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A B S T R A C T

Powdery mildew (Erysiphe pisi, E. trifolii) and rust (Uromyces pisi) are important diseases affecting grass pea 
(Lathyrus sativus). This study investigates grass pea’s histological, enzymatic, and metabolic responses to these 
pathogens using accessions with contrasting resistance. Partially resistant (PR) accessions exhibited smaller 
fungal colonies from 48 h after inoculation (HAI) onwards. Enhanced superoxide dismutase (SOD) activity was 
observed as early as 12 HAI in PR accessions against both powdery mildews, associated with increased ascorbate 
peroxidase (APX) and catalase (CAT) activity in E. trifolii and E. pisi infections, respectively. Moreover, phenolic 
compounds and flavonoids accumulated in E. trifolii-infected PR accessions (6–48 HAI). For rust, APX activity 
rose at 48 HAI in PR accessions.

These findings suggest that partial resistance (PR) in grass pea is characterized by restricted pathogen invasion 
and a dynamic regulation of reactive oxygen species (ROS)-scavenging enzymes, with responses varying across 
pathosystems. This highlights the importance of pathogen-specific selection strategies to minimize the risk of 
resistance breakdown and promote durable disease resistance in breeding programs.

1. Introduction

Grass pea (Lathyrus sativus) is an annual legume cultivated predom
inantly in the rainfed regions of South Asia and Sub-Saharan Africa [1,
2]. Known for its resilience to a wide range of abiotic stress factors (e.g. 
salinity, drought, nutrient deficiency, heat, flooding), this crop provides 
a significant source of calories in regions more affected by extreme 
environmental events [3]. Despite its resilience to adverse 
agro-ecological conditions, in particular environmental conditions, the 
co-occurrence of abiotic and biotic stress events can significantly impact 
grass pea yield [1].

Rust and powdery mildews are among the major air-borne biotrophic 
fungal diseases affecting grass pea production. Under suitable condi
tions, powdery mildew infection has been reported to cause up to 50 % 
loss in the yield of legumes such as pea and soybean [4,5]. The 

symptoms induced by rust disease can result in a decline in grain quality 
and a reduction in overall plant yield between 20 and 80 %, depending 
on the crop and the environmental conditions [6]. Powdery mildew in 
grass pea is commonly reported as Erysiphe pisi (the causal agent of pea 
powdery mildew) [7,8]. More recently, studies have demonstrated that 
E. trifolii (causal agent of clover powdery mildew) can also successfully 
infect grass pea, with similar disease symptoms, making it difficult to 
differentiate between the two pathogens. However, Martins and col
laborators (2023) revealed that E. trifolii could constitute a more severe 
biotic threat to grass pea by inducing higher susceptibility levels than 
E. pisi. Indeed, E. trifolii is able to overcome the only widely deployed er1 
gene-mediated resistance in peas and has been detected across different 
continents [9]. A similar situation might occur in grass pea given pea 
phylogenetically proximity [10]. As for the occurrence of rust disease, 
studies have shown that grass pea is mainly infected by Uromyces pisi [7,
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11].
Several germplasm collections of grass pea and the related L. cicera 

have been evaluated under controlled conditions to identify resistance 
against powdery mildew and rust [7,10–14]. These efforts have un
covered promising levels of partial resistance. Subsequent genome-wide 
association studies (GWAS) and linkage mapping approaches have 
shown that this resistance is controlled by multiple loci [7,10,12,15]. 
While the genetic basis of resistance in grass pea has been described, the 
molecular mechanisms underlying these loci remain largely unexplored. 
A detailed characterization of grass pea-pathogen interactions at histo
logical, enzymatic, and metabolic levels is essential for identifying the 
active resistance mechanisms. This knowledge will facilitate the selec
tion of accessions with the most effective defense mechanisms, sup
porting targeted breeding strategies for durable disease resistance.

Histological observations of pathogen-infected plant tissues provide 
important insights into the pathogen life cycle and the plant resistance 
mechanisms, guiding effective breeding strategies based on plant- 
pathogen interactions at different stages. For instance, hypersensitive 
reactions (HR), characterized by localized cell death, can be detected 
histologically even when not macroscopically visible. Additionally, 
structural defenses such as papillae formation and cell-wall appositions, 
which partially hinder pathogen penetration, are only observable 
through histological analysis [10,16].

Legume species employ various resistance mechanisms to prevent 
pathogen infection during the powdery mildew and rust infection pro
cesses. Pre-haustorial defenses, which occur before host cell penetration, 
involve the formation of localized cell wall reinforcements, such as from 
the accumulation of callose, lignin, phenolics, or reactive oxygen spe
cies, at sites of attempted penetration [4,17–19]. Once the haustorium 
forms, a post-haustorial hypersensitive response (HR) can be triggered. 
Histological observations show that this HR involves localized cell death 
of invaded host cells, effectively cutting off the pathogen’s access to the 
host’s nutrient supply [20].

Previous histological studies on Lathyrus spp. - U. pisi pathosystems 
revealed that resistance was mainly associated with restriction of 
haustorium formation and reduction in the number of haustoria per 
colony, representing a case of pre-haustorial resistance [13,14]. As for 
the interaction of Lathyrus spp. with powdery mildew pathogens, to the 
best of our knowledge, no previous studies have provided a detailed 
characterization and comparison of histological events in cultivars with 
contrasting phenotypic response to either E. pisi or E. trifolii.

