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A B S T R A C T

Red leaf blotch (RLB) of almond, caused by Polystigma amygdalinum, is an economically important foliar disease 
affecting almond crops. This study explored the hormonal responses of two almond cultivars, namely ‘Tarraco’ 
(highly susceptible) and ‘Mardía’ (highly tolerant), to P. amygdalinum. Hormonal profiling and gene expression 
analyses were conducted to examine the roles of salicylic acid (SA), jasmonic acid (JA), and 1-aminocyclopro
pane-1-carboxylic (ACC) acids, and methyl jasmonate (MeJA) in plant defense mechanisms. Results showed a 
significant accumulation of SA in symptomatic leaves of both cultivars, suggesting a SA-mediated defense 
response to the pathogen. However, no substantial changes in JA and ACC levels were observed. In ‘Tarraco’, 
expression of SA-responsive genes (PR1 and PR5) and ET/JA-associated genes (ACO and ERF1) increased, but the 
cultivar remained susceptible. In contrast, symptomatic ‘Mardía’ leaves exhibited increased expression in CAD, 
linked to lignin biosynthesis, while other hormone-related genes (ACO, ERF1, PR1, and PR5) did not show 
significant changes. Thus, ‘Mardía’ could be following a different defense strategy against RLB. Exogenous ap
plications of SA and MeJA significantly reduced RLB incidence and severity in young ‘Tarraco’ trees, with MeJA 
enhancing ERF1 expression and SA increasing both ERF1 and CAD expression. MeJA also inhibited plant growth. 
These findings reveal contrasting defense mechanisms between the two almond cultivars, suggesting a possible 
protection against RLB through lignin biosynthesis. Furthermore, the protective role of SA would be associated 
with CAD, indicating a connection between SA signaling and the phenylpropanoid pathway.

1. Background

Almond (Prunus amygdalus) is a widespread crop in the Mediterra
nean basin and the Middle East, which is traditionally grown in mostly 
dry areas with poor soil conditions (Gradziel et al., 2017). Red leaf 
blotch (RLB) of almond, caused by the ascomycete Polystigma amygda
linum, is an endemic foliar disease in this almond-growing area, which is 
considered to have significant economic impact (Banihashemi, 1990; 
Cannon, 1996; Saad and Masannat, 1997). Polystigma amygdalinum is a 
hemibiotrophic pathogen specific to almonds, though other Polystigma 
species are known to infect other Prunus species (Bundhun et al., 2019; 
Cannon, 1996; Suzuki et al., 2008). In Spain, where this study was 
conducted, RLB incidence has increased during the last years, and it is 
currently considered a re-emerging disease not only in old traditional 
plantations but also in most new ones (Ollero-Lara et al., 2016; Torguet 

et al., 2016). It has been hypothesized that increased incidence of RLB in 
Sain may be linked to the growing area of almond plantations in the last 
decades in this country, as well as the use of new late-flowering culti
vars, particularly ‘Guara’, which are more susceptible to RLB than 
traditional cultivars (Miarnau et al., 2021; Ollero-Lara et al., 2019). First 
RLB symptoms appear in spring as pale green to yellowish spots on both 
leaf sides, later progressing to yellowish-orange and finally dark brown 
shades with age. Leaf spot size increases through the spring and summer, 
covering almost the entire leaf surface by late summer (Zúñiga et al., 
2020). Occasionally, severe infections under hot and dry conditions can 
induce an early defoliation in summer, thus reducing photosynthetic 
activity of trees and their subsequent almond yield (López-López et al., 
2016). Differential susceptibility to RLB is known to occur among 
almond cultivars (Heydarian and Moradi, 2005; Miarnau et al., 2021; 
Ollero-Lara et al., 2016, 2019). To date, no resistant cultivars to 
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P. amygdalinum have been identified, but extreme differences in toler
ance to RLB have been reported (Miarnau et al., 2021; Ollero-Lara et al., 
2016, 2019; Zúñiga et al., 2019). Among the most RLB-susceptible 
cultivars are ‘Tarraco’ and ‘Guara’, whereas ‘Mardía’ is recognized as 
one of the most tolerant cultivars used in Spain.

Plants have evolved sophisticated defense mechanisms to protect 
themselves, aiming to reduce the harm inflicted by natural enemies. 
These responses often converge on different phytohormone pathways 
with salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) being 
highlighted as classical key regulators (Loake and Grant, 2007; Lorenzo 
et al., 2003). Further advancements have revealed a more complex 
scenario where other hormones, including auxins, abscisic acid, cyto
kinins, gibberellins, and brassinosteroids, have emerged as important 
contributors in the interactions between plants and pathogens (Bari and 
Jones, 2009; Denancé et al., 2013; Naseem et al., 2015; Ren et al., 2020). 
The crucial role of plant hormones in the immune response is managed 
by an intricate network system. This system aims to achieve a 
finely-tuned regulation to mitigate the inherent fitness cost associated 
with plant defense (Aerts et al., 2021; Denancé et al., 2013; Vlot et al., 
2021). It is widely accepted that SA signaling activates plant defense 
against biotrophic and hemibiotrophic pathogens, whereas a combina
tion of JA and ET signaling modulates defense against necrotrophic 
pathogens and herbivores (Glazebrook, 2005). Research has confirmed 
the existence of SA-JA crosstalk in the regulation of plant immune re
sponses, often in an antagonistic manner (Li et al., 2017, 2019; Pieterse 
et al., 2009). In general, increased SA resistance results in significant 
susceptibility against necrotrophs by suppression of the ET/JA signaling 
pathway (Spoel et al., 2007). Despite this general rule, there are several 
exceptions which suggest that SA, JA, and ET signaling pathways can 
induce resistance against both biotrophic and necrotrophic pathogens 
(Liu et al., 2016; Tsuda et al., 2009; Ullah et al., 2022). Mutations in key 
genes from plant hormone signaling pathways have revealed their 
functions within the immune response network. Likewise, the applica
tion of signaling molecules can demonstrate the role that a particular 
phytohormone plays in the response to a specific pathogen attack. 
Nonetheless, the manipulation of a plant hormone pathway can lead to 
adverse effects on growth and resistance to pathogens with different 
lifestyles (Holeski et al., 2012). Phytohormones and their signaling 
pathways interact with other defensive metabolites to orchestrate im
mune reactions in plants. Among these defensive compounds is the 
lignin, an aromatic heteropolymer predominantly deposited in second
ary cell walls. Lignin is synthesized from three basic monomers 
(p-hydroxyphenyl, guaiacyl and syringyl monolignols) through the 
phenylpropanoid pathway. Its deposition is not only vital for the me
chanical support and transportation through vascular tissues, but also 
plays a crucial role in plant protection, reinforcing cell walls to prevent 
pathogens from penetrating cells (Dong and Lin, 2021; Miedes et al., 
2014). Moreover, substantial evidence indicates a connection between 
SA and lignification, thus highlighting the intricate interplay of these 
components in plant defense (Zhao and Dixon, 2011).

