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Abstract: The dimorphic fungus Taphrina deformans is the causal agent of peach leaf curl disease,
which affects leaves, flowers, and fruits. An RNA-seq approach was employed to gain insights into
the transcriptional reprogramming of a peach cultivar during leaf inoculation with the yeast phase
of the fungus across a compatible interaction. The results uncovered modulations of specific peach
differentially expressed genes (DEGs) in peaches and pathways related to either the induction of
host defense responses or pathogen colonization and disease spread. Expression profiles of DEGs
were shown to be highly time-dependent and related to the presence of the two forms of the fungal
growth, the inoculated yeast form and the later biotrophic phase during mycelial development. In
parallel, this differential reprogramming was consistent with a diphasic detection of fungal load
in the challenged leaves over the 120 h after inoculation (HAI) period. Leaf defense responses
either occurred during the early yeast phase inoculation at 24 HAI, mediated primarily by cell wall
modification processes, or more pronouncedly during the biotrophic phase at 72 HAI, as revealed
by the activation of DEGs related to pathogen perception, signaling transduction, and secondary
metabolism towards restraining further hypha proliferation. On the contrary, the expression patterns
of specific DEGs at 120 HAI might further contribute to host susceptibility. These findings will further
allow us to elucidate the molecular responses beyond the peach—T. deformans interaction.

Keywords: biotrophic; DEGs; defense; dimorphism; leaf curl disease; peach; yeast phase

1. Introduction

Taphrina deformans (Berk.) Tul. is one widespread fungal pathogen that causes leaf
peach curl disease, causing serious economic losses worldwide [1]. The pathogen is a
dimorphic ascomycete, which primarily affects the leaves as well as the flowers and fruits
of peach orchards in various cultivated regions [2,3]. The most significant symptoms occur
from the early spring period when leaves become reddish, severely distorted, wrinkled,
and thickened [4]. As a result, tumor-like structures are formed in leaves as well as in fruits
due to hyperplasia and the hypertrophy of cells. The reddish areas, upon newly developing
leaves, gradually become thicker and curled, turning brown or yellow, and the infected
leaves fall prematurely, leading to significant yield losses [5].

The fungus in its biotrophic filamentous phase is characterized by septate hyphae and
is exclusively found in host tissues as an obligate parasitic form, while its yeast stage is
observed in the saprophytic phase [6]. During the initial stages of infection, T. deformans
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enters the host cells through the stomata and stimulates host cell growth and division [7].
Even though the exact mechanisms concerning tumour development are still unclear, it
was proposed that the infection causes a hormonal imbalance in the host, leading to the
formation of tumours as T. deformans synthetizes and excretes auxins and cytokinins [8].
Modifications in the anatomical structure of the host cells have also been observed during
the infection [9]. Polysaccharide-degrading enzymes, such as cellulase, are secreted by
the growing hyphae in the intercellular spaces, causing the host cell walls to be partially
dissolute. Thus, the plant plasma membrane is modified, resulting in vesiculation, and
the plant middle lamella is dissolved [10]. Unlike other fungi, T. deformans does not form
haustoria; instead, the pathogen forms a close nutritional relationship with the host cell
wall and plasma membrane complex to obtain nutrients [10].

In contrary with other biotrophic and dimorphic fungi, such as Ustilago maydis, the
transition to the biotrophic phase and the induction of T. deformans dimorphism is quite
slow. As a result, only two days after infection did the T. deformans yeast cells turn into their
filamentous form, whereas the majority of the U. maydis haploid sporidia were able to infect
maize after 12 HAI by forming hyphae and developing appressoria [11]. Furthermore, in
the peach–T. deformans pathosystem, early host responses are not observed earlier than
around 12 h after infection [11], while it was reported that the filamentous form of T.
deformans is adequately developed in peach leaves after inoculation with blastospores
in the yeast phase of the pathogen [7]. The identification of peach genes and pathways
conferring tolerance to the fungus has proven to be a challenging task because of the
complex molecular interactions that occur between the pathogen and the host cells in the
apoplast [7]. In parallel, resistance to T. deformans is rare because very few or none of the
used cultivars have been identified as tolerant through peach genotype screenings [12,13].

RNA-sequencing (RNA-seq) technology has been widely adopted to provide valu-
able insights into plant–pathogen interactions, allowing for the accurate capture of host
transcriptomic responses during infection with pathogens [14]. Thus, hundreds of transcrip-
tome profiling studies have been conducted to date, establishing RNA-seq as a sophisticated
approach to unravel the molecular mechanisms of such interactions [14]. Furthermore,
since the initial introduction of next-generation sequencing (NGS) technology in 2006, the
recent advances of this technology allow the researchers to adopt fast and high-throughput
transcriptomic approaches to decipher the mechanisms behind altered gene expression
during plant–pathogen interactions [15]. Nowadays, sequencing costs continue to de-
crease, and RNA-seq technology is becoming more feasible by employing prominent NGS
platforms, such as those of Illumina and SMRT (Single-molecule real-time) [15–17].

In the present study, we uncovered the leaf transcriptome profiles of a sensitive
cultivar after its inoculation with the yeast phase of T. deformans. We identify key genes
and pathways involved in the pathogenesis as well as in the induction of some extent
of host defense responses during this interaction. To the best of our knowledge, this is
the first large-scale transcriptome analysis in the peach–T. deformans pathosystem. These
findings will contribute to our deeper understanding of the molecular interplay beyond
this interaction and could lead to the establishment of novel crop protection strategies
towards mitigating the impact of T. deformans on peach crops.

