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A B S T R A C T

Red leaf blotch (RLB) of almond, caused by the fungus Polystigma amygdalinum, is a common foliar disease in 
Mediterranean and Middle East countries. RLB symptoms are characterized by orange spots on leaves that 
eventually lead to early defoliation, reducing tree photosynthetic activity and fruit production. This study aimed 
to investigate the genetic basis of RLB tolerance in almond. For this purpose, an F1 population (N=79) derived 
from a cross between two cultivars with different levels of disease tolerance (‘Tarraco’, highly susceptible; and 
‘Vairo’, tolerant) was phenotyped for disease severity and incidence over four years and genotyped with the 
almond Axiom™ 60K SNP array. Linkage maps were constructed and used for QTL analyses. A major QTL (qP- 
RLB-3.1m), detected across all years and accounting for up to 21 and 31% of phenotypic variation for disease 
incidence and severity respectively, was found at the lower end of linkage group (LG) 3. Minor QTLs, only 
detected in particular years and explaining low percentages of the phenotypic variations, were also detected on 
LGs 1, 7, and 8. qP-RLB-3.1m was targeted for haplotype analysis in the individuals of the population, and in 19 
almond cultivars with different levels of disease susceptibility, revealing an interesting allele associated with 
increased disease tolerance. In the region spanning qP-RLB-3.1m, there were 505 annotated genes in the almond 
reference genome. Fourty-nine of them were related to plant defense mechanisms in other species. The possible 
involvement of these genes and the implementation of marker-assisted selection strategies in almond breeding 
programs are discussed.

1. Introduction

Red leaf blotch (RLB) of almond (Prunus amygdalus Batsch), caused 
by the ascomycete fungus Polystigma amygdalinum P. F. Cannon, stands 
as one of the most widespread foliar diseases affecting almond crops in 
the Mediterranean basin and Middle Eastern regions, where its preva
lence is notable (Cannon, 1996; Ollero-Lara et al., 2019). Particularly in 
Spain, RLB has notably spread in recent years along the Mediterranean 
coast (East) and the Ebro Valley (Northeast) areas (Miarnau et al., 
2021). This increasing incidence has been linked to i) the introduction of 
the crop into new climatic regions suitable for RLB development, ii) the 
establishment of new intensive plantations under irrigation conditions; 
and iii) the use of cultivars more susceptible to the disease. It is thought 

that the combination of the above factors may have created favorable 
conditions for the spread of RLB (Ollero-Lara et al., 2019; Miarnau et al., 
2021).

RLB is specific to almond leaves (Banihashemi 1990), which is shown 
as spots of different shapes and sizes (circular to elliptical, mostly up to 
25 mm in diameter) on both leaf surfaces. These lesions, consisting of 
pathogen stromata interspersed within the host tissue, appear after an 
incubation period that can be extended up to 10 weeks (Saad and 
Masannat, 1997; Zúñiga et al., 2020). The blotches initially appear in 
spring as yellowish spots, turning into orange-reddish, and lately dark
ening into blackish-brown spots. In the stromata, spermatia form during 
summer, and perithecia later develop during autumn and winter, after 
leaf fall (Cannon, 1996; Habibi & Banihashemi, 2016). Under favorable 
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environmental conditions in spring, particularly with mild temperatures 
and the hydration of fallen leaves, ascospores are released, leading to 
infections on new almond leaves (Pons-Solé et al., 2023; 2024). In 
heavily affected orchards, early defoliation of trees may occur, thus 
leading to a subsequent decline in tree photosynthesis and yield (Habibi 
& Banihashemi, 2016; López-López et al., 2016).

RLB control has usually relied on three distinct strategies: (i) orchard 
management practices, aimed at reducing inoculum levels by removing 
infected fallen leaves or facilitating their decomposition through urea 
applications (Cannon 1996; López-Moral et al., 2022); (ii) the use of 
more tolerant cultivars (Miarnau et al., 2021); and (iii) fungicide ap
plications to prevent RLB infections on new leaves (Torguet et al., 2022). 
While fungicide applications are the most commonly used strategy, 
reducing their applications is desirable for its environmental implica
tions, as has been recently promoted by the European Commission 
through the European Green Deal (European Commission, 2019). 
Therefore, breeding cultivars with a higher tolerance level to RLB in 
almond has been targeted as a long-term strategy for disease control.

Variations in susceptibility to RLB within the almond germplasm 
have been previously reported (Egea et al., 1984; Ollero-Lara et al., 
2019; Miarnau et al., 2021). For instance, ‘Mardía’ and ‘Vairo’ cultivars 
have shown lower susceptibility compared to others like ‘Tuono’ and 
‘Tarraco’ (Miarnau et al., 2021). However, due to the limited distribu
tion of RLB, its host specificity, and the inability to grow in artificial 
media, the understanding of disease tolerance levels in almond germ
plasm remains limited (Cannon 1996). Additionally, little research has 
been conducted regarding the genetic and biochemical mechanisms 
underlying plant-pathogen interactions involving RLB. Zúñiga et al. 
(2019) suggested a significant role of the phenylpropanoid pathways in 
the defense response against RLB by showing that early production of 
lignin may serve as a primary mechanism for controlling the spread of 
P. amygdalinum within almond leaf tissues. Thus, the characterization of 
genome regions or genes associated with disease tolerance has become a 
primary focus in improving almond breeding (Batlle et al., 2017). These 
resources could assist in the near future as the foundation for the 
development and implementation of marker-assisted selection 
(Aranzana et al., 2019), by enabling seedling selection in the early stages 
of plant development.

