
immediately or snap-frozen in liquid nitrogen, followed by storage at —80 °C for subsequent

analyses.
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DISCUSSION OF RESULTS

Current research collectively indicates that the nitro-oxidative environment,
dynamically regulated by internal and external stimuli, may influence chromatin structure
and epigenetic modifications. Although NO production in the oomycete pathogen
P. infestans has been observed during both saprophytic and parasitic phases (Izbianska et al.,

2019), its precise role and timing throughout the pathogen’s life cycle remained unknown.

NO production is accelerated during sporulation and plant colonization

The first phase of the dissertation research aimed to elucidate the role of NO and its
derivatives in coordinating the lifestyle and life cycle of P. infestans. Chemiluminescence-
based quantification of NO emission was performed to show the RNS dynamics in
P infestans across different developmental stages (non-sporulating hyphae — 5-day-old
culture, sporulating hyphae — 12-day-old culture, and zoospores) and during in planta growth
(hyphae of vr P. infestans collected from potato tubers collected at 3 and 6 days post-
inoculation (dpi)). NO levels varied significantly across the analyzed stages, with the lowest
level detected in non-sporulating hyphae, followed by zoospores (generated from
sporulating cultures), while sporulating hyphae produced the highest NO levels (ca. 5-fold
rise in the comparison to non-sporulating hyphae) (Publication 1, Fig.14). Nitric oxide
production during host colonization was more abundant (ca. 15-fold rise in the comparison
to sporulating hyphae of vr P. infestans) and showed dynamic changes associated with the
biotrophy-necrotrophy switch (Publication 1, Fig.SI). The highest NO generation was
detected in hyphae growing in planta during the necrotrophic phase (6 dpi). The NO level
even exceeded the signal production observed in the earlier, biotrophic phase (3 dpi) (ca.
1.25-fold rise in the comparison to the biotrophic phase) (Publication 1, Fig.1B).
Additionally, the formation of NO derivative, peroxynitrite (ONOO"), was also determined
across the developmental stages of P, infestans. The results indicated that the formation of
ONOOr in P, infestans structures was strictly related to the NO levels when growing in vitro.
Specifically, sporulating hyphae generated the highest level of ONOO-, followed by
zoospores; in turn, non-sporulating hyphae exhibited the lowest level of ONOO". However,
no statistically significant difference in ONOO" levels was observed among the biotrophic
and necrotrophic phases (Publication 1, Fig.1C). The detection of both RNS across distinct

in vitro developmental stages of the Avr MP946 isolate revealed formation patterns
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comparable to those observed in the vr MP977 (presented for sporulating hyphae;
Publication 1, Fig.1B, C). These findings indicate the acceleration of NO and ONOO"
formation during the sporulation phase and in planta growth of P. infestans, underscoring

their potential importance in regulating key stages of the oomycete’s life cycle.

NO enhances global histone acetylation in P. infestans

NO has been established as a key regulator of epigenetic transcriptional
reprogramming in both animals (Watson and Riccio, 2009) and plants (Mengel et al., 2016).
Moreover, NO production and biological activity have been well documented across diverse
plant pathogens (Wang and Higgins, 2005; Floryszak-Wieczorek et al., 2007; Prats et al.,
2008; Turrion-Gomez and Benito, 2011; Samalova et al., 2013; Izbianska et al., 2019);
however, direct evidence linking NO to epigenetic regulation in P. infestans remains elusive.
Our previous identification of core histones H3 and H4 as potential RNS sensors undergoing
nitration in P. infestans (Izbianska et al., 2019) suggested a possible mechanism for NO-
mediated epigenetic modifications in this pathogen. Thus, to address the gap, the following
step of the study aimed to investigate the effect of NO and ONOO on global histone H3
and H4 acetylation levels. The application of RNS modulators to Avr/vr pathogen cultures
revealed that GSNO as NO donor, significantly enhanced the total H3 acetylation status in
all analyzed developmental stages i.e., the non-sporulating, sporulating hyphae, and
zoospores of the vr P. infestans (Publication 1, Fig.2A4). In turn, both RNS donors promoted
the total histone H4 acetylation in sporulating hyphae and zoospores of vr P. infestans
(Publication 1, Fig.2C). Notably, developmental stage-dependent analysis of total H3 and
H4 histone acetylation in Avr P. infestans showed that RNS also accelerated the modification
level, particularly in sporulating hyphae and zoospores. This effect was most pronounced in
response to SIN-1 treatment, an ONOO" donor (Publication 1, Fig.2B, D). Given that the
most pronounced changes in global histone acetylation levels induced by NO/RNS were
observed in sporulating hyphae, this developmental phase was selected for further analyses,
including the detection of histone acetylation marks by western blot. The obtained results
indicated that RNS differentially modulated histone acetylation marks, specifically, global
acetylation marks i.e., H3ac and H4ac, and site-specific acetylation marks including,
H3K36ac, H3K56ac, H4K5ac, and H4K 16ac (Publication 1, Fig.3). Notably, H3 acetylation
and hyperacetylation of H3K56ac mediated by RNS were detected in Avr and vr isolates of
P. infestans (Publication 1, Fig.34-D). In addition, GSNO enhanced the acetylation level of
H3K36, H4, and H4K16 in vr isolate P. infestans (Publication 1, Fig.34, B). In turn, the
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accumulation levels of H4ac and H4K16ac were promoted by SIN-1 in both isolates of P,
infestans (Publication 1, Fig.34-D). During in planta growth, the pathogen exhibited a 2-
fold increase in H3K56ac abundance compared to in vitro conditions, indicating a strong
epigenetic response to the host environment. Moreover, direct contact with host tissues
further enhanced the enrichment of other analyzed histone acetylation marks, including the
H4K16ac mark (Publication 1, Fig.3E, F), suggesting that host-derived signals may actively

modulate histone acetylation to influence pathogen gene expression.

RNS modify the distribution status of H4K16ac and H3K56ac marks on developmental
and pathogenicity-related genes

Recent studies in redox epigenetics highlight the role of RNS in modulating
chromatin dynamics to regulate gene expression (Mengel ef al., 2017; Ageeva-Kieferle et
al., 2021). Thus, to determine whether RNS-dependent histone acetylation contributes to
transcriptional reprogramming critical for the development and virulence of P. infestans, the
study next examined the correlation between transcriptional status and the relative
enrichment of H3K56ac and H4K 16ac marks on selected genes. These genes were associated
with key biological processes, including essential life cycle genes (CesAl, CesA2, CesA3)
and pathogenicity-related genes (sPLD-likel and PiCAT2). To this end, a chromatin
immunoprecipitation followed by quantitative PCR (ChIP-qPCR) assay was performed
using antibodies specific to H3K56ac and H4Kl16ac, along with primers targeting the
promoter regions of the selected genes (Publication 1, Fig.5, 6). Following GSNO treatment,
an elevated level of the active mark accumulation - H3K56ac was observed at the promoter
regions of genes encoding cellulose synthase 1, 2, and 3 (CesA1, CesA2, CesA3) in both P,
infestans isolates (Publication 1, Fig.54-C). In turn, SIN-1 treatment promoted H3K56ac
accumulation in the promoter region of small phospholipase D-like 1 (sPLD-likel) and also
CesA3 in both genotypes (Publication 1, Fig.5C-D). No significant RNS-mediated changes
in H3K56 acetylation levels were detected at the Phytophthora infestans catalase 2 (PiCAT?2)
promoter region in Avr/vr P. infestans (Publication 1, Fig.5E). The donors of RNS also did
not induce any significant changes in the distribution levels of the other active mark -
H4K16ac on the promoter of Ces4l, CesA2, and CesA3 in both isolates (Publication I,
Fig.64-C); nevertheless, increased H4K16ac levels at sPLD-likel and PiCAT2 promoters
under nitrosative conditions were detected, with significant higher mark accumulation in Avr

isolate (Publication 1, Fig.6D, E).
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Next, to determine whether overproduction of RNS affects P. infestans lifestyle, the
relative abundance of H3K56ac and H4K 16ac active marks on critical (marker) genes of the
biotrophic (Avr3a and Hmpl) and necrotrophic (Nppl) phases of the pathogen was
monitored during in planta growth. To this aim, vr P. infestans cultures were pretreated for
5 hours with RNS modulators, and zoospore suspensions were subsequently obtained to
perform plant inoculation. Significant enrichment of H3K56ac and H4K16ac was detected
at the Hmp1 promoter (4-fold and 3-fold increases, respectively) and at the Avr3a promoter
(2-fold increase) at 24 hours post-inoculation (hpi) with GSNO-pretreated P. infestans;
however, it declined at later hpi (48 and 72 hpi) but remained elevated compared to controls,
which constituted water-pretreated P. infestans (Publication 1, Fig.74, B, and Fig.84, B). In
contrast, the necrotrophic marker Npp! exhibited no significant changes in response to RNS
pretreatment compared to control at the post-infection stage (Publication 1, Fig.7C and
Fig.8C). Importantly, an enrichment of the H3K56ac and H4K16ac marks on the promoter
region of Avr3a and Hmpl after plant inoculation, positively correlated in timing to these
genes expression (Publication 1, Fig.S3). These results demonstrate that RNS-mediated
histone acetylation preferentially primes the transcriptional activation of biotrophic-phase
genes, implicating NO in redox-sensitive chromatin remodeling as a mechanism driving the

biotrophic lifestyle of P. infestans.

In silico characterization of P. infestans HATs/HDACs identifies RNS-sensitive
HATs/HDACSs potentially engaged in the observed hyperacetylation of H3K56 and
H4K16

The second phase of the research within the framework of the presented dissertation
focused on the characterization of P. infestans HATs/HDAC:s, including the identification of
RNS-sensitive HATs/HDACs potentially engaged in the observed RNS-mediated
hyperacetylation of H3K56 and H4K16 in Avr/vr P. infestans. First, the determination of
phylogenetic relationships and the distribution of conserved domains and motifs in
PifHATs/PifHDACs was performed, providing new insights into the characteristics of these
genes in P, infestans. Thus, in silico analysis included the most recent database of P. infestans
to refine the classification and functional annotation of PifHATs and PifHDACs.
Phylogenetic analysis classified 33 PifHATs into five families, including HAGs (23), HAFs
(1), HACs (4), HAMs (1), Hatls (1), as well as three putative novel HATs (HAT1, 2, and 3).
Among the five PifHAT families identified in P. infestans, the HAG family contains the most
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significant number of members, totaling 23. In turn, HAMs, Hat, and HAFs contain only one
member (Publication 2, Fig. IE and SI). The study also analyzed the exon-intron structures,
which are crucial for alternative splicing, regulation of gene expression, and evolutionary
conservation. Among the PifHATs, PifHAM 1 contains the highest number of exons (8), while
several other histone acetyltransferases have only one exon. Notably, the 5'-UTR and 3'-
UTR are present in only three HATs: PifHAG10, PifHAG6, and PifHAGS (Publication 2,

Fig. IF). Each of the five PifHAT families exhibits distinct conserved domains and motifs
that are critical to their acetyltransferase activity (Publication 2, Fig.1G, H). All members of
the 23 HAG family possess the Acetyltransferase 1 domain (PF00583), which is essential
for catalyzing histone acetylation. The sole member of the HAF family, PifHAF1, contains
both AA kinase and AT 1 domains, suggesting potential dual roles in acetylation and kinase
functions. PifHat1, belonging to the Hatl family, has the Hatl N domain (PF10394), which
is specific to this acetyltransferase group (Publication 2, Fig.1G, H). Furthermore, all four
members of the HAC family share the KAT11 (SM001250), Bromodomain (PF00439), and
PHD (SM000249) domains. PifHAC3 uniquely features the ZnF-TAZ (SM000551) and Znf-
77 (SM00291) domains, which likely enhance protein-protein interactions (Publication 2,

Fig. 1G, H). These domains facilitate diverse epigenetic functions: Bromodomains recognize
acetylated lysine residues to modulate chromatin structure (Marmorstein and Berger, 2001);

CHROMO domains aid in chromatin condensation; ZnF-TAZ domains mediate protein
interactions (Bienz, 2006); and PHD domains contribute to chromatin remodeling. The
single HAM member, PifHAMI1, contains the MOZ_SAS (PF01853), Tudor-knot (PF11717),
and zf-MYST (PF17772) domains. Importantly, the KAT11 domain has been identified as
an ortholog of Rtt109 (the regulator of Tyl transposition gene product 109), which primarily
catalyzes acetylation at H3K56 (Han et al., 2007; Tang et al., 2008). Additionally, the zf-
MYST domain is recognized as a significant acetyltransferase that catalyzes the formation
of H4K 16ac (Wang et al., 2020b). Thus, in silico analysis of the phylogenetic and conserved
core domains enabled the selection of nuclear PifHATSs potentially catalyzing the formation
of H3K56ac and H4K 16ac in P. infestans (Publication 1, Table S3; Fig.S2). Four HATS, i.e.,

PifHACI, PifHAC2, PifHAC3, and PifHAC4 containing the KAT11 domain, were identified
as potentially responsible for H3K56 acetylation (Publication I, Table S3). PitHAMI

containing the zf MYST domain was indicated as a major HAT catalyzing the formation of

H4K16ac (Publication 1, Table S3; Fig.S2).
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To further verify whether the observed RNS-mediated hyperacetylation of H3K56
and H4K16 was linked to transcriptional upregulation of the above-identified PifHATs
candidates, changes in their expression profiles in Avr/vr P. infestans growing in vitro at the
sporulating stage were determined. The results indicated that, among all candidate PifHATSs,
only PifHAC3 and PifHAM1 were upregulated by RNS donors (GSNO/SIN-1) in both
isolates of P infestans, correlating with increased H3K56ac and H4Kl6ac levels,
respectively (Publication 1, Fig.4A-D). Specifically, PifHAC3 showed an early upregulation
after RNS donors’ treatment in both isolates of P. infestans (Publication 1, Fig.4A4, B).
However, the highest PifHAC3 expression (ca. 2-fold) induced by GSNO was recorded in
vr isolate at 48h after treatment (Publication 1, Fig.4A). In the case of PifHAMI, GSNO
induced long-period expression in the vr isolates (Publication 1, Fig.4C), while SIN-1
triggered a slightly delayed response, upregulating PifHAM]I starting from 2 and 24 h after
the modulator treatment in vr and Avr isolates, respectively (Publication 1, Fig.4C, D). These
results link RNS signaling and HATs by influencing histone architecture through acetylation
mediated by PifHAC3 and PifHAMI1, which leads to the deposition of acetylation marks
H3KS56ac and H4K 16ac on the promoter regions of key life cycle and pathogenicity-related

genes.