2. Results
2.1. T. deformans Leaf Inoculation and Monitoring of Pathogen Growth

T. deformans blastospores (yeast phase) of the strain TdLar1 were used for the leaf
inoculation of a sensitive peach cultivar (cv. Andross). During this compatible interaction,
a diagnostic assay was developed to confirm and monitor the amount of fungal DNA
in the inoculated leaves, tracking the progress of infection during the various stages of
fungal colonization over a 120 h period. There were no macroscopic differences between
the leaves inoculated with T. deformans and the mock-inoculated leaves during this pre-
symptomatic period of infection. The RT-qPCR assay relied on the specific amplification of
a fragment of the T. deformans Tub2 gene using a pair of species-specific primers. Initially,
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the sensitivity and reliability of the diagnostic assay was validated by performing six
10-fold serial dilutions of fungal DNA ranging from 100 ng up to 1 pg. A standard curve
was constructed, and the assay was able to successfully detect quantities down to 1 pg
of T. deformans DNA (Figure 1A). Then, in order to measure the fungal growth in planta,
the total DNA was extracted from both the T. deformans inoculated leaves (TD) and the
mock-inoculated leaves (CT) across the three time points upon the challenge with the
pathogen blastopores. The designed primers (TdbtqF and TdbtqR), which target the partial
coding sequences of T. deformans beta-tubulin encoding gene, were used to successfully
detect and quantify the pathogen exclusively in artificially inoculated samples. Particularly,
a biphasic curve was revealed, reaching its peak early at 24 HAI when the fungus was still
in the yeast form, declining at 72 HAI and then slightly rising again at 120 HAI afterwards
when the pathogen presumably assumed the filamentous form (Figure 1B). The sensitivity
and robustness of the detection was not affected by the equal inclusion of 10 ng of peach
genomic DNA in the qPCR assays. A calibration melting curve plot was constructed,
confirming the sensitivity and robustness of all the diagnostical assays (Figure 1C).
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quantity (ng) of T. deformans (strain TdLar1) that was present in 10 ng of total leaf DNA extracted 
from artificially inoculated leaves (TD) of Andross cultivar at 24, 72, and 120 h after inoculation 
(HAI). The vertical bars represent the least significant difference (Tukey test, significance 99%) using 
three biological replicates. Different letters below the vertical bars indicate statistically significant 
differences (p < 0.05). (C) A calibration melting curve plot showing the sensitivity and robustness 
of T. deformans quantification based upon the profiles of qPCR curves for fungal DNA that was 
either present in 10 ng of total leaf DNA extracted from artificially inoculated leaves (TD) of Andross 
cultivar at 24, 72, and 120 HAI or was extracted from a pure pathogen culture using six 10-fold serial 
dilutions. In all reactions, a specific Tm peak at 80.31 °C was observed. 
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higher at 72 and 120 HAI in the TD treatments compared to the CT treatments. However, 
the concentration of phenolic compounds in the TD treatment exhibited a significant de-
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Figure 1. (A) Standard curve constructed using six 10-fold serial dilutions (red circles) ranging from
100 ng up to 1 pg of fungal DNA extracted from pure T. deformans culture (strain TdLar1). Three
replicates were performed for each fungal DNA dilution (R2: 0.969, Eff.: 90.238). (B) The fungal DNA
quantity (ng) of T. deformans (strain TdLar1) that was present in 10 ng of total leaf DNA extracted
from artificially inoculated leaves (TD) of Andross cultivar at 24, 72, and 120 h after inoculation
(HAI). The vertical bars represent the least significant difference (Tukey test, significance 99%) using
three biological replicates. Different letters below the vertical bars indicate statistically significant
differences (p < 0.05). (C) A calibration melting curve plot showing the sensitivity and robustness
of T. deformans quantification based upon the profiles of qPCR curves for fungal DNA that was
either present in 10 ng of total leaf DNA extracted from artificially inoculated leaves (TD) of Andross
cultivar at 24, 72, and 120 HAI or was extracted from a pure pathogen culture using six 10-fold serial
dilutions. In all reactions, a specific Tm peak at 80.31 ◦C was observed.

2.2. Physiological Changes in Leaves in Response to T. deformans Inoculation

For the examination of the physiological responses associated with the T. deformans–
peach interaction, total flavonoid and phenolic compounds were evaluated in leaves
challenged with T. deformans or mock inoculated across the three time point series. The
amount of flavonoid compounds in TD treatments were progressively and significantly
increased at 24 and 72 HAI in comparison to CT treatments, reaching their highest amount at
120 HAI (Figure 2A). In contrast, the amount of total phenolics was statistically significantly
higher at 72 and 120 HAI in the TD treatments compared to the CT treatments. However, the
concentration of phenolic compounds in the TD treatment exhibited a significant decrease
in comparison to the CT treatment at 24 HAI (Figure 2B).
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Figure 2. Physiological indicators of peach leaves between T. deformans inoculated (TD) and mock-
inoculated (CT) samples across the three time points. (A) Total flavonoids, (B) Total phenolics. Bars
indicate the mean values of three biological replicates ± standard deviations. Statistical analysis was
performed using one-way ANOVA followed by Tukey’s multiple comparison post hoc test. Different
letters represent statistically significant differences (p < 0.05) between treatments across the different
time points.