During early infection, plants rapidly produce reactive oxygen spe
cies (ROS), mainly hydrogen peroxide (H2O2) and superoxide anions 
(O2

− ), which activate pre- and post-haustorial defense mechanisms 
[21–24]. ROS also act as signaling molecules, regulating 
resistance-related gene expression and triggering additional defense 
responses [24]. However, excessive ROS accumulation can cause 
oxidative damage, including lipid peroxidation and cell membrane 
degradation [21]. To maintain ROS balance, plants rely on 
ROS-scavenging enzymes and non-enzymatic antioxidants like phenolic 
compounds and flavonoids, which help detoxify ROS and mitigate stress 
[24,25]. Additionally, soluble sugars play a dual role in plant defense: 
they provide energy for immune responses and function as signaling 
molecules interacting with hormonal pathways. Sugars also enhance the 
early oxidative burst, promote cell wall lignification, stimulate flavo
noid synthesis, and induce pathogenesis-related proteins [26,27].

Catalase, ascorbate peroxidase (H2O2-scavenging enzymes), and su
peroxide dismutase (O2

− -scavenging enzyme) play a crucial role in 
detoxifying harmful free radicals while supporting ROS-induce defense 
responses against pathogens. The regulation of ROS-scavenging activity 
in grass pea under biotrophic infection remains largely unexplored. In 
pea, a closely related species, increased ROS-scavenging enzyme activity 
has been linked to increased resistance against E. pisi [22,23]. Resistant 
pea genotypes also exhibited lower malondialdehyde (MDA) levels, an 
indicator of reduced lipid peroxidation and oxidative damage. Similarly, 
resistant wheat and barley cultivars infected with yellow rust (Puccinia 

striiformis) showed increased antioxidant enzyme activity, along with 
decreased ROS and MDA levels. These findings highlight the crucial role 
of the antioxidative system in mitigating oxidative stress and enhancing 
pathogen resistance [28].

As for grass pea interaction with powdery mildew and rust patho
gens, little is known about the activity of the described enzymatic and 
metabolic parameters. A better understanding of the complementation 
between histological and antioxidant defense mechanisms against 
E. pisi, E. trifolii, or U. pisi could provide additional criteria for a more 
informed and accurate selection of durable multi-resistant grass pea 
cultivars. To address this, we performed a time-course comparison of 
grass pea accessions with contrasting phenotypes to E. pisi, E. trifolii, and 
U. pisi, where their microscopic response to pathogen invasion and the 
activity of catalase (CAT), ascorbate peroxidase (APX), superoxide dis
mutase (SOD) and the accumulation of several defense-related metab
olites (MDA, phenolic compounds, soluble sugars, and flavonoids) were 
characterize, to clarify which are the similarities and differences among 
these three air born biotrophic pathogen-grass pea interactions.

2. Material and methods

2.1. Histological analysis of grass pea - Erysiphe pisi and Erysiphe trifolii 
interaction

2.1.1. Erysiphe pisi and Erysiphe trifolii inoculation
The selection of the contrasting partially resistant and susceptible 

grass pea accessions was based on disease severity scores (percentage of 
leaf area covered by pathogen’s mycelium) obtained from a previous 
inoculation experiment on a grass pea germplasm collection, infected 
with E. trifolii or E. pisi [10].

These were the partially resistant accessions PI221467_A and 
BGE23931, the susceptible accessions PI426892 and PI426882 in 
response to E. pisi; the partially resistant accessions PI195603 and 
PI358601, and the susceptible accessions PI667247 and PI391431, to 
E. trifolii.

Inoculations with E. pisi and E. trifolii were performed using the well- 
established detached leaves methodology, as described by Martins and 
collaborators (2023). Prior to inoculations, seeds from grass pea acces
sions were surfaced sterilized as described by Sampaio et al. (2021b). 
Following this, seedlings were transferred to 0.5 L pots (one plant/pot) 
containing 1:1 sand and peat mixture and maintained in controlled 
conditions (12h light 22 ◦C/12h dark 20 ◦C, 60 % relative humidity, and 
200 μmol/m2/s of illumination) [7]. Three leaflets (one from each of 3 
plants), per accession, per time-point, per inoculation experiment, were 
detached from two-week-old grass pea plants and placed abaxial side 
down on Petri dishes containing agar (4 g/l) supplemented with benz
imidazole (62.5 mg/l). The used E. pisi isolate Ep-CO-01 and E. trifolii 
isolate CO-11B were maintained on pea cv. ’Messire’ seedlings in 
separate air-filtered growth chambers. Inoculation was performed using 
a settling tower, by dispersing conidia directly from previously infected 
pea cv. ‘Messire’ leaves into the settling tower with the help of pres
surized air. Inoculation experiments with either powdery mildew 
pathogen were conducted on consecutive days to prevent isolate 
cross-contamination. Glass slides were placed inside the settling tower 
and used to confirm inoculum density throughout the inoculation pro
cess, maintained to approximately 5 conidia/mm2. Petri dishes with 
inoculated leaves were covered and placed in a growth chamber (20 ◦C, 
12h light/12h dark photoperiod).

2.1.2. Histological analysis of grass pea interaction with Erysiphe pisi and 
Erysiphe trifolii

Leaf samples were collected for histological observations at different 
time points, 6 h after inoculation (HAI), 12, 24, 48, and 72 HAI, and 
processed as described by Fondevilla and collaborators [29], with minor 
modifications. Briefly, grass pea leaflets were placed abaxial side down 
on filter paper moistened with a 1:3 (v/v) mixture of glacial acetic acid: 
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absolute ethanol for chlorophyll removal and tissue fixation. When 
completely bleached, leaflets were transferred to filter paper moistened 
with tap water for 1 h to soften the tissues. Following this step, leaflets 
were transferred to filter paper moistened with a 1:1:1 (v/v) mixture of 
lactic acid:glycerol:water for storage until microscopic observation. For 
examination of fungal structures, leaf segments were stained with a drop 
of Tryptan blue in lactoglycerol (0.1 % w/v). For every leaf segment, the 
percentage of spore germination was calculated by scoring 150 conidia. 
Additionally, sporelings were classified according to whether: germi
nated sporelings developed an appressorium and established colony 
revealed by the emergence of secondary hyphae. The number of hyphal 
branches per colony was counted as an estimation of colony 
development.