Regarding PifHDACSs, 11 members were classified into three classes (I, 11, and III),
with classes I and II each containing four HDACs and class III containing three (Publication
2, Fig.14 and SI). Among PifHDACs, exon numbers varied widely: PifHDAC4 and
PifHDAC? had the fewest number of exons (one each), whereas PifHDAC6, PifHDACS,
PifHDACI, and PifHDACS5 contained the maximum number of exons (seven each)
(Publication 2, Fig.1B). Notably, 5’ untranslated region (UTR) was only presented in
PifSir2.2 in PifHDACs. Among the three classes of PifHDACS, classes I and II share a
common conserved domain and motifs, the Hist deacetyl domain (PF00850), which
catalyzes the removal of the acetyl group by cleaving an amide bond (Publication 1, Fig.1C,
D). (Leipe and Landsman, 1997). While class III featured the Sir2 domain (PF02146).
Hist deacetyl and SIR2 family domains predominated in P. infestans HDAC:s are critical for
recognizing acetylated amino alkyl groups. In contrast, the SIR2 family domain shared by
PifSir2.1, PifSir2.2, and PifSir2.3 is implicated in transcriptional silencing, cell cycle

progression, and chromosome stability in P. infestans (Brachmann et al., 1995).
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To further investigate the role of NO/RNS in the epigenetic regulation of
transcriptional reprogramming in the Avr/vr P. infestans, the expression patterns of the genes
encoding nuclear PifHDACSs were evaluated. As previously, Avr/vr P. infestans isolates at
the sporulating stage were pretreated with RNS modulators, and the transcript levels of
PifHDACI, PifHDAC2, PifHDAC3, PifHDACS, and PifHDAC7 were determined (Publication 3,
Fig 14-F,; Fig.S14-D). Among these, PifHDAC3 was identified as the most sensitive to RNS,
reaching the highest transcript accumulation following NO donor treatment in both Avr and
vr P, infestans. In the Avr MP946 isolate, a significant upregulation of PifHDAC3 expression
was observed starting from 48h after RNS donors treatment. It peaked at 72h after GSNO
application, reaching a ca. 6-fold increase in transcript accumulation (Publication 3, Fig.1C).
In the vr MP977 isolate, an approximately 3-fold increase in PifHDAC3 transcript
accumulation was observed only at 2™ h after GSNO treatment (Publication 3, Fig.1D).
Thus, PifHDAC3 displayed a genotype-dependent temporal pattern of expression. Notably,
phylogenetic analysis indicated that PifHDAC3 clusters closely to human HDAC1 and
HDAC2. Domain conservation analysis further showed that PifHDAC3 harbors key
conserved domains, including Hist deacetyl (PF00850) and Acuc domains (IPR003085),
which are shared with its human homologs (Publication 3, Fig.S2). These findings imply
that PIfHDAC3 may regulate the deacetylation of lysine 56 on histone H3 in P. infestans,
similar to the functions of HDAC1 and HDAC2 in other eukaryotes. The nitrosative and host
environments promote hyperacetylation of H3K56 in P. infestans (Publication 1, Fig. 3),
indicating that PIfHDAC3 may play a vital role in regulating the transcriptional status of key
developmental and pathogenicity-related genes. Previous studies have documented that
HDACS3 is implicated in oxidative stress responses in pathogenic fungi. For instance, in the
entomopathogenic and endophytic fungus Metarhizium robertsii (Metchnikoff) Sorokin,
HDACS3 has been shown to regulate ergosterol biosynthesis and tolerance to oxidative stress.
Deletion of HDAC3 in M. robertsii significantly reduces its resilience to oxidative stress
induced by insect and plant cellular environments (Liu et al., 2024). As nitrosative stress co-
occurs with oxidative stress, referred to as nitro-oxidative stress, this modification highlights
the pivotal role of HDAC3 in transcriptional reprogramming in response to such nitro-

oxidative conditions across diverse pathogens, including P. infestans.
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PifHDACS3 is highly abundant in environments with nitrosative stress, yet it does not
undergo S-nitrosation

Next, to determine whether the protein encoded by PifHDAC3 contributes to the
previously observed H3K56 hyperacetylation in P. infestans structures following inhibition
of NO-dependent activity, a specific antibody against the HDAC3- fungal-like protein (anti-
PifHDAC3) was constructed, along with a recombinant protein. First, the approach enabled
the characterization of PifHDAC3 protein as highly abundant under both artificially created
and naturally occurring nitrosative stress conditions within the host environment. Treatment
with GSNO resulted in an approximately 40% increase in PifHDAC3 protein accumulation
in both isolates of P. infestans (Publication 3, Fig.24). Consequently, the host-derived
nitrosative environment accelerated PifHDAC3 accumulation during the later stages of
disease progression, specifically from 72 hpi. The protein abundance continued to rise over
time, reaching approximately a 12-fold increase by 120 hpi (Publication 3, Fig.2C).
Importantly, PifHDAC3 protein accumulation was preceded by a substantial increase in
transcript levels, which revealed a 40-fold increase at 48 hpi (in relation to 0 hpi), and
exceeded 300-fold increase in the following hpi (Publication 3, Fig.2E). Comparing
PifHDACS3 protein levels in the vi MP977 isolate grown in vitro versus in planta revealed a
substantially higher accumulation, approximately 3-fold during interaction with the host
(Publication 3, Fig.2D). Several studies have demonstrated that HDACs play functional
roles in various phytopathogens during host invasion (Elias-Villalobos ef al., 2015; Lee et
al.,2019; Lin et al., 2021; Villota-Salazar et al., 2023). In P. infestans, all HDACs have been
previously found to be expressed throughout various stages of infection (Wang et al., 2016).
Notably, PifHDAC3 was strongly upregulated starting from 48 hpi, suggesting its potential
role in the pathogen’s offensive strategy, in planta development and/or transition from

biotrophy to a necrotrophic phase.

Subsequently, the relationship between RNS-mediated S-nitrosation and PifHDAC3
enzymatic activity was assessed. The recombinant PifHDAC3 protein, expressed and
purified from E. coli, was subjected to an in vitro HDAC activity assay in the presence of
RNS modulators and trichostatin A (TSA, an HDAC inhibitor). Notably, neither RNS
modulators nor TSA could significantly affect PIfHDACS3 activity (Publication 3, Fig.2B).
Although in-silico analyses identified two putative S-nitrosation sites within PifHDAC3
(Publication 3, Fig.S3), suggesting it might be a potential target of the NO-dependent PTM,

no measurable signal was found after detection of biotinylated proteins, coupled with
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western blot analysis, using an anti-PifHDAC3 antibody (Publication 3, Fig.S4). These
findings indicated that PifHDAC3 is unlikely to undergo NO-mediated S-nitrosation. Feng
etal.,(2011) had previously revealed that human HDACS catalytic activity is also unaffected
by exogenous NO in the form of sodium nitroprusside. Additionally, recombinant HDACI,
HDAC?2, and HDAC3 expressed in E. coli displayed varying sensitivities to NO donors.
Unlike HDAC2, which was highly sensitive to NO donors, the reduced activity of HDAC1
was not attributed to S-nitrosation, and HDAC3 activity remained unaffected (Colussi et al.,
2008). Interestingly, although S-nitrosated HDAC2 in neurons retained its catalytic activity,
this modification was crucial for its release from DNA, and resulting in an elevation in
histone acetylation levels (Nott et al., 2008). Collectively, these studies indicate that animal
HDAC:S act as key components in redox-signaling pathways, mediating the conversion of

NO signals into epigenetic modifications.

Nitrosative stress leads to the recruitment of PifHDAC3 to transcriptionally and
metabolically active regions in a genotype-specific manner

Based on previous findings that identified PifHDAC3 as a gene responsive to NO
and the subsequent shift in the redox environment, and linked its expression to potato
colonization by P. infestans, the third phase of this study focused on assessing whether NO
influences PifHDAC3 recruitment to chromatin. To investigate this, chromatin
immunoprecipitation sequencing (ChIP-seq) profiling was conducted. Due to the complexity
of the analysis, only GSNO, as a physiological NO donor, and cPTIO, as an NO scavenger,

were selected to modulate the nitrosative environment in the pathogen structures.

First, to identify genotype-specific patterns of PifHDAC3 chromatin recruitment, a
comparative analysis of PifHDAC3-bound genes under control conditions in Avr MP946
and vr MP977 P infestans were performed (Publication 3, Fig.3). A total of 1562
PifHDAC3-bound /oci were identified in Avr MP946; in contrast, only 545 loci associated
with PifHDAC3 were identified in vi MP977 (Publication 3, Fig.3). Overall, PifHDAC3
was found to bind 427 genes shared across both genotypes, with targets enriched in processes
such as proteasome activity, cofactor biosynthesis, tyrosine metabolism, and secondary
metabolite production, highlighting its role in metabolic regulation and protein turnover.
This observation aligns with Haas et al., (2009), who identified core metabolic genes as
essential for the survival of P. infestans during host interaction. Additionally, the Avr MP946-

specific loci (1135) were associated with RNA processing, nucleotide metabolism, and the
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metabolism of fatty acids and carbohydrates. In turn, the identified 118 specific targets of vr
MP977 were linked to peroxisome activity and nucleotide sugar metabolism pathways.
These differences suggest that the vi MP977 isolate may employ epigenetic mechanisms to
enhance virulence by modulating responses to nitro-oxidative stress. Peroxisomes, which
play a key role in managing RNS and ROS, were among the enriched pathways. Additionally,
nucleotide sugar metabolism, essential for glycoconjugate synthesis and polysaccharide
biosynthesis, is vital for pathogenicity (Hardham and Suzaki, 1990; Gerardy-Schahn ef al.,
2001).

Next, PifHDAC3 occupancy under nitrosative stress in Avr/vr P. infestans was
assessed. In the Avr genotype, GSNO treatment resulted in 531 PifHDAC3-bound /oci, with
446 shared with the control and 85 unique to GSNO exposure (Publication 3, Fig.4A4).
Although NO donor reduced the overall number of binding events, it redirected PifHDAC3
to loci enriched in fatty acid degradation, inositol phosphate metabolism, and amino
sugar/nucleotide sugar metabolism, indicating transcriptional reprogramming toward lipid
and carbohydrate metabolism. When the co-application of cPTIO and GSNO scavenged NO,
PifHDACS3 binding was reduced to 430 genomic loci. Among these, 373 peaks were shared
with the control. At the same time, 57 were unique to cPTIO-co-treated hyphae (Publication
3, Fig.4B). The cPTIO-specific targets were enriched in proteasome function, phagosome
formation, and cyanoamino acid metabolism, suggesting a redirection of PifHDAC3 toward
protein turnover and stress response pathways. Following GSNO treatment of vr MP977
genotype, PifHDAC3 was found to bind to 492 Joci, with 274 of these overlapping with
targets identified in control conditions (Publication 3, Fig.5A). The targets unique to GSNO
treatment were associated with DNA replication, 2-oxocarboxylic acid metabolism,
nucleocytoplasmic transport, and mismatch repair. These observations align with trends
noted in the Avr P. infestans and suggest that PIfHDAC3 may play a role in stabilizing the
genome under nitrosative stress. In turn, treatment of vi MP977 genotype with NO scavenger
increased PifHDACS3 binding to 709 loci, including 379 unique peaks and 330 shared with
control (Publication 3, Fig.5B). The cPTIO-specific targets were enriched in
glycolysis/gluconeogenesis, amino acid biosynthesis, and nucleocytoplasmic transport,
highlighting an increased involvement of PifHDAC3 in energy production and biosynthesis

under NO depletion in cellular environment.

The genome-wide PifHDAC3 occupancy analysis demonstrated that NO signaling

modulates PifHDAC3 chromatin occupancy in a genotype-dependent and position-specific
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manner. The Avr MP946 genotype was found to be more sensitive to NO, exhibiting a
marked global loss of PifHDAC3 binding upon GSNO treatment and only partial recovery
in response to cPTIO. In contrast, vi MP977 maintained robust PifHDAC3 occupancy under
nitrosative conditions, with redistribution toward the transcription start site (TSS), and
further shifts binding to the transcription termination site (TTS) upon NO scavenging
(Publication 3, Fig.6). These dynamic and localized alterations in PifHDAC3 binding
underscore the flexible and resilient nature of chromatin regulation in the virulent genotype
of P. infestans. Notably, the earlier stage of this dissertation research determined that the
elevation of acetyltransferase expression (e.g., PifHAC3; Publication 1, Fig. 44, B) under
nitrosative stress may neutralize PifHDAC3 activity and promote this plasticity. Interestingly,
cPTIO treatment in the vi MP977 genotype enhances PitHDAC3 binding near the TTS rather
than the gene body or TSS, implying a function in post-transcriptional regulation or mRNA
processing. This distinct response may contribute to the pathogen's adaptability under low
RNS conditions, consistent with previous studies that demonstrate P. infestans utilizes
numerous NO-detoxifying systems to maintain homeostasis during infection (Gajewska et
al., 2023). The vr MP977, in comparison to the Avr MP946, possesses a more complex
virulence factor set (1, 2, 3, 4, 6, 7, and 10) for P. infestans. Consequently, its capacity to
retain PifHDAC3 occupancy in the face of nitrosative stress might be attributed to an
epigenetic resilience mechanism that contributes to its pathogenic potential. The observed
NO-induced redistribution of PifHDACS3, especially at the TSS, may increase pathogenicity-
associated gene expression through facilitating promoter-specific chromatin remodeling.
These findings lend support to the hypothesis that NO positively modulates the pathogen's
offensive strategy, at least in part by altering the positioning and function of PifHDAC3, and
that genotype-specific epigenetic responses to NO may help clarify various virulence

patterns.