2.3. RNA-Seq Analysis of Leaves after Inoculation with T. deformans

In order to gain insights into the peach transcriptomic responses during T. deformans
inoculation, we report, for the first time, an RNA-seq approach. A detached leaf assay
was performed, and leaf samples were either inoculated with T. deformans (TD) or mock
inoculated (CT). Leaves were collected from a sensitive cultivar and inoculated with
T. deformans in its yeast phase using a blastospore suspension, and the transcriptional
reprogramming was monitored across three time series during a 120 h period that covered
the progress of infection. To study the changes occurring across the three time points (24,
72, and 120 HAI), eighteen sequencing libraries were constructed, and a total of 944,341,404
high-quality pair-end reads were generated. For each sample approximately 93.21% of
the reads could be mapped to the reference peach genome, while 88.79% of them matched
uniquely (Table S1). The DEGs between TD versus CT samples were assigned in three
comparison groups named TD-24, TD-72, and TD-120 across the three time points with
a threshold of log2foldchange ≥1. The expression patterns of the RNA-seq data suggest
dynamic and time-dependent transcriptional reprogramming upon infection. A total
of 5510 DEGs were detected, with 2154, 1960, and 1396 DEGs identified in TD-24, TD-
72, and TD-120 comparison groups, respectively (Table S2). The majority of them were
upregulated, except at the TD-120 group, where the downregulated DEGs were more than
the upregulated ones (Figure 3A). In addition, among these DEGs, 1246, 978, and 605
were specifically induced at 24, 72, and 120 HAI, respectively, whereas 269 DEGs were
constitutively co-expressed across all the time points (Figure 3B).
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Figure 3. (A) Volcano plots of differential expressed genes across the three comparison groups
(TD-24, TD-72, TD-120). The green part represents downregulated genes and the red part represents
up-regulated genes. No significantly expressed genes are represented in blue. The x-axis represents
the log2foldchange and the y-axis the base mean expression values. (B) Venn diagram representing
the distribution of DEGs across the three comparison groups (TD-24, TD-72, and TD-120).

2.4. Functional Annotations and Classifications of Peach DEGs

For the evaluation of potential functions of DEGs, they were assigned to significant
annotations upon a GO term enrichment analysis and classified according to their molec-
ular function, cellular component, and biological process. Across the three time points,
DEGs assigned to GO terms corresponding to molecular functions, such as “DNA binding
transcription factor activity”, “transcription regulator activity”, “xyloglucan:xyloglucosyl
transferase activity”, and “oxidoreductase activity, acting on paired donors”, along with
these related to “cell wall” cellular components, were constitutively induced. Particularly,
several DEGs assigned to the above GO terms were mostly upregulated at 72 HAI while be-
ing suppressed at the late time point. Notably, the GO term “defense response” of biological
processes was a significantly enriched group and overrepresented no earlier than 72 HAI,
while the majority of assigned DEGs were upregulated at 72 HAI and down-regulated at
120 HAI (Figure S1; Table S2).

Following a KEGG pathway analysis, the DEGs were further assigned to 20 of the most
enriched categories to identify the involved pathways in the peach transcriptome upon T.
deformans inoculation. Among them, a significant induction of DEGs related to the “plant–
pathogen interaction” pathway was observed; this pathway was the most highly abundant
KEGG pathway across all time points. Notably, the portion of DEGs assigned to this
pathway was mostly more upregulated at 72 HAI. At the same time point, DEGs related
to “biosynthesis of various plant secondary metabolites” “MAPK signaling pathway”,
“phenylpropanoid biosynthesis”, “plant hormone signal transduction”, “sesquiterpenoid
and triterpenoid biosynthesis”, and “zeatin biosynthesis” were mostly upregulated. On the
contrary, mainly at 120 HAI, the majority of DEGs associated with the above significant
enriched pathways were mainly suppressed. In addition, significant enriched pathways,
such as “cutin, suberine and wax biosynthesis”, “linoleic acid metabolism”, and “alpha-
linolenic acid metabolism”, were observed at 24 HAI, and numerous related DEGs were
up-regulated. Worth mentioning is the “flavonoid biosynthesis” pathway’s constitutive
enrichment at 24 and 72 HAI (Figure 4; Table S2).
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2.5. DEGs Involved in Cell Wall Modification and Degradation

The cell wall constitutes a physical structural barrier at sites of infection that restricts
the fungal spread. In our study, a relative abundant inventory of DEGs involved in various
cell wall modification and degradation processes in the epidermis of inoculated leaves
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were observed upon T. deformans inoculation even at the early yeast phase. Thus, several
DEGs, such as those encoding 3-ketoacyl-CoA synthase (KCAs), beta-glucosidase (GL),
cellulose synthase (CesA), expansin (EXP), extensin containing leucine-rich repeat (LRR-
EXT), pectate lyase (PL), polygalacturonase (PG), pectinesterase (PME), and glycine-rich cell
wall structural protein (GRP) proteins, were mainly upregulated. This expression pattern
was also maintained, albeit to a lesser extent, at 72 HAI. On the other hand, at 120 HAI, the
expression profile of these genes underwent a significant alteration with the majority of
them, along with nine members of the XTH (xyloglucan endotransglucosylase/hydrolase)
family and a dirigent protein gene, suppressed (Figure 5; Table S3).
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Figure 5. Selection of key DEGs upregulated (Up) and downregulated (Down) in peach leaves
across the three comparison groups (TD-24, TD-72, and TD-120) based on the three time points
upon inoculation with T. deformans (24, 72, and 120 HAI). To each gene category, the numbers of the
differentially expressed transcripts are reported.
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2.6. DEGs Involved in Pathogen Perception and Signaling Transduction

Numerous DEGs encoding pathogen recognition receptors (PRRs) were significantly
induced, mainly at 72 HAI, including various types of receptor-like kinases (RLKs) and
receptor-like proteins (RLPs). This suggests that pattern-triggering immunity (PTI) is a
quite conserved defense strategy in peaches upon being challenged with T. deformans.
Thus, several DEGs encoding receptors containing lectin domains (LecRKs), such as the
G-type LecRKs and L-type LecRKs, CRKs (cysteine-rich receptor-like kinases), WAKs (wall-
associated receptor kinases), GRs (glutamate receptors), MDIS1-interacting receptor like
kinases, and members of LRR receptor-like serine/threonine-protein kinase family (LRR-
RLKs), were mainly upregulated. Among the DEGs involved in signaling transduction, it
is worth mentioning the high upregulation of genes encoding calcium-binding proteins
(CaBPs) at the TD-72 comparison group. Notably, at 24 HAI, the number of suppressed
DEGs involved in pathogen perception and downstream defense-signaling cascades was
more abundant compared to those that were downregulated at 72 HAI, with the exception
of those encoding serine/threonine protein kinases (STPKs). Finally, at the late time point,
the induced DEGs involved in signaling transduction were mostly suppressed, although in
the cases of STPKs, LRR-RLKs, and cyclic nucleotide-gated ion channel (CNGC)-encoding
genes, the majority of them were upregulated (Figure 5; Table S4).