Given the limited research on RLB and its widespread occurrence, 
this study aimed at exploring the genetic basis of P. amygdalinum 
tolerance in almonds. To achieve this, an F1 population arising from the 
cross between two parentals, displaying variation in disease tolerance, 
was genotyped and phenotyped for disease susceptibility over four 
years. Quantitative trait locus (QTL) analyses were performed, and the 
haplotypes in the most important genomic region identified were stud
ied in a collection of almond cultivars. Finally, a candidate gene analysis 
was also performed in this major region using the almond reference 
genome ‘Texas’ v3.0-F1 (Castanera et al., 2024).

2. Materials and methods

2.1. Plant material

An F1 population derived from the cross between ‘Tarraco’ and 
‘Vairo’ (T×V; N=79) was used in this study. Both parents are breeding 
cultivars released by IRTA (Vargas et al., 2008), showing different levels 
of susceptibility to RLB. ‘Tarraco’ exhibits a high susceptibility level, 
whereas ‘Vairo’ shows very low susceptibility (Miarnau et al., 2021). All 
seedlings and parentals were grafted onto ‘Garnem®’ rootstocks and 
planted as central axis at 4 × 1.5 m spacing in 2016. The population was 
maintained at the IRTA Les Borges Blanques Experimental Station 
(Lleida, Spain; 41◦30’31”N, 0◦51’10”E) under standard agricultural 
practices in the area regarding irrigation, pruning, soil management, 
and fertilization. No fungicide treatments were applied during the 
experimental period to allow natural RLB infections.

2.2. Disease phenotyping and data analysis

Evaluations of RLB symptoms were conducted annually from July to 
August over four years (2018, 2019, 2020, and 2022). During the first 
two years, for each tree in the population, disease incidence and severity 
were evaluated by collecting 25 fully expanded leaves, from the outer 
canopy, encompassing various heights and orientations. In 2020 and 
2022, evaluations were conducted on 50 leaves per tree. Disease inci
dence was quantified as the percentage of leaves exhibiting at least one 
identifiable RLB lesion, regardless of size. To evaluate disease severity, 
collected leaves were visually categorized into five groups according to 
Miarnau et al. (2021): Group 0 (0% of leaf surface affected), Group 1 
(1–10%), Group 2 (11–20%), Group 3 (21–50%), and Group 4 (>50%). 
A mean leaf severity index for each genotype was calculated using the 
weighted average of the midpoint percentage for each class. For the 
parental cultivars (‘Tarraco’ and ‘Vairo’), disease incidence and severity 
were evaluated as in the population but using four trees per genotype. In 
addition, the broad-sense heritability (H2) for disease incidence and 

severity was calculated using the following formula: H2 =
σ2

g

σ2
g +

σ2
e
n

; where 

σ2
g is the variance of the genotype effect, σ2

e is the variance of the residual 
term, and n represents the number of years.

Statistical analyses were conducted to determine the correlations 
between disease indices and years. Spearman’s correlation coefficients 
were calculated for the relationships between traits across years. Addi
tionally, the Shapiro–Wilk’s W statistic (p < 0.05) was used to assess the 
normal distribution of each trait in each annual dataset. All statistical 
analyses were calculated using R software 4.3.1 (R Core Team, 2021) 
and specifically the packages ‘lme4’ (Bates et al., 2015) and ‘psych’ 
(Revelle, 2024).

2.3. Genotyping and linkage mapping

Individuals and parentals from the T×V population were genotyped 
using the almond Axiom™ 60K SNP array (Duval et al., 2023). Total 
genomic DNA was extracted for each genotype from young leaves 
following the CTAB protocol in 96-well plates (Doyle & Doyle, 1990). 
Genotyping was conducted using the Axiom GeneTitan system (Ther
moFisher Scientific; Waltham, USA) at the INRAE Gentyane platform 
(Clermont-Ferrand, France). The SNP genotypes were then analyzed and 
filtered using the Axiom Analysis Suite software following the best 
practices workflow settings (ThermoFisher, 2017).

Linkage map construction was performed using JoinMap® 5 soft
ware (van Ooijen, 2018) using the pseudo-testcross strategy 
(Grattapaglia & Sederoff, 1994). Three genetic maps were constructed, 
including one for each parental (‘Tarraco’ and ‘Vairo’) and the inte
grated map (T×V). For map construction, the minimum independence of 
logarithm of odd (LOD), the maximum likelihood mapping algorithm, 
and the Kosambi mapping function (Kosambi, 1944) were used. For the 
parental maps, only markers that were heterozygous in one parent and 
homozygous in the other were used. For the T×V map, all segregating 
markers in both parentals were used. Given the high number of markers 
mapped in the same genetic position, a single SNP was used to represent 
each group of co-segregating markers or bin.

2.4. QTL and haplotype analyses

QTL mapping was conducted for disease incidence and severity using 
the three genetic maps available (‘Tarraco’, ‘Vairo’, and ‘T×V’). Data 
from each year were analyzed independently, as well as the average 
value over the four years. MapQTL® 6 software (van Ooijen, 2009) was 
used for both interval mapping (Lander & Botstein, 1989) and multiple 
QTL mapping (MQM) methods (Jansen, 1994). To determine the LOD 
significance threshold for each QTL within every linkage group (LG), a 
permutation test was conducted at a significance level of 95% 
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(p < 0.05), employing 10.000 permutations (Lander & Botstein 1989; 
van Ooijen 1992). Given the similarity in the LOD significance threshold 
for each QTL, a LOD threshold equal or higher than 3 was used for all 
analyses. Therefore, a QTL interval was considered as a region with a 
LOD ≥ 3. Graphical representations of LGs and QTLs were generated 
using MapChart software (Voorrips 2002). We defined a QTL as 
consistent if it was detected each year. QTLs were named based on the 
recommendations for standard QTL nomenclature as reported in the 
Genome Database for Rosaceae (e.g: qP-RLB4.3m: where q = quantita
tive trait; P = Prunus; RLB = red leaf blotch; 4 = chromosome number; 3 
= 3rd chronological QTL for this trait reported in this chromosome; and 
m = same QTL identified in multiple years) (Jung et al., 2019). The 
physical positions of QTLs are based on the ‘Texas’ almond genome 
v3.0-F1 (Castanera et al., 2024).