NO-dependent redox changes modulate PifHDAC3 binding at the Avr3a effector locus

P infestans genome possesses diverse potential effector genes; nevertheless, the
Avr3a effector gene is crucial to the pathogen’s virulence, as silencing Avr3a substantially
reduces the pathogen's capacity to cause disease (Bos et al., 2010). Moreover, RNS
overproduction elevated the levels of H3K56ac and H4K16ac marks in the promoter region
of Avr3 during the post-infection phase (Publication 1, Fig.7A and Fig.84). This
augmentation was positively correlated with Avr3a expression throughout time (Publication

1, Fig.S534) (Guan et al., 2024). Thus, in the final stage of the study, ChIP analysis was
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employed to assess the PIfHDAC3 occupancy upstream of the Avr3a transcription start site
(TSS) in Avr MP946 and vr MP977 P. infestans genotypes exposed to nitrosative conditions
(Publication 3, Fig.74). In Avr MP946, PifHDAC3 was strongly enriched at —1586 bp
upstream of the Avr3a TSS under control conditions, suggesting the gene is transcriptionally
suppressed in optimal, non-stressed circumstances. Following GSNO treatment, PifHDAC3
binding shifted slightly to —1736 bp, accompanied by a reduction in overall signal intensity,
indicating that NO signaling promotes PifHDAC3 displacement from the Avr3a promoter.
This disruption of repressive chromatin architecture may enable transcriptional activation of
Avr3a, reinforcing the link between NO-dependent redox changes and pathogen virulence.
The observed results were consistent with the previously obtained results showing, that NO
alters histone acetylation profiles in P. infestans, increasing H3/H4 acetylation under
nitrosative stress and potentially derepressing virulence genes (Publication 1, Fig.74 and
Fig.84). The diminished PifHDAC3 binding under nitrosative conditions suggests that NO
disrupts its repressive function, thereby allowing the transcriptional activation of
pathogenicity-related /oci. Conversely, cPTIO treatment restored PifHDAC3 binding to the
—1586 bp site, leading to a slight increase in signal intensity compared to the control, thereby
enhancing chromatin repression. This suggests that NO scavenging elevates PifHDAC3
recruitment, possibly suppressing Avr3a expression. In the vi MP977 genotype, PifHDAC3
was undetectable at the Avr3a promoter region under control or GSNO-treated conditions.
This is consistent with either gene activation or structural variation at this /ocus. However,
cPTIO treatment resulted in detectable PifHDAC3 enrichment at —1586 bp upstream of the
TSS, suggesting that NO depletion can trigger de novo recruitment of PIfHDAC3, even at a
locus typically inactive in this genotype. Quantification of ChIP-seq signals (Publication 3,
Fig.7B) further highlighted the inverse relationship between NO availability and PifHDAC3
binding in Avr MP946.

The ChIP-qPCR validation of PifHDAC3 enrichment at the promoter region of the
Avr3a effector gene in Avr/vr P. infestans was also performed. Under control conditions,
PifHDAC3 was significantly enriched at the —1571 bp region upstream of the Avr3a TSS in
the Avr MP946, indicating repressive chromatin configuration at this effector locus
(Publication 3, Fig.84). In contrast, the vir MP977 exhibited no significant PifHDAC3
occupancy at this locus (Publication 3, Fig.84), as determined by both ChIP-qPCR and
ChIP-seq analyses, suggesting a lack of transcriptional repression at Avr3a, possibly due to

genotype-specific regulatory differences or promoter rearrangement. Following GSNO
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treatment, a marked decrease in PifHDAC3 binding was detected at the —1571 bp site in the
Avr P. infestans, with a slight shift in enrichment to —1740 bp (Publication 3, Fig.8B). This
redistribution of PifHDAC3 correlated with the global decrease in PifHDAC3 chromatin
occupancy observed in ChIP-seq analysis under nitrosative stress. These findings support
the hypothesis that NO promotes the release of PifHDAC3 from the Avr3a promoter,
potentially facilitating gene activation and contributing to increased pathogen virulence.
Upon cPTIO treatment, PifHDAC3 enrichment at the —1571 bp site was enhanced in both
Avr and vr genotypes (Publication 3, Fig.8C). In the Avr MP946, this suggests reinforcement
of transcriptional repression through NO depletion. Interestingly, the vr MP977, which
lacked detectable PifHDAC3 occupancy at this /ocus under control and GSNO-treated
conditions, showed transparent recruitment of PifHDAC3 upon cPTIO application. This
newly observed binding corresponds to genome-wide ChIP-seq data, which show increased
PifHDAC3 association with gene regulatory regions following NO scavenging in the
virulent genotype. Overall, these data support a model in which NO acts as a key epigenetic
signal, promoting P. infestans pathogenicity by modulating PifHDAC3 binding at effector

gene promoters in a genotype- and locus-specific manner.

Summarizing the third part of the results, in the context of the Avr MP946 isolate,
NO was found to derepress virulence genes, thereby shifting the balance toward
pathogenicity. In contrast, the vi MP977 isolate of P. infestans exhibits adaptive chromatin
remodeling, which facilitates sustaining the infection during an NO burst generated by the
host (Floryszak-Wieczorek et al., 2007; Arasimowicz-Jelonek and Floryszak-Wieczorek,
2013; Drozda et al., 2022b). This dynamic redistribution of PifHDAC3 binding likely
provides virulent genotypes with an evolutionary advantage, consistent with previous reports
of epigenetic plasticity in P. infestans (Haas et al., 2009; Vetukuri et al., 2011; Kronmiller
et al., 2023). Such adaptability, which historically contributed to devastating events like the
Irish Potato Famine, continues to pose a threat to global potato production (Goodwin et al.,
1994). Targeting NO-driven HDAC3 activity could therefore represent a promising strategy

for developing durable resistance in crops.
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CONCLUSIONS

Based on the study, the following conclusions were drawn:

1.

2.

3.

4.

Endogenous NO generation was accelerated during P. infestans sporulation phase (in
vitro) and host colonization (in planta). The generation of NO was accompanied by
the ONOO- formation, indicating nitrosative conditions within the pathogen’s
cellular environment. Moreover, a relatively high production of NO detected in
zoospores provided evidence that NO is an inherent signal of the sporulation phase,

crucial to the oomycete's life cycle.

NO/RNS supplementation resulted in a marked increase in global acetylation of
histones H3 and H4 in P. infestans, with the highest levels observed in sporulating
hyphae. In the vr MP977 isolate, NO donor significantly enhanced histone H3
acetylation across all monitored developmental stages. In contrast, both RNS donors
primarily promoted histone H4 acetylation, with the most potent effects observed in
sporulating hyphae and zoospores. In the Avr MP946 isolate, RNS exposure
accelerated global acetylation of histones H3 and H4 in sporulating hyphae and
zoospores, with the most pronounced changes induced by the ONOO™ donor. The

results confirmed a functional role for NO/RNS in developmental regulation.

NO/RNS differentially modified histone acetylation marks (H3ac, H4ac, H3K36ac,
H3KS56ac, H4K5ac, and H4K 16ac) in P. infestans sporulating hyphae. In both Avr/vr
isolates RNS-mediated H3 acetylation and hyperacetylation of H3K56 were
observed. NO donor primarily enhanced acetylation of H3 and accumulation of the
site-specific acetylation marks H3K36 and H3K56 in the vi MP977 isolate, while the
ONOO~ donor significantly increased H4ac and H4Kl6ac across isolates.
Importantly, the accumulation levels of H3K56ac and H4K16ac in P infestans

significantly increased during the in planta phase compared to in vitro growth.

NO/RNS promoted the deposition of H3K56ac and H4K16ac marks at the promoter
regions of essential developmental and pathogenicity-related genes (CesA -3, sPLD-
likel, PiCAT?2) in P. infestans. Specifically, both RNS donors enhanced H3K56ac
levels at the promoter regions of CesA -3 and sPLD-likel in Avr/vr P. infestans. In
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turn, RNS-mediated increase in H4K16ac levels was observed at the promoter
regions of sPLD-likel and PiCAT2, with significantly higher enrichment of this

epigenetic mark at the PiCAT2 promoter in Avr isolates.

. P infestans exposure to a nitrosative environment accelerated histone architecture
remodeling, marked by enriched accumulation of H3K56ac and H4K16ac at the
promoter regions of biotrophic growth markers Avr3a and Hmpl. This epigenetic
shift facilitated the transcriptional upregulation of these key genes related to

pathogenicity.

. Hyperacetylation of H3K56 and H4K16 observed in response to nitrosative
environment created by RNS donors correlated with transcriptional activation of
specific histone acetyltransferases PifHAC3 and PifHAM1, catalyzing acetylation of
H3K56 and H4K 16, respectively.

. Among the identified NO/RNS-sensitive HDACs (PifHDACI, PifHDAC3, and
PifHDACS), PifHDACS3 revealed the highest transcript accumulation in response to
NO donor in both Avr MP946 and vr MP977 P. infestans. It exhibited a genotype-

dependent temporal pattern of expression.

The PifHDACS3 protein was highly abundant in nitrosative environments (both in
vitro and in planta), demonstrating its association with the colonization of the host
by P, infestans. Immunoanalysis and in vitro enzymatic activity assay of recombinant
PifHDAC3 revealed that the protein does not undergo S-nitrosation mediated

inhibition.

Genome-wide ChIP-seq profiling revealed that PifHDAC3 regulates a vast network
of genes involved in metabolism, stress responses, and pathogenicity linked to the
pathogen’s virulence pattern. Under control conditions, Avr MP946-specific
PifHDACS3 targets were significantly enriched in pathways associated with RNA
processing, nucleotide metabolism, fatty acid metabolism, and various carbohydrate
metabolic processes. In contrast, the binding of PifHDAC3 in vr MP977 was
explicitly linked to peroxisome function and nucleotide sugar metabolism. Upon NO

treatment, PifHDAC3 binding was essentially reprogrammed in a genotype-
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10.

11.

dependent manner, implicating a role for PifHDAC3 in stabilizing the pathogen’s

genome under nitrosative stress.

NO-dependent redox changes modulated PifHDAC3 binding at the Avr3a effector
locus. ChIP-seq and ChIP-qPCR analyses demonstrated that NO availability
promotes the release of PIfHDAC3 from the Avr3a promoter, potentially facilitating
gene activation and contributing to increased pathogen virulence. Upon NO
scavenging, PIfHDAC3 enrichment at the —1571 bp site was enhanced in both Avr/vr
P infestans. In the Avr MP946, this suggests reinforcement of transcriptional
repression through NO depletion. In the vr MP977, which lacked detectable
PifHDAC3 occupancy at this locus under control and nitrosative conditions, showed

transparent recruitment of PiftHDAC3 upon NO scavenger application.

The obtained results indicate that the dynamic interplay between RNS and
HATs/HDAC:s is vital in influencing the expression of diverse P. infestans genes
and document NO as an essential epigenetic signal in the pathogen biology. By
changing the histone (de)acetylation status, NO/RNS trigger transcriptional
reprogramming of genes related to metabolic, developmental and offensive
strategies, what may promote high adaptability to new (micro)environments,

contributing enhanced invasiveness of P. infestans.
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SUMMARY

The presented dissertation provided the first insight into the histone acetylation status
in the P. infestans structures in the face of a nitrosative challenge created by various
(micro)environments, including the host plant. The multifaceted approach integrating
aspects and techniques of molecular biology, phytopathology, and epigenetics allowed to
explain how NO, as an abundant signaling molecule in the pathogen, may regulate the

epigenetic control of gene expression in a genotype-dependent manner.

The research hypothesis was confirmed through the RNS-dependent transcriptional
reprogramming of P. infestans, achieved by altering the status of histone (de)acetylation,
which resulted in modifications to the expression patterns of genes involved in
developmental and defense strategies. Specifically, pharmacologically induced nitrosative
stress led to an overall increase in H3/H4 acetylation and specific histone acetylation marks,
particularly in sporulating hyphae of Avr/vr isolates and during potato colonization by vr P.
infestans. This effect was linked to the transcriptional upregulation of the acetyltransferases
PifHAC3 and PifHAM 1, which catalyze the acetylation of H3K56 and H4K 16, respectively.
Additionally, RNS-induced modifications were associated with the deposition of H3K56 and
H4K16 marks on the promoters of pathogenicity-related genes (Ces4l, CesA2, CesA3,
sPLD-likel, Hmpl, and Avr3a), resulting in the enhanced expression of key genes related to
the biotrophic phase of the pathogen (Hmp 1 and Avr3a). Moreover, NO was shown to impact
the PifHDAC3 gene, encoding a histone deacetylase that becomes overaccumulated during
P, infestans growth in planta. Genotype-specific PIfHDAC3-targeted genes, essential for the

pathogen's aggressive strategies, have also been identified (Figure 1).