2.7. DEGs Encoding TFs

A wide range of TF-encoding genes belonging to different families (ERFs, WRKYs,
MYBs, NACs, bHLHs, BZIPs, ZFPs, and HSFs) were mostly upregulated at 48 HAI and
were downregulated at the late time point. Notably, at the TD-24 comparison group, sixteen
members of ERFs were suppressed, while 23 members of the MYB family were significantly
upregulated (Figure 5; Table S5).

2.8. DEGs Encoding Pathogenesis-Related and Defense Proteins

The regulation of PRs and defense proteins, mainly at 72 HAI, further indicates the
induction of immunity responses on peach leaves upon challenging with T. deformans.
Particularly, the RNA-seq data revealed that a range of DEGs encoding disease resis-
tance proteins, such as members of defense proteins of NHL family (NDR1/HIN1), TMV
resistance proteins, along with various classes of PRs, such as endoglucanase (PR-2), chiti-
nase/endochitinase (PR-3), thaumatin (PR-5), and major allergen Pru ar 1 (PR-10) proteins,
were mainly upregulated at this time point. Notably, DEGs encoding BON1-associated
proteins (BAPs) were also highly upregulated at the TD-72 group. In the contrary, eighteen
and eleven DEGs encoding disease resistance proteins and members of TMV resistance
proteins were suppressed, respectively, at 24 HAI. However, at 24 HAI, eleven peroxidase
(PR-9)-encoding genes were upregulated, while the majority of the pathogenesis-related
and defense proteins were suppressed at 120 HAI (Figure 5; Table S6).

2.9. DEGs Involved in Secondary and Primary Metabolism

DEGs involved in phenylpropanoid biosynthesis, such as those encoding 4-coumarate–
CoA ligase (4CL) and phenylalanine ammonia-lyase (PAL), as well as in flavonoid biosyn-
thesis, such as those encoding chalcone synthase (CHS), chalcone-flavonone isomerase
(CHI), leucoanthocyanidin dioxygenase (LDOX), and polyketide synthase (PKS), were
significantly upregulated at 24 and 72 HAI. Similarly, DEGs involved in sesquiterpenoid
and triterpenoid biosynthesis, such as those encoding squalene monooxygenase and alpha-
pinene synthase, were mainly activated at 72 HAI. On the contrary, at 120 HAI, the majority
of DEGs involved in secondary and primary metabolism were downregulated. Further-
more, through the upregulation of genes encoding 12-oxophytodienoate reductase (OPR),
allene oxide cyclase (AOC), allene oxide synthase (AOS), and various types of linoleate
lipoxygenase (LOX) proteins, the pathway of “alpha-linolenic acid metabolism” involved
in primary metabolism was enriched mostly at 72 HAI (Figure 5; Table S7).
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2.10. DEGs Encoding Nutrient and Ion Transporters

Several different types of DEGs encoding transporters were found to be significantly
induced; most of these genes were upregulated at 72 HAI, downregulated at 120 HAI,
and mostly upregulated at 24 HAI. For example, six and four DEGs encoding calcium-
transporting ATPases and sugar transporters were upregulated, respectively, at 72 HAI. On
the other hand, five and four ABC and sugar transporters were downregulated, respectively,
at 120 HAI. Furthermore, various oligopeptide, potassium, phosphate, and amino acid
transporters were also induced across the three comparison groups (Figure 5; Table S8).

2.11. Validation of RNA-Seq Data Using qRT-PCR

The relative expression values from the RNA-seq analysis were validated using a
qRT-PCR assay. A set of nine DEGs were randomly selected to validate the transcriptomic
results, and the gene-specific primers are listed in Table S9. Seven genes showed similar
expression patterns (log2foldchange values) to those of the RNA-Seq (Figure S2).

3. Discussion

T. deformans, the causal agent of peach leaf curl disease, is a dimorphic fungal pathogen
that causes significant economic losses globally [5,7]. The fungus is considered an obligate
parasite as the filamentous form develops stable hyphae exclusively in the host tissue. Even
though nearly all commercial cultivars are susceptible to the pathogen, the transcriptional
responses of peaches upon leaf inoculation with T. deformans remain widely unknown. The
aim of this study was to decipher the transcriptome dynamics and the regulatory mecha-
nisms underlying this interaction during the pre-symptomatic stage of the disease. Thus, a
three time-series period was employed to cover diverse stages of infection, as previously
it was reported that the transition of T. deformans from the yeast to the filamentous form
took place no earlier than 48 HAI [7]. Since it was previously reported that the transition of
T. deformans from the yeast to the filamentous form occurred no earlier than 48 HAI [7], a
three time-series period was employed to cover diverse stages of infection in order to gain
insights into transcriptional responses beyond challenges with the pathogen.

Furthermore, a sensitive and reliable qPCR assay was developed for tracking the
quantity of fungal DNA associated with its colonization, and two physiological indicators
were monitored in the inoculated peach leaves. The quantification and detection threshold
of the pathogen was achieved with qPCR using newly designed species-specific primers
targeting the tubulin gene of T. deformans. The designed primers (TdbtqF and TdbtqR) were
used to successfully detect and quantify T. deformans in artificially inoculated leaves, where
the absence of leaf hyperplasia indicated that symptoms had not yet been developed during
the 120 HAI period. A biphasic curve of the fungal detective amount was remarkably
revealed by the leaf diagnostic assay. It peaked early at 24 HAI when the fungus was still in
the yeast form, declined at 72 HAI, and then slightly increased again at 120 HAI when the
pathogen most likely assumed the filamentous form. This detective profile seems to follow
the dimorphic nature of the fungus. Notably, peach leaf tissues of sensitive genotypes
also underwent a similar biphasic metabolomic reprogramming upon inoculation with T.
deformans blastospores (yeast phase), with an initial stage coinciding with the yeast form
and a second stage occurring when the hyphae were developed [7].