Interestingly, closely related plants can activate distinct mechanisms 
to combat a particular disease. Resistant or tolerant genotypes induce 
effective responses to control pathogens that may be absent, repressed, 
or only partially activated in susceptible plants, leading to severe 
symptoms. A study by Zúñiga et al. (2019) showed different response 
patterns to RLB in two almond cultivars by differentially expressing 
various defense-related genes. Briefly, ‘Mardía’ showed an early 
response to repress the RLB pathogen based on lignin accumulation and 
production of defensins in infected leaf tissues. In contrast, ‘Tarraco’ 
presented a later activation of lignin synthesis together with the pro
duction of anthocyanins and phenolic acids, which were inefficient to 
inhibit fungal growth (Zúñiga et al., 2019). Building on these findings, 
the current research aimed to expand the knowledge of the molecular 
strategies employed by almond trees to face RLB by focusing on the role 
of some hormone and plant-defense genes that can induce tolerance to 
RLB. Thus, the main objectives were 1) to explore the hormone and 

selected defense-genes profilings in tolerant and susceptible almond 
cultivars to P. amygdalinum, and 2) to study the effects of two hormone 
treatments on the expression of some defense genes and evaluate their 
protective effect against RLB infection in a susceptible cultivar.

2. Methods

2.1. Experimental field site

Two distinct experiments were conducted from 2020 to 2023 in an 
experimental almond orchard owned by IRTA and located in Les Borges 
Blanques, Catalonia, Spain (UTM 31 T, X = 320870, Y = 4597530). The 
orchard was planted in 2009 as bare root trees with 21 cultivars grafted 
onto ‘INRA GF-677’ rootstock, pruned as a central axis, and with a tree 
spacing of 4 × 2 m. The orchard was drip-irrigated, and pruning, soil 
management, and fertilization practices were based on the Spanish In
tegrated Production Management law (BOE, 2002). No fungicide treat
ments were applied during the experimental period to allow natural 
infection of trees. RLB occurs naturally in the area as known from pre
vious studies (Miarnau et al., 2021). Cultivars used in this work were 
‘Mardía’ (very tolerant to RLB) and ‘Tarraco’ (very susceptible).

2.2. Experiment 1. hormone and defense-related genes profiling in mature 
almond trees

This experiment aimed at exploring differences in hormones and 
defense gene profilings related to cultivar and RLB-infection status 
variables. Leaves from eight almond trees of each studied cultivar, 
‘Mardía’ and ‘Tarraco’, were sampled separately for each RLB status 
(asymptomatic and symptomatic; see Fig. 1) in July of 2020 and 2023, 
resulting in total 32 samples each year. Five leaves per RLB status were 
collected from each tree at different heights (0.8–1.5 m) from the NE- 
facing side. Samples were processed for hormone profiling in 2020 
and for gene expression analysis in 2020 and 2023. The endogenous 
plant hormones, 1-aminocyclopropane-1-carboxylic acid (ACC), sali
cylic acid (SA), methyl jasmonate (MeJA), and (±)-Jasmonic acid (JA) 
were quantified. Additionally, quantification of selected defense genes 
through qPCR was conducted in 2020 and 2023 (see below for details).

2.3. Experiment 2. defense-related genes profiling after hormonal 
treatments in young almond plants

A second experiment was conducted to investigate the gene expres
sion of selected defense-related genes following periodic spraying of 
leaves with hormones (SA and MeJA) and simultaneous natural expo
sure to RLB infection in the field. One-year-old ‘Tarraco’ trees (N = 14 
trees per treatment) were randomly placed between mature trees within 
rows in the experimental orchard. Plants were height measured before 
starting the hormonal treatment and then subjected to weekly applica
tions of either SA or MeJA for a total of 9 weeks starting in mid-May until 
mid-July 2023 (period during which RLB infections mainly occur in the 
area), at the following concentrations: untreated control (2 % ethanol), 
salicylic acid (0.693 g L− 1 SA in 2 % ethanol), or methyl jasmonate (1 g 
L− 1 MeJA in 2 % ethanol). SA and MeJA were purchased from Sigma 
Aldrich (St Louis, MO, USA). At the end of the experimental period, 
plants were taken to IRTA facilities and processed for final height 
measurement and leaf collection for gene expression, that were con
ducted 10 and 13 days, respectively, after the last hormone treatment. 
For the gene expression analysis, eight bulk leaf samples (each consist
ing of five leaves) were randomly collected from four different trees and 
for each hormone treatment (N = 3) and RLB status (N = 2), resulting in 
a total of 48 samples for analysis. Finally, RLB incidence and severity 
among different hormone treatments were evaluated 10 days after the 
last hormone treatment using the methods described by Miarnau et al. 
(2021).
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2.4. Plant material collection

Regardless of the experiment, collected leaves were wrapped in 
aluminum foil, appropriately labeled, immediately frozen in liquid ni
trogen in the field, and taken to the laboratory. Frozen samples were 
finely ground in liquid nitrogen using a mortar and pestle and then 
stored at − 80 ◦C until further processing.