To summarize, epigenetic regulation of gene expression via histone (de)acetylation
mediated by NO/RNS provides a dynamic mechanism for generating phenotypic diversity
in P, infestans. This flexible regulatory system underscores the need to further elucidate the
complexity of epigenetic variation in P. infestans, particularly in the context of climate
change, which accelerates pathogen evolution and poses increasing challenges to host
immunity. By confirming that NO plays a strategic role in the aggressor’s development and
operation under environmental pressure, the results provide a foundation for enhanced host
protection not only against the cause of late blight but also against the entire devastating

pathogenic genus Phytophthora.
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Host and environmental challenges

P infestans

Nitrosative stress

one protein
patterns

Adaptive variability
Increased virulence

Figure 1. The sequence of events leading to changes in histone (de)acetylation status as a
result of nitric oxide production induced by host and/or environmental factors - determined
based on the obtained results. NO - nitric oxide; HDACs — histone deacetylases; HATs —

histone acetyltransferases. Figure created using BioRender (https://app.biorender.com).
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environment influence the network of histone deacetylases (HDACs), leading to
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PifHDACS5. PifHDAC3 showed the highest level of transcript accumulation in response
to NO in both avirulent (Avr) MP946 and virulent (vr) MP977 P. infestans, with an
expression pattern that varied according to the genotype. The PifHDAC3 protein was
also found to be abundant in nitrosative stress environments (both in vitro and in
planta); however, it did not undergo S-nitrosation. To evaluate whether NO and the
subsequent shift in the redox environment could affect PifHDAC3's recruitment to
chromatin, we conducted chromatin immunoprecipitation sequencing (ChlP-seq)
profiling. The insight into the key pathways regulated by PifHDAC3 in Avr/vr P.
infestans exposed to nitrosative environment revealed PifHDAC3-targeted genes
involved in the pathogen's offensive strategies, including Avr3a. We found that the
availability of NO led to the displacement of PifHDAC3 from the Avr3a promoter. This
loss of repressive chromatin structure enabled the transcriptional activation of Avr3a,
demonstrating the connection between NO-dependent redox changes and the
pathogen genotype. We also identified genes with different levels of PifHDAC3
enrichment that are involved in various cellular pathways. The recruitment of PifHDAC3
in transcriptional reprogramming under nitrosative stress emphasizes the link between
a complex network of targeted epigenetic modifications and the virulence of the
pathogen.
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COVER LETTER

Dear Editors,

We would be grateful if the Editors of PLOS Pathogens would consider accepting our
proposal entitled: "Genotype-specific transcriptional reprogramming of Phytophthora infestans
by histone deacetylase PifHDAC3 under nitrosative stress" as a research article for the Journal.

e Why is this manuscript suitable for publication in PLOS Pathogens?

It is known that epigenetic mechanisms can help pathogens adapt to new
(micro)environments, yet the molecular processes underlying the high plasticity of
Phytophthora infestans (Mont.) de Bary, one of the most devastating potato pathogen, are not
fully understood. Our manuscript offers new insights into how nitric oxide (NO), a signaling
molecule, and the resulting nitrosative environment—which the pathogen encounters during
host colonization—affect the network of histone deacetylases (HDACS) in the pathogen. This
leads to genotype-specific transcriptional reprogramming. We identified PifHDACS as highly
abundant in nitrosative environments and found that redistribution of PifHDAC3 binding
specific to genotypes exhibited epigenetic flexibility related to the pathogen’s virulence pattern.
Using chromatin immunoprecipitation sequencing (ChlIP-seq) profiling, we found among
others that NO-dependent redox changes modulate PifHDACS3 binding at the Avr3a effector
locus, contributing to the virulence of P. infestans.

o  Why will your study inspire other members of your field, and how will it drive research
forward?

Our results demonstrate for the first time that the dynamic interplay between reactive
nitrogen species and histone deacetylases is vital in influencing the expression of diverse
pathogen genes. This opens exciting avenues for further research into (patho)biology of P.
infestans. As nitrosative stress leads to the unique recruitment of PifHDACS3 to transcriptionally
and metabolically active regions based on genotype, our study indicates that various P. infestans
exhibit distinct transcriptional and metabolic responses to nitrosative environments (including
those found in host plant). Moreover, our findings suggest that targeting PifHDAC3 driven by
nitric oxide could disrupt virulence patterns, potentially providing strategies for developing
crops resistant to pathogens.

In accordance with the Guide for Authors, we have enclosed our manuscript and submitted it
online.

We look forward to hearing from you.
Yours faithfully,

Magdalena Arasimowicz-Jelonek and co-authors
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Abstract

This study provides new insights into how nitric oxide (NO) and the nitrosative
environment influence the network of histone deacetylases (HDACS), leading to genotype-
specific transcriptional reprogramming of the most devastating potato pathogen, Phytophthora
infestans (Mont.) de Bary. Among the nuclear HDAC genes identified as sensitive to reactive
nitrogen species were PifHDAC1, PifHDAC3 and PifHDACS. PifHDAC3 showed the highest
level of transcript accumulation in response to NO in both avirulent (Avr) MP946 and virulent
(vr) MP977 P. infestans, with an expression pattern that varied according to the genotype. The
PifHDAC3 protein was also found to be abundant in nitrosative stress environments (both in
vitro and in planta); however, it did not undergo S-nitrosation. To evaluate whether NO and the
subsequent shift in the redox environment could affect PifHDACS's recruitment to chromatin,
we conducted chromatin immunoprecipitation sequencing (ChlP-seq) profiling. The insight
into the key pathways regulated by PifHDAC3 in Avr/vr P. infestans exposed to nitrosative
environment revealed PifHDAC3-targeted genes involved in the pathogen's offensive
strategies, including Avr3a. We found that the availability of NO led to the displacement of
PifHDAC3 from the Avr3a promoter. This loss of repressive chromatin structure enabled the
transcriptional activation of Avr3a, demonstrating the connection between NO-dependent
redox changes and the pathogen genotype. We also identified genes with different levels of
PifHDAC3 enrichment that are involved in various cellular pathways. The recruitment of
PiIfHDAC3 in transcriptional reprogramming under nitrosative stress emphasizes the link
between a complex network of targeted epigenetic modifications and the virulence of the

pathogen.
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Author summary

Given the pressing challenges posed by climate change on plant disease epidemiology,
our research demonstrates that Phytophthora infestans (Mont.) de Bary—the notorious
pathogen behind the Irish famine and the most economically devastating potato pathogen
worldwide—exhibits an extraordinary capacity for generating phenotypic diversity without
permanent alterations to its DNA. This flexibility enables this fungus-like microorganism to
swiftly adapt to changing environmental conditions. Our study uncovers the pivotal role of
nitric oxide (NO), a potent signaling molecule that accumulates extensively in the pathogen
during critical developmental transitions and stressful conditions. We reveal that NO regulates
transcriptional reprogramming through histone (de)acetylation. Specifically, we have identified
the influence of NO on the PifHDACS3 gene, which encodes a key histone deacetylase, and
pinpointed genotype-specific PifHDAC3-targeted genes essential for the pathogen's aggressive
strategies. These findings illuminate a crucial link between NO signaling and histone
(de)acetylation in phytopathogens, fundamentally transforming our understanding of NO's role
as a direct or indirect epigenetic regulator of gene expression throughout the tree of life. This
research not only advances our knowledge but also underscores the urgent need to address the
implications of these adaptive mechanisms in managing plant disease in a rapidly changing

climate.

Introduction

The oomycete Phytophthora infestans (Mont.) de Bary is a hemibiotrophic and
heterothallic phytopathogen that attacks both potato and tomato, causing late blight disease [1].
The coexistence of two mating types named Al and A2, necessary for the completion of the
sexual cycle of P. infestans, results in the increased genetic variability and rapid adaptation to

climate changes observed recently in many new geographical areas [2—4]. Consequently, a short
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epidemic cycle, rapid evolution, and high adaptability make P. infestans the most dangerous
pathogen in both potato and tomato crops [5].

To date, the molecular mechanisms underlying the high plasticity of P. infestans remain
poorly understood. However, epigenetic mechanisms can contribute to the pathogen’s
adaptation to new (micro)environments [6,7]. Importantly, 5-methylcytosine (5-mC), a form of
DNA methylation that plays a critical role in regulating gene expression in eukaryotes, is not
identified in Phytophthora species; however, 6-adenine methylation (6mA) is widely
distributed across their genomes [8,9]. Additionally, histone (de)acetylation represents a
general and effective means of controlling transcriptional reprogramming in oomycete
representatives. The balancing action of two enzymes, which belong to superfamilies of histone
acetyltransferases (HATSs) and histone deacetylases (HDACS), regulates the dynamic lysine
acetylation of histone proteins. Histone acetyltransferases are responsible for adding an acetyl
group on the N-terminal histone tail, and HDACSs are responsible for removing this group
[10,11]. Histone acetylation results in a more open chromatin state, promoting gene expression;
whereas deacetylation of histone proteins may lead to opposite regulatory effects [12,13]. In P.
infestans, there are five families of HATSs, comprising a total of 33 members, and three classes
of HDAC:s, totaling 11 members [10]. Two classes of HDACS, classes | (PifHDACL, 3, 6, and
8) and Il (PifHDAC2,4,5, and 7), have 4 members each, while class Il (PifSir2.1, 2.2, and 2.3)
has 3 members [14].

Reports concerning the histone acetylation status in various fungal phytopathogens have
shown that some HDACs may be crucial for the virulence of microorganisms [15-18]. In
Ustilago maydis (DC.) Corda, the HDAC Hos2, was found to be required for the dimorphic
switch and pathogenic development [15]. In turn, MoHOS2 of Magnaporthe oryzae B.C. Couch
was essential for the formation of infection structures, such as conidia and appressoria [16,18].

Two additional genes encoding HDAC in M. oryzae, namely MoRPD3 (reduced potassium
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dependency 3) and MoHST, were found to be involved in pathogenicity-related processes.
MoHST4 was required for the proper growth of the mycelium and full pathogenicity in rice
seedlings, whereas overproduction of the MoRPD3 gene led to a loss of pathogenicity [17].
Interestingly, the protein sequence of P. infestans HDAC3 is 57.27% similar to MoRPD3, and
the DNA sequence similarity between these two HDACSs is 78.21%. This can suggest that
PifHDACS3 plays a crucial role in regulating the reproduction and pathogenicity of the fungal-
like microorganism [14]. Trichostatin A (TSA)-mediated inhibition of HDACs in
Macrophomina phaseolina (Tassi) Goid reduced the growth and size of microsclerotia, affected
the colony morphology, and attenuated virulence in relation to common bean [19]. Concerning
Phytophthora species, some studies have shown the contribution of histone (de)acetylation in
developmental-related processes and responses to various stress conditions [10,20-22]. For
example, all HDACs of P. infestans were expressed differentially across ten developmental
stages in response to abiotic stimuli and during host colonization, indicating their engagement
in the entire pathogen life cycle [10]. Moreover, P. infestans transformants in which selected
HDAC genes were silenced (HDST43 and H7ST20) exhibited abnormal hormone production
accompanied by slower growth and defective asexual and sexual structure formation [21].

The excessive formation of nitric oxide (NO) signal and other reactive nitrogen species
(RNS) creates nitrosative conditions in the cellular environment promoting covalent
modification of different biomolecules, including histone proteins and their modifiers, as
documented so far in several studies on plants and animals [23-28]. Thus, HDACs may
constitute essential elements in redox-signaling cascades, which directly or indirectly translate
the production of NO/RNS into epigenetic responses [23,29-34]. In P. infestans, NO has been
recognized as an abundant signal generated during the saprophytic and parasitic phases of the
pathogen [22,35]. RNS overaccumulation during pathogen growth in vitro and in planta was

associated with global hyperacetylation of H3 and H4, as well as increased levels of some
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histone acetylation marks enrichment. These changes correlated with the transcriptional
upregulation of acetyltransferases PifHAC3 and PifHAML1, which catalyze H3K56 and H4K16
acetylation, respectively [22]. Accordingly, a functional link between NO signaling and HATS
associated with the reversible deposition of transcription activation marks at the promoters of
pathogenicity-related genes was revealed [22].

The current study provides the first insight into how nitrosative stress affects the
network of histone deacetylases, resulting in transcriptional reprogramming in the
avirulent/virulent (Avr/vr) P. infestans. We found that the PifHDAC3 gene is regulated by NO
and NO-dependent redox changes, which play a role in the pathogen's offensive strategy. Next,
to gain an understanding of the key pathways regulated by PifHDAC3 in P. infestans, we
conducted chromatin immunoprecipitation sequencing (ChlP-seq) profiling. This approach
enabled us to identify PifHDAC3-targeted genes involved in the pathogen's offensive strategies,
including Avr3a. We also identified genes with varying levels of PifHDAC3 enrichment that
were affected explicitly by nitrosative stress and involved in diverse cellular pathways,

depending on the P. infestans genotype.

Results and discussion

Nitrosative environment affects the expression pattern of

PifHDACS in a genotype-dependent manner

Our recent findings indicate that P. infestans accelerates the generation of nitric oxide
(NO) and reactive nitrogen species (RNS) during both sporulation and in planta phases. This
process influences histone architecture through acetylation mediated by PifHAC3 and
PifHAML, leading to the deposition of acetylation marks H3K56ac and H4K16ac on the

promoter regions of key pathogenicity-related genes [22].
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To further investigate the role of NO and RNS in the epigenetic regulation of
transcriptional reprogramming in the Avr/vr P. infestans, we evaluated the expression patterns
of selected genes encoding nuclear PifHDACSs. Analysis of PifHDAC1, PifHDAC2, PifHDACS3,
PifHDACS, and PifHDAC?7 during the sporulation phase of P. infestans exposed to nitrosative
stress revealed that PifHDACL, PifHDACS3, and PifHDACS are particularly sensitive to RNS.
However, a distinct expression pattern was observed between the two tested pathogen
genotypes (Fig 1). In the Avr MP946 isolate of P. infestans, a significant upregulation of
PifHDACL1, PifHDACS3, and PifHDACS5 was noted starting 48 h after treatment with RNS
donors (Figs 1A, 1C, and 1E). Notably, PifHDAC3 showed the highest increase, approximately
a 6-fold rise in transcript levels at 72 h following GSNO application (Fig 1C). In contrast, in
the vr MP977 P. infestans, increased levels of PifHDAC1 and PifHDAC3 transcripts were
observed only early, at 2 h post-donor treatment (Figs 1B and 1D).

PifHDACL1 exhibited approximately a 1.5-fold and 2.5-fold increase in response to
GSNO or SIN-1, respectively (Fig 1B). For PifHDAC3, increases of 3-fold and 1.5-fold were
noted after treatment with GSNO or SIN-1, respectively (Fig 1D). GSNO was also effective in
upregulating PifHDACS5; however, in the Avr P.infestans isolate, NO-dependent expression
occurred at 48 and 72 h after donor administration (Fig 1E). In the vr isolate, this effect was
observed only at 24 h post-treatment (Fig 1F). Moreover, in vitro cultures of P. infestans co-
treated with GSNO/cPTIO or SIN-1/ebselen showed diminished gene expression or no
significant changes compared to control cultures treated with water.