Our RNA-seq data revealed that early responses at 24 HAI are partially activated in
peach leaves in response to T. deformans inoculation with its yeast phase. This dynamic
reprogramming is also in line with the dimorphic lifestyle of the pathogen. The significant
enrichment of the “cutin, suberine and wax biosynthesis” pathway indicates the activation
of numerous DEGs involved in cell wall degradation and modification processes, as was
also previously reported during the early yeast phase of the pathogen inoculation [7].
The upregulation of a number of KCA, CesA, LRR-EXT, and GRP genes at 24 HAI is
associated with hampering the pathogen penetration by promoting lignin-mediated cell
wall reinforcement, the stiffening and thickening of cell walls [18–21]. In contrast, the
constitutively upregulation of EXP, PL, and PG genes that influence cell wall extensibility
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and promote susceptibility [22,23] might contribute to pathogen colonization during the
inoculated yeast form at 24 HAI. Another putative susceptibility factor that could be
considered at early responses is the activation of 15 GL genes, which may be directly
manipulated by the pathogen. It is also known that pectin is directly targeted by fungal cell
wall-degrading enzymes (CWDEs), potentially facilitating pathogen colonization. Thus, the
activation of PME genes associated with cell wall degradation potentially played a role in
further promoting T. deformans pathogenesis at 24 HAI. Overall, these results indicate that
cell wall modification processes were activated in response to T. deformans inoculation at
24 HAI; however, they would be inefficient to further block the T. deformans penetration into
the leaf tissue. After the T. deformans transition from the yeast to the filamentous form at
72 HAI, the expression profiles of DEGs involved in cell wall degradation and modification
processes were slightly altered; for example, we observed a significant downregulation
of twelve GL genes along with an upregulation of ten similar DEGs. This suggests a
transition to the partial activation of cell wall-related defense responses, in constituency
with both the diphasic alteration in the amount of pathogen detected in the diagnostical
assay and the lifestyle of T. deformans. Finally, at 120 HAI, the expression profile of cell
wall-related DEGs was significantly altered, with most of them to being suppressed. The
simultaneous suppression of adequate members of XTHs as well as of a dirigent and
a COBRA-like protein gene further indicates the promotion of susceptibility during T.
deformans mycelial development.

The high upregulation of DEGs, such as those of G-type LecRKs, L-type LecRKs, CRKs
RLKs, and WAKs, involved in pathogen perception and signal transduction, mainly at
72 HAI, indicates that peach leaves actually recognize T. deformans during its biotrophic
form in the mycelial development, most probably through the so-called pathogen-associated
molecular patterns by activating of various PRRs [7,24]. Among the induced RLKs, the
G-type LecRK and WAK genes are known to be involved in plant defense and pathogen
recognition [19,21,25–28]. Notably, even at 24 HAI, when the fungus is still in its inoculated
yeast form, 12 LRR-STK and 18 STPK genes were upregulated, highlighting the important
triggering role of PTI participation in the early defense responses upon inoculation. It is
worth mentioning that the expression profiles of a range of induced PRR genes, such as
those of WAKs and CRKs, follow a biphasic pattern during the 120 period, which likely
correspond to the presence of either the inoculated yeast or the later biotrophic phase of the
pathogen. Finally, the significant suppression of DEGs involved in pathogen perception
and signaling transduction of immune cascades at 120 HAI, such as in the case of genes en-
coding CRKs, WAKs, G-type LecRKs, MDIS1-interacting receptor line kinases, and MAPKs,
allow us to speculate that any transcriptional reprogramming towards the establishment of
PTI was interrupted, perhaps though its manipulation by T. deformans.

Defense mechanisms against pathogen infections are regulated by various families of
TFs [19,29,30]. In our study, the abundant inventory of activated TFs around the 120 HAI
period was confirmed in the presence of both forms of the fungus. Particularly, TF-encoding
genes were mainly upregulated at 72 HAI, mostly those of NAC, WRKY, MYB, and bHLH
families, which may contribute to the activation of defense reactions simultaneously with
the fungal load decreasing. Among them, it is known that WRKY33 regulates the biosyn-
thesis of camalexin and induces the expression of defense-related genes by activating
JA-dependent processes [27]. Furthermore, members of the bHLH family regulate JA-
mediated overlapping signaling pathways [31], whereas members of ZFP family mediate
metabolic modulations towards the establishment of disease responses [32]. Furthermore,
TFs of bHLH and ZFP families were significantly upregulated at 72 HAI. However, it
is interesting to note that, at 72 HAI, the significant upregulation of 18 members of the
AP2/ERF family, which regulate molecular responses against pathogenic fungi by inte-
grating signals involving the ethylene hormone, may contribute to a condition that is
conducive to susceptibility [18]. Despite the high induction of TFs at 72 HAI, a range of TFs
were also induced during the yeast phase inoculation stage, such as members of the MYB
family, which modulate complex defense networks, signaling pathways, the induction of
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flavonoid biosynthesis, and early PTI activation upon fungal attack [33]. The majority of
TFs were suppressed at 120 HAI, indicating that any defense reactions revealed at 72 HAI
were repressed at this time point, as T. deformans had effectively colonized and spread
throughout the filamentous and biotrophic phases on peach leaves. Previously, it was
postulated that JA-dependent, defense-related pathways were activated in susceptible
genotypes upon T. deformans challenge [7]. In this line, our results also highlight the JA as
the main phytohormone participating in signaling transduction-mediated responses, as
several JA biosynthesis-related genes, such as OPRs, AOCs, ACC oxidases, and lipoxygenase
genes, were upregulated, mainly at 72 HAI.