2.2. Histological analysis of grass pea – Uromyces pisi interaction

2.2.1. Uromyces pisi inoculation
A total of three partially resistant grass pea accessions (PI283566, 

PI165528, and PI577138_A) and two susceptible accessions (PI283574, 
and PI221467_B) to U. pisi infection were selected from previous work 
[7] for histological observations. The selection of the contrasting 
partially resistant and susceptible grass pea accessions was based on 
disease severity scores (percentage of leaf area covered by rust’s pus
tules) obtained from a previous inoculation experiment on a grass pea 
germplasm collection, infected with U. pisi [7].

Prior to pathogen inoculation, grass pea accessions were maintained 
in controlled conditions (12h light 22 ◦C/12h dark 20 ◦C, 60 % relative 
humidity, and 200 μmol/m2/s of illumination) [7]. Inoculations with 
U. pisi were conducted on 20-days-old whole grass pea plants (three 
independent plants as three biological replicates) by dusting 2 mg of rust 
spores/plant diluted with pure talk (1:10, w:w) as described in Vaz Patto 
and Rubiales [11]. Inoculated plants were incubated for 24 h at 20 ◦C 
and 100 % humidity in complete darkness. After incubation, spore 
germination was checked under the microscope to ensure the inocula
tion was successful and plants were transferred to a growth chamber 
(20 ◦C, 12 h light/12 h dark photoperiod).

2.2.2. Histological analysis of grass pea interaction with Uromyces pisi
Three leaflets per accession (one from each of the three independent 

plants) were collected at different time points (12, 24, 48 HAI) and 
processed for histological observations as described by Sillero and 
Rubiales [30]. Briefly, leaf samples collected at 12 and 24 HAI were used 
for observations of early stages of infection and therefore, care was taken 
not to displace spores and germtubes from the leaf surface. For this, 
leaves were laid abaxial side down on a Petri dish with filter paper 
dipped in a fixative 1:1 mixture solution (ethanol: glacial acetic acid, 
v/v) and then transferred to filter paper immersed in water for 1 h to 
soften the tissues. Finally, leaf samples were maintained in a lactogly
cerol solution (1:1:1 lactic acid:glycerol:water, v/v/v) for storage until 
microscopic observation. Fungal structures on the leaf surface were 
stained with a drop of Tryptan blue in lactoglycerol (0.1 % w/v). A total 
of 150 urediospores were grouped into different categories: germinated 
urediospores (considered when the emerging germ tube was at least as 
long as the spore diameter), with germ tubes successfully locating a 
stoma. Regarding the urediospore germ tubes reaching a stoma, a 
distinction was made whether an appressorium was developed above 
the contacted stoma or not. Regarding the urediospore germ tubes not 
reaching a stoma, a distinction was made if the germ tube developed a 
misplaced appressorium (away from the stoma) or if the germ tube 
overgrowth at least one stoma without forming an appressorium.

Samples collected at 48 HAI were used to assess later stages of 
pathogen development, happening inside substomatal vesicles and 
intercellular spaces, and therefore processed differently. Leaf samples 
were first fixed by immersion in tubes filled with acetic:ethanol (1:3, v/ 
v) and then stained by boiling in 0.05 % Tryptan blue in lactophenol: 
ethanol (1:2, v/v) for 10 min and cleared in a nearly saturated aqueous 

chloral hydrate solution (5:2, w/v) to remove Tryptan blue from the 
chloroplast membrane. Per leaflet, 10 infection units were studied. The 
number of hyphal branches and haustoria were counted. The occurrence 
of host cell necrosis was recorded, as observed by the uptake of Tryptan 
blue by the host cells.

2.3. Enzymatic analysis of grass pea - Erysiphe pisi, Erysiphe trifolii, and 
Uromyces pisi interactions

The grass pea accessions with contrasting disease responses to E. pisi, 
E. trifolii, and U. pisi, previously described, were used also for the 
assessment of antioxidative enzyme activity (catalase, ascorbate 
peroxidase, and superoxide dismutase). Five plants per accession (five 
biological replicates), per time-point, per inoculation experiment, were 
inoculated separately for each pathogen.

For the characterization of the antioxidative enzyme activity upon 
infection with either powdery mildew pathogen, inoculation assays 
were performed as previously described (material and methods, section 
4.1.) with slight modifications. Whole plants were independently inoc
ulated with E. pisi or E. trifolii on a settling tower, providing an inoculum 
density of 40–45 conidia/mm2. Leaves were collected from non- 
inoculated control plants and inoculated ones at 6, 12, and 24 HAI, 
immediately placed in liquid nitrogen, and stored at − 80 ◦C.

Regarding U. pisi experiments, inoculations were performed as pre
viously described (material and methods, section 3.2.). Leaves were 
collected on non-inoculated control plants and inoculated ones at 12, 24, 
and 48 HAI, immediately immersed in liquid nitrogen, and stored at 
− 80 ◦C.

Approximately 100 mg of leaf tissue (with 15 mg of poly
vinylpyrrolidone in the maceration tube) were grounded to a fine 
powder with a TissueLyzer (30 cycles, 30 s each). The macerated tissue 
sample was homogenized in 50 mM potassium phosphate buffer (pH 
7.8), containing 0.1 mM EDTA, and 0.5 mM phenylmethanesulfonyl 
fluoride (PMSF). Homogenized samples were centrifuged at 14000 g for 
20 min at 4 ◦C. After centrifugation, the supernatant was collected, 
stored at low temperatures (4 ◦C), and used as an enzymatic extract for 
further spectrophotometer measurements to determine the anti
oxidative enzymatic activity and protein quantification according to 
manufacturer instructions.