For PifHDAC2 and PifHDAC7, no specific RNS-dependent expression patterns were
identified. PifHDAC2 showed significantly increased expression only 2 h after RNS donor
treatment (S1 Fig). Meanwhile, PifHDACY7 displayed contrasting expression patterns in both

analyzed isolates under nitrosative conditions (S1 Fig).
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In both plant and animal systems, NO has been shown to regulate specific histone
deacetylases (HDACS) at the protein level through a process of S-nitrosation. This regulation
affects enzyme activity and localization, ultimately impacting gene expression [24,26,36,37].
However, the regulation of individual HDACs by NO and the nitrosative environments
encountered by pathogens throughout their life cycles has not been experimentally verified.

Nonetheless, various stress conditions—including nitrogen, carbon, and water
starvation, heat treatment, and low nutritional content in the growing medium—have been
documented to significantly alter the transcript levels of all HDACs in Phytophthora infestans
[10]. This study also demonstrates that nitrosative stress impacts the expression patterns of
nuclear PifHDACs. While several HDACs are dependent on NO or redox conditions at the
protein level, little is known about the redox mechanisms regulating their expression [34].

Moreover, changes in cellular levels of ROS and RNS, which modulate the redox
balance, can influence each stage of gene transcription—from initiation to elongation and
termination [38]. The core transcriptional machinery contains redox-sensitive cysteine residues
within several complexes, and redox-sensitive transcription factors can undergo S-nitrosation

or other redox-dependent modifications [39].

Among the identified RNS-sensitive HDACs (PifHDAC1, PifHDAC3, and PifHDACYS),
PifHDAC3 shows the highest transcript accumulation in response to GSNO in both Avr MP946
(ca. 6-fold increase) and vr MP977 (ca. 3-fold increase) of P. infestans, exhibiting a genotype-
dependent temporal pattern of expression. Interestingly, phylogenetic analysis reveals that
PifHDACS3 clusters closely with human HDAC1 and HDAC2, which primarily catalyze the
deacetylation of H3K56 (S2 Fig). Additionally, PifHDACS3 shares conserved domains with its
human homologs, including the Hist_deacetyl and AcuC domains. These findings suggest that
PifHDAC3 may regulate the deacetylation of lysine 56 on histone H3 in P. infestans, similar to

the roles of HDAC1 and HDAC?2 in other eukaryotes. Given that nitrosative and host
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environments promote hyperacetylation of H3K56 in both Avr and vr P. infestans [22],
PifHDAC3 may play a crucial role in regulating the transcriptional status of key developmental
and pathogenicity-related genes. Moreover, it is noteworthy that HDAC3 has been implicated
in the oxidative stress response, particularly by regulating ergosterol production in the
entomopathogenic and endophytic fungus Metarhizium robertsii (Metchnikoff) Sorokin [40].
The deletion of Hdac3 has been shown to reduce M. robertsii's tolerance to oxidative stress
arising from insect and plant cellular environments [40]. This modification highlights the
significance of HDAC3 in regulating transcriptional reprogramming during nitro-oxidative

stress responses in various phytopathogens.

PifHDACS3 is highly abundant in environments with nitrosative

stress, yet it does not undergo S-nitrosation

To investigate whether the protein encoded by PifHDAC3 is involved in the previously
observed hyperacetylation of H3K56 in P. infestans structures due to the inhibition of NO-
dependent activity [22], we obtained a specific antibody against the fungus-like protein HDAC3
(anti-PifHDAC3) along with a recombinant protein. First, we monitored the accumulation
pattern of PifHDACS in response to RNS donors (Fig 2A). Artificial nitrosative stress induced
by GSNO resulted in approximately a 40% increase in PifHDAC3 protein accumulation in
Avr/vr P. infestans structures (Fig 2A). Next, we investigated the relationship between RNS-
mediated S-nitrosation and the enzymatic activity of PifHDAC3 by measuring the in vitro
enzymatic activity of the recombinant enzyme, purified from Escherichia coli, in the presence
of RNS donors or a potent inhibitor of HDACs from classes | and I, trichostatin A, TSA.
Neither of the RNS donors was effective in modulating PifHDAC3 activity (Fig 2B). However,

in-silico analyses suggested that PifHDACS3 could be a potential target for S-nitrosation (S3
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Fig). The supplementary Figure S3 illustrates that there are two potential S-nitrosation sites in
the PIfHDAC3 protein (C168 and C273). Based on this prediction, we performed
immunoprecipitation of biotinylated proteins, coupled with Western blot analysis, using an anti-
PifHDAC3 antibody. However, we did not detect any signals of S-nitrosated PifHDAC3 (S4
Fig), indicating that PifHDAC3 does not undergo NO-mediated S-nitrosation. Previous
research found that exogenous NO, in the form of sodium nitroprusside, did not affect the
catalytic activity of HDAS, indicating that a specific structural interaction is required for
transferring NO [41]. In turn, analysis of recombinant HDAL, HDA2, and HDA3 revealed that
only HDA2 was highly sensitive to NO donors; HDAL displayed only a slight reduction in
protein activity, which was not caused by S-nitrosation, and the enzymatic activity of HDAC3
remained unaffected by NO [42]. Thus, the authors found that NO present in C2C12 myoblasts
regulates the enzymatic activity of HDAC2 by S-nitrosation but not that of HDACL1 and
HDACS3 [42]. Interestingly, although HDAC?2 in neurons was also found to be S-nitrosated, this
modification did not alter its catalytic activity; instead, it was essential for HDAC2’s release
from DNA and the subsequent increase in histone acetylation [23]. In endothelial cells, the S-
nitrosation of protein phosphatase 2A resulted in the formation of a large protein complex that
included HDAC4, HDACS5, and HDAC3, which was subsequently shuttled into the nucleus
[43]. These studies imply that animal HDACSs play central roles in redox-signaling cascades,
translating the production of NO into epigenetic responses.

PifHDACS3 activity was not inhibited by RNS (Fig 2B), suggesting that it does not
participate in the observed earlier RNS-mediated H3K56 hyperacetylation in P. infestans.
However, RNS donors significantly accelerated both transcript (Figs 1C and 1D) and protein
accumulation (Fig 2A), indicating that PifHDAC3 is involved in transcriptional reprogramming
under artificial nitrosative stress. To gain insight into whether the host-derived nitrosative

environment also stimulates PifHDACS3, the transcript and protein accumulation levels during

10
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the vr MP977 P. infestans growth in planta were monitored. The accumulation of PifHDAC3
was observed in the later phase of disease development, specifically starting from 72 h post-
infection (Fig 2C). In subsequent hours, the abundance of PifHDAC3 continued to increase,
showing approximately a 12-fold increase by 120 hpi (Fig 2C). Notably, a comparison of
protein accumulation in the vr MP977 isolate growing in vitro versus in planta revealed a
significantly higher accumulation (about 3-fold) of PifHDAC3 when interacting with host
tissues (Fig 2D). Furthermore, monitoring PifHDAC3 expression throughout disease
development (0-96 hpi) revealed that protein accumulation in planta was preceded by a
significant increase in transcript accumulation, reaching approximately a 40-fold increase by
48 hpi compared to the inoculation start point (0 hpi) (Fig 2E). In the hours that followed,
specifically at 72 and 96 hpi with vr P. infestans, we noted a more than 300-fold increase in
PifHDACS3 transcript accumulation (Fig 2E).

Wang et al. [10] previously reported that all histone deacetylases (HDACS) in P.
infestans were expressed during various stages of infection. Consistent with our findings, the
expression of PifHDAC3 was up-regulated during the early stages of disease development,
peaking at 2 days post-inoculation. This suggests a potential role for PifHDAC3 in the
pathogen's offensive strategy. Several studies have demonstrated the functional role of different
phytopathogen HDACs during plant invasion [15-19]. The deletion or mutation of specific
HDAC:Ss has resulted in alterations in fungal growth and metabolism [44]. In the fungus Ustilago
maydis, the HDAC Hos2 was found to be essential for full virulence, as the Ahos2 mutants
showed decreased plant death and smaller tumor sizes [15]. Similarly, in Magnaporthe oryzae,
MoHOS?2 is necessary for the proper formation of appressoria, and Hos2 deletion mutants fail
to induce disease symptoms. Compared to the wild-type fungus, AMohos2 demonstrated
greater resistance to H>O> treatment. It showed increased expression of genes encoding ROS-

detoxifying enzymes such as catalase, superoxide dismutase, and heme peroxidase [16].

11



266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

Interestingly, two other HDACs in M. oryzae, namely MoRPD3 and MoHST4, were identified
as significant for hemibiotrophic pathogenicity. Both transcripts were up-regulated at 12 hpi in
barley plants; however, the overexpression strain of MoRPD3 was nonpathogenic [17]. In
Botrytis cinerea, overexpression of the BCRPD3 gene resulted in decreased acetylation of H3
and H4. The changes were accompanied by impaired infection structure formation and
significantly reduced disease lesion development in tomato, as compared to the wild-type strain

[45].

Nitrosative stress leads to the recruitment of PifHDAC3 to
transcriptionally and metabolically active regions in a genotype-

specific manner

Previous experiments identified PIfHDAC3 as a gene sensitive to NO and redox
conditions, demonstrating its association with the colonization of potato by P. infestans. This
association may lead to transcriptional changes in response to nitrosative stress derived from
the host. Based on these findings, we conducted a ChlP-seq analysis on both Avr MP946 and
vr MP977 genotypes of P. infestans under two conditions: control (non-stressed) and nitrosative
stress. Our goal was to evaluate whether the recruitment of PifHDAC3 to chromatin is affected
by reactive nitrogen species. Based on PifHDAC3 protein accumulation in vitro analysis (Fig
2A), GSNO was chosen as a physiological NO donor to simulate the cellular nitrosative

environment.

To identify similarities and differences in PifHDAC3 chromatin recruitment between
the analyzed genotypes, we conducted a comparative analysis of PifHDAC3-bound genes in
the Avr MP946 and vr MP977 genotypes of P. infestans under control conditions (Fig 3). In

the Avr genotype, we identified a total of 1,562 PifHDAC3-bound loci. In contrast, the vr
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MP977 genotype showed PifHDAC3 association with 545 genomic regions. Overall,
PifHDAC3 bound to 427 genes in both genotypes (Fig 3). These shared targets were enriched
in functions related to proteasome activity, biosynthesis of cofactors, tyrosine metabolism, and
the production of secondary metabolites, indicating a crucial regulatory role in metabolic
maintenance and protein turnover. This finding aligns with the study by Haas et al. [46], who
identified core metabolic genes as essential for the survival of P. infestans during interactions
with its host. Avr MP946-specific PiIfHDACS3 targets (1,135) were significantly enriched in
pathways associated with RNA processing (e.g., spliceosome, RNA degradation), nucleotide
metabolism, fatty acid metabolism, and various carbohydrate metabolic processes. In contrast,
the binding of PifHDAC3 in vr MP977 (118 genes) was linked to peroxisome function and
nucleotide sugar metabolism. These differences suggest that MP977 P. infestans may adapt
epigenetically to enhance its virulence, potentially by modulating responses to nitro-oxidative
stress. Peroxisomes are associated with managing RNS and ROS, which are critical signaling
factors in host-pathogen interactions. Furthermore, nucleotide sugar metabolism plays a vital
role in the synthesis of glycoconjugates on cell surfaces and the biosynthesis of various
polysaccharides. This metabolism is essential for the pathogen’s virulence and pathogenicity
[47,48]. Overall, these findings indicate that while PifHDAC3 maintains a conserved functional
core across the analyzed genotypes of P. infestans, the specific chromatin interactions
associated with each genotype reflect distinct transcriptional and metabolic strategies. These
strategies may contribute to the pathogen's virulence and its ability to adapt to various stress

conditions.

In the Avr genotype, nitrosative disorder resulted in 531 PifHDAC3-bound loci. Of
these 446 were shared with the control, while 85 were specific to GSNO exposure (Fig 4A).
GSNO exposure reduced the overall number of PifHDAC3 binding events but redirected

PifHDACS3 to loci enriched in fatty acid degradation, inositol phosphate metabolism, and amino
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sugar/nucleotide sugar metabolism. This highlights a transcriptional reprogramming toward
lipid and carbohydrate metabolism. The overlapping genes were enriched in core metabolic
processes, including proteasome function, the tricarboxylic acid (TCA) cycle, nucleotide
biosynthesis, and amino acid metabolism. Collectively, these results suggest that PifHDAC3
binding is responsive to nitrosative signals, coordinating transcriptional programs that are
specific to the Avr genotype. When nitric oxide was scavenged through the co-application of
cPTIO and GSNO, PifHDACS3 binding was reduced to 430 genomic loci. Among these, 373
peaks were shared with the control, while 57 were unique to cPTIO-treated hyphae (Fig 4B).
KEGG enrichment of control-specific PiIfHDACS3 targets revealed involvement in mRNA
surveillance, mismatch repair, RNA degradation, nucleotide metabolism, and glutathione
metabolism, indicating a regulatory role for PifHDAC3 in genome integrity, redox control, and

proteostasis under basal conditions.

In contrast, cPTIO-specific targets were enriched in proteasome function, phagosome
formation, and cyanoamino acid metabolism, suggesting a redirection of PifHDAC3 toward
protein turnover and stress response pathways. Notably, shared targets between the control and
cPTIO were enriched in peroxisome-related genes, supporting a conserved role for PifHDAC3
in redox and lipid metabolism. After GSNO treatment of the vr P. infestans isolate, PifHDAC3
was found to bind to 492 loci, with 274 of these overlapping with targets identified in control
conditions (Fig 5A). The peaks specific to the control group were enriched in functions related
to peroxisomes, purine metabolism, and nucleotide excision repair. Conversely, the targets
unique to GSNO treatment were associated with DNA replication, 2-oxocarboxylic acid
metabolism, nucleocytoplasmic transport, and mismatch repair. These observations align with
trends noted in the Avr P. infestans genotype and suggest that PifHDAC3 may play a role in
stabilizing the genome under nitrosative stress. The shared subset of targets included those

related to proteasome function, indicating a conserved role in protein degradation. In contrast,
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treatment with the NO scavenger cPTIO alongside GSNO significantly increased PifHDAC3
recruitment to 709 loci in vr P. infestans. This included 379 unique peaks and 330 that were
also present in the control group (Fig 5B). Targets specific to cPTIO treatment were enriched
in pathways such as glycolysis/gluconeogenesis, amino acid biosynthesis, and
nucleocytoplasmic transport, highlighting an increased involvement of PifHDACS in energy
production and biosynthesis under conditions with depleted NO. The binding of PifHDAC3 in
the control condition was linked with antioxidant defense and carbohydrate metabolism,
specifically involving pathways such as the ascorbate/aldarate and amino sugar metabolism
pathways. Notably, the overlap between the cPTIO and control groups encompassed genes

related to aminoacyl-tRNA biosynthesis and cyanoamino acid metabolism.