The higher upregulation of PRs and defense-related DEGs, mainly at 72 HAI, indicates
a delay in inducible immunity responses that occur no earlier than the transition from yeast
to biotrophic phase upon inoculation. Previously, it was reported that the production of PR
proteins is triggered upon T. deformans leaf inoculation in both susceptible and resistant
peach genotypes [7]. In our study, a considerable number of DEGs encoding peroxidase and
endoglucanase genes were remarkably upregulated at 24 HAI, suggesting that a defense
response was induced even during yeast phase inoculation, although to a lesser extent
than in the biotrophic phase, which was unable to restrict T. deformans growth. In contrast,
at 120 HAI, a pronounced tendency of repression upon the majority of pathogenesis-
related and defense genes was observed, which is consistent with the previously reported
restoration of normal levels of such transcripts after early peaks of induction in susceptible
genotypes [7]. A similar suppression of early response genes after their initial activation
was reported in maize after infection with the biotrophic fungi U. maydis [11], while the
hemibiotrophic fungus Colletotrichum graminicola does not promote any host defenses
during the biotrophic phase [34]. In our study, the activation of members of the PR-10
family at 72 HAI, such as DEGs encoding major allergen Pru ar 1 proteins, suggests a further
enhancement of the JA-mediated transduction of defense signaling, as it is known that PR-
10 proteins control the JA-biosynthesis pathway by interacting with metabolic components
of flavonoid biosynthesis [35]. These findings are in agreement with [7], while a similar
expression pattern was revealed at 72 HAI regarding other plant defense regulators with
significant roles in the immune signaling hub, such as DEGs encoding various disease and
TMV resistance proteins. Furthermore, two DEGs encoding orthologs of BON1-associated
proteins were upregulated at 72 HAI, while they were suppressed at 24 and 120 HAI,
revealing a biphasic profile in consistency with the diphasic detection of fungal loads in
our study. Thaumatin-encoding DEGs were also mainly upregulated at 72 HAI, while they
were suppressed at 120 HAI. Previously, the induction of a thaumatin gene in susceptible
genotypes upon challenge with T. deformans was reported [7]. Notably, five DEGs encoding
members of DMR6-like oxygenases, which are known negative regulators of immunity [36],
acting as sensitivity factors of basal defense responses, were up-regulated at 72 HAI,
suggesting that defense responses were suppressed to some extent, contributing to T.
deformans susceptibility. Previously, researchers postulated the lack of any inducible defensin
(DFN)-encoding genes in sensitive genotypes upon their challenge with T. deformans, which
was correlated with susceptibility to the fungus [7]. It is worth mentioning that, in our
study and in contrast with the overall tendency of the suppression of defense-related genes
at 120 HAI, two DFN genes were exclusively upregulated at this stage, suggesting that
defense responses were also present, even in a lesser extent, at 120 HAI.

The secondary metabolic shunt was not revealed earlier than the transition to the
biotrophic phase, as the higher abundance of upregulated DEGs linked to the biosynthesis
of secondary metabolites was mostly observed at 72 HAI and partially at 24 HAI. On the
contrary, at 120 HAI, a remarkable suppression of DEGs involved in the biosynthesis of
secondary metabolites was evident. Furthermore, this differential modulation of secondary
metabolism is consistent with the diphasic detection of a fungal load, which might perturb
metabolism to some extent. These biphasic responses over the 120 HAI period, which may
be related to the presence of both forms of the fungus, are consistent with the metabolomic
profiles of sensitives genotypes after inoculation with T. deformans yeast form [7]. Par-
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ticularly, in our case, this delayed activation of related DEGs at 72 HAI is signified by
the highly enriched KEGG terms “biosynthesis of various plant secondary metabolites”,
“phenylpropanoid biosynthesis”, “sesquiterpenoid and triterpenoid biosynthesis”, and
“zeatin biosynthesis”, mainly at this time point. In addition, the concentration of total
phenolic compounds was significantly higher at the T. deformans-inoculated leaves in com-
parison with the mock-inoculated leaves at 72 and 120 HAI, progressively increased up
to 120 HAI, implying their important role in T. deformans pathogenicity. Even though the
induction of the phenylpropanoid biosynthesis pathway is crucial for phenol biosynthesis
and the initiation of basal defense responses, it seems that it was unable to restrict fungal
growth. Furthermore, the constitutive enrichment of the “flavonoid biosynthesis” KEGG
pathway across the three time points is also likely correlated with the activation of defense
responses, mainly at 24 and 72 HAI; previously, flavonoid polyphenols were correlated
with the competence of unripe strawberries to restrict the growth of Botrytis cinerea [27].
In accordance, the analysis of total flavonoids revealed that their concentrations were
significantly higher in leaves challenged with the fungus than from the mock-inoculated
leaves at 24 and 72 HAI.

It should be noted that a high enrichment of various primary biosynthetic KEGG
pathways, including that of tryptophan metabolism, was revealed at 72 HAI. Previously,
the concentration of tryptophane metabolite was found to be induced in susceptible geno-
types upon T. deformans inoculation [7]. Among the different roles in the pathogenesis that
this metabolite is involved in, it constitutes the precursor for the synthesis of auxin [7].
Considering that the symptoms of the disease (hyperplasia and tissue curling) have been
linked to a leaf hormonal imbalance caused by the fungus [7], the induction of trypto-
phan metabolism in our study may facilitate the induced synthesis of auxins during the
pre-symptomatic stages of the disease. Apart from this, T. deformans appears to manip-
ulate plant cell metabolism in susceptible genotypes, as it has already been described in
other pathosystems involving biotrophic fungi [7]. Thus, the induction of DEGs linked
to amino acids biosynthesis, which was observed in our study with the enrichment of
related KEGG pathways, might serve either to provide a nitrogen source for the pathogen,
promoting further pathogenesis, or it might be manipulated earlier by T. deformans for the
induction of its dimorphic transition. On the other hand, this reprogramming of primary
metabolism may activate peach defense responses by providing extra precursors for the
biosynthesis of secondary metabolites during infection, as it was reported in Botrytis in-
fections [21,37]. Furthermore, KEGG pathways related to linolenic acid metabolism was
significantly enriched at 72 HAI through the upregulation of OPR, AOC, AOS, and LOX
genes reinforcing the hypothesis that their activation is a component of a defense strategy
upon T. deformans challenge.