2.5. Hormone quantification

The endogenous plant hormones, namely ACC, JA, MeJA and SA, 
were extracted and purified following a modified method based on 
Llugany et al. (2013). Briefly, 250 mg of fresh material were ground in 
an ice-cold mortar with 750 μL of the extraction solution, consisting of 
methanol (MeOH):2-Propanol (2-PrOH):acetic acid (HOAc) (20:79:1, 
v/v). Then, the supernatant was collected after centrifugation at 1000 g 
for 5 min at 4 ◦C. These steps were repeated two more times and pooled 
supernatants were lyophilized. Finally, samples were dissolved in 250 μL 
MeOH and filtered with a Spin-X centrifuge tube filter of 0.22 μm cel
lulose acetate (Costar, Corning Inc., Glendale, AZ, USA). Hormone 
quantification was done using a standard calibration curve with the 
respective hormone standard solutions ranging from 50 to 1000 μg kg− 1. 
The deuterated hormones 1-aminocyclopropane-2,2,3,3-d4-carboxylic 
acid (ACCd4), salicylic d6 acid (SAd6) at 30 μg kg− 1 and jasmonic-2,4, 
4-d3-(acetyl-2,2-d2) acid (JAd5) at 300 μg kg− 1 were used as internal 
standards in all the processed samples and standards. The analysis of 
plant hormones was conducted at the CCiT-UB (Centres Científics i 
Tecnològics) of the University of Barcelona, Barcelona, Spain. Plant 
hormones were analyzed by LC-ESI-MS/MS system in multiple reaction 
monitoring mode (MRM) as described by Segarra et al. (2006). First, 
phytohormones were separated using an HPLC Agilent 1100 (Wald
bronn, Germany) on a Luna Omega C18 2.1 × 100 mm ID, 1.6 μm col
umn (Phenomenex, Torrance, CA, USA) at 50 ◦C at a constant flow rate 
of 0.8 mL min− 1 and 10 μL injected volume. The elution gradient was 
carried out with a binary solvent system consisting of 0.1 % of formic 
acid in methanol (solvent A) and 0.1 % of formic acid in Milli-Q water 
(solvent B) with the following proportions (v/v) of solvent A (t [min], % 
A): (0, 2) (0.2, 2), (1.6, 100), (2, 100), (2.1, 2) and (3, 2). MS/MS ex
periments were performed on an API 4000 triple quadrupole mass 
spectrometer (PerkinElmer Sciex, Concord, Ont, Canada). All the anal
ysis were performed using the Turbo Ionspray source in negative ion 
mode for SA and JA, and positive ion mode for ACC and MeJA and the 
same mode for their respective deuterated forms. Hormone contents 
were finally expressed as ng⋅g− 1 leaf fresh weight (FW) after proper 
calculations.

2.6. RNA extraction and cDNA synthesis

Total RNA was extracted from approximately 100 mg of frozen 
pulverized leaves using the Maxwell® RSC plant RNA kit (Promega 
Corporation, Madison, WI, USA) with the aid of a Maxwell robot 
(Promega Corp.) and following manufacturer’s instructions. Extracted 
RNA was quantified and quality checked using a Nanodrop 2000 spec
trophotometer (Thermo Scientific, Wilmington, DE, USA). One μg of 
RNA was used in a reverse-transcription reaction to obtain cDNA using 
the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) and 
following manufacturer’s instructions on a StepOnePlus™ Real-Time 
PCR System (Applied Biosystems™, Thermo Fisher Scientific). The 
resulting cDNA was used in a 1:20 dilution to quantify gene expression 
by qPCR.

2.7. RT-qPCR and gene expression analyzes

The pathogen-induced responses in mature (Experiment 1) and 
young (Experiment 2) almond trees were studied on genes involved in 
different signaling pathways. For the SA pathway, pathogenesis-related 
protein 1 (PR1) and pathogenesis-related protein 5 (PR5) were selected, 
while those selected for the ethylene signaling pathway were ethylene 
response factor 1 (ERF1) and 1-aminocyclopropane-1-carboxylate oxi
dase (ACO) Additionally, cinnamyl alcohol dehydrogenase (CAD) and 
hidroxycinamate quinole transferase (HQT) were included due to their 
reported importance in RLB tolerance, particularly within the phenyl
propanoid pathway (Zúñiga et al., 2019) (Supplementary Table 1). The 
coding sequences to generate the primers for amplification were sourced 
from the Rosaceae database (https://www.rosaceae.org). Primer pairs 
were designed over the almond genome ALMONDv2 (Alioto et al., 2020) 
using the Primer-BLAST tool (Ye et al., 2012). To ensure reliable com
parisons, the eukaryotic translation elongation factor 2 (TEF2) gene of 
almond was included as housekeeping gene (Tong et al., 2009). The 
RT-qPCR was conducted on a StepOnePlus™ Real-Time PCR System 
using TB Green® Premix Ex Taq™ (Takara, Saint-Germain-en-Laye, 
France) for amplification. The cycling conditions comprised an initial 
denaturation at 95 ◦C for 3 min, followed by 40 cycles of 95 ◦C for 10 s, 
20 s at 60–65 ◦C, and 72 ◦C for 20 s. A negative control without DNA 
template was also included in each reaction run. Three technical repli
cates were used in all reactions. A melting curve cycle from 65 to 95 ◦C 
was performed to assess amplicon specificity. Finally, gene expression 
was quantified using the methods described by Livak and Schmittgen 
(2001), with normalized expression (NE) against the housekeeping gene 
(2− ΔCt) for all experiments. For young ‘Tarraco’ trees, the relative 
expression (RE) was determined using the 2− ΔΔCt method (Livak and 
Schmittgen, 2001), with the RE ratio calculated as relative to the 
asymptomatic control leaves (2− ΔΔCt). In contrast, for mature almond 
trees, including both ‘Mardía’ and ‘Tarraco’ (whether asymptomatic or 
symptomatic), no relativization to asymptomatic samples was per
formed as two distinct asymptomatic samples were available for com
parison. Instead, the normalized expression ratio (NE) of each gene 
compared to the TEF2 housekeeping gene was used directly for statis
tical analyses.