Redistribution of PifHDAC3 binding specific to genotypes under
nitrosative stress demonstrates epigenetic flexibility linked to the

pathogen’s virulence pattern

Next we analyzed the spatial distribution of PifHDAC3 across gene bodies and
determine how its occupancy is affected by nitrosative stress (Fig 6). Under control conditions,
both genotypes displayed strong PifHDAC3 enrichment within gene bodies (Fig 6A). In Avr
MP946 P. infestans, PifHDACS3 binding was sharply concentrated at the transcription start site
(TSS) and persists with a fluctuating pattern of multiple distinct peaks along the gene body,
suggesting a high degree of regulation at both promoter and intragenic regions. This pattern
aligns with observations of HDAC activity in other oomycetes, where precise binding controls
gene silencing during host interaction [49]. In contrast, vi MP977 P. infestans exhibits a broader
and smoother distribution of PifHDAC3 occupancy, with symmetrical peaks flanking the TSS

and moderate enrichment throughout the gene body, indicating a potentially different chromatin
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landscape or regulatory mechanism. Following GSNO treatment, PifHDAC3 binding is
substantially diminished in both genotypes (Fig 6B). In Avr MP946, there is a pronounced
reduction in signal intensity across the entire region, with loss of the sharp peaks seen in the
control, and a notable central dip in the gene body, indicating significant disruption of
PifHDACS3 recruitment or stability in response to elevated NO. In contrast, MP977 P. infestans
retains much of its PifHDAC3 occupancy, although the pattern becomes redistributed, with
enrichment shifting toward the TSS (Fig 6). This promoter-proximal accumulation, despite
global NO exposure, suggests that vr MP977 maintains PifHDAC3 recruitment under
nitrosative stress but undergoes a spatial retargeting of the deacetylase. NO scavenging via
cPTIO/GSNO co-application partially recovers PifHDAC3 binding (Fig 6C). In Avr MP946,
the profile broadens and regains general gene body occupancy, although without fully restoring
the distinct control peaks. Remarkably, in vr MP977, PifHDACS signal intensifies specifically
near the transcription termination site (TTS), rather than across the gene body. This TTS-biased
accumulation suggests that a lack of NO induced a shift in PifHDAC3 targeting toward the 3’
end of genes, potentially reflecting changes in co-transcriptional regulation, mMRNA processing,
or termination-coupled chromatin remodeling in this genotype. These results demonstrate that
NO signaling modulates PifHDAC3 chromatin occupancy in a genotype-dependent and
position-specific manner. The Avr MP946 genotype is more sensitive to NO, exhibiting a
marked global loss of PifHDACS3 binding upon GSNO treatment and only partial recovery in
response to cPTIO. In contrast, vi MP977 maintains robust PifHDAC3 occupancy under NO
stress, with redistribution toward the transcription start site (TSS), and further shifts binding to
the transcription termination site (TTS) upon NO scavenging (Fig 6). These dynamic, localized
changes in PifHDAC3 binding suggest flexible and resilient chromatin regulation in the virulent
genotype. Importantly, Guan et al. [22] noted elevated acetyltransferase expression (e.g.,

PifHAC3) under nitrosative stress, which could counterbalance PifHDAC3 activity, supporting
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this plasticity. Interestingly, cPTIO treatment in the vir MP977 genotype intensifies HDAC3
binding near the TTS rather than the gene body or transcription start site TSS, suggesting a role
in post-transcriptional regulation or mMRNA processing. This unique response may enhance the
pathogen’s adaptability under low RNS conditions, consistent with our previous reports
showing that P. infestans employs multiple NO detoxification systems to maintain homeostasis
during infection [50].

Compared to Avr MP946, the vr MP977 P. infestans is known to carry a more complex
virulence factor set (1, 2, 3, 4, 6, 7, and 10). Thus, its ability to maintain PifHDAC3 occupancy
under nitrosative stress may reflect a mechanism of epigenetic resilience contributing to its
pathogenic potential. The observed NO-induced redistribution of PifHDACS, particularly
toward the TSS, may enhance the expression of pathogenicity-associated genes by facilitating
promoter-specific chromatin remodeling. These findings support the assumption that NO
positively regulates the pathogen’s offensive strategy, at least in part by modulating PifHDAC3
positioning and function, and that genotype-specific epigenetic responses to NO may underlie
differential virulence patterns. Although direct studies on HDAC3 in oomycetes are limited,
Vetukuri et al. [49] demonstrated that epigenetic modifications, including histone acetylation
and methylation, differ between P. infestans strains, supporting the idea that a virulent genotype

may possess greater chromatin plasticity, which could potentially enhance virulence.

NO-dependent redox changes modulate PifHDAC3 binding at the

Avr3a effector locus

The P. infestans genome contains numerous potential effector genes; however, the
Avr3a effector gene is a key component of the pathogen's virulence, as silencing Avr3a

significantly reduces its ability to cause disease [51]. Additionally, redox-dependent changes
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resulting from the overproduction of RNS enhance the presence of the H3K56ac and H4K16ac
marks in the promoter region of Avr3a following plant infection. This enhancement correlates
positively with Avr3a expression over time [22]. In the present study, ChIP analysis allows us
to assess PifHDAC3 occupancy upstream of the Avr3a transcription start site (TSS) in Avr
MP946 and vr MP977 P. infestans genotypes exposed to nitrosative conditions (Fig 7A). In the
Avr MP946, PifHDAC3 was detected at —1586 bp upstream of the Avr3a TSS under control
conditions, indicating that the gene is maintained in a transcriptionally repressed state under
basal circumstances. Upon GSNO treatment, PIfHDAC3 binding shifted slightly to —1736 bp,
and overall signal intensity decreased, suggesting that NO signaling induces PifHDAC3
displacement from the Avr3a promoter. This loss of repressive chromatin architecture may
facilitate transcriptional activation of Avr3a, supporting another link between NO-dependent

redox changes and pathogen virulence (Fig 7).

This aligns with findings by Guan et al. [22], who showed that NO alters histone
acetylation profiles in P. infestans, increasing H3/H4 acetylation under nitrosative stress and
potentially derepressing virulence genes. The reduction in PifHDAC3 binding under nitrosative
conditions suggests that NO disrupts its repressive function, facilitating transcriptional
activation of pathogenicity-related loci. Moreover, Boss et al. [51] demonstrated that Avr3a
stabilizes the host E3 ligase CMPGL1, suppressing cell death during the biotrophic phase and
aiding infection, a process that could be facilitated by both host- and pathogen-derived NO via
NO-mediated Avr3a derepression. Conversely, cPTIO treatment restored PifHDAC3 binding
to the —1586 bp position, with a modest increase in signal intensity compared to the control,
reinforcing chromatin repression and indicating that scavenging of NO enhances PifHDAC3
recruitment, likely silencing Avr3a expression. In the vr MP977 genotype, PifHDAC3 was not
detected at the Avr3a promoter under control or GSNO-treated conditions, consistent with gene

activation or structural variation at this locus. However, cPTIO treatment led to detectable
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PifHDAC3 enrichment at —1586 bp upstream of the TSS, suggesting that NO depletion can
trigger the de novo recruitment of PifHDACS3, even at a locus otherwise inactive in this
genotype. Quantification of ChIP-seq signal (Fig 7B) highlights the inverse relationship
between NO availability and PifHDAC3 binding in the Avr MP946. GSNO-mediated NO
formation correlates with decreased PifHDAC3 occupancy, potentially enabling Avr3a
expression and enhanced virulence. In contrast, cPTIO-mediated NO depletion increases
PifHDACS3 recruitment and reinforces transcriptional repression. These effects are largely
absent in the vr MP977, which lacks functional Avr3a regulation. Interestingly, in GSNO-
treated vr MP977 samples, although PifHDAC3 was not bound at the Avr3a locus, increased
expression of PifHDAC3 was observed (Figs 1D and 2A). This data suggests that PifHDAC3
may be redistributed to alternative genomic regions, where it could participate in chromatin
remodeling of other genes implicated in virulence. Such re-targeting of PifHDACS3 in response
to NO signaling may contribute to broader transcriptional reprogramming and promote
virulence potential through epigenetic activation or repression of additional effector or
pathogenicity-related genes. It should be noted that vr MP977 exposed to GSNO showed
enhanced levels of H4K16ac and H3K56ac accumulation on the promoter region of Avr3a
correlated with Avr3a expression [22]. Overall, these data support a model in which NO acts as
a key epigenetic signal, promoting P. infestans pathogenicity by modulating PifHDAC3

binding at effector gene promoters in a genotype- and locus-specific manner.

Additionally, ChIP-gPCR validation of PifHDAC3 enrichment at the promoter region
of the Avr3a effector gene in Avr/vr P. infestans was performed (Fig 8). Multiple primer sets
were used to interrogate sites upstream of the Avr3a transcription start site (TSS), focusing on
key regulatory positions revealed by genome-wide ChlIP-seq analysis. Under control
conditions, PifHDAC3 was significantly enriched at the —1571 bp region upstream of the Avr3a

TSS in the Avr MP946, indicating repressive chromatin configuration at this effector locus.
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This observation is consistent with the genome-wide ChlP-seq dataset, in which PifHDAC3
was predominantly bound to promoter regions of numerous genes under basal conditions in the
Avr genotype. In contrast, the vi MP977 exhibited no significant PifHDAC3 occupancy at this
locus, both in ChIP-gPCR and ChlP-seq analyses, suggesting a lack of transcriptional
repression at Avr3a, possibly due to genotype-specific regulatory differences or promoter
rearrangement. Following GSNO treatment, a marked decrease in PifHDAC3 binding was
detected at the —1571 bp site in the Avr P. infestans, with a slight shift in enrichment to —1740
bp. This redistribution of PifHDAC3 correlates with the global decrease in PifHDAC3

chromatin occupancy observed in ChIP-seq analysis under nitrosative stress.

These findings support the hypothesis that NO promotes the release of PifHDAC3 from
the Avr3a promoter, potentially facilitating gene activation and contributing to increased
pathogen virulence. Upon cPTIO treatment, PifHDAC3 enrichment at the —1571 bp site was
enhanced in both Avr and vr genotypes. In the Avr MP946, this suggests reinforcement of
transcriptional repression through NO depletion. Interestingly, the vr MP977, which lacked
detectable PifHDAC3 occupancy at this locus under control and GSNO-treated conditions,
showed clear recruitment of PifHDAC3 upon PTIO application. This newly observed binding
corresponds to genome-wide ChlP-seq data showing increased PifHDAC3 association with
gene regulatory regions following NO scavenging in the virulent genotype. Together, these
results confirm that NO dynamically regulates PifHDACS3 binding to the Avr3a promoter and
is tightly correlated with broader chromatin remodeling patterns observed in the ChlP-seq
analysis. The data highlight that NO-driven displacement of PifHDAC3 from key effector loci
in the Avr genotype may enable transcriptional activation of virulence genes. In contrast, the vr
genotype displays a more flexible PifHDAC3 recruitment pattern, reflecting a potentially
adaptive epigenetic response to host-derived nitrosative signals. The observed inverse

relationship between NO levels and PifHDAC3 occupancy reflects NO’s role as an epigenetic
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modulator of P. infestans offensive strategy. This data is combined with results of Armstrong
et al. [52], who identified Avr3a allelic variation (e.g., AVR3aKl vs. AVR3aEM) as a
determinant of virulence, with virulent strains possibly bypassing R3a-mediated immunity.
However, the absence of NO, induced by cPTIO treatment, led to de novo PifHDAC3 binding
at the promoter in vr MP977, indicating that NO depletion can reintroduce repression, adding
complexity to epigenetic control. Additionally, Guan et al. [22] identified NO-dependent
acetylation of H3K56 at genes related to pathogenicity, such as Avr3a, further supporting this

dynamic interplay.

PifHDACS3 driven by NO contributes to the virulence of

Phytophthora infestans

The dynamic interplay between reactive nitrogen species and histone deacetylases is
vital in influencing the expression of diverse pathogen genes, opening exciting avenues for
research. This research highlights NO as a key epigenetic signal in the (patho)biology of P.
infestans (Fig 9). Specifically, in the context of the Avr MP946 isolate, NO was found to
derepress virulence genes, thereby shifting the balance toward pathogenicity. In contrast, the vr
MP977 isolate of P. infestans shows adaptive chromatin remodeling, which facilitates
sustaining infection during an NO burst generated by the host. This ability to adapt, driven by
the redistribution of PifHDACS3 binding, likely enhances the pathogen's offensive strategy,
especially when compared to the response of an avirulent pathogen directed to a specific host
genotype. Vetukuri et al. [49] suggested that epigenetic adaptations enable P. infestans to evade
host defenses. This mechanism becomes more pronounced in virulent genotypes under
nitrosative stress, as noted by Gajewska et al. [50]. The adaptability of P. infestans highlights

its historical impact, as seen in the Irish Potato Famine, and continues to pose a significant
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threat to global potato production today [53]. The study proposes that the ability of virulent
genotypes to remodel chromatin in response to nitrosative stress provides them a significant
evolutionary advantage. Earlier, Haas et al. and Kronmiller et al. [46,54] also highlighted this
genomic plasticity of the pathogen. Therefore, targeting HDACS3, driven by nitric oxide, could
disrupt these virulence patterns, offering potential strategies for developing crops resistant to

pathogens.