2.3.1. Estimation of catalase activity
Catalase enzymatic activity was estimated following Mohapatra and 

collaborators (2016). Enzymatic assays were prepared in triplicates in a 
reaction mixture containing 50 mM potassium phosphate buffer (pH 7), 
10 mM hydrogen peroxide (H2O2), and 50 μl enzymatic extract, which 
was added last. The reaction mixture was poured into a 1 ml quartz 
cuvette and mixed before absorbance measurements. A blank sample 
was also prepared, replacing the enzymatic extract with potassium 
phosphate buffer (pH 7.8). Changes in absorbance were measured at 
240 nm at 15-s (s) intervals for 135 s.

2.3.2. Estimation of ascorbate peroxidase activity
Ascorbate peroxidase activity was estimated following the method of 

Elavarthi and collaborators [31]. Enzymatic activity assays were pre
pared in triplicates in a reaction mixture containing 50 mM potassium 
phosphate buffer (pH 7), 0.25 mM ascorbate, 50 μl enzymatic extract, 
and 0.5 mM H2O2, which was added last. The reaction mixture was 
poured into a 1 ml quartz cuvette. A blank sample was prepared 
replacing the sodium ascorbate and H2O2 with potassium phosphate 
buffer (pH 7). Moreover, correction for H2O2-induced ascorbate oxida
tion in the absence of enzymatic extract was assessed by replacing the 
enzymatic extract with potassium phosphate buffer (pH 7). Changes in 
absorbance were measured at 290 nm at 15 s intervals for 135 s.

2.3.3. Estimation of superoxide dismutase activity
Superoxide dismutase enzymatic activity was estimated following 
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Mohapatra and collaborators (2016). For estimation of enzymatic ac
tivity, a 940 ml reaction mixture containing 50 mM potassium phos
phate buffer (pH 7.8), 0.1 mM EDTA, 0.025 % (v/v) Triton X-100, 13 
mM L-methionine, 55 μM nitroblue tetrazolium chloride (NBT) and 50 μl 
enzymatic extract were poured into a plastic cuvette. Test samples 
containing enzymatic extract were prepared in triplicate for spectro
photometer measurements. The enzymatic reaction was initiated by 
adding 10 μl of 0.1 mM riboflavin and placing the samples under an 8 W 
LED light source for 10 min, on a standard electrical shaker. Two blank 
samples were taken as control by replacing the enzymatic extract with 
potassium phosphate buffer (pH 7.8) and exposing them to the same 
light source. Similarly, two cuvette samples were taken as blank control 
and wrapped in aluminum foil (non-irradiated) to prevent riboflavin 
reduction by light exposure. Absorbance was measured in the test 
samples against the dark blank samples at 560 nm. One enzymatic unit 
(EU) of SOD activity was defined as the amount of enzyme that caused 
50 % inhibition of NBT reduction per mg of protein.

2.4. Defense-related metabolites quantification

Grass pea accessions with contrasting phenotypic responses to E. pisi, 
E. trifolii, and U. pisi were infected with the different pathogens, leaves 
were collected on non-inoculated plants and on inoculated ones at 
different time-points and stored at − 80 ◦C. Leaves were collected from 
E. pisi-infected accessions at 6, 12, 24, 48, and 72 HAI, from E. trifolii 
infected accessions at 6, 12, 24, and 48 HAI, and from U. pisi-infected 
accessions at 12, 24, and 48 HAI. In all cases, leaves were also collected 
from non-inoculated control plants. For the quantification of meta
bolism markers, plant material was ground in a liquid nitrogen-cooled 
mortar, weighed (50–70 mg fresh weight), homogenized in 80 % (v/v) 
ethanol, and incubated for 10 min in an ultrasonic bath. Malondialde
hyde (MDA), total phenolic compounds (TPC), total flavonoids (TFL), 
and total soluble sugars (TSS) were quantified following the colorimetric 
measurements described in López-Hidalgo and collaborators [32]. Three 
biological replicates, per time-point, and pathogen were quantified.

2.5. Statistical analysis

Analysis of variance (ANOVA) of the histological parameters, ROS- 
scavenging enzymes activity, and defense-related metabolites contents 
was performed using Genstat software 21st edition (VSN, International, 
2021). Residuals were inspected to evaluate distribution normality 
(quantile-quantile plot, QQ), outliers, and homogeneity of variance 
(residuals vs. fitted values). When needed, histological and enzymatic 
data were subjected to angular (y = arcsine√x/100) or BOX-COX 
(ABOXCOX Genstat procedure) [33] transformation, respectively. Dif
ferences in histology, enzyme activity, and metabolite contents were 
analyzed separately for each accession and time point. Multiple com
parisons of means were performed using the Tukey test (p-value ≤ 0.05).

3. Results

3.1. Histological characterization of grass pea - powdery mildew and rust 
pathogens interaction

3.1.1. Erysiphe trifolii -infected grass pea leaves
Histological observations from E. trifolii-infected grass pea leaves 

revealed no clear distinction between partially resistant and susceptible 
accessions in the early pre-penetration stages of pathogen development 
(rate of spore germination and germinated spores that form an appres
sorium) (Table 1, Table 2).

Nevertheless, at 48 HAI, both PR accessions, PI195603 and 
PI358601, showed a significantly lower portion of sporelings that 
developed an appressorium and went on to develop secondary hyphae 
and colonies (Table 2). Similarly, by 72 HAI, colonies formed on the 
mentioned PR accessions developed less branched colonies (on average 

with only 2 hyphal branches per colony) than the susceptible accessions 
(over 6 hyphal branches per colony). No microscopic cell necrosis was 
observed in any of the studied grass pea accessions in response to 
E. trifolii infection (Fig. 1).