2.8. Pathogen quantification

DNA from about 100 mg of the pulverized leaf samples was extracted 
using the NucleoSpin® Plant II kit (Macherey-Nagel, Düren, Germany) 
following manufacturer’s instructions. Extracted DNA was quantified, 
and quality checked with a Nanodrop 2000 spectrophotometer. A spe
cific pair of primers for quantification of P. amygdalinum was used: I2F4 
[5′-GAAGTCCAATCAAGCCGTAG-3′] and I2R2 [5′-GTTTCACTACGCT 
CAGAGTC-3′] (forward and reverse, respectively) generating a 99 bp 
fragment (Zúñiga et al., 2018). Fungal quantification was normalized 
with the almond TEF2 gene as reference (Tong et al., 2009). qPCR was 
performed on a StepOnePlus™ Real-Time PCR System using TB Green® 
Premix Ex Taq™ (Takara, Saint-Germain-en-Laye, France). The cycling 
conditions were as follows: denaturation at 95 ◦C for 3 min, followed by 
40 cycles of 95 ◦C for 10 s and then 60 ◦C for 30 s. A negative control 
without DNA template was also included in each reaction run. Three 
technical replicates were used in all reactions. To assess the amplifica
tion specificity, a melting curve analysis was performed at the end of 
each qPCR reaction, by monitoring the fluorescence from 75 to 95 ◦C, 
every 0.1 ◦C. The fungal amount was estimated indirectly by quantifying 
the normalized expression (NE) of the fungus against the housekeeping 

Fig. 1. Asymptomatic (a and c) and symptomatic (b and d) leaves of ‘Tarraco’ (a and b) and ‘Mardía’ (c and d) almond cultivars, and relative quantification of 
Polystigma amygdalinum in those leaf categories in 2020 (e) and 2023 (f). Asterisks (***) indicate significant differences (P < 0.001) and ns indicates ‘non-significant 
differences’ in the indicated pairwise comparison. Abbreviations: NE, normalized expression; A, asymptomatic leaves; S, RLB-symptomatic leaves. Error bars show 
the standard error of the mean (N = 8).
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gene TEF2 in samples from four trees per cultivar and RLB status using 
the 2− ΔΔCt method (Livak and Schmittgen, 2001).

2.9. Statistical analysis

Experimental data were analyzed using the R software v. 4.1.2 (R 
Core Team, 2023). Means of technical replications were calculated to 
reduce pseudo-replication and only means of biological replicates were 
further used in the analyses. All analyses were performed with linear 
modeling using the package stats v. 4.10 and a multifactorial design 
approach, except for the gene expression analyses in Experiment 1, and 
the RLB incidence data in Experiment 2. In the former case, experiment 
repetition in 2020 and 2023 was considered as a random factor and 
analyzed through linear mixed modeling (lme4 v. 1.1–33; Bates et al., 
2015). In the latter case, a generalized linear modeling approach (glm 
function, stats package) was used to analyze binomial data. When 
necessary, variables were transformed (dplyr v.1.0.7; Wickham et al., 
2023) to ensure normality and homoscedasticity of data, and model 
assumptions were further assessed using car v. 3.1-2 (Fox and Weisberg, 
2019) and gvlma v. 1.0.0.3 (Peña and Slate, 2006) for residual di
agnostics, including test for normal distributions and independence of 
errors.

Linear models, which included cultivar (1 df) and RLB infection 
status (1 df) as fixed factors, and their interaction (1 df), were separately 
fitted for the analyses of hormone content and gene expression 

(dependent variables) of Experiment 1 data using stats. Based on the 
ANOVA results, we eventually refined the models for each dependent 
variable by progressively removing non-significant factors and in
teractions using the anova function with the LRT option (stats). As for the 
analyses of plant height, RLB severity, and gene expression data 
(dependent variables) of Experiment 2, the saturated model included 
hormone treatments (2 df) and infection status (1 df). Additionally, RLB 
severity scores (proportion) were arcsine-transformed (dyplr) to meet 
normality and homoscedasticity assumptions. After analyses, mean 
comparisons were made with the Tukey’s HSD test at α = 0.05 
(TukeyHSD function, stats), and eventually with the Dunnett’s test [glht 
function, multcomp v. 1.4–25 (Hothorn et al., 2008)] for specific com
parisons between hormone treatments and the untreated control in the 
case of Experiment 2 data. Data visualization was performed using 
ggplot2 v. 3.4.0 (Wickham, 2016).