Materials and methods

Pathogen culture and growth conditions

Phytophthora infestans (Mont.) de Bary — the avirulent (Avr) isolate MP946 (race
1.3.4.7.10.11) and the virulent (vr) MP977 (race 1.2.3.4.6.7.10) in reference to the potato cv.
Sarpo Mira was kindly obtained from the Plant Breeding and Acclimatization Institute (IHAR),
Research Division in Mtochow, Poland. For in vitro studies, the pathogen was grown on a pea
agar medium up to 3 weeks. Then it was treated with reactive nitrogen species (RNS) donors
or scavengers as described in the section RNS donors and scavengers treatment.

For in planta analyses, the potato tubers were inoculated by spraying with 3 ml of a
freshly prepared suspension of sporangia and zoospores (5.0 x 10° sporangia per ml) and
incubated in sterile boxes for 9 days at 16°C and 95% relative humidity in the darkness. For
analyses during disease development, potato leaves were inoculated by spraying leaves with a
zoospore suspension and kept overnight at 18°C and ~90% in sterile boxes. Control leaves were
sprayed with sterile water. Samples were collected at 0, 2, 24, 48, 72, 96, and 120 h after

inoculation (hpi).
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Plant material

Potato plant Solanum tuberosum L. cultivar Sarpo Mira (carrying the R genes: R3a,
R3b, R4, Rpi-Smiral, and Rpi-Smira2), was kindly obtained from the Potato Gene bank (Plant
Breeding and Acclimatization Institute IHAR-PIB, Bonin, Poland). Plants from in vitro culture
were transferred to the sterile soil, and the growth was performed in a phytochamber with 16 h

of light (180 pmol m 2 s7!) at 18 + 2°C and 60% humidity.

RNS donors and scavengers treatment

Nitrosative stress conditions were selected based on our previous findings as described
by Gajewska et al. [50]. In vitro pathogen culture was treated by spraying with reactive nitrogen
species (RNS) donors, i.e., S-nitrosoglutathione (GSNO; Sigma-Aldrich, Germany) at a
concentration of 400 uM and 3-morpholinosydnonimine (SIN-1; Calbiochem, Germany) at a
concentration of 5 mM. Moreover, RNS scavengers, i.e., 500 uM 2-phenyl-4,4,55,-
tetramethylimidazoline-1-oxyl 3-oxide (PT10; Sigma-Aldrich, Germany) and 200 uM ebselen
(Cayman Chemicals, USA), were used. Control cultures were treated with sterile water. Hyphae
after treatment were collected at 0, 2, 24, 48, and 72 h after treatment and used directly or frozen

in liquid nitrogen and stored at -80°C for further analysis.

RNA extraction and gene expression analysis

For RNA isolation, 150 mg of frozen hyphae were ground to a fine powder, and total
RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific, USA) as per the
manufacturer’s instructions. The total RNA obtained was purified using DNase I, RNase-free
endonuclease (Thermo Fisher Scientific, USA). For reverse transcription 1 pg of RNA was

processed with the Reverse Transcription Kit (Thermo Fisher Scientific, USA) according to the
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manufacturer’s instructions. The real-time PCR reactions were performed on a QuantStudio 3
Real-Time PCR System (Thermo Fisher Scientific, USA). The reaction mixture contained 0.1
MM of each primer (S1 Table), 1 uL of 5x diluted cDNA, 5 pL of Power SYBR Green PCR
Master mix (Applied Biosystems, USA), and DEPC-treated water to a total volume of 10 uL.
The PCR reaction consisted of denaturation at 95°C for 10s, primer annealing at 56 °C for 20s,
and primer extension at 72°C for 30s. For the entire gRT-PCR reaction, 55 cycles were
performed. The reaction specificity and CT values for individual samples were determined
using the real-time PCR Miner Program [55]. The relative gene expression was calculated using

the Pfaffl mathematical model [56].

Cloning of PIHDACS and generation of a custom polyclonal

antibody

The coding region of Histone deacetylase 3 (HDAC3) was amplified from the cDNA of
both isolates with specific primers (S1 Table) designed based on the reference sequence
PITG_04499.1 (Genbank accession number: XM_002905236.1). The PCR product was
purified using the QIAEXII Gel Extraction Kit (Qiagen, Netherlands) and ligated into the
pGEM-T Easy vector (Promega, USA). The Escherichia coli strain XL1 Blue was transformed
with the ligation mixture. The selected clones (X-Gal and IPTG) carrying an appropriate PCR
product were sequenced (Molecular Biology Techniques Laboratory, Faculty of Biology, Adam
Mickiewicz University, Poznan). The obtained sequences were processed with the BioEdit
software (ver 7.2.5). According to the consensus sequence obtained for both strains, a
homologous region encoding peptide, (H2N)- RDREDDDQHMMDVSGE-(CONH2), was
selected. The peptide was used further as the antigen to produce the specific antibody in the

rabbit host (Davids Biotechnologie, Germany).

24



584

585

586

587

588

589

590

501

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

Recombinant expression of PifHDAC3 in Escherichia coli

To construct pPifHDAC3_ET302/NT-His recombinant protein lines, the full length of
the PifHDAC3 CDS sequence was removed including the stop codon, and amplified by using
specific gene primers (S1 Table). The PCR product was purified and cloned into pET302/NT-
His by using ClonExpress Il One Step Cloning Kit (Vazyme, China). After construction of the
pPifHDAC3_ET302/NT-His vector, the vector was transformed into E. coli (DH5a), and the
plasmid DNA was extracted using the GeneJET Plasmid Miniprep Kit (Thermo Fisher
Scientific, USA). The construct was validated by sequencing to confirm the accuracy of the
inserted sequence. The validated pPifHDAC3_ET302/NT-His vector was subsequently
transformed into E. coli (BL21) and IPTG (A&A Biotechnology, Poland) with a final
concentration of 0.5mM was used to induce the protein expression. After induction, the cells
were harvested, lysed, and purified by HisPur Ni-NTA Magnetic Beads (Thermo Fisher

Scientific, USA) for further enzyme activity analysis.

Total protein isolation and protein concentration determination

For total protein extraction, P. infestans hyphae (250 mg) was homogenized with 500
ul extraction buffer (100 mM Tris—HCI pH=7.5, 300 mM sucrose, 2 MM EDTA, 1 mM PMSF,
and 1% protease inhibitor cocktail). After centrifugation at 10 000 g for 15 min at 4 °C the
supernatant was collected and stored at —80°C until use. The protein concentration in all
protein-related experiments was determined by the Bradford method with bovine serum
albumin (BSA) as the standard protein [57]. For all western blot experiments, the proper amount
(ug) of proteins (described detailed in the section Western blot analysis) were mixed with
sample buffer (62.5 mM Tris—HCI, pH=8.5, 10% sucrose, 2% SDS, 0.025% bromophenol blue,

0.1 M dithioerythritol) and then incubated at 95°C for 3 min.
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Histone-enriched protein isolation for western blot

Histone-enriched proteins were isolated from S. tuberosum ‘Sarpo Mira’ leaves by the
method proposed by Moehs et al. [58] with some modifications described previously by

Drozda et al. [28].

HDACSs Activity Quantification

The HDAC:s activity was measured using the Epigenase™ HDAC Activity/Inhibition
Direct Assay Kit (Epigentek Cat. No. P-4034) following the manufacturer’s instructions.
Briefly, for general HDAC activity, 250 ng of recombinant protein was used. The final HDAC

activity was expressed as OD/min/mg protein.

Biotin switch assay

For the biotin switch assay, 0.2 g of frozen P. infestans mycelium was homogenized in
400 pl of HENT buffer (100 mM HEPES-NaOH pH=7.4, 10 mM EDTA, 0.1 mM Neocuprine,
1% Triton X-100, EDTA-free Protease inhibitor) and incubated on ice for 15 min. After
centrifugation at 12,000 x g for 10 min at 4°C, the supernatant was collected, and protein
concentration was determined using the Bradford method [57]. Then, samples were adjusted
to 2pg/pl using HENT buffer to a final volume of 150 pl. The following steps of the procedure
were performed in a dark room illuminated with red lights to protect light-sensitive nitrosothiols
from degradation. Then, 450 pl of NEHS buffer (225 mM HEPES-NaOH pH=7.4, 0.9 mM
EDTA, 0.1 mM Neocuprine, 2.5% SDS) containing 60 mM NEM was added, and samples were
incubated at 37°C for 30 min. Moreover, an additional control sample was incubated with
HENS buffer without NEM (negative control sample) and with HENS buffer with NEM

together with 100 uM GSNO (positive control sample). Next, samples were mixed with 1.4 ml
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of cooled acetone and incubated at -20°C for 30 min. Proteins were pelleted by centrifugation
at 12,000 x g for 10 min at 4°C, supernatant was removed, and then the pellet was dried for 10
min on ice. Then 40 ul of NEHS buffer without NEM, 10 pl of 150 mM sinapic acid, and 16.6
ul of 4 mM Biotin-HPDP was added to each sample. Additionally, a negative control (without
biotin) for all samples was prepared. After incubation for 1 h at 25°C with gentle agitation, 200
pl of cooled acetone was added, followed by sample incubation for 30 min at -20°C. Then,
protein was pelleted by centrifugation at 12,000 x g for 10 min at 4°C and depending on further
analyses resuspended in 40 pl of non-denaturing sample buffer (samples for western blot with
anti-biotin antibody) or 40 ul of HENS buffer (samples for purification with neutravidin agarose

beads).

Biotinylated protein purification

Probes obtained during the biotin switch procedure, resuspended in 40 pl of HENS
buffer, were mixed with 80 pl of neutralizing buffer (20 mM HEPES-NaOH pH=7.7, 0.9 mM
EDTA, 100 mM NacCl, 0.5% Triton X-100) and 20 pl of 50% Neutravidin Agarose beads
(Thermo Fisher Scientific, USA) prepared in neutralizing buffer. Then the samples were
incubated for 1h at RT with gentle rotation. After incubation, biotinylated proteins were eluted
from the beads with 40 ul of elution buffer (20 MM HEPES-NaOH pH=7.7, 0.9 mM EDTA,

100 mM NacCl, 0.5% Triton X-100, 100 mM B-me), and 10 pl of eluates were collected.

Protein immunoprecipitation

Protein immunoprecipitation was performed according to the protocol described by
Zhao et al. [59] with some modifications. Mycelium of P. infestans (0.8 g) was homogenized
in 800 pul of binding buffer (50 mM Tris-HCI pH=8.0, 100 mM NaCl, 1 mM EDTA, 0.5% NP-

40, 1% protease inhibitor cocktail. The samples were then sonicated on ice for 3 x 10 s at 40%
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of power. Then samples were centrifuged at 16000 x g for 10 min, and the supernatants were
collected, and protein concentration was measured by the Bradford method (Bradford, 1976).
Protein samples (2 mg) were incubated overnight at 4°C with gentle rotation with an anti-
nitrotyrosine polyclonal antibody (Thermo Fisher Scientific, USA) at conc. 4 pg/l mg of
protein in a total volume of 450 ul. Simultaneously, protein samples without the tested antibody
were incubated as a negative control. The next day, 500 ul of 50% protein G beads (Merck
Group, Darmstadt, Germany) in PBS buffer were added to each sample, and samples were
incubated overnight at 4°C with gentle rotation. After incubation, supernatants were removed
by washing the protein G as follows: 1x with 1.25 ml of binding buffer, 2x with 1.25 ml of
washing buffer no. 1 (50 mM Tris HCI pH=8.0, 100 mM NaCl, 1 mM EDTA), 1x with 1.25 ml
of washing buffer no. 2 (50 mM Tris pH= 8.0, 100 mM NaCl, 1 mM EDTA, 10% acetonitrile
[ACN]) and 1x with 1.25 ml of sterile water. Nitrotyrosine-containing proteins were eluted
from the beads with 1 ml of low-pH acetonitrile solution (0.5% TFA, 25% ACN) and collected
in 10 fractions. Based on SDS-PAGE analysis, the most protein-abundant fractions were
selected and combined. The protein concentration was calculated based on SDS-PAGE analysis
by summing the intensity of the pixels within each protein band image with BSA as the standard

protein.

Western blot analysis

Standard SDS-PAGE separated equal amounts of all protein samples in 15%
polyacrylamide gels and electrotransferred them onto a PVDF membrane. In the case of
analyses of PifHDAC3 accumulation after RNS donors treatment and during disease
development, 4 ug of histone-enriched proteins were used. For immunoprecipitated protein, 0.2
Kg of nitrotyrosine-containing proteins were used. Immunostaining was performed overnight

at 4°C with antibody against HDAC3 diluted at 1:2000 (4.4 pg/ml) in 1% BSA/TBS-T.
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Antigen—antibody complexes were detected using a secondary anti-rabbit IgG—horseradish
peroxidase conjugate (Sigma-Aldrich, Germany) diluted at 1:20,000 in TBS-T and incubated
for 2h at RT. To visualize the results, Chemiluminescent substrate Clarity Western ECL
Substrate (BioRad, USA) was used.

In the case of Western blot after the biotin switch procedure, 10 ug of biotinylated
protein was used. Immunostaining was performed overnight at 4°C with anti-biotin mouse
monoclonal antibody conjugated with alkaline phosphatase (Sigma-Aldrich, Germany) diluted
at 1:5000 in TBS-T. The next day a signal was detected using Fast NBT/BCIP developing
solution (Sigma-Aldrich, Germany). The reaction was carried out until the bands were visible
and stopped by rinsing the membrane with water several times.

All western blot results were quantified using Image Lab™ software (Bio-Rad, USA).