Two SNPs from the genomic region of qP-RLB-3.1m were selected for 
the haplotype analysis (AX-586074286 and AX-586076177). For each 
haplotype combination, mean phenotyped values for those individuals 
carrying the same genotypes were estimated for disease incidence and 
severity. Statistical analyses were performed by using ANOVA to esti
mate the mean comparisons among phenotypic values of each segre
gating class within each population using R (R Core Team, 2021). 
Additionally, the genotypes for these two selected SNPs were also 
investigated in 19 cultivars in which different susceptibility levels to 
disease were previously reported (Miarnau et al., 2021). Cultivar ge
notypes were obtained from the almond Axiom™ 60K SNP array (Pérez 
de los Cobos et al., 2023).

2.5. Candidate gene analyses

To study the positional candidate genes, we obtained the annotation 
information from the ‘Texas’ reference genome v3.0-F1 (Castanera et al., 
2024), in the genomic region of qP-RLB-3.1m. This region (Chr03: 25.59 
to 29.10 Mbp) was defined based on the overlapping QTLs detected 
across multiple years in both parental and T×V maps. For each gene, a 
comprehensive search of scientific literature and genetic databases was 
conducted to uncover information related to their potential involvement 
in plant defense mechanisms.

3. Results

3.1. Disease incidence and severity

Disease incidence and severity were assessed in the parental cultivars 
(‘Tarraco’ and ‘Vairo’) and the individuals from the T×V population 
(Fig. 1; Supplementary Table 1). The results indicated that ‘Tarraco’ 

exhibited greater disease incidence than ‘Vairo’ (83.4% and 72.5% in 
average, respectively). Similarly, ‘Tarraco’ displayed higher disease 
severity (29.2% and 9.7% in average, respectively). This trend was 
consistent across all evaluated years except for 2022, when ‘Vairo’ dis
played a slightly higher disease occurrence than ‘Tarraco’ (77.0% and 
73.5%, respectively) (Supplementary Table 1).

Within the T×V population, mean disease incidence over the four 
years ranged from 52.0 to 93.5%, and disease severity from 6.1 to 35.7% 
(Fig. 1). Disease data remained consistent across the years, particularly 
in 2018, 2019, and 2022. During these three years, the average popu
lation incidence ranged from 73.3% to 78.1%, and severity ranged be
tween 8.1% and 18.0%. However, in 2020, a notable increase in disease 
incidence was observed, with the most tolerant individual of the T×V 
population showing an incidence of 68%, and the population’s mean 
reaching 97.2%. Disease severity behaved similarly, with a mean value 
of 32.8% for that year (Fig. 1).

The distribution of traits revealed that only disease incidence in 2018 
(W=0.969; p=0.060) and 2022 (W=0.970; p=0.068) followed a normal 
distribution. For disease incidence in 2019 and 2020, as well as disease 
severity across all assessed years, deviations from normality were 
observed. The correlation between years for incidence and severity in
dexes ranged between 0.84 and 0.90. However, in 2020, there was a 
notable deviation, with a correlation between these two indices of 0.38 
(Supplementary Fig. 1). There was an absence of correlation between 
both phenotyped variables across different years. Nevertheless, the 
broad-sense heritability (H2) was moderately high for both traits, with 
values of 0.55 for incidence and 0.61 for severity.

3.2. Genotyping and linkage mapping

From the 60.581 SNPs of the almond Axiom™ 60K SNP array, a total 
of 2.286 were selected for linkage mapping. Of them, 1.035 were het
erozygous in ‘Tarraco’, 619 in ‘Vairo’, and the remaining 632 were 
found to be heterozygous in both parentals. After map construction, the 
parental linkage maps for ‘Tarraco’ and ‘Vairo’ comprised 244 and 251 
markers, distributed in eight LGs and spanning total genetic lengths of 
372.3 and 444.1 cM, respectively (Supplementary Tables 2 and 3). The 
average distance between markers was 1.59 and 1.91 cM for ‘Tarraco’ 
and ‘Vairo’, respectively. In both parentals, the largest number of 
markers were mapped on LG1, which was also the largest linkage group. 
In the T×V map, a total of 541 SNPs were mapped, spanning a genetic 
distance of 448.8 cM, with an average distance between markers of 0.85 
cM (Supplementary Tables 2 and 3). All developed maps exhibited 
whole genome coverage, with average physical distance between 
markers of 773 Kbps for ‘Tarraco’, 729 Kbps for ‘Vairo’, and 423 Kbps 

Fig. 1. Disease incidence and severity in the ‘Tarraco’ × ‘Vairo’ population for each phenotyped year and the average value over the four years. The top and bottom 
sides of the box indicate the 25th and 75th percentile, respectively. Whiskers represent the lower and upper extreme values. Outlier samples are indicated by dots.
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for T×V.

3.3. QTL mapping

Considering all the phenotyped years, both disease indexes, and the 
three analyzed maps, a total of 38 QTLs linked with disease incidence 
and severity were identified (18 related to incidence and 20 to severity; 
Table 1). Among these, 14 were mapped in the ‘Tarraco’ map, 10 in the 
‘Vairo’ map, and 14 in the T×V map (Fig. 2). Despite the large number of 
detected QTLs, only one consistent QTL (qP-RLB-3.1m), representing 18 
individual QTLs, was detected on the lower part of LG3 (Fig. 2). This 
region spanned from 28.2 to 43.7 cM in the ‘Tarraco’ map, 38.8 to 54.3 
cM in the ‘Vairo’ map, and 37.0 to 49.7 cM in the T×V map, corre
sponding to the interval between 21.86 to 30.26 Mbps on chromosome 3 
(total physical interval covered by all QTLs identified in this region). 
This QTL was detected across all years and showed percentages of 
phenotypic variation for disease incidence ranging from 18.2 to 21.5% 
and LOD scores between 3.6 and 5.2. Similarly, for disease severity, the 
phenotypic variation of qP-RLB-3.1m varied from 19.2 to 31.1% with 
LOD scores ranging from 4.6 to 7.4 (Table 1).

In addition to qP-RLB-3.1m, QTLs mapped on particular years and on 
specific maps were also detected (Table 1; Fig. 2). This is the case of qP- 
RLB-1.1 detected on ‘Tarraco’, ‘Vairo’, and T×V maps within the same 
physical interval (Chr01: 10.03–11.75 Mbps). This QTL, detected for 
both disease incidence and severity, was observed in 2020 and mean 
data of the four years with LOD scores ranging from 3.5 to 5.1 and 
percentages of variance explained (PVE) between 17.8 to 21.4%. 

Another QTL on LG1 (qP-RLB1.2) was detected for disease incidence on 
‘Tarraco’ (35.9–37.2 cM) and T×V (43.7–51.4 cM) maps in 2018, with 
LOD scores close to the threshold (3.0) and PVE not exceeding 17% 
(Table 1). Similarly, another QTL (qP-RLB-7.1) mapped on both parental 
maps and the T×V, spanning from 19.19 to 22.45 Mbps of chromosome 
7, was detected for disease severity in 2020 with LOD scores ranging 
from 3.5 to 3.6 and PVE from 17.9 to 18.8% (Table 1; Fig. 2). Moreover, 
on LG8, two QTLs (qP-RLB-8.1 and qP-RLB8.2) were also identified 
(Table 1; Fig. 2). qP-RLB-8.1 was exclusively detected during the 2022 
year for disease incidence and severity in the ‘Tarraco’ and T×V maps, 
with PVE between 17.0 to 17.4% and LOD scores not surpassing 3.3, 
whereas qP-RLB8.2 was also detected uniquely in the ‘Tarraco’ and T×V 
maps but in this case only for disease incidence (PVE=16.9-17.6; 
LOD=3.1-3.3) (Table 1).

3.4. Haplotype analyses

To investigate how specific allele combinations within the major 
QTL qP-RLB3.1m could influence disease susceptibility and incidence, a 
haplotype analysis was conducted. Two markers spanning this region 
(AX-586074286 and AX-586076177), and heterozygous in both paren
tals, were selected for haplotype construction.

In the individuals of the T×V population, three segregation classes 
were observed based on the genotypes of these markers (AA|AA, AB|AB, 
and BB|BB; AX-586074286|AX-586076177 genotypes, respectively) 
(Fig. 3). Individuals with AA genotype for both markers exhibited the 
lowest average of disease incidence (75.5 ± 7.8%) and severity (15.5 ±

Table 1 
Summary of all detected QTLs for disease incidence and severity in ‘Tarraco’, ‘Vairo’, and ‘Tarraco’ × ‘Vairo’ maps.

Trait Year Map QTL name LG Genetic position Physical position (Mbp)1 Cofactor SNP Max LOD Average LOD PVE2

Incidence 2018 Tarraco qP-RLB-1.2 1 35.9-37.2 Chr1: 31.77 - 32.78 AX-586028361 3.1 3.1 17.0
2018 T×V qP-RLB-1.2 1 43.7-54.1 Chr1: 31.77 - 36.47 AX-586028155 3.1 3.0 16.6
2019 Tarraco qP-RLB-3.1m 3 34.3-43.7 Chr3: 24.84 - 30.18 AX-586076641 4.2 3.7 20.1
2019 T×V qP-RLB-3.1m 3 38.5-49.7 Chr3: 24.05 - 30.18 AX-586076641 3.9 3.4 18.5
2019 Vairo qP-RLB-3.1m 3 42.4-49.1 Chr3: 23.97 - 29.19 AX-586074923 3.6 3.5 18.8
2022 Tarraco qP-RLB-3.1m 3 28.2-43.7 Chr3: 21.86 - 30.18 AX-586076641 5.2 3.9 20.7
2022 Tarraco qP-RLB-8.1 8 25.3-26.6 Chr8: 21.55 - 21.66 AX-586148369 3.3 3.2 17.4
2022 T×V qP-RLB-3.1m 3 38.5-49.7 Chr3: 24.05 - 30.18 AX-586076641 5.0 3.9 21.5
2022 T×V qP-RLB-8.1 8 35.1-37.3 Chr8: 21.55 - 22.36 AX-586148369 3.3 3.2 17.2
2022 Vairo qP-RLB-3.1m 3 38.8-54.3 Chr3: 23.12 - 30.26 AX-586076005 4.3 4.0 21.4
Mean Tarraco qP-RLB-1.1 1 11.2-17.7 Chr1: 9.53 - 12.19 AX-586019700 3.5 3.3 17.8
Mean Tarraco qP-RLB-3.1m 3 34.3-43.4 Chr3: 24.84 - 30.18 AX-586076641 4.3 3.5 18.9
Mean Tarraco qP-RLB-8.2 8 48.8-50.1 Chr8: 27.21 - 27.32 AX-586154585 3.3 3.2 17.6
Mean T×V qP-RLB-1.1 1 11.6-17.3 Chr1: 9.53 - 11.75 AX-586018561 3.8 3.5 18.9
Mean T×V qP-RLB-3.1m 3 39.0-47.1 Chr3: 24.05 - 29.75 AX-586076641 4.0 3.6 19.4
Mean T×V qP-RLB-8.2 8 51.2-56.0 Chr8: 26.23 - 27.32 AX-586154585 3.1 3.1 16.9
Mean Vairo qP-RLB-1.1 1 12.6-19.3 Chr1: 9.69 - 11.75 AX-586018561 3.8 3.6 19.5
Mean Vairo qP-RLB-3.1m 3 42.4-54.3 Chr3: 23.97 - 30.26 AX-586074923 3.6 3.4 18.2

Severity 2019 Tarraco qP-RLB-3.1m 3 29.5-43.7 Chr3: 23.44 - 30.18 AX-586076641 6.1 5.4 27.6
2019 T×V qP-RLB-3.1m 3 37.0-49.7 Chr3: 23.97 - 30.18 AX-586073165 6.1 5.2 26.9
2019 Vairo qP-RLB-3.1m 3 38.8-54.3 Chr3: 23.12 - 30.26 AX-586074923 6.0 5.1 26.4
2020 Tarraco qP-RLB-1.1 1 8.7-17.7 Chr1: 7.70 - 12.19 AX-586018554 3.6 3.3 18.1
2020 Tarraco qP-RLB-3.1m 3 28.2-43.7 Chr3: 21.86 - 30.18 AX-586075383 4.0 3.6 19.2
2020 Tarraco qP-RLB-7.1 7 26.0-39.2 Chr7: 19.19 - 22.45 AX-586135679 3.6 3.3 17.9
2020 T×V qP-RLB-1.1 1 8.0-33.4 Chr1: 7.63 - 25.45 AX-586018980 4.7 3.6 19.2
2020 T×V qP-RLB-3.1m 3 39.1-49.7 Chr3: 24.05 - 30.18 AX-586075383 4.6 4.1 21.8
2020 T×V qP-RLB-7.1 7 30.3-36.2 Chr7: 19.96 - 20.70 AX-586135679 3.6 3.5 18.8
2020 Vairo qP-RLB-1.1 1 13.9-39.9 Chr1: 10.03 - 25.48 AX-586018978 4.6 3.8 20.5
2020 Vairo qP-RLB-3.1m 3 43.4-54.3 Chr3: 25.40 - 30.26 AX-586076903 4.7 4.4 23.0
2020 Vairo qP-RLB-7.1 7 33.8-41.6 Chr7: 19.73 - 20.70 AX-586135621 3.5 3.4 18.4
2022 Tarraco qP-RLB-8.1 8 25.3-25.6 Chr8: 21.55 - 21.66 AX-586148369 3.2 3.1 17.0
2022 T×V qP-RLB-8.1 8 30.9-36.3 Chr8: 20.10 - 21.14 AX-586148369 3.2 3.1 17.0
Mean Tarraco qP-RLB-1.1 1 8.7-18.6 Chr1: 7.70 - 12.25 AX-586018554 4.1 3.6 19.4
Mean Tarraco qP-RLB-3.1m 3 28.2-43.7 Chr3: 21.86 - 30.18 AX-586075383 7.1 6.2 31.1
Mean T×V qP-RLB-1.1 1 8.3-18.9 Chr1: 7.67 - 12.10 AX-586018578 5.1 4.0 21.0
Mean T×V qP-RLB-3.1m 3 37.0-49.7 Chr3: 23.97 - 30.18 AX-586074923 7.2 5.8 29.0
Mean Vairo qP-RLB-1.1 1 4.8-20.6 Chr1: 5.73 - 12.10 AX-586018578 5.1 4.1 21.4
Mean Vairo qP-RLB-3.1m 3 38.8-54.3 Chr3: 23.12 - 30.26 AX-586074923 7.4 6.2 30.7

1 Physical position based on the ‘Texas’ v3.0-F1 almond genome (Castanera et al., 2024).
2 PVE: Percentage of variances explained.
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4.7%). Conversely, those individuals with the BB genotype in both 
markers showed the highest mean values for disease incidence (83.8 ±
7.7%) and severity (22.9 ± 5.9%). Meanwhile, individuals with AB ge
notypes for both markers (as parentals) had slightly lower disease 
incidence and severity compared to those with BB genotypes (Incidence 
= 81.4 ± 7.6%; severity = 20.4 ± 6.4%) (Fig. 3). Statistical differences 
between the mean phenotype values of AA|AA and the two remaining 
classes (AB|AB and BB|BB) were reported.

The relationships between haplotypes and susceptibility levels were 
also studied in 19 almond cultivars with known susceptibility to RLB 
(Table 2). Among these, only ‘Mardía’, exhibiting the highest level of 
disease resistance, was found to carry out AA genotypes for both 
markers. However, in other cultivars spanning from low tolerance to 
high susceptibility levels, no consistent patterns linking genotypes with 
susceptibility were observed.

3.5. Candidate gene analysis

Functional analysis was performed on the genomic region of the 
‘Texas’ genome v3.0-F1, which encompasses the major QTL identified in 
this study (qP-RLB3.1m; Chr03: 25.59 to 29.10 Mbps), aiming to find 
potential candidate genes associated with RLB resistance in almond. A 
total of 505 genes were predicted within this region (Supplementary 
Table 4). Among them, 136 (27%) resulted in uncharacterized proteins, 
while for the remaining predicted genes (N=369; 73%), annotations 
indicated involvement in different pathways. In-depth analysis of these 
genes revealed the presence of 49 genes with annotations related to 
plant defense mechanisms (Table 3). Among these, annotations such as 
receptor-like protein kinase or cinnamoyl-CoA reductase-like were 
identified.

4. Discussion

The large number of seedlings generated annually in almond 
breeding programs underscores the importance of investigating the 
main kernel quality and agronomical traits, including resistance to 

Fig. 2. Physical position (Mbp) of detected QTLs in the ‘Texas’ v3.0-F1 almond genome. QTL name and detected year (2018, 2019, 2020, 2022, M: Multiyear) 
is included.

Fig. 3. Mean phenotypic values of disease incidence and severity in the three 
segregating classes observed among the ‘Tarraco’ × ‘Vairo’ individuals for the 
two SNP markers used for haplotype construction (AX-586074286 and AX- 
586076177). Significant differences between classes are marked by different 
letters (p < 0.05).

Table 2 
Genotypes for AX-586074286 and AX-586076177 markers in 19 almond culti
vars showing different levels of susceptibility to Polystigma amygdalinum.

Genotype AX- 
586074286

AX- 
586076177

Susceptibility

‘Mardía’ AA AA Highly tolerant
‘Marta’ BB AA Tolerant
‘Ferraduel’ BB AA Tolerant
‘Ferragnes’ AB AB Tolerant
‘Constanti’ BB AA Tolerant
‘Belona’ BB AB Tolerant
‘Lauranne’ AB AB Tolerant
‘Vairo’ AB AB Tolerant
‘Penta’ AB AB Moderately susceptible
‘Tardona’ AA AB Moderately susceptible
‘Masbovera’ AB AB Moderately susceptible
‘Glorieta’ AB AA Moderately susceptible
‘Francoli’ BB AA Moderately susceptible
‘Marcona’ BB AB Moderately susceptible
‘Soleta’ BB AA Susceptible
‘Marinada’ AA AB Susceptible
‘Desmayo Largueta’ AB AA Susceptible
‘Guara’ BB AA Highly susceptible
‘Tarraco’ AB AB Highly susceptible
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diseases, to develop new technologies that increase breeding efficiency. 
However, despite the impact of diseases on almond production, no ge
netic studies linked to disease tolerance in almond breeding programs 
have been reported to date (Goonetilleke & Fernández i Martí, 2023). To 
the best of our knowledge, this is the first time that an almond disease 
(RLB) has been studied through QTL mapping. RLB is considered one of 
the main diseases affecting almond crops in the Mediterranean and 
Middle East countries, making the development of more tolerant culti
vars a key target in almond breeding programs (Batlle et al., 2017). 
However, despite extensive field documentation of different levels of 
cultivar susceptibility, little is known about the genetic control of RLB 
tolerance in almonds (Egea et al., 1984; Saad & Masannat, 1997; Hey
darian & Moradi, 2005; Ollero-Lara et al., 2019; Miarnau et al., 2021). In 
this study, we investigated the genetic basis of RLB tolerance using the 
almond Axiom™ 60K SNP array (Duval et al., 2023) platform, an 
excellent source for genotyping and later performing QTL and 
genome-wide association studies in the species (Pérez de los Cobos et al., 
2023). The number of mapped markers in both parentals and the T×V 
maps was within the range previously described for saturated maps 
constructed using this SNP array (Duval et al., 2023) and 
genotyping-by-sequencing technologies (Goonetilleke et al., 2018), and 
surpassed those maps constructed using SSR markers (Sánchez-Pérez 
et al., 2007; Font i Forcada et al., 2012; Fernández i Martí et al., 2013). 
This efficiency highlights this new array as a wonderful tool to conduct 
genetic analyses and develop molecular markers for assisted selection in 
almond breeding programs, given the elevated marker saturation.

The different levels of disease incidence and severity across almond 
germplasm suggest a polygenetic component regulating tolerance at the 

cultivar level. In this work, two cultivars were considered: ‘Tarraco’, 
which previously showed high susceptibility to RLB, and ‘Vairo’ which 
demonstrated a certain level of tolerance compared with other almond 
cultivars (Zúñiga et al., 2019; Miarnau et al., 2021). The behavior of 
these cultivars was confirmed in this study, where ‘Tarraco’ presented 
infection rates higher than ‘Vairo’. Within the individuals of the F1 
population, a wide range of segregation in disease tolerance levels was 
observed, with individuals exhibiting both higher and lower suscepti
bility levels than parentals. However, only a few individuals presented 
incidence and severity indexes below those of ‘Vairo’ (the tolerant 
cultivar), with the individuals of the population showing clear segre
gation towards higher disease susceptibility. This suggests the presence 
of alleles associated with disease tolerance that likely exhibit a recessive 
effect.

Additionally, correlations between disease indicators (incidence and 
severity) across years were low. This finding is consistent with other 
studies that evaluated fungal infections in segregating populations 
(Pacheco et al., 2014). Considering that RLB infections rely on the 
presence of airborne ascospores, disease levels can be highly influenced 
by the meteorological conditions that determine inoculum development 
and outbreaks (Pons-Solé et al., 2023). For example, in 2020, the period 
from April to June experienced higher rainfall (215 mm) compared to 
other phenotyped years (134, 85, and 91 mm in 2018, 2019, and 2022, 
respectively) (Statistical Yearbook of Catalonia, 2024). In 2020, higher 
disease levels were observed which could be linked to a higher inoculum 
presence in the field. Polystigma amygdalinum has been reported to 
produce severe ascospore outbreaks under favorable conditions, such as 
mild temperatures and humidity, particularly following rain events 
(Banihashemi 1990; Zúñiga et al., 2020; Miarnau et al., 2021; Pons-Solé 
et al., 2023; Pons-Solé et al., 2024). This influential effect of environ
mental conditions could be also responsible for the differences in sus
ceptibility observed at the cultivar level in some studies. Hence, 
Ollero-Lara et al. (2019) reported ‘Tarraco’ as tolerant when compared 
to ‘Guara’, while this work and previous research (Miarnau et al., 2021) 
found a high susceptibility to RLB for ‘Tarraco’.

RLB disease development is highly influenced by environmental 
conditions affecting inoculum dynamics and disease progress. However, 
a moderate heritability was observed for RLB tolerance in the studied 
population (H2 = 0.55 and 0.66 for incidence and severity, respectively), 
which highlights its inheritance control and the possibility of carrying 
out genetic analyses. Additionally, the different levels of susceptibility to 
RLB found across almond germplasm (Egea et al., 1984; Ollero-Lara 
et al., 2019; Miarnau et al., 2021), along with the distribution of disease 
indexes in the T×V population, may indicate the polygenic control of the 
disease. This hypothesis seemed supported by our current QTL analysis, 
which revealed the presence of several QTLs distributed among various 
genomic regions. Nevertheless, only one QTL (qP-RLB3.1m) demon
strated stability across different years, parental cultivars, and disease 
incidences. This stable QTL, located on LG3, accounted for 18 to 31% of 
the phenotypic variation, with the QTL peak around 27 Mbp (Chr3). 
Notably, qP-RLB3.1m was found in the same region where a previous 
QTL for resistance to sharka disease (plum pox virus; PPV) was reported 
in apricot (Lambert et al., 2007). Moreover, the detection of this main 
QTL in both parental cultivars, despite their different genetic back
grounds, suggests that this could be a potential region harboring key 
gene(s) controlling RLB tolerance in almond germplasm, which once 
validated, could be targeted in breeding programs.

Besides qP-RLB3.1m, additional minor QTLs were identified in 
various genome regions, overlapping with regions containing QTLs 
associated with other plant diseases previously reported in other species. 
This is the case of qP-RLB1.1, located on LG1 (Chr01: 9.52-12.25 Mbps), 
that overlapped with PPV, Monilinia spp., and Xanthomonas spp. related 
QTLs previously detected in other Prunus species (Lambert et al., 2007; 
Yang et al., 2013; Martínez-García et al., 2013; Pacheco et al., 2014). 
Similarly, the QTLs identified on LGs 7 (qP-RLB7.1) and 8 (qP-RLB8.1 
and qP-RLB8.2) in this work have been previously documented in other 

Table 3 
Genes predicted to confer disease resistance within the interval of the major QTL 
detected on Chr03: 25.59 to 29.10 Mbps (‘Texas’ genome v3.0-F1).

Description Gene ID

2-methylene-furan-3-one reductase TexasF1_G13611; TexasF1_G13632
Allene oxide cyclase TexasF1_G13132
Altered xyloglucan 4-like TexasF1_G13574
Cinnamoyl-CoA reductase-like SNL6 TexasF1_G13148; TexasF1_G13627
Early nodulin-like protein 20 TexasF1_G13485; TexasF1_G13495
GDSL esterase/lipase TexasF1_G13212; TexasF1_G13616; 

TexasF1_G13617
Glycine-rich protein TexasF1_G13473
HIPL1 protein TexasF1_G13381
Monodehydroascorbate reductase 4 TexasF1_G13633
MYB domain protein 30 TexasF1_G13432
Pathogenesis-related thaumatin 

superfamily protein (thaumatin-like 
protein)

TexasF1_G13522

Pectin methylesterase 31 TexasF1_G13474
PR5-like receptor kinase (leaf rust 10 

disease-resistance locus receptor-like 
protein kinase-like 2.5)

TexasF1_G13368; TexasF1_G13370; 
TexasF1_G13371

Proline dehydrogenase 2 TexasF1_G13172
Proteasome maturation factor UMP1 TexasF1_G13137
Receptor-like protein kinase TexasF1_G13149; TexasF1_G13197; 

TexasF1_G13247; TexasF1_G13248; 
TexasF1_G13249; TexasF1_G13250; 
TexasF1_G13251; TexasF1_G13252; 
TexasF1_G13253; TexasF1_G13256; 
TexasF1_G13258; TexasF1_G13264; 
TexasF1_G13265; TexasF1_G13266; 
TexasF1_G13267; TexasF1_G13268; 
TexasF1_G13271; TexasF1_G13272; 
TexasF1_G13294; TexasF1_G13413; 
TexasF1_G13523; TexasF1_G13586; 
TexasF1_G13592

Serine carboxypeptidase-like 25 TexasF1_G13298
Small GTP-binding protein TexasF1_G13408
Transducin/WD40 repeat-like superfamily 

protein (ribosome biogenesis protein 
WDR12)

TexasF1_G13302

WRKY DNA-binding protein 72 TexasF1_G13407
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Prunus populations investigated for brown rot resistance (Pacheco et al., 
2014). However, none of these QTLs exhibited stability over the years, 
indicating the impact of environmental conditions on their expression. 
These conditions are correlated with varying disease incidences, 
potentially linked to the activation of specific genes with minor effects 
on increasing tolerance levels.

The consistent co-localization of qP-RLB3.1m across years, maps, and 
disease indexes highlights this region as crucial for identifying candidate 
genes linked to RLB resistance in almonds. Within this region, several 
gene families associated with pathogen resistance in plants have been 
identified. This is the case of receptor-like proteins (RLP), which have 
been identified as providing resistance to certain fungal pathogens such 
as Fulvia fulvum (Cooke) Cif., Plasmopara viticola (Berk. & M.A. Curtis) 
Berl. & De Toni, and Pyricularia grisea Cooke ex Sacc. (Krujit et al., 2005; 
Li et al., 2009; Lan et al., 2019). These genes play a pivotal role in 
sensing and interpreting external stimuli, subsequently activating rele
vant downstream signaling pathways, including defense mechanisms. 
Within qP-RLB3.1m, 26 genes annotated as RLP have been observed. It is 
important to highlight TexasF1_G13368, TexasF1_G13370, and Tex
asF1_G13371, which were annotated as PR5-like receptor kinase (leaf 
rust 10 disease-resistance locus receptor-like kinase), and whose 
expression has been reported in various plant species during defense 
responses (Wang et al., 1996; Yao et al., 2020; Massodi et al., 2022). This 
suggests a role of this gene in the perception of microbial signals and 
makes it a good candidate associated with the phenotypic variation of 
the QTL. Other potentially important genes identified within this QTL 
interval include TexasF1_G13148 and TexasF1_G13627, both annotated 
as members of the cinnamoyl-CoA reductase-like family. These genes 
have been documented to confer immunity to Xanthomonas oryzae pv. 
oryzae in rice plants by modulating lignin content (Bart et al., 2010; Cui 
et al., 2022). This is particularly relevant in RLB management, as lignin 
biosynthesis has been identified as a crucial mechanism for inhibiting 
fungal growth in almond, with lignin deposition observed in 
fungal-colonized areas in highly tolerant cultivars such as ‘Mardía’ 
(Zúñiga et al., 2019).

Additional genes with predicted functions linked to disease resis
tance, such as 2-methylene-furan-3-one reductase, were identified 
within qP-RLB3.1m (TexasF1_G13611; TexasF1_G13632). These genes 
are involved in the synthesis of volatile furaneol, an organic compound 
known to induce defense priming and enhance resistance against path
ogens (Quintana-Rodriguez et al., 2014; Peinado-Guevara et al., 2017; 
Rego et al., 2022). This variation in disease susceptibility among in
dividuals within the population and almond cultivars could potentially 
be associated with these genes. Similarly, other candidate resistance 
genes found within the QTL interval included the pathogenesis-related 
thaumatin-like protein (TexasF1_G13522) that has been reported to 
mediate against leaf rust fungus (Petre et al., 2011; Zhang et al., 2018), 
the allene oxide cyclase (TexasF1_G13132) that promotes the expression 
of genes associated with disease resistance in sugarcane (Sun et al., 
2023), or GDSL-type esterase/lipase genes that promote defense against 
pathogens in several plant species (Hong et al., 2008; Gao et al., 2017; Ji 
et al., 2023).

In addition to identifying candidate genes within qP-RLB3.1m, the 
discovery of alleles from this genomic region is valuable for selecting 
individuals with greater tolerance to RLB infection. In the T×V popu
lation, a promising breeding allele linked to reduced disease incidence 
(AA|AA for AX-586074286|AX-586076177 genotypes, respectively) 
was identified. Furthermore, this allele was validated in the germplasm, 
as ‘Mardía’, an almond cultivar known for its high tolerance to RLB 
(highly superior to any other almond cultivar) (Zúñiga et al., 2019; 
Miarnau et al., 2021), exhibited the same genotype as individuals in the 
population with the lowest infection rates. Therefore, despite variations 
in disease incidence due to environmental conditions, the SNPs used for 
haplotype construction in this study can effectively distinguish between 
different susceptibility levels in the almond germplasm. This suggests 
that marker development focusing on this allele may hold considerable 

promise for applications in almond breeding.

5. Conclusions

This study investigated the genetics of RLB in almonds through QTL 
analysis for the first time. The varying levels of disease tolerance 
observed in the individuals of the F1 population (‘Tarraco’ × ‘Vairo’) 
suggested a genetic control of RLB. A stable QTL, qP-RLB3.1m, was 
identified in the lower region of LG3 across all four phenotyped years, 
explaining up to 31% of the phenotypic variation. Haplotype analysis of 
this major QTL revealed that individuals with the lowest disease inci
dence shared a common haplotype. This haplotype, consisting of two 
SNP makers, was also found in ‘Mardía’, the almond cultivar with the 
highest disease tolerance, indicating a potential target for breeding. 
Moreover, 42 genes associated with pathogen resistance were identified 
as potential candidates for RLB tolerance within qP-RLB3.1m region. 
Thus, this research serves as a foundation for advancing the breeding of 
almond cultivars with enhanced resistance to RLB.
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López-Moral, A., Agustí-Brisach, C., Ruiz-Prados, M.D., Lovera, M., Luque, F., 
Arquero, O., Trapero, A., 2022. Biological and urea treatments reduce the primary 
inoculum of red leaf blotch of almond caused by Polystigma amygdalinum. Plant Dis. 
107, 2088–2095. https://doi.org/10.1094/PDIS-04-22-0957-RE.

Martínez-García, P.J., Parfitt, D.E., Bostock, R.M., Fresnedo-Ramírez, J., Vazquez- 
Lobo, A., Ogundiwin, E.A., Gradziel, T., Crisosto, C., 2013. Application of genomic 
and quantitative genetic tools to identify candidate resistance genes for brown rot 
resistance in peach. PLoS One 8 (11), e78634. https://doi.org/10.1371/journal. 
pone.0078634.

Masoodi, K.Z., Ahmed, N., Mir, M.A., Bhat, B., Shafi, A., Mansoor, S., Rasool, R.S., 
Yaseen, M.Y., Dar, Z.A., Mir, J.I., Mudasir Andrabi, S., Ganai, N.A., 2022. 
Comparative transciptomics unravel new genes imparting scab resistance in apple 
(Malus x domestica Borkh. Funct. Integr. Genom. 22, 1315–1330. https://doi.org/ 
10.1007/s10142-022-00889-x.
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