

  agronomy-16-00823




agronomy-16-00823







Agronomy 2026, 16(8), 823; doi:10.3390/agronomy16080823




Article



Identification of Sources of Resistance to Aphanomyces euteiches in Common Vetch (Vicia sativa subsp. sativa) Germplasm



Mario González 1,*, Ángela Molina 1,2, Sara Rodriguez-Mena 1,2 and Diego Rubiales 1





1



Institute for Sustainable Agriculture, Spanish National Research Council (IAS-CSIC), Avda. Menendez Pidal s/n, 14004 Córdoba, Spain






2



Programa de Doctorado de Ingeniería Agraria, Alimentaria, Forestal y del Desarrollo Rural Sostenible, Universidad de Córdoba, 14014 Córdoba, Spain









*



Correspondence: mgonzalezromero@ias.csic.es







Citation: González, M.; Molina, Á.; Rodriguez-Mena, S.; Rubiales, D. Identification of Sources of Resistance to Aphanomyces euteiches in Common Vetch (Vicia sativa subsp. sativa) Germplasm. Agronomy 2026, 16, 823. https://doi.org/10.3390/agronomy16080823



Academic Editors: Kai Li, Yu Gao, Zhaofeng Huang and Guangnan Xing



Received: 20 March 2026 / Revised: 6 April 2026 / Accepted: 15 April 2026 / Published: 17 April 2026



Abstract


Aphanomyces root rot is a major threat to legume production worldwide, mainly in pea and lentil, crops on which extensive research programs are targeting the management of the disease. However, other legumes such as common vetch, although known to be severely affected by the disease, remain largely unexplored. This study aimed to identify sources of resistance within V. sativa subsp. sativa accessions. A total of 211 genetically diverse accessions were screened under controlled conditions following inoculation with isolate RB84. Disease progression was monitored through periodic foliar assessments and final root symptom evaluation. To assess resistance stability, a subset of 13 accessions representing contrasting response levels was further inoculated with three additional isolates (Aph-1, AE11, and AE12). In this multi-isolate assay, disease severity was quantified, shoot biomass was recorded, and root system architecture traits were determined using WinRHIZO image analysis. A high correlation between foliar and root symptoms at 20 days indicated that foliar symptom assessment provides a reliable, non-destructive indicator of root health. Considerable variation in disease response was detected, with several genotypes maintaining consistently low symptom levels and three exhibiting near-complete resistance across all isolates. Root architectural traits further corroborated visual disease assessments, showing patterns consistent with resistance and susceptibility responses. Overall, this study demonstrates the presence of genetic variability in the response of V. sativa to A. euteiches, with a subset of accessions showing resistance to the four isolates tested. This resistance potential can be directly used in breeding programs focused on improving tolerance to root rot.
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1. Introduction


Common vetch (Vicia sativa subsp. sativa L.) is globally recognized as one of the most economically significant annual legumes [1], contributing to reduced fertilizer inputs due to its capacity to fix atmospheric nitrogen via symbiosis with soil rhizobia [2]. It is primarily cultivated as forage for animal feed due to its high leaf crude protein and high digestibility or as green manure in sustainable agricultural systems [3,4]. Although its origin is traced to the arid regions of the Middle East, common vetch has been extensively adopted and cultivated in diverse agroecological areas, with major production zones currently located in Ethiopia, Mexico, Turkey, Russia, and Spain [5]. According to the Food and Agriculture Organization [6], global vetch production declined from 1,277,642 tons harvested from 888,125 hectares in 2004 to 654,724 tons from 339,462 hectares in 2024, reflecting a marked decrease in production over recent years.



Despite its agronomic advantages, common vetch, like other legume crops, is affected by a range of biotic stresses, including fungal pathogens, insect pests, and parasitic weeds, that can severely reduce yield and quality [1,7]. Among these, foliar diseases such as anthracnose [8], powdery mildew [9], downy mildew [10], and rust [11] are widespread, while soil-borne pathogens, including fungi such as Fusarium spp. [12], the parasitic weed Orobanche crenata [13], and the oomycete Aphanomyces euteiches [14], pose significant challenges due to their persistence in the soil and difficulty of control.