Chromatin immunoprecipitation

For chromatin immunoprecipitation assay (ChIP) 2 g of P. infestans hyphae were
crosslinked by vacuum infiltration in a crosslinking buffer (1% formaldehyde, 400 mM sucrose,
10 mM P/K buffer pH=7.4, 2 mM EDTA). Then samples were ground in liquid nitrogen and
resuspended in nuclei isolation buffer (250 mM sucrose, 10 mM Tris-HCI pH=7.5, 5 mM
MgClz, 60 mM KCI, 15 mM NaCl, 40% glycerol, 1% Triton X-100,5 mM EDTA, 1 mM PMSF,
5 mM B-me) followed by 30 min incubation on ice. Then samples were filtered through
Miracloth and centrifuged at 3,220 x g for 20 min at 4°C. After centrifugation, the pellet was
resuspended in 350 pl of nuclei lysis buffer (10 mM Tris-HCI pH=7.5, 150 mM NacCl, 1%
sodium deoxycholate, 1% Triton X-100, 0.8% SDS, 1 mM EDTA, 1 mM PMSF, 5 mM [-me).
Subsequently, probes were sonicated at 4°C for 13 cycles (30s on / 30s off) until DNA
fragments of 300700 nt were obtained. After sonication, each sample was treated with RNaseA

(10 mg/ml, Roche) for 15 min on ice, followed by centrifugation at 13 800 x g for 10 min at
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4°C. Then, an input sample (20 pl) was collected to check the quality of the sample on an
agarose gel. The remaining solution was separated into the test sample to which the antibody
of interest was added: H3 (Abcam; cat no. ab1791), or anti-HDAC3. As a control 1gG
(CellSignaling; cat. no. 2729) was added. Chromatin with antibodies was incubated overnight
at 4°C with mixing. After overnight incubation, 110 pl of protein A agarose beads (Merck) were
added, followed by incubation for at least 2h at 4°C with mixing. Then, the samples were
washed (150 mM NaCl, 10 mM Tris-HCI pH-7.5, 5 mM EDTA) and decrosslinked overnight
with high-salt elution buffer (300 mM NaCl, 10 mM Tris-HCI pH=7.5, 1% SDS) at 65°C with
shaking. The following day, probes were incubated for 1h at 55°C with proteinase K (20 mg/ml)
to digest proteins. Then, DNA isolation was prepared with a DNA purification kit (Cell
Signaling Simple ChIP® DNA Purification Buffers and Spin Columns) according to the

manufacturer’s instructions.

Chip-seq library preparation, sequencing, and data analysis

Chromatin immunoprecipitation followed by high-throughput sequencing (ChlP-seq)
was performed to investigate protein-DNA interactions in Phytophthora infestans.
Immunoprecipitated DNA was purified and used for library preparation with the NEBNext®
Ultra™ II DNA Library Prep Kit for [llumina® (New England Biolabs, USA), following the
manufacturer’s protocol optimized for low-input DNA. Briefly, 5-50 ng of ChIP DNA was
subjected to end repair and A-tailing in a single enzymatic reaction to produce blunt-ended
fragments with a 3’ adenine overhang. Subsequently, NEBNext adapters containing a
complementary thymine overhang were ligated to the DNA fragments. Adapter-ligated DNA
was purified using AMPure XP beads (Beckman Coulter) with a dual size-selection strategy to
enrich for fragments in the 200-500 bp size range. Libraries were then amplified by limited-

cycle PCR (~8 cycles), using NEBNext Ultra 11 Q5 Master Mix and unique dual index primers.
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Final libraries were quantified using a Qubit™ 3.0 Fluorometer (Thermo Fisher Scientific,
USA) and assessed for fragment size distribution and quality using the Agilent 2100
Bioanalyzer with the High Sensitivity DNA Kit. High-throughput sequencing of the libraries
was performed on an Illumina HiSeq platform, generating paired-end reads of 200 bp in length.
Sequencing was carried out at the Genome Core Facility Centre of New Technologies,
University of Warsaw.

Raw sequencing reads were subjected to quality control using FastQC [60], and low-
quality reads or adapter contamination were filtered and trimmed when necessary. High-quality
reads were aligned to the Phytophthora infestans reference genome (Ensembl database release;
FASTA format, Genome assembly: ASM14294v1, [46,61]) using Bowtie2 (Galaxy Version
2.3.4.1; [62]), employing default parameters optimized for sensitive local alignment of paired-
end reads. Aligned reads were processed with SAMtools to generate sorted BAM files, which
were subsequently used for peak detection.

Peak calling was performed using MACS2 (Model-based Analysis of ChIP-Seq; Galaxy
Version 2.1.1.20160309.6) with default parameters. Input DNA samples were used as controls
to normalize background signals and enhance the specificity of enriched region detection. Peaks
were called using a g-value threshold of 0.05 to ensure statistical significance. The effective
genome size was adjusted based on P. infestans genome parameters. Identified peaks were then
annotated relative to genomic features (e.g., promoters, gene bodies) using SeqMonk (Version
1.46.0), incorporating gene annotation data from the Ensembl GFF3 files for P. infestans. For
functional enrichment analysis, genes associated with significant ChlP-seq peaks were
extracted based on proximity to peak summits and gene promoters or coding regions. These
gene lists were subjected to KEGG pathway enrichment analysis using the Gene Ontology and
KEGG Pathway Analysis tool (https://bioinformatics.sdstate.edu/go/). The study was

performed with default settings, which apply a hypergeometric test to assess enrichment and
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correct for multiple testing using the false discovery rate (FDR). Pathway enrichment results
were used to identify biological processes and molecular pathways potentially regulated by the

protein-DNA interactions captured in the ChlP-seq experiments.

3D modelling of PifHDACS3 and in silico analyses of potential S-

nitrosation sites

The three-dimensional structure of PIfHDAC3 was generated by Phyre2
(http://www.sbg.bio.ic.ac.uk/~phyre2/ntml/page.cgi?id=index),  visualized by  Pymol
(https://pymol.org/). To predict the secondary structure of PifHDAC3 protein, SOPMA
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html) was used
with default parameters. Furthermore, the 3D structure of PifHDAC3 was inspected by the
SAVES server (https://saves.mbi.ucla.edu/). The potential S-nitrosation sites were determined

by IBS (http://ibs.biocuckoo.org/index.php) with default parameters.

Statistical Analysis

All results are based on three biological replicates derived from three independent
experiments. For each experiment, the means of the obtained values (n = 9) were calculated
along with standard deviations. To estimate the statistical significance between means, the data
were analyzed with using one-way analysis of variance (ANOVA) followed by Dunnett’s test

at the level of significance o = 0.05.
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Supporting information

S1 Fig. Gene expression of PifHDAC2 and PifHDAC7. Gene expression of PifHDAC2 (A, B),
PifHDACY7 (C, D) in avirulent (Avr) MP946 and virulent (vr) MP977 Phytophthora infestans growing
in vitro. The RT-gPCR gene expression was analyzed at selected time points (0-72 h) after the culture’s
treatment with water (control), S-nitrosoglutathione (GSNO), 3-morpholinosydnonimine (SIN-1), 2-(4-
Carboxyphenyl)-4,4,5,5,-tetramethylimidazoline-1-oxyl 3-oxide (cPTIO), or ebselen, respectively. As a
reference S3a was used. The results are averages from three independent experiments (n = 9) + SD.
Asterisks indicate values that differ significantly from the water treated samples (control) P. infestans

culture at each time point at p < 0.05 (*).

S2 Fig. Phylogenetic analysis and conserved domain distribution of PifHDACs with selected human
orthologs. The tree was constructed using the neighbor-joining method with 1000 bootstrap replications
in MEGA 7. The conserved domain of PifHDACs and selected human orthologs was identified using
NCBI-CDD (https://www.ncbi.nIm.nih.gov/Structure/cdd/cdd.shtml). TBtools was used to visualize the

obtained results.

S3 Fig. In-silico analyses of PifHDACS as a potential target for S-nitrosation. The three-dimensional
structure of the protein encoded by PIfHDAC3 was (generated by Phyre2
(https://www.shg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). The protein structure was visualized by
cyan color from N to C terminus. Coils and smooths represent alpha helices and beta sheets, respectively.
Potential S-nitrosation sites, predicted using GPS-SNO [63], are highlighted at cysteine residues C168

and C273, marked in red.

S4 Fig. Immunoprecipitation of biotinylated proteins coupled with western blot analysis using anti-

PifHDACS3 antibody. (A); Detection of S-nitrosated proteins in Phytophthora infestans using biotin
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switch method. Lanes: Control, GSNO, SIN-1, cPTIO, ebselen (ebs), and negative control (without
biotin). (B); Coomassie blue staining of SDS-PAGE gel. Lanes: Biotin-labeled SNOs, control (GSNO),
SIN-1, cPTIO, ebselen (ebs), and negative control (without biotin). The band at approximately 38 kDa
is marked as PifHDAC3. (C); Western blot analysis using anti-HDAC3 antibody confirming the absence
of PifHDACS in biotin-labeled SNOs. Lanes: Biotin-labeled SNOs, control, GSNO, SIN-1, cPTIO, ebs,

and negative control (without biotin). Bands at approximately 38 kDa indicate S-nitrosated PifHDACS3.

S5 Fig. Procheck Ramachandran plot analysis of PifHDAC3 3D modeling.

S1 Table. List of primers used in the study.

S2 Table. Prediction of secondary structure of PifHDAC3 protein.
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S1 Fig. Gene expression of PifHDAC?2 (A, B), PifHDAC7 (C, D) in avirulent (Avr) MP946 and virulent
(vr) MP977 Phytophthora infestans growing in vitro. The RT-qPCR gene expression was analyzed at
selected time points (0—72 h) after the culture’s treatment with water (control), S-nitrosoglutathione
(GSNO), 3-morpholinosydnonimine (SIN-1), 2-(4-Carboxyphenyl)-4,4,5,5,-tetramethylimidazoline-1-
oxyl 3-oxide (cPTIO), or ebselen, respectively. As a reference S3a was used. The results are averages
from three independent experiments (n = 9) + SD. Asterisks indicate values that differ significantly from
the water treated samples (control) P. infestans culture at each time point at p < 0.05 (*).
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S2 Fig. Phylogenetic analysis and conserved domain distribution of PifHDACSs with selected
human orthologs. The tree was constructed using the neighbor-joining method with 1000
bootstrap replications in MEGA 7. The conserved domain of PifHDACs and selected human
orthologs was identified using NCBI-CDD
(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). TBtools was used to visualize the
obtained results.



S-nitrosation Sites
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S3 Fig. In-silico analyses of PifHDAC3 as a potential target for S-nitrosation — The three-
dimensional structure of the protein encoded by PifHDAC3 was generated by Phyre2
(https://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). The protein structure was
visualized by cyan color from N to C terminus. Coils and smooths represent alpha helices and
beta sheets, respectively. Potential S-nitrosation sites, predicted using GPS-SNO [62], are
highlighted at cysteine residues C168 and C273, marked in red.
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S4 Fig. Immunoprecipitation of biotinylated proteins coupled with western blot analysis using
anti-PifHDAC3 antibody. (A); Detection of S-nitrosated proteins in Phytophthora infestans
using biotin switch method. Lanes: Control, GSNO, SIN-1, cPTIO, ebselen (ebs), and negative
control (without biotin). (B); Coomassie blue staining of SDS-PAGE gel. Lanes: Biotin-labeled
SNOs, control (GSNO), SIN-1, cPTIO, ebselen (ebs), and negative control (without biotin).
The band at approximately 38 kDa is marked as PiftHDAC3. (C); Western blot analysis using
anti-HDAC3 antibody confirming the absence of PifHDAC3 in biotin-labeled SNOs. Lanes:
Biotin-labeled SNOs, control, GSNO, SIN-1, cPTIO, ebs, and negative control (without biotin).
Bands at approximately 38 kDa indicate S-nitrosated PifHDAC3.
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Plot statistics

Residues in most favoured regions |A,B,L| 287 91.1%
Residues in additional allowed regions [a,b,1,p] 26 8.3%

Residues in generously allowed regions [~a,~b,~I,~p| 2 0.6%
Residues in disallowed regions 0 0.0%

Number of non-glycine and non-proline residues 315 100.0%
Number of end-residues (excl. Gly and Pro) 2

Number of glycine residues (shown as triangles) 33

Number of proline residues 14

Total number of residues 364

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.
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S5 Fig. Procheck Ramachandran plot analysis of PifHDAC3 3D modeling.




S1 Table. List of primers used in the study.

Gene Gene symbol

Primer sequence

PifHDAC! | PITG 01897

F: CAGATGAGTCAAGCACCTCCCACG
R: CTTCCTCCTGAGTAGAACCGTTGGCT

PifHDAC2 | PITG 08237

F: TCAGTGCTGGAGGGAGGCTACAACTT
R: TCAGTCTTACTGCGCTTCTTCGTCTGC

PifHDAC3 | PITG 04499

F: ACTTGCCCGTGAGCAACATGGAAAAC
R: TAAAATTCAACAGGATGACGGGGAGCGT

PifHHDACS | PITG 05176

F: ACGACTTCTACTACTTCCTGAGTGAGGA
R: TAATGGAAGTTGGAGATAGCACTCTTACGC

PifHDAC7 | PITG 15415

F: TATTAGAGAGAGATTCCCACGACTACCGA
R: TCATGAGAGTCATATCGTCCCCCAGTT

S3a PITG 11766

F: GGACGCCTTTCCTTCCTTCA
R: CTCTGGTGGCCGTCTGTAAG

PifHDAC3_cDNA

F: ATGAGCAGTACCAACGGCAGTT
R: TTAGTCGTAAAATTCAACAGGATG

pPifHDAC3_ET302/NT-His

F: GGATAACAATTCCCCTCTAGAATGAGCAGT
ACCAACGGCAGTT

R: TCGAATATCATCGATCTCGAGGTCGTAAAA
TTCAACAGGATGACG




S2 Table. Prediction of secondary structure of PifHDAC3 protein.

Alpha helix (Hh): 140 is 23.29%
310 helix (Gg): 0 is 0.00%

Pi helix (Ii): 0 is 0.00%

Beta bridge (Bb): 0 is 0.00%
Extended strand (Ee): 39 is 6.49%
Beta turn (Tt): 18 is 3.00%

Bend region (55): 0 is 0.00%
Random coil (C¢): 404 is 67.22%
Ambiguous states (?): 0 is 0.00%
Other states: 0 is 0.00%
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