3. Results

3.1. Experiment 1. hormone and defense-related genes profiling in mature 
almond trees

The presence of P. amygdalinum on leaves of both studied cultivars 
was initially determined by visual inspection of sampled leaves and later 
confirmed through qPCR. The mean relative quantity of P. amygdalinum 
in infected ‘Tarraco’ leaves was about 109-fold or 49-fold higher than in 

Fig. 2. Hormone contents in two almond cultivars (‘Mardía’ and ‘Tarraco’) showing differential susceptibility to Polystigma amygdalinum. Letters indicate significant 
differences between cultivar and disease status combinations according to Tukey’s test (P < 0.05). Abbreviations: ACC, 1-aminocyclopropane-1-carboxylic acid; SA, 
salicylic acid; MeJA, methyl jasmonate; JA, jasmonic acid; A, asymptomatic leaves; S, symptomatic leaves. Error bars show the standard error of the mean (N = 8).
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asymptomatic leaves for 2020 and 2023 respectively (Fig. 1). However, 
in symptomatic ‘Mardía’ leaves, the pathogen was either 565-fold or 5.5- 
fold lower than in infected ‘Tarraco’ leaves for 2020 and 2023 
respectively.

Concentrations of phytohormones in mature almond trees revealed 
that SA levels increased significantly in symptomatic leaves compared to 
asymptomatic ones in both cultivars (P < 0.001) (Fig. 2), whereas no 
significant interaction between cultivar and RLB infection was detected. 
However, SA in ‘Mardía’ increased roughly 1.8-fold in infected leaves 
(up to 1262 ± 171 ng g− 1 FW) (mean ± std err), whereas a 2.7-fold 
increase was observed in ‘Tarraco’ infected leaves. In contrast, mean 
MeJA contents were significantly lower (P < 0.001) in ‘Tarraco’ leaves 
(3.41 ± 0.15 ng g− 1 FW) as compared to ‘Mardía’ (4.62 ± 0.26 ng g− 1 

FW), while they were independent on RLB infection (Fig. 2). As observed 
for SA, no significant interaction between cultivar and RLB infection 
status was detected for the leaf MeJA content. Regarding JA contents in 
leaves, a significant interaction (P = 0.006) between cultivar and RLB 
infection was detected, with ‘Tarraco’ showing a decrease in JA content 
in symptomatic leaves (about 6.3-fold lower) compared to asymptom
atic ones, whereas ‘Mardía’ showed similar JA levels regardless of RLB 
infection (Fig. 2). Moreover, the factors cultivar and RLB infection status 
were statistically not significant in this later case. Finally, ANOVA out
puts of the hormonal profiling analyses showed that ACC contents were 
not influenced by the factors: cultivar, RLB status, and their interaction 
(Fig. 2).

Normalized expression of defense-related genes indicated that all of 
them presented a significant interaction between cultivar and RLB 
infection status (all P < 0.01). Moreover, symptomatic ‘Tarraco’ leaves 
consistently exhibited the highest NE levels across all genes (Fig. 3). The 
NE of PR1 and PR5 was significantly affected by both cultivar and RLB 
infection status (all P < 0.001), while ERF1 was only significantly 
affected by cultivar (P < 0.001). Regarding PR1, its NE in symptomatic 
‘Tarraco’ leaves (8.11 ± 0.98) was 2.4-fold higher than in the asymp
tomatic ones (3.43 ± 0.59) and 5.5-fold higher than in symptomatic 

‘Mardía’ leaves (1.48 ± 0.29). PR1 expression in ‘Mardía’ leaves was 
similar regardless of the RLB status (Fig. 3). ERF1 showed a similar 
pattern to PR1, with its NE in symptomatic ‘Tarraco’ leaves (0.04 ±
0.01) being 2.3-fold higher than in their asymptomatic counterparts and 
about 4.6 times higher than the mean expression in ‘Mardía’ leaves (0.01 
± 0.003). For PR5, its NE in symptomatic ‘Tarraco’ leaves (13.86 ±
0.93) was 5.2-fold higher than in the asymptomatic ones and similar to 
both types of ‘Mardía’ leaf status (Fig. 3). The NE of ACO and CAD was 
significantly affected by the RLB infection status besides its interaction 
with the cultivar factor. CAD expression was significantly higher in 
symptomatic leaves (up to 1.74 ± 0.21), regardless of cultivar, being 
2.1-fold higher in symptomatic ‘Tarraco’ leaves and 1.5-fold higher in 
symptomatic ‘Mardía’ leaves, as compared to their respective asymp
tomatic counterparts (Fig. 3). For ACO, its NE in symptomatic ‘Tarraco’ 
leaves (58.42 ± 8.92) was 2.4-fold higher than in the asymptomatic 
ones. Interestingly, the opposite trend was observed in ‘Mardía’ leaves, 
where asymptomatic leaves (37.08 ± 7.04) presented a NE for ACO 1.4- 
fold higher than the symptomatic ones (Fig. 3). HQT was significantly 
affected only by the interaction between cultivar and RLB status (P <
0.01). Symptomatic ‘Tarraco’ leaves (0.02 ± 0.01) had NE 1.3-fold 
higher compared to their asymptomatic counterparts, whereas asymp
tomatic ‘Mardía’ leaves showed 2.2-fold higher NE compared to the 
symptomatic leaves (0.005 ± 0.001).

3.2. Experiment 2. defense-related genes profiling after hormonal 
treatments in young almond plants

After identifying differential hormone profiles and expression of key 
defense genes in mature almond trees, we investigated whether hor
mone treatment in young ‘Tarraco’ plants could result in biologically 
significant changes in their susceptibility to RLB, as well as in the 
expression of defense genes compared to untreated control plants. At the 
end of the experiment, control plants showed mean values of disease 
incidence and severity of 44.6 % and 23.8 %, respectively. Both 

Fig. 3. Normalized expression of selected genes in leaves from two almond cultivars (‘Mardía’ and ‘Tarraco’) showing differential susceptibility to Polystigma 
amygdalinum. Mean values of two independent repetitions in 2020 and 2023. Letters indicate significant differences between cultivar and RLB status combinations 
according to Tukey’s test (P < 0.05). Abbreviations: NE, normalized expression, A, asymptomatic leaves; S, symptomatic leaves. Error bars show the standard error of 
the mean (N = 16).
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incidence and severity data were significantly reduced by MeJA and SA 
treatments (Fig. 4). Specifically, both MeJA and SA induced a 16 % 
reduction in RLB incidence (both with a P = 0.023). Similar figures for 
the reduction in RLB severity were 10 % and 11 % for MeJA and SA, 
respectively (both P < 0.05).