Aphanomyces root rot caused by A. euteiches is a major constraint to legume production, being widespread across many agricultural regions and responsible for substantial yield losses, particularly in North America, Europe, Oceania, and Asia [15]. This oomycete is recognized for its persistence in soil, facilitated by the production of long-lived oospores that can survive for years in the absence of a host [16,17]. Aphanomyces euteiches infects a broad range of legume hosts, including Pisum sativum (pea), Lens culinaris (lentil), Medicago sativa (alfalfa), Phaseolus vulgaris (common bean), and Vicia sativa (common vetch), among others [18,19]. The disease is characterized by root discoloration, cortical decay, and a marked reduction in root biomass, resulting in reduced plant growth, poor nodulation, and significant yield losses [17,20]. In peas and lentils, yield reductions of up to 100% have been reported under optimal conditions [19,21]. Recent studies have also highlighted the increasing prevalence of A. euteiches in Mediterranean and continental climates, raising concerns about its potential impact on emerging legume crops such as common vetch [22]. The wide host range and adaptability of this oomycete, together with the lack of effective chemical control options and the limited availability of resistant cultivars, make it a major challenge for sustainable legume production [15,16]. In this context, controlled-condition resistance screening remains a critical step to identify stable sources of resistance that can be integrated into breeding programs [23].



Common vetch germplasm has been extensively characterized for agro-morphological traits, forage yield components, and seed morphology [24]. However, while the incidence of A. euteiches on pea and lentil has been widely studied, with numerous reports documenting its biology, distribution, and host–pathogen interactions [16,25], research on its occurrence and impact on vetch remains limited, and only a few studies have evaluated the susceptibility of vetch genotypes under controlled conditions [17,21]. Given the growing interest in V. sativa as a sustainable forage and cover crop, particularly in temperate climates, there is an increasing need to address the impact of A. euteiches, which can severely compromise root development, biomass accumulation, and nitrogen fixation capacity. Due to the need for environmentally sustainable disease management strategies that reduce reliance on chemical inputs and contribute to lowering greenhouse gas emissions, identifying resistant or tolerant genotypes becomes a key component of integrated disease control. Furthermore, considering the high level of genetic diversity previously reported in vetch germplasm collections, especially for traits related to adaptation and agronomic performance [26], it is reasonable to assume that some genotypes may also exhibit differential responses to root rot. However, to date, no systematic screening under controlled conditions has been conducted to evaluate the extent of variation in susceptibility to A. euteiches within a genetically diverse panel of V. sativa accessions.



Based on previous studies in other legume species and the reported genetic diversity in common vetch germplasm, we hypothesized that V. sativa subsp. sativa may harbor exploitable variation in response to A. euteiches, which could be reliably assessed under controlled conditions. Therefore, the objectives of this study were to evaluate the responses of a genetically diverse panel of V. sativa accessions to A. euteiches under controlled conditions, in order to identify sources of resistance that could be exploited in breeding programs aimed at improving vetch resilience to root rot and to study the stability of identified resistances against a set of contrasting isolates.




2. Materials and Methods


2.1. Plant Material and Experiment Conditions


A total of 211 accessions of V. sativa subsp. sativa L., with a wide geographical origin (Albania, Algeria, Cyprus, Egypt, France, Greece, Italy, Jordan, Lebanon, Malta, Morocco, Palestine, Portugal, Spain, Syria, Tunisia, Turkey and former Yugoslavia), were used in the study. Seeds were surface-sterilized with 0.1% (v/v) sodium hypochlorite for 1 min, scarified and pre-germinated for 4 days. Germinated seeds were placed individually in plastic pots (6 × 6 × 8 cm) containing 250 mL of perlite, with each plant considered an independent experimental unit.