3.1.2. Erysiphe pisi-infected grass pea leaves
Table 3 shows that for the majority of grass pea accessions, most 

E. pisi conidia germinated within the first 6 h of infection. The exception 
to this was observed for the susceptible accession, PI426892, with a 
significantly reduced germination rate compared with the remaining 
accessions. However, by 12 HAI, no differences in sporeling germination 
rate were detected anymore among accessions.

Although the vast majority of the germinated spores went on to 
develop an appressorium, significant differences were observed among 
accessions. At 24 HAI, the percentage of sporelings successfully forming 
an appressorium was lower in the partially resistant accession 
(BGE23931) (Table 4). At the same time of infection, the susceptible 
accession PI426892 had the highest proportion of germinated sporelings 
establishing a colony. However, too few sporelings among the different 
accessions were observed to form colonies, at 24 HAI, to give reliable 
data. At later stages of infection (72 HAI), we observed a significant 
reduction in the number of hyphal branches per colony in the partially 
resistant accession (BGE23931), compared to susceptible accessions 
PI426892 and PI426882.

3.1.3. Uromyces pisi-infected grass pea leaves
Within the first stages of U. pisi infection (12 and 24 HAI), spore 

germination and germ tube orientation towards stoma were not signif
icantly different among partially resistant and susceptible grass pea 
accessions (Fig. 2, Table 5).

At later stages of the infection process (48 HAI), differences in the 
success of the infection unit’s development, following stomata pene
tration, became more evident among resistant and susceptible grass pea 
accessions (Table 6). Rust colonies on leaves of the three partially 
resistant accessions showed significantly lower intercellular growth, 
compared to the susceptible accessions. Also, the number of haustoria 
per colony in the partially resistant PI283566 and PI577138_A was 
significantly lower than in the susceptible PI221467_B.

Table 1 
Mean values for developmental stages of Erysiphe trifolii on infected leaves of 
selected grass pea accessions at 6 h after inoculation (HAI) and 12 HAIa.

Accessions Germination rate 
(%)

Germinated sporelings forming 
appressorium (%)

6 HAI
PI195603 (DS ¼ 5 

%)
57.3 ± 0.7a 58.8 ± 5.1a

PI358601 (DS ¼ 5 
%)

55.6 ± 1.2a 53.4 ± 5.3a

PI667247 (DS ¼
55 %)

53.6 ± 3.6a 46.0 ± 3.3a

PI391431 (DS ¼
70 %)

54.0 ± 2.0a 42.2 ± 3.0a

12 HAI
PI195603 (DS ¼ 5 

%)
69.8 ± 5.3a 87.4 ± 1.5a

PI358601 (DS ¼ 5 
%)

68.9 ± 1.2a 91.6 ± 3.2a

PI667247 (DS ¼
55 %)

70.4 ± 4.0a 78.2 ± 2.3a

PI391431 (DS ¼
70 %)

72.7 ± 6.0a 89.5 ± 3.5a

a Values with letters in common, in each column, per time-point were not 
significantly different (P ≤ 0.05, Tukey test). DS: Disease Severity (% leave area 
covered by mycelia). The data shown is the original untransformed values for a 
clearer biological meaning, but statistical tests were performed on transformed 
data when needed. DS values were retrieved from Martins and collaborators 
(2023).
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3.2. Kinetics of ROS-scavenging enzyme activity in grass pea accessions 
upon infection with powdery mildew and rust pathogens

ROS-scavenging enzyme activity in several grass pea accessions in 
response to E. trifolii or E. pisi (non-inoculated, 6, 12, and 24 HAI) and 
U. pisi (non-inoculated, 12, 24, 48 HAI) are shown in Fig. 3, S1, 4, S3, 5 
and S4. ANOVA (Table S1) indicated significant (P ≤ 0.05) interaction 
among accessions and the enzyme’s activity (CAT, APX, and SOD) 
assessed during the E. trifolii and U. pisi infection. As for E. pisi infection, 
significant interaction among accessions was observed for CAT enzyme 
activity.

3.2.1. Erysiphe trifolii-infected grass pea leaves
Upon infection with E. trifolii, the partially resistant accession 

PI195603 had a significantly higher APX-scavenging activity from 6 HAI 
onwards, as compared with the more susceptible grass pea accession. As 
for CAT activity, no clear difference was detected among partially 
resistant and susceptible grass pea accessions infected with E. trifolii 
(Fig. 3).

A significantly higher SOD activity was observed on non-inoculated 
control leaves of the partially resistant accessions compared to non- 
inoculated leaves of the susceptible PI391431 accession (Fig. 3). 
Although such differences dissipated after inoculation at 6 HAI, from 12 

HAI onwards, the partially resistant grass pea accessions (PI195603 and 
PI358601) showed again significantly higher SOD activity than the 
remaining susceptible accessions.

A high correlation between SOD and CAT activity (0.84) was 
detected among the grass pea accessions infected with E. trifolii. A 
moderate correlation was recorded among the remaining enzymes 
studied (0.63 for APX and SOD activities correlation and 0.57 for APX 
and CAT) (Fig. S2).

3.2.2. Erysiphe pisi-infected grass pea leaves
In response to E. pisi infection, although at control non-inoculated 

conditions the most susceptible accession had a higher APX activity 
compared with the partially resistant accessions PI221467_A and 
BGE23931, this situation was reversed as observed at 24 HAI. Both 
partially resistant accessions (PI221467_A and BGE23931) recorded a 
significantly higher (2-fold) ROS-scavenging activity of APX in relation 
to the susceptible accessions at 24 HAI (Fig. 4).