In our study, a range of nutrient and ion transporter-encoding DEGs were upregulated,
mainly at 72 HAI and to a lesser extent at 24 HAI, while at 120 HAI, they were almost
suppressed. It was previously postulated that several of them might have been manipulated
by pathogens to enable nutrient uptake from decayed host cells for their growth and
development during the early stages of colonization [38]. Among those worth discussing
is the constitutive upregulation at 72 HAI of sugar transporter- and calcium-transporting
ATPase-encoding DEGs. As it was previously postulated during its biotrophic phase, T.
deformans establishes a dynamic relationship with host cells in order to transfer and obtain
the required nutrients for hyphae development and reproduction [7]. Furthermore, a
crucial virulence factor necessary for the biotrophic growth of U. maydis is the induction of
a high-affinity sucrose transporter during filament and appressorium formation [39].

In conclusion, we report a high dynamic transcriptional reprogramming during the T.
deformans interaction after leaf inoculation with the yeast phase of the fungus in a sensitive
peach genotype. The expression profiles of DEGs seem to be highly time dependent
and related to the presence of the two forms of the fungus, the inoculated yeast form
and the later biotrophic phase during mycelial development. Apart from the relation
of DEG expression profiles to the dimorphism transition of T. deformans, this differential
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modulation is consistent with the diphasic detection of fungal loads in challenged peach
leaves, employing a new diagnostical assay. In order to prevent the progression of the
disease, any leaf defense responses occur either during the early yeast phase inoculation
at 24 HAI, mediated mainly by cell wall modification processes, or more pronouncedly
during the biotrophic phase at 72 HAI, as revealed by the activation of DEGs related to
pathogen perception, signaling transduction, and secondary metabolism to restrain further
hypha proliferation. On the contrary, the expression patterns of specific DEGs at 120 HAI
further contribute to peach susceptibility.

4. Materials and Methods
4.1. Pathogen Isolation

T. deformans strain TdLar1 was isolated from a naturally infected leaf from a peach
(Prunus persica L. cv Andross) orchard in the Larisa region (Central Greece). The leaf
displayed typical disease symptoms, including severe distortion, red coloration, wrinkles,
and thickening. The pathogen isolation was performed using the spore fall method [40] with
minor modifications. Briefly, after the validation of the characteristic asci with microscopical
observation, circular leaf discs (0.5 cm in diameter) of the infected leaf blade were attached
on a petri dish cover. The cover was used to close a Petri dish filled with PDA (potato
dextrose agar), supplemented with 50 µg/mL streptomycin, and the bursting T. deformans
asci released ascospores onto PDA substrate. A blastospore colony (yeast phase) was
produced by the germination of the ascospores and was used for streaking on YMA
medium [0.3% (w/v) yeast extract, 0.5% (w/v) peptone, 1% (w/v) glucose, 0.3% (w/v)
malt extract, and 1.5% (w/v) agar, pH 5–6] supplemented with streptomycin. A single cell
colony was then transferred to yeast malt agar (YMA) and was kept in a growth chamber at
22 ◦C. The pathogen was microscopically and molecularly identified as T. deformans (NCBI
accession OR888756) and stored as glycerol stock at −80 ◦C.

4.2. Plant Material and T. deformans Inoculation

Peach seedlings (cv. Andross) were grown in the greenhouse at 25 ◦C with 60–70%
relative humidity and 16/8 h photoperiod. Young and healthy leaves with no visible
symptoms of T. deformans infection were gently detached and inoculated using a blastospore
suspension (9 × 106 spores mL−1) of the yeast phase of TdLar1 strain by diluting a 4-day-old
yeast phase culture in YMB liquid medium. For each leaf, the abaxial surface was inoculated
with approximately 120 µL blastospore suspension under aseptic conditions. The inoculum
was spread uniformly over the leaf surface using a sterile smooth bacteriological loop. All
the inoculated leaves were sealed inside transparent plastic bags that contained a piece of
wet filter paper so that the RH inside the bags would be 100%. The bags were placed at
22 ◦C with 15 h light a day for 120 h period. Mock-inoculation treatments were performed
as previously using the YMB medium. Pathogen-inoculated (TD) and mock-inoculated
(CT) leaves were collected at 24, 72, and 120 HAI; were frozen with liquid nitrogen; and
were stored at −80 ◦C for further processing. Three biological replicates were conducted
per treatment (TD and CT), each consisting of a pool of 10 leaves.

4.3. Levels of Total Flavonoids and Phenolics on Peach Leaves

An amount of 150 mg of fresh leaf material from all biological replicates of each
teatment was grinded with liquid nitrogen and homogenized with 0.1% trichloroacetic
acid at 4 ◦C by vigorous vortexing. Total flavonoid content was assayed as descibed by
Tsaniklidis and colleagues [41] using the aluminum chloride colorimetric method with an
absorbance at 415 nm, while rutin was used as a standard to make the calibration curve.
In addition, the total phenolic content was estimated as described by Chatzistathis and
colleagues [42] using the Folin–Ciocalteu colorimetric method, and the absorbance was
measured at 750 nm. Gallic acid equivalent was expressed in milligrams per kilogram of
fresh mass, with gallic acid serving as the standard reference. The statistical analysis was
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performed using a parametric one-way ANOVA, and the significance across treatments
was inferred using pairwise comparsisons.

4.4. Development of a Diagnostic Assay for Pathogen Growth Rate

A novel quantitative real-time PCR (qRT-PCR)-based diagnostic assay was devel-
oped to determine the growth rate of T. deformans in inoculated peach leaves. A pair of
pathogen-specific primers (TdbtqF: 5′-AACGAGCTGGTGGACGGAAAGT-3′ and TdbtqR:
5′-GGTTGTCCCATCGCCAAAAGTC-3′) was designed targeting the partial coding se-
quences of T. deformans beta-tubulin encoding gene. In order to determine the lowest
detective threshold, fungal DNA was extracted using the CTAB method from a 4-day-old
YMA culture of strain TdLar1 growing at 22 ◦C. Six serial 10-fold dilutions ranging from
100 ng to 1 pg of fungal DNA were used as PCR templates to determine the sensitivity
of the assay and define the detection limit in pure culture. The qRT-PCR was performed
on the Applied Biosystems™ StepOne™ Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) using the KAPA SYBR® FAST Universal 2X qPCR Master Mix kit
(Kapa Biosystems, Wilmington, MA, USA). The PCR conditions consisted of an initial
denaturation at 95 ◦C for 3 min followed by 40 cycles at 94 ◦C for 20 s, 60 ◦C for 20 s, and
72 ◦C for 1 min, with a final extension step at 72 ◦C for 3 min. Melting curve analysis
were performed over the range of 60 ◦C to 95 ◦C to all amplified products. Average cycle
threshold (Ct) values of each DNA amount were used to construct a standard curve.

The species-specific primers (TdbtqF and TdbtqR) were also employed to successfully
detect and quantify the fungal DNA in artificially inoculated leaf samples. DNA extractions
of artificially pathogen-inoculated (TD) and mock-inoculated leaves (CT) were performed
using the CTAB method. For all samples, 10 ng of leaf genomic DNA was equally used as
template in 10 µL PCR reactions that were performed as described above. All the assays
were repeated using three different biological samples. The quantification data underwent
processing using one-way ANOVA. The Tukey test (with a significance level of 99%) was
employed to establish minimum significant differences.

4.5. Transcriptome Sequencing and Bioinformatics Analysis

Total RNA was extracted from all the 18 leaf samples collected at 24, 72, and 120 HAI
across the three biological replicates for each treatment (TD and CT) using the Monarch
Total RNA Miniprep Kit (NEB, Frankfurt, Germany). Sequencing libraries were constructed
employing the PT042 NGS RNA Library Prep Set (Novogene Ltd.,Cambridge, UK) and
then sequenced on the Illumina (San Diego, CA, USA) Novaseq 6000 platform, producing
2 × 150 bp (paired-end) reads. The raw reads were assessed for their quality and sequences
containing adapters, and unknown nucleic acids (N) or low-quality reads were removed.
Clean reads were selected for further analysis and mapped, employing the HISAT2 software
(v. 2.0.5) [43], to the peach reference genomic assembly GCF_000346465.2 of cultivar
Lovell [44] obtained from the NCBI database. The feature-counts program [45] was used
to count the reads mapped to each gene. Then, the FPKM index was calculated for each
gene based on the length of the gene and the number of mapped sequences [46]. The
measurements per gene obtained from the mapping were combined using the statistical
package of R (v. 4.0.2). The genes were filtered based on their level of expression and by
a specific threshold in filtering (cut-off ≥ 10). The DESeq2 R package [47] was used to
perform dual comparisons among the data of TD and CT treatments for each time point
based on gene expression levels, allowing us to assign DEGs according to an absolute value
of log2foldchange ≥ 1, p-value ≤ 0.05, and an adjusted p-value (padj) ≤ 0.05. The visual
representation of differential expression was achieved with the R ggplot package (v. 3.3.5).
In addition, Venn diagrams were drawn using the R VennDiagram package (v. 1.7.1). The R
clusterProfiler package (v. 3.8.1) was employed to conduct Gene Ontology (GO) enrichment
analysis. Gene length bias was corrected [48], and GO terms with a p-value < 0.05 were
considered to be significantly enriched by DEGs. DEGs were also assigned to KEGG
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Orthology terms using the KOBAS software v3.0, and the statistical enrichment was tested
using the R clusterProfiler package (v. 3.8.1).

4.6. Quantitative Real-Time PCR (qRT-PCR) Validation of RNA-Seq Data

The RNA-seq data were validated by qRT-PCR experiments for testing the relative
gene expression of nine randomly selected DEGs. First-strand cDNA was synthesized
using the LunaScript® RT SuperMix Kit (NEB, Frankfurt, Germany), and the relative gene
expression analysis was performed using the Luna® Universal qPCR Master Mix (NEB,
Frankfurt, Germany) using three replicates on the QuantStudio® 5 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The expression profiles of the nine DEGs
were normalized by comparison with the housekeeping gene (LOC18789459, Elongation
factor 1-α). Relative gene expression ratios of T. deformans-inoculated samples compared to
mock-inoculated ones were calculated using the 2−△△CT method [49].

5. Conclusions

Taken together, a dynamic and biphasic transcriptional reprogramming was uncovered
in T. deformans-inoculated leaves of a susceptible peach cultivar using an RNA-seq approach.
The time-dependent expression profiles of specific DEGs may contribute either to the
induction of partial defense responses, mainly at 72 HAI and to a less extend at 24 HAI,
or to susceptibility, mainly at 120 HAI. Similarly, a diphasic detection of fungal loads in
the challenged leaves over the 120 h period was observed with an early maximum peak of
fungal DNA quantification detected at 24 HAI followed by a decrease at 72 HAI, turning
into a slight rise thereafter at 120 HAI. Therefore, taking into account the dimorphic lifestyle
of the fungus (yeast and filamentous forms), T. deformans may be more susceptible to host
defenses during its early transition to the hyphae biotrophic phase at 72 HAI. These results
will be useful in peach breeding programs for disease tolerance against this important
pathogen that could result in a significant decrease in fungicides currently used to control
T. deformans.
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