Two independent experiments were conducted under controlled conditions. In experiment 1, the full collection of 211 accessions was evaluated using a single isolate. Within each experimental run, pots were arranged in a randomized complete block design comprising four blocks, each block including one plant per accession. The experiment was repeated three times over time, resulting in a total of 12 independent biological replicates per accession. In experiment 2, a subset of selected genotypes was evaluated independently under the same controlled conditions. In this case, each genotype × treatment combination was represented by eight biological replicates per experimental run, and the experiment was repeated twice over time, resulting in a total of 16 independent biological replicates per genotype and treatment.



Plants were maintained under controlled conditions (25 ± 2 °C, 50% relative humidity, and a 16/8 h day/night photoperiod) and watered as needed.




2.2. Oomycete Material and Inoculation


The Aphanomyces euteiches isolate RB84 (pathotype I, France), previously reported as virulent on vetch [27], was used for the initial screening of the 211 V. sativa subsp. sativa accessions (experiment 1). For experiment 2, a subset of 13 genotypes showing contrasting levels of susceptibility in experiment 1 (six resistant, four intermediate, and three highly susceptible) were selected and inoculated with four A. euteiches isolates: (1) the above described RB84; (2) Aph-1 (from pea, UK) [28]; and the Canadian isolates (3) AE11, a field isolate routinely used for pea phenotyping at the Crop Development Centre (CDC), University of Saskatchewan, Canada; and (4) AE12 [29]. RB84, AE11 and AE12 have been classified as pathotype I according to the French differential system, whereas no formal pathotype designation has been reported for Aph-1. These isolates were selected because, although classified within the same pathotype, previous studies have shown differences in disease severity across pea differential genotypes, indicating variability in aggressiveness within pathotype I [29].



All isolates were maintained and multiplied under the same conditions. The cultures were grown on corn meal agar (CMA) medium for 7 days at 24 °C in the dark. Zoospores were produced using a modified version of the method described by [30]. Plugs (5 × 5 mm) taken from the advancing edge of cultures were transferred to flasks containing 50 mL of peptone-glucose broth (20 g/L Oxoid bacteriological peptone, 5 g/L glucose). Cultures were incubated at 24 °C in darkness for 4 days, after which the broth was removed under sterile conditions, and mycelial mats were rinsed twice with sterile water for 2 h. Subsequently, 50 mL of mineral salt solution (0.26 g CaCl2·2H2O, 0.07 g KCl, 0.49 g MgSO4·7H2O dissolved in 1 L of sterile distilled water) was added to each flask and incubated at 24 °C in the dark for 20 h, allowing zoospore release. The inoculum was then filtered, zoospore density was determined using a Fuchs-Rosenthal haemocytometer and the concentration was adjusted to 103 zoospores/mL, and the plants were inoculated with 5 mL of zoospore suspension [31]. Control plants were treated with 5 mL of sterile distilled water following the same protocol, without the presence of the pathogen.




2.3. Disease Assessment


In both experiments, foliar symptoms were assessed at 0, 6, 11, 14, 17, and 20 days after inoculation (DAI) using a 0–5 visual scale adapted from [32] and originally developed for pea (Pisum sativum). This scale integrates progressive levels of yellowing, wilting, and basal stem necrosis (Figure 1a). In addition, foliar symptom values were used to calculate the relative area under the disease progress curve (rAUDPC) for each plant. At 20 DAI, roots were carefully removed from the substrate, washed, and visually scored for necrosis and rot severity (Figure 1b) using a 0–9 scale [19,33]. In experiment 2, at the end of the experiment, shoot fresh biomass was recorded, and root architecture (root length, surface area, volume, mean diameter, tips and crossings) was analysed using WinRHIZO software (v3.10b, Regent Instruments Inc., Québec, QC, Canada). For WinRHIZO analysis, roots were cut, placed on filter paper, and stored at −20 °C. Prior to analysis, samples were thawed at room temperature for 1 h.




2.4. Statistical Analysis


All statistical analyses were performed in R version 4.4.2 [34], and graphical representations were generated using the ggplot2 package (v3.5.1) [35]. For both experiments, mean values were calculated for foliar symptoms at 11, 14, 17, and 20 DAI, root symptoms, and relative AUDPC (rAUDPC). The AUDPC was calculated using the trapezoidal method based on foliar symptom scores across assessment dates and expressed relative to the maximum theoretical AUDPC value. In experiment 2, additional root architecture traits obtained with WinRHIZO (total root length, surface area, mean diameter, and number of tips) were also summarized as means and standard errors.



For experiment 1, the distribution of accession means was explored using histograms. For the variables, a linear mixed model (lmer function from the lme4 package (v2.0.1)) was used including genotype, repetition and replicate as random factors. Broad-sense heritability (H2) was calculated using the formula H2 = σ2G/(σ2G + σ2E/r), where σ2G is the genetic variance, σ2E is the residual variance and r is the number of rounds [25,36]. For experiment 2, treatment effects were evaluated for each genotype using one-way analysis of variance (ANOVA), followed by Tukey’s test when significant (p < 0.05).





3. Results


3.1. Experiment 1


The 211 evaluated V. sativa accessions exhibited a wide range of foliar and root symptoms after A. euteiches inoculation (Figure 2). No foliar symptoms were observed before 6 DAI. At 11 DAI, 90% of the accessions remained asymptomatic (mean foliar symptoms < 1), while 10% exhibited slight yellowing or wilting (1–2) (Figure 2a). By 14 DAI, 52% of accessions were still not symptomatic, with 44% showing low symptoms, and only 4% reaching foliar symptoms ≥ 2 (Figure 2b). By 17 DAI, symptom distribution broadened, with accessions more evenly spread across categories from 0 to 3 (Figure 2c). By 20 DAI, most of the accessions (60%) exhibited medium to severe foliar symptoms (≥3), while ~6% remained asymptomatic (Figure 2d). In line with these patterns, rAUDPC was dominated by intermediate severities: 71% of accessions were distributed between 10 and 30%, 12% were in the 0–5% class, and 10% exceeded 30% (Figure 2e). Root symptoms were also high for most genotypes: 51% scored 7–8, whereas only 3% were <3 (Figure 2f).



The genetic component did not exert a significant influence on foliar symptoms until 17 DAI, after which its effect progressively increased over time. By the end of the experiment (20 DAI), foliar symptoms exhibited moderately high heritability (H2 = 0.71), with lower but still significant values also observed at 17 DAI (H2 = 0.60). On the other hand, rAUDPC displayed moderate heritability (H2 = 0.64), although it was notably influenced by environmental factors. With respect to root symptoms, they were predominantly determined by genetic factors, displaying the highest heritability (H2 = 0.85) (Table 1).



Regression analysis at 20 DAI revealed a moderately strong association between foliar and root symptoms (Figure 3). At this stage, foliar values spanned the full 0–5 scale, and their correlation with root symptoms was high (R2 = 0.75), indicating that plants with more severe foliar symptoms also exhibited more advanced root rot. In contrast, at earlier time points (11, 14, and 17 DAI), the correlation between foliar and root symptoms was low (R2 = 0.32, 0.47, and 0.6, respectively). Most of the evaluated accessions were classified as susceptible (root symptoms ≥ 5) or highly susceptible (root symptoms ≥ 7), but a subset of accessions was resistant, displaying low foliar (<0.5) and root symptoms (<3).



Among the most resistant accessions (root symptoms < 3), several genotypes exhibited almost complete absence of foliar symptoms throughout the evaluation period (Table S1). Accessions 124, 75 and 113 consistently maintained foliar symptoms values of 0 or close to 0 across all time points, with final scores at 20 DAI below 0.8. Notably, accession 124 showed minimal symptom expression (foliar symptoms ≤ 0.1), suggesting a particularly high level of resistance. Other resistant accessions, such as 75 and 172, displayed slightly higher foliar symptom values over time but remained well below thresholds typically associated with susceptibility (foliar symptoms < 1). The group of resistant genotypes showed rAUDPC values ranging from 0.1 to 6.5, indicating slow disease progression and limited symptom development. The resulting plots reveal the variability in disease response among accessions, highlighting both the progression of severity over time and the presence of accessions with consistently low mean foliar values, which may indicate higher levels of resistance. In contrast, the three most susceptible genotypes (58, 201 and 272) exhibited rapid disease onset, with foliar symptom values exceeding 3.8 at 20 DAI and rAUDPC values between 17.5 and 27.7. Their corresponding root symptoms scores (≥8.0) confirmed extensive root damage, in agreement with the severity of the foliar symptoms.




3.2. Experiment 2


The multi-isolate experiment showed that foliar symptoms, rAUDPC and plant biomass responses after 20 DAI were consistent across vetch accessions (Figure 4, Table S2). In contrast, root symptoms showed significant differences between non-inoculated controls and at least one inoculated treatment in all accessions, indicating that root infection occurred even in resistant genotypes. Accessions 172, 75, and 113 showed no significant differences between inoculated and control plants for foliar symptoms, rAUDPC, or fresh biomass, and only exhibited very low root symptoms (<2) across all isolates, with significant differences detected only in some isolates and always associated with minimal symptom severity. A comparable response was observed in genotype 98, which did not differ from the control in foliar symptoms and rAUDPC and showed only moderate root symptoms for all the isolates and limited biomass reduction to isolate Aph-1. In contrast, genotypes 118, 158, 272, 201 and 58 exhibited significantly higher foliar symptoms, rAUDPC and root rot severity, together with marked biomass reductions, in all inoculated treatments compared with the control, indicating high susceptibility regardless of the isolate. Genotype 124 remained resistant to most isolates across all parameters but showed a clear susceptible response to isolate AE12, reflected by increased foliar and root symptoms and a significant reduction in biomass. Genotype 115 showed low root symptom levels and no biomass reduction despite intermediate foliar symptom responses, indicating resistance at the root and plant performance levels. Genotypes 266 and 214 showed intermediate, isolate-dependent responses, with moderate to high root symptoms and consistent biomass reductions.



Regarding root system architecture, the parameters measured with WinRHIZO showed the resistance patterns observed for disease and biomass parameters (Figure 5). The most resistant accessions (172, 75 and 113) showed no significant differences between inoculated plants and the non-inoculated control for total root length, root surface area or number of root tips, indicating that root development was not affected by any A. euteiches isolate. A similar response was observed in accession 98, with significant reductions detected only for isolate AE11, while reductions in root length and surface area were limited to isolates Aph-1 and AE11 and no differences were observed in the number of root tips.



In contrast, accessions 58, 118, 201 and 272 showed consistent reductions in all root traits across all isolates, and accession 158 also showed reduced root length and surface area for all isolates, with a less pronounced effect on root tips for isolate RB84. Several accessions showed isolate-dependent responses: accession 124 was affected only by isolate AE12, accession 115 showed an increased number of root tips only for isolate Aph-1, and accessions 214 and 266 showed significant reductions in root traits only when inoculated with isolate RB84. Regarding average root diameter, control plants generally showed intermediate values relative to inoculated treatments, indicating that this parameter did not provide a clear or consistent discrimination between resistant and susceptible responses and should therefore not be considered a key indicator of disease incidence under the conditions of this experiment.





4. Discussion


Resistance to A. euteiches has been extensively characterized in several grain legumes [19], whereas comparable information for common vetch is based on limited material [17]. Interest in this disease has increased markedly in recent years due to its expanding geographical distribution, its impact on an increasing number of legume crops, and the limited effectiveness of current control strategies, which has in turn highlighted the need for efficient resistance screening approaches that can be applied to large germplasm collections [37]. The results obtained here provide broad-scale evidence that V. sativa harbors substantial genetic variation for resistance to this pathogen, allowing both methodological and biological aspects of resistance to be addressed.



The main methodological limitation in A. euteiches resistance screening is the dependence on destructive root evaluations, which restricts throughput and increases experimental costs [38]. Recent studies in pea have shown that foliar symptom assessment at late stages of infection can provide a reliable estimation of root disease severity, enabling non-destructive and more efficient resistance screening [32]. The results obtained in the present study confirm the applicability of this approach in common vetch. Foliar symptoms increased markedly only after 14 days post-inoculation, which is consistent with the early infection by A. euteiches and the delayed observation of foliar symptoms described in other legumes [16]. At 20 days after inoculation, the strong correlation observed between foliar and root symptoms (R2 = 0.75) indicates that foliar symptom severity at this stage reflects root health status. In addition, the increase in heritability estimates at later stages supports the relevance of this timing for resistance evaluation, as genetic effects become more clearly expressed once disease progression is sufficiently advanced. From a practical point of view, the use of a single foliar assessment at 20 DAI simplifies large-scale phenotyping in vetch, reducing the need for destructive root sampling while still capturing relevant genetic variation for resistance. Importantly, this methodology allows resistance screening to be conducted under controlled conditions while preserving selected plants, facilitating their direct use in subsequent breeding and improvement programs.



The response validation against a series of isolates of different origins provided a useful approximation of the stability of the resistance across pathogen diversity. This is particularly relevant given the well-documented genetic and pathogenic variability of A. euteiches populations, including differences in aggressiveness and host interaction among isolates from different geographic origins [15,19,39]. For example, the detection of A. euteiches across different legume hosts and regions in northern Europe highlights its adaptability and persistence in agricultural systems [40]. In some legume species, isolate-specific resistance has been reported, with pathotypes described reinforcing the need to validate resistance using multiple isolates rather than relying on single-isolate assays [21,27]. In this context, the multi-isolate experiment conducted in our work provides relevant information on resistance stability in common vetch. Accessions 75, 113 and 172, which showed low disease expression for all tested isolates, are particularly valuable for breeding because their resistance is stable across different pathogen populations. In contrast, the response of accession 124 clearly illustrates the influence of isolate-specific pathogenicity, as this genotype remained highly resistant to three isolates but showed pronounced susceptibility to isolate AE12. The occurrence of intermediate responses is consistent with the quantitative nature of aphanomyces root rot resistance described in other legumes [25,41]. These results highlight the potential impact of pathogen population diversity on the durability of resistance, as genotype performance may vary depending on the isolate, emphasizing the need to consider pathogen variability in resistance breeding.



Comparative studies across legumes have revealed marked differences in susceptibility to A. euteiches, both between and within species. In pea and lentil, most genotypes evaluated under controlled conditions typically show high disease severity, with root rot scores commonly ranging from 6 to 9 on a 0–9 scale and only limited levels of partial resistance reported [17,19]. In contrast, common vetch has been identified as one of the legume species exhibiting a wide intraspecific variation in response to A. euteiches. In a broad screening of grain and forage legumes, Ref. [17] reported that V. sativa included genotypes ranging from highly susceptible to highly resistant, with several cultivars displaying strong partial resistance or even qualitative resistance to a pea-infecting isolate. The results of our work were obtained using isolates originally collected from pea, which remain the most widespread and studied due to the global predominance of pea cultivation. However, as observed in other legumes such as faba bean, host-driven adaptation may occur over time [17], and the expansion of vetch cultivation could favor the emergence and spread of isolates better adapted to this host. In that study, common vetch clustered with species such as faba bean and clover, where resistant and susceptible genotypes coexisted, in clear contrast to lentil and alfalfa, which were uniformly susceptible. The results obtained in the present work support and extend these observations. Although most vetch accessions showed moderate to high disease severity, a small but distinct subset showed low foliar and root symptom levels, confirming the existence of exploitable resistance within V. sativa germplasm. The continuous distribution of susceptibility observed here further supports the quantitative nature of resistance in this species, while the identification of accessions with stable low disease expression highlights their potential value for breeding. Although the genetic basis of resistance to A. euteiches in common vetch has not yet been characterized, studies in other legumes, particularly pea and lentil, have shown that resistance is controlled by multiple QTLs distributed across the genome [25]. This quantitative resistance may involve a combination of structural and biochemical defenses, including reinforcement of cell walls and the production of antimicrobial compounds such as phytoalexins where differences in the timing and intensity of these responses can determine the outcome of infection [23], which may also be modulated by redox and hormonal signaling pathways [42].



On the other hand, root system architecture has become an important component of resistance phenotyping to root rot in legumes, as it captures the functional impact of root infection beyond visual disease scoring. In pea, total root length and projected root area were shown to be negatively correlated with susceptibility, and genetic loci associated with both root architecture and resistance have been identified, supporting a close link between preservation of root development and quantitative resistance [43]. In common vetch, root system architecture traits measured with WinRHIZO closely matched the resistance patterns defined by disease severity and plant biomass, with resistant accessions maintaining root length, surface area and tip number at levels comparable to non-inoculated controls, while susceptible accessions showed strong and consistent reductions in these traits across isolates. However, at least in the set of genotypes analyzed here, no clear relationship was observed between root surface area in non-inoculated plants and their level of susceptibility, indicating that resistance is not determined by constitutive root traits per se but may instead rely on the ability to maintain root integrity under pathogen pressure, in contrast to what has been reported in pea [43]. Isolate-dependent responses observed for several accessions further support the quantitative nature of resistance and highlight the value of root system architecture traits for detecting subtle differences in host–pathogen interactions. However, the stability of these resistance responses under field conditions remains to be validated, as environmental factors may influence their expression.




5. Conclusions


In conclusion, the resistance sources identified in this study provide a foundation for breeding strategies aimed at improving tolerance to root rot in common vetch. The use of foliar symptoms at 20 DAI as a rapid screening trait, combined with confirmatory root and biomass evaluations, offers a scalable phenotyping framework for breeding programs. Future work should focus on validating these resistance responses under field conditions, assessing their stability across environments, and determining the genetic basis of resistance through mapping or genomic approaches.
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Figure 1. Scale of foliar (a) and root (b) symptoms of Aphanomyces euteiches in Vicia sativa subsp. sativa. 
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Figure 2. Frequency distribution of disease metrics for 211 Vicia sativa subsp. sativa accessions inoculated with Aphanomyces euteiches. (a–d) Foliar symptoms at 11, 14, 17 and 20 days after inoculation (DAI), scored on a 0–5 scale. (e) Relative area under the disease progress curve (rAUDPC, %). (f) Root symptoms scored on a 0–9 scale. Bars represent the number of accessions within each class of mean disease score (means calculated from 12 biological replicates per accession); red lines indicate smoothed frequency curves. 
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Figure 3. Correlation between foliar (scale: 0–5) and root (scale: 0–9) symptoms 20 days after Aphanomyces euteiches inoculation under controlled conditions. Dots represent the mean values for each genotype. Red line indicates the linear regression fit (p < 0.0001), with the coefficient of determination (R2). 
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Figure 4. Foliar and root disease parameters and plant biomass of vetch genotypes inoculated with four Aphanomyces euteiches isolates or non-inoculated controls. Values represent mean ± SE (n = 16 plants per treatment). For each genotype and parameter, different letters indicate significant differences among treatments according to Tukey’s HSD test (p < 0.05). 
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Figure 5. Root system architecture traits of vetch genotypes inoculated with four Aphanomyces euteiches isolates or non-inoculated controls, using WinRHIZO software. Parameters include total root length, root surface area, average root diameter and number of root tips. Values represent mean ± SE (n = 16 plants per treatment). For each genotype and parameter, different letters indicate significant differences among treatments according to Tukey’s HSD test (p < 0.05). 
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Table 1. Variance components and broad-sense heritability (H2) estimates for foliar symptoms (11, 14, 17, and 20 days after inoculation, DAI), the relative area under the disease progress curve (rAUDPC) and root symptoms at 20 DAI.
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	Variable
	σ2G a
	σ2E b
	H2 c





	Foliar symptoms (11 DAI)
	0.11
	0.37
	0.48



	Foliar symptoms (14 DAI)
	0.26
	0.75
	0.51



	Foliar symptoms (17 DAI)
	0.55
	1.11
	0.60



	Foliar symptoms (20 DAI)
	1.06
	1.29
	0.71



	rAUDPC (%)
	53.88
	89.09
	0.64



	Root symptoms
	1.97
	1.06
	0.85







a σ2G: Genetic variance. b σ2E: residuals variance. c H2: Broad-sense heritability.
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