A profiling of defense-related genes in susceptible young ‘Tarraco’ 
plants was conducted to examine the hormone treatment effects on the 
relative expression (RE) of each gene (PR1, PR5, ERF1, ACO, CAD, and 
HQT) in both asymptomatic and symptomatic leaves. Results indicated 
that RLB infection significantly influenced RE of all genes (all P < 0.05), 
while hormone treatment additionally affected responses in ERF1 and 
CAD (P < 0.05). PR1 and PR5 behaved similarly, with increased RE 
values in symptomatic leaves but without significant differences be
tween the control and hormonal treatments (Fig. 5). Specifically, PR5 
was significantly increased in symptomatic leaves of both SA and MeJA 
treatments, whereas only PR1 did in MeJA-treated plants. For those two 
defense genes, the relative ratios of RE values between symptomatic and 
asymptomatic leaves among the different hormone treatments ranged 
from 1.9 (PR1 in SA) to 20.9 (PR5 in MeJA). For both ERF1 and CAD, 
hormone-treated plants with RLB symptoms showed significantly 
increased expression compared to the asymptomatic ones within the 
same hormone treatment (Fig. 5). The RE values for ERF1 between 
symptomatic and asymptomatic leaves were 4.8 (for SA) and 5.2 (for 
MeJA) (Fig. 5), whereas CAD presented relative ratios of RE between 
symptomatic and asymptomatic leaves of 2.9 (for SA) and 1.5 (for 
MeJA). Regarding ACO and HQT, no significant differences in mean RE 
values were detected between symptomatic and asymptomatic leaves 
among all hormonal treatments including the untreated control (Fig. 5).

The height of young ‘Tarraco’ plants was similar across all hormone 
treatments at the experiment set up, with values ranging from 38.4 ±
0.9 to 41.9 ± 2.0 cm (mean ± std err) (Fig. 6). However, our results 
showed that periodic treatment with MeJA resulted in no growth in 
plant height during the experiment. Control plants showed an average 
height of 42.9 ± 1.9 cm at the end of the experiment, while height in 
MeJA-treated plants remained the same as the initial height. Interest
ingly, SA treatment did not result in reduced growth of sprayed plants, 
since they showed an average height of 47.2 ± 2.1 cm, not significantly 
different from control.

4. Discussion

In addition to their essential functions in plant growth, development, 
and reproduction, plant hormones are key mediators of stress perception 

and immune regulation (Bari and Jones, 2009; Pieterse et al., 2012). Our 
findings showed that almond leaves showing clear RLB symptoms 
accumulated higher levels of SA but did not show increased levels of 
components of the jasmonate family (JA and MeJA) or ACC (the ET 
precursor). This result indicates that there was a specific synthesis of SA 
in almond leaves in response to P. amygdalinum infection. Since 
P. amygdalinum is known as a hemibiotrophic pathogen (Cannon, 1996; 
Zúñiga et al., 2019), our findings confirm the classical linkage between 
pathogen lifestyle and associated plant hormones. However, the SA peak 
associated with the P. amygdalinum infection could not be linked to the 
establishment of local or systemic acquired resistance, as immunity to 
this pathogen has not been described in almond cultivars. Moreover, the 
endogenous increase of SA content was observed regardless of the cul
tivar’s susceptibility to the pathogen. The susceptibility of ‘Tarraco’ 
despite the SA accumulation indicates that SA is not the sole or essential 
compound for effective defense against P. amygdalinum, or alternatively 
that ‘Tarraco’ may lack the downstream mechanisms activated by 
‘Mardía’. Another possible explanation is that ‘Mardía’ accumulates 
high levels of SA (for instance, stored in the vacuole as salicylic acid 
2-O-β-glucoside), which may facilitate a rapid and early immune 
response to the pathogen in this cultivar, as described in other pathos
ystems (Zhang et al., 2025). Additionally, differences between cultivars 
were observed in the transduction of the SA signal and were potentially 
related to the pathogen-inducible genes PR1 and PR5, whose activation 
is mediated through SA signaling (Thomma et al., 1998). The susceptible 
cultivar ‘Tarraco’ showed a highly enhanced expression of both 
SA-dependent genes. In contrast, ‘Mardía’ exhibited low levels of PR1 
and high expression of PR5, irrespective of RLB incidence. Similarly, 
resistant plum cultivars to Monilinia fructicola consistently expressed 
high foliar levels of PR5 in symptomless leaves and only increased 
slightly after pathogen attack (El-kereamy et al., 2011). These results 
suggest an early role of this gene in brown rot resistance in plums. In our 
study, the natural production of PR5 in ‘Mardía’ could make it effective 
against the fungus. This aligns with what has been observed in other 
pathosystems where resistance to pathogens is based on a combination 
of pre-existing and reprogrammed defense mechanisms (Bini et al., 
2023; Lanubile et al., 2014). The complexity surrounding SA signaling 
warrants further investigation to clarify the true role of this hormone 
and its downstream effects in activating defense mechanisms against 
P. amygdalinum.

Polystigma amygdalinum has a long incubation period, typically 
spanning 30–35 days (Banihashemi, 1990; Saad and Masannat, 1997), 
resulting in imperceptible latent infections. This fungal characteristic 

Fig. 4. Incidence and severity of almond red leaf blotch in young ‘Tarraco’ plants after periodic treatments with MeJA and SA. Asterisks (*) indicate significant 
differences between treatments compared to the untreated control according to Dunnett’s test (P < 0.05). Abbreviations: SA, salicylic acid; MeJA, methyl jasmonate. 
Error bars show the standard error of the mean (N = 14).
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compelled us to avoid using terms such as ‘healthy’ or ‘diseased’ leaves, 
opting instead for ‘asymptomatic’ or ‘symptomatic’. Consequently, we 
cannot dismiss the possibility that the elevated JA levels in asymptom
atic leaves may be due to latent infections. Nevertheless, the quantifi
cation of P. amygdalinum through qPCR indicated very low levels in 
asymptomatic ‘Tarraco’ leaves. On the other hand, our experiments 
were conducted in open field conditions. Considering that JA is a plant 
regulator which is also involved in environmental stress conditions 

(Wang et al., 2021), another possible explanation is that surveyed trees 
were being affected by a non-controlled abiotic stressor. Interestingly, 
cultivar ‘Mardía’ showed high content of MeJA in both types of leaves 
(symptomatic and asymptomatic). The role of this plant regulator and 
their biologically active forms (MeJA and JA-Ile [JA-isoleucine]) de
serves further studies to decipher its potential impact on defense to RLB. 
Similarly, it would be interesting to investigate the role of other phy
tohormones, such as auxins, cytokinins, and gibberellins in the 

Fig. 5. Relative gene expression of defense-related (PR1, PR5, ERF1 and ACO) and phenylpropanoid pathway (CAD and HQT) genes after MeJA and SA applications 
in young ‘Tarraco’ almond plants. Asterisks (*) indicate significant differences (P < 0.05) in the indicated pairwise comparison. Abbreviations: RE, relative 
expression; A, asymptomatic leaves; S, symptomatic leaves; SA, salicylic acid; MeJA, methyl jasmonate. Error bars show the standard error of the mean (N = 4).
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progression of RLB disease. In previous studies comparing susceptible 
and resistant genotypes of the genus Prunus (P. domestica and P. salicina) 
to the hemibiotrophic fungus Apiosporina morbosa, no differences in the 
quantification of SA and JA were observed between resistant and sus
ceptible genotypes (Shinde et al., 2024). However, the interaction be
tween auxins and cytokinins was found crucial in the disease 
progression in those genotypes (Shinde et al., 2023).

Additional cultivar differences were observed for genes ERF1 and 
ACO in mature almond trees. As observed in the expression of PR genes, 
‘Tarraco’ exhibited higher expression of ERF1 and ACO in symptomatic 
leaves. In contrast, ‘Mardía’ reduced the expression of both latter genes 
in symptomatic leaves. Current knowledge indicates that ET and JA 
pathways converge in the transcriptional activation of ERF1 being 
simultaneously required to activate it (Lorenzo et al., 2003) and 
confirmed its role in plant defense (Berrocal-Lobo et al., 2002). On the 
other hand, ACO is involved in the synthesis of ET by encoding the 
enzyme ACC-oxidase, that is required for the conversion of ACC to ET 
(Houben and Van de Poel, 2019). Thus, ACO is an upstream component 
in ET synthesis that, in combination with JA, activates ERF1. Interest
ingly, in our study the increased expression of ACO was not correlated 
with accumulation of ACC. This decoupling could be attributed to the 
close relationship between ET production and the homeostasis of 
S-adenosyl methionine (SAM), the initial substrate in the two-step re
action to produce ET (Pattyn et al., 2021). Additionally, these authors 
argue that ACC can also act as a signaling molecule independently of ET.

SA-dependent genes (PR1 and PR5) and ET/JA associated genes 
(ACO and ERF1) were up-regulated in ‘Tarraco’ due to P. amygdalinum 
infection. The classical model of antagonistic strategies for JA and SA 
was not observed in our pathosystem. Our results indicate an activation 
of both hormone-dependent defense pathways (SA and ET/JA) in ’Tar
raco’, which appeared insufficient to face the disease. In contrast, 
‘Mardía’ may not need to strongly induce these hormone pathways to 
cope with the disease, as it exhibits a relatively high level of signal 
transduction (as observed in the case of PR5). An alternative explanation 
would be that the effective defense in ‘Mardía’ may not solely rely on 
these plant hormones but could also be associated with an early lignin 
deposition, as observed previously by Zúñiga et al. (2019). These 

authors confirmed that an increased expression of CAD, followed by 
lignin deposition, is an effective strategy to control RLB at early stages in 
‘Mardía’. In their study, lignin deposition was also observed in ‘Tarraco’, 
although at later stages, and too late to be effective. Suppressively, these 
authors did not report an increase in CAD expression in ‘Tarraco’ at later 
stages, as we observed. However, CAD activation is essential for lignin 
deposition, and a time-point study, rather than a single-point sampling, 
would have captured its upregulation. Early symptoms of RLB manifest 
as diffuse, roundish discolored blotches (1–2 cm in diameter) on the 
leaves. In later stages, these lesions gradually expand and evolve into 
dark reddish to purplish necrotic areas as fungal stromata develop over 
the course of the season (Zúñiga et al., 2019). The expression of HQT, 
another gene from the phenylpropanoid pathway, was also analyzed in 
our pathosystem. Polystigma amygdalinum induced the activation of HQT 
on ‘Tarraco’ but was repressed in ‘Mardía’, as also seen in a previous 
study (Zúñiga et al., 2019). According to these authors, the increased 
activity of HQT would deviate the p-coumaric acid to the synthesis of 
chlorogenic acid instead of lignin, thus reducing its potential protective 
effects against the pathogen.

The exogenous application of SA and MeJA in young ‘Tarraco’ plants 
induced a reduction in both the incidence and severity of RLB. 
Numerous works reported higher protection against pathogens after 
treatments with SA and/or MeJA (Moreno-Pérez et al., 2024; Oliveira 
et al., 2015; Thomma et al., 2000; Yamchi et al., 2018). In some studies, 
the enhanced pathogen tolerance linked to these plant hormones has 
been attributed to the induction of defense markers, such as 
defense-related genes or pathogenesis-related proteins (Kępczyńska and 
Król, 2012; Loake and Grant, 2007). Specifically, regarding Prunus 
species, Svetaz et al. (2017) identified SA and pathogenesis-related 
proteins as the key defense mechanism for the resistance of a P. per
sica genotype against the fungal pathogen Taphrina deformans. Other 
research has connected the protective effect to morpho-anatomical 
changes (Moreno-Pérez et al., 2024), as well as physiological parame
ters (Awang et al., 2013).

In our study, the profiling of plant-defense genes in young plants was 
like that of mature trees, as P. amygdalinum induced an enhanced 
expression in most defense-related genes. Additionally, ERF1 and CAD 
displayed up-regulation as a feasible consequence of plant hormones 
treatments, especially after SA application. Interestingly, the combina
tion of the pathogen attack and SA treatment resulted in an additive 
effect over these two genes. The reduced incidence and severity of RLB 
in plants sprayed with hormones may be due to the activation of the ET/ 
JA signaling pathway and the CAD gene, which is directly involved in 
lignin synthesis. As far as we know, this specific interaction has not been 
specifically described in literature for our almond/RLB pathosystem, but 
Venkatesh et al. (2024) suggested a similar defense mechanism in Tec
tona grandis affected by defoliators. These authors showed that lignin 
accumulation, along with other compounds and six stress-responsive 
genes, including ERF1, were increasingly enhanced in T. grandis plants 
subjected to defoliation induced by the moth Hyblaea puera. Similarly, 
hormonal crosstalk involving ET and JA was observed with early 
signaling, combined with lignin synthesis, in a resistant cultivar to the 
olive fungal pathogen Venturia oleaginea (=Spilocaea oleaginea), along
side other mechanisms (Marchese et al., 2023).

The accumulation of lignin is regarded as an active defense mecha
nism in plants against pathogens (Maher et al., 1994; Tronchet et al., 
2010). To our knowledge, literature describing the connections between 
phytohormones and lignin deposition in plants under pathogen chal
lenge is limited. However, some authors have reported that hormone 
treatments induce cell wall lignification, thereby enhancing resistance 
to pathogen attacks (Mandal, 2010; Yang et al., 2023; Zhang et al., 
2019). Additionally, more research has been conducted on cell wall 
lignification following plant hormone treatments in response to abiotic 
stresses (Kobyletska et al., 2022; Li et al., 2017; Xue et al., 2008).

Although MeJA provides protection against P. amygdalinum in ‘Tar
raco’, it additionally reduced the growth of treated plants compared to 

Fig. 6. Mean values of plant height in young ‘Tarraco’ almond plants after 
periodic hormone treatments at two timepoints measurements (mid-May the 
first measurement -Initial- and final-July the second one -Final-). Error bars 
show the standard error of the mean (N = 4). Asterisks (*) indicate significant 
differences (P < 0.05) between final and initial timepoints. Abbreviations: C, 
control treatment; SA, salicylic acid; MeJA, methyl jasmonate.
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those treated with SA or left untreated. Growth reduction has been 
previously revealed in other woody plants after MeJA applications 
(Heijari et al., 2005; Krokene et al., 2008). Literature relates this growth 
inhibition to physiological parameters such as lower rates of photo
synthesis and induced stomatal closure (Shahzad et al., 2015). At the 
molecular level, Yang et al. (2012) indicated that angiosperms prioritize 
JA-mediated defense over growth by interfering with the gibberellin 
signaling cascade. To fully understand the mechanism behind the 
growth inhibition caused by MeJA application in ‘Tarraco’ young trees, 
additional experiments would be needed.

Our findings may help in contributing to a better knowledge of the 
hormone-mediated defense in almond. This knowledge might eventually 
lead to the building of new strategies for enhancing tolerance to 
P. amygdalinum.

5. Conclusions

This study provides significant insights into the differential defense 
responses of almond cultivars to Polystigma amygdalinum infection. The 
fungal infection triggers a rise in salicylic acid (SA) levels in both cul
tivars, but this increase does not seem to be correlated with effective 
protection. Thus, mature trees of the susceptible cultivar ‘Tarraco’ 
showed up-regulation of SA-dependent genes PR1 and PR5 and 
ethylene/jasmonate-associated genes ACO and ERF1, whereas the 
tolerant ‘Mardía’ maintained low or unchanged expression of those 
genes. Moreover, ‘Mardía’ upregulated CAD in symptomatic leaves 
instead, which is associated with lignin production, a critical component 
of plant structural defense. This study confirms that the application of 
SA or methyl jasmonate (MeJA) in young ‘Tarraco’ trees reduced disease 
incidence and severity by enhancing lignin synthesis and activating the 
ethylene/jasmonate pathway. However, the application of MeJA also 
led to reduced plant growth. Protection against this pathogen seems to 
be linked to lignin biosynthesis, and our results suggest that SA is likely 
involved in signaling this process. These findings contribute to 
expanding the knowledge on hormone-mediated defenses in almond and 
their interaction with lignin synthesis and may help in designing new 
potential strategies to enhance resistance to P. amygdalinum.
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ACC 1-aminocyclopropane-1-carboxylic acid
ACO 1-aminocyclopropane-1-carboxylate oxidase
CAD cinnamyl alcohol dehydrogenase
ERF1 ethylene response factor 1
ET ethylene
HQT hidroxycinamate quinole transferase
JA jasmonic acid
MeJA methyl jasmonate
PR1 pathogenesis-related protein 1
PR5 pathogenesis-related protein 5
RLB red leaf blotch
SA salicylic acid
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