Regarding SOD and CAT, from 12 HAI onwards, the enzymatic ac
tivity of partially resistant accession PI221467_A was significantly 
higher than the one from the most susceptible grass pea accession 
PI426882 (Fig. 4). For the mentioned partially resistant accession 
(PI221467_A), a continuous increase in SOD and CAT activity was 
observed throughout the infection process (Fig. S3).

Correlation coefficient analysis revealed a moderate and positive 
correlation among the studied enzyme’s activity during E. pisi infection. 
The highest correlation was recorded among APX and CAT (0.68), and 
CAT and SOD (0.67) (Fig. S2).

3.2.3. Uromyces pisi-infected grass pea leaves
In the U. pisi-infected grass pea accessions, a significant reduction in 

APX activity was observed at 24 HAI for the grass pea accessions, except 
for the susceptible PI221467_B (Fig. S4). By 48 HAI, the ROS-scavenging 
activity of APX in the most susceptible accessions (PI221467_B) 
remained significantly lower (1.5-fold) compared with the remaining 
grass pea accessions (Fig. 5).

Regarding CAT, susceptible accessions had the highest enzymatic 
activity as compared with the more resistant accessions in non- 
inoculated conditions and at 12 HAI, respectively. At later stages of 
infection, such differences among accessions were dissipated (Fig. 5).

No clear patterns among grass pea accessions were observed when 
comparing SOD activity throughout the time points assessed (Fig. 5). 
Moreover, a moderate correlation coefficient was observed among en
zymes’ activity, the highest detected between CAT and APX activity 
(0.66) (Fig. S2).

3.3. Quantification of malondialdehyde, total phenolic compounds, 
flavonoids, and soluble sugars in grass pea accessions upon infection with 
powdery mildew and rust pathogens

Significant differences detected on the accumulation of malondial
dehyde (MDA), total soluble sugars (TSS), and secondary metabolites 
(total phenolic compounds, TPC, and flavonoids, TFL) among contrast
ing grass pea accessions were particularly evident in response to 
E. trifolii. Accumulation of the analyzed compounds in response to 
E. trifolii (non-inoculated control, inoculated at 12, 24, 48 HAI), E. pisi 
(non-inoculated control, inoculated at 6, 12, 24, 48 and 72 HAI) and 
U. pisi (non-inoculated control, inoculated at 12, 24 and 48 HAI) are 
shown in Figs. 6–8, respectively.

3.3.1. Erysiphe trifolii-infected grass pea leaves
A similar pattern of accumulation of the majority of the studied 

metabolites (except for TSS), was observed in the partially resistant 
accession PI358601, during the infection with E. trifolii, with an initial 
decrease by 6 HAI compared to the non-inoculated control, followed by 
a recovery of the initial content (by 24 HAI). Regarding TSS, differences 
among resistance contrasting grass pea accessions were only observed at 

Table 2 
Mean values for developmental stages of Erysiphe trifolii on infected leaves of 
selected grass pea accessions at 24 h after inoculation (HAI), 48 HAI, and 72 
HAIa.

Accession Germinated 
sporelings forming 
appressorium (%)

Proportion of 
germinated sporelings 
establishing a colony 
(%)

Number of 
hyphal 
branches

24 HAI
PI195603 

(DS ¼ 5 %)
83.0 ± 0.1a 6.5 ± 2.6a 1.0 ± 0.0a

PI358601 
(DS ¼ 5 %)

83.0 ± 1.3a 3.4 ± 0.9a 1.0 ± 0.0a

PI667247 
(DS ¼ 55 
%)

92.4 ± 2.4a 6.9 ± 1.1a 1.7 ± 0.2b

PI391431 
(DS ¼ 70 
%)

86.7 ± 5.3a 4.2 ± 2.0a 1.3 ± 0.3ab

48 HAI
PI195603 

(DS ¼ 5 %)
99.7 ± 0.3a 12.1 ± 1.4a 1.3 ± 0.2a

PI358601 
(DS ¼ 5 %)

99.4 ± 0.6a 9.2 ± 2.5a 1.7 ± 0.1ab

PI667247 
(DS ¼ 55 
%)

98.4 ± 1.1a 33.9 ± 1.2b 1.2 ± 0.0a

PI391431 
(DS ¼ 70 
%)

100.0 ± 0.0a 37.9 ± 7.0b 3.1 ± 0.4b

72 HAI
PI195603 

(DS ¼ 5 %)
100.0 ± 0.0a 9.9 ± 1.7a 2.0 ± 0.5a

PI358601 
(DS ¼ 5 %)

97.2 ± 2.9a 8.0 ± 3.3a 2.5 ± 0.7a

PI667247 
(DS ¼ 55 
%)

99.3 ± 0.4a 33.4 ± 10.1ab 9.4 ± 2.5b

PI391431 
(DS ¼ 70 
%)

98.4 ± 1.6a 62.5 ± 9.1b 6.5 ± 0.9ab

a Values with letters in common, in each column, per time-point were not 
significantly different (P ≤ 0.05, Tukey test). DS: Disease Severity (% leave area 
covered by mycelia). The data shown are the original untransformed values for a 
clearer biological meaning, but statistical tests were performed on transformed 
data when needed. DS values were retrieved from Martins and collaborators 
(2023).

D.C. Martins et al.                                                                                                                                                                                                                              Physiological and Molecular Plant Pathology 138 (2025) 102717 

5 



non-inoculated conditions, with the partially resistant PI358601 
depicting significantly higher TSS contents than the susceptible acces
sion PI391431, which dissipated throughout the infection process 
(Fig. 6).

As for MDA in E. trifolii infected leaves, contents were significantly 
higher in the partially resistant PI358601 at 12 HAI, followed by a 
decrease and a recovery of the original content at 48 HAI, again 
significantly higher, when compared with the susceptible accession 
PI391431 (Fig. 6). Similarly, the accumulation of total phenolic com
pounds in the partially resistant PI358601 was significantly higher in 
non-inoculated conditions (as well as in the partially resistant PI95603), 
when compared with the susceptible accessions (PI391431 and 
PI667247). Such differences were maintained for the partially resistant 
PI358601 at early (6 HAI) and later (24 and 48 HAI) stages of infection. 
Similarly, the partially resistant accession, PI358601, was found to 
accumulate a higher total flavonoid content at early (6 HAI) and later 
(48 HAI) stages of infection, when compared with the susceptible 
PI391431.

3.3.2. Erysiphe pisi-infected grass pea leaves
In E. pisi-infected leaves, the total soluble sugar content was signif

icantly higher, at 24 HAI, in the partially resistant accession BGE23931, 
when compared with the susceptible accessions (PI426892 and 
PI426882) (Fig. 7A). No consistent differences were detected for the 
MDA content among resistance-contrasting accessions (Fig. 7B). 
Regarding the remaining metabolites assessed (TPC and TFL), there 
were no significant differences among resistance contrasting accessions 
upon infection with E. pisi (Fig. 7C and D).

Fig. 1. Light micrographs showing examples of Erysiphe pisi (A, C) and Erysiphe trifolii (B, D) development on infected leaves of Lathyrus sativus accessions. A) 
Germinated conidia with an appressorium at the tip of the appressorial germ tube at 12 h after inoculation (HAI). B) Emergence of small secondary hyphae from the 
conidia (12 HAI). C) Germling that penetrated an epidermal cell and development of long secondary hyphae indicative of a functional haustorium (24 HAI). D) 
Successfully established colony (72 HAI). C, conidium; App, appressorium; SH, secondary hyphae.

Table 3 
Mean values for developmental stages of Erysiphe pisi on infected leaves of 
selected grass pea accessions at 6 h after inoculation (HAI) and 12 HAIa.

Accessions Germination rate 
(%)

Germinated sporeling forming 
appressorium (%)

6 HAI
PI221467_A (DS ¼

5 %)
78.7 ± 3.7b 70.2 ± 1.4b

BGE23931 (DS ¼ 5 
%)

61.6 ± 3.2b 56.8 ± 2.2a

PI426892 (DS ¼ 15 
%)

37.6 ± 3.8a 72.7 ± 2.5b

PI426882 (DS ¼ 20 
%)

73.3 ± 4.7b 75.7 ± 2.0b

12 HAI
PI221467_A (DS ¼

5 %)
78.7 ± 4.2a 91.2 ± 4.2b

BGE23931 (DS ¼ 5 
%)

66.9 ± 1.5a 76 ± 2.8a

PI426892 (DS ¼ 15 
%)

78.2 ± 4.3a 87.3 ± 2.2ab

PI426882 (DS ¼ 20 
%)

79.1 ± 2.5a 87.8 ± 2.6ab

a Values with letters in common, in each column, per time-point were not 
significantly different (P ≤ 0.05, Tukey test). The data shown are the original 
untransformed values for a clearer biological meaning, but statistical tests were 
performed on transformed data when needed. Disease severity (DS) values were 
retrieved from Martins and collaborators (2023).
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3.3.3. Uromyces pisi-infected grass pea leaves
In U. pisi-infected leaves, no consistent differences were observed 

between resistance contrasting accessions, in the contents of the studied 
metabolites (Fig. 8).

4. Discussion

Airborne biotrophic fungal diseases, like powdery mildew and rust, 
that affect grass pea production, have high evolutionary potential and 
are more likely to overcome resistance controlled by single resistance 
genes (R genes) that provide near-complete host resistance. Grass pea 
sources of potentially more durable partial resistance have been iden
tified, characterized by incomplete resistance not associated with a 
hypersensitive response. However, the underlying antioxidant and his
tological defense mechanisms of this resistance remain poorly under
stood, hindering the development of more sustainable, multi-resistant 
varieties.

The time-course comparison of PR and susceptible grass pea acces
sions to E. pisi, E. trifolii, and U. pisi, revealed similarities in antioxidant 
machinery regulation, with SOD and APX activity triggered at different 
rates depending on the pathogens-grass pea interaction. Indeed, APX 
activity increased early (6HAI) in response to E. trifolii infection, 
whereas this activation occurred later for the remaining pathogens. A 
common SOD activity increase was observed at 12 HAI in PR accessions 
for both powdery mildews. In the E. trifolii-grass pea pathosystem, 
additional defense responses included increased accumulation of 

flavonoids and phenolic compounds in PR accessions. Histological ob
servations indicated that defense mechanisms activated at later infection 
stages were more effective in restricting powdery mildew and rust 
development in host leaf tissue.

The timing of increased APX activity in PR accessions varied by 
pathosystems suggesting this enzyme’s role in disease response. In the 
PR accession (PI195603) infected with E. trifolii, APX activity was 
significantly higher from 6 HAI onwards compared to susceptible ac
cessions. In contrast, APX activity increased later in PR accessions 
infected with E. pisi (24 HAI) and with U. pisi (48 HAI). Indeed, for the 
U. pisi pathosystem interaction, a sharp increase in APX activity was 
observed at 48 HAI across all accessions, except the susceptible 
PI221467_B, highlighting its potential role in resistance. Similar results 
were obtained by Ribeiro et al [34], with increasing enzyme activity of 
APX playing a key role in common bean resistance against Colletotrichum 
lindemuthianum.

In the susceptible accession PI221467_B, significantly larger fungal 
colonies (measured by haustoria number and intercellular growth) were 
associated with lower APX activity compared to the remaining acces
sions. SOD activity increased in response to powdery mildew infection 
from 12 HAI onwards. Previous studies showed that SOD activity was 
significantly induced in E. pisi-infected resistant pea genotypes carrying 
the well-characterized resistance genes er1 and er2 [22,23]. SOD facil
itates the conversion of 02

- anions to H2O2, which is more stable, less 
reactive with organic molecules, and capable of diffusing across cell 
membranes to act at distant sites from its production [35].

In the partially resistant accession PI221467_A, catalase activity was 
significantly higher in the E. pisi-inoculated leaves at 12 and 24 HAI 
compared to the susceptible accession. Similar trends have been re
ported in resistant pea genotypes infected with E. pisi highlighting the 
role of H2O2-scavenging enzymes in mitigating ROS toxicity [23]. In a 
different pathosystem, Vigna radiata-Cercospora canescens, CAT-induced 
activity was also observed as the earliest and most illustrative trait 
distinguishing the susceptible and resistance interactions [36].

The data here presented for powdery mildew pathogens suggests that 
SOD activity increased significantly in partially resistant accessions from 
12 HAI onwards. Additionally, catalase activity was induced in response 
to E. pisi in partially resistant accessions while APX activity was 
enhanced in response to both powdery mildews, contributing to ROS 
regulation through H2O2 degradation.

Regulating ROS-scavenging enzyme activity during pathogen infec
tion is essential to balance ROS accumulation and support ROS- 
mediated defense reactions [24]. Uncontrolled ROS accumulation can 
cause lipid peroxidation and damage to proteins, nucleic acids, and 
other vital cellular components [24]. Malondialdehyde (MDA) content is 
commonly used as a marker of oxidative stress resulting from lipid 
peroxidation in pathogen-infected plant tissues [37]. In 
E. trifolii-infected plants, the inability to induce CAT activity to control 
H2O2 accumulation may have led to significantly increased MDA con
tent in leaf tissue, particularly in the PR accession PI358061, at 12 and 
48 HAI.

Increased accumulation of flavonoids (at 48 HAI) and phenolic 
compounds (at 6, 24, and 48 HAI) in the partially resistant accession 
PI358601 suggests that defense mechanisms against E. trifolii may 
involve the phenylpropanoid pathway [38]. In E. trifolii infected 
partially resistant accessions, these mechanisms likely restricted path
ogen development in leaf tissues at later stages of infection (48 HAI 
onwards), as confirmed by histological observations. Previous studies 
have highlighted the multifaceted action of flavonoids and phenolic 
compounds in mediating defense mechanisms against plant pathogens. 
These compounds contribute to plant defense by serving as precursors 
for protective metabolites and reinforcing physical barriers against 
pathogen invasion [35,38]. The antifungal activity of flavonoids is 
involved in inhibition of spore development and hyphal growth, path
ogenic enzyme inhibition [39]. Additionally, both metabolites function 
as ROS scavengers, providing an additional layer of protection against 

Table 4 
Mean values for developmental stages of Erysiphe pisi on infected leaves of 
selected grass pea accessions at later stages of infection, 24 h after inoculation 
(HAI), 48 HAI, and 72 HAIa.

Accession Germinated 
sporeling forming 
appressorium (%)

Proportion of 
germinated 
sporelings 
establishing a colony 
(%)

Number of 
hyphal 
branches/ 
colony

24 HAI
PI221467_A 

(DS ¼ 5 %)
98.1 ± 0.3b 1.7 ± 1.7a 1.2 ± 0.1a

BGE23931 
(DS ¼ 5 %)

90.5 ± 2.0a 1.2 ± 1.2a 0.3 ± 0.3a

PI426892 (DS 
¼ 15 %)

96.2 ± 0.4b 11.0 ± 2.8b 1.2 ± 0.1a

PI426882 (DS 
¼ 20 %)

97.3 ± 1.6b 0.6 ± 0.5a 0.5 ± 0.5a

48 HAI
PI221467_A 

(DS ¼ 5 %)
97.0 ± 1.1a 35.9 ± 2.3a 4.5 ± 0.6b

BGE23931 
(DS ¼ 5 %)

99.5 ± 0.5a 11.9 ± 2.0a 2.0 ± 0.3a

PI426892 (DS 
¼ 15 %)

85.1 ± 8.8a 36.9 ± 9.4a 4.2 ± 0.2ab

PI426882 (DS 
¼ 20 %)

91.9 ± 1.8a 13.4 ± 9.6a 3.4 ± 0.7ab

72 HAI
PI221467_A 

(DS ¼ 5 %)
94.0 ± 1.2ab 15.9 ± 1.1ab 4.3 ± 1.1ab

BGE23931 
(DS ¼ 5 %)

98.8 ± 19.6b 28.1 ± 0.1ab 1.6 ± 0.1a

PI426892 (DS 
¼ 15 %)

95.4 ± 1.9ab 29.5 ± 12.2b 12.8 ± 1.9b

PI426882 (DS 
¼ 20 %)

87.9 ± 4.2a 5.3 ± 1.2a 8.7 ± 3.7b

a Values with letters in common, in each column, per time-point were not 
significantly different (P ≤ 0.05, Tukey test). The data shown are the original 
untransformed values for a clearer biological meaning, but statistical tests were 
performed on transformed data when needed. Disease severity (DS) values were 
retrieved from Martins and collaborators (2023). None of the studied grass pea 
accessions exhibited cell necrosis in host cells associated with the pathogen’s 
colonies, indicating a fully biotrophic relationship with E. pisi (Fig. 1).
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Fig. 2. Interaction between Uromyces pisi and leaves of Lathyrus sativus accessions. A) Germinated urediospore forming an appressorium over a stoma at 12 h after 
inoculation (HAI). B) Germinated urediospore overgrowing a stoma without forming an appressorium (24 HAI). C) Germinated urediospore developing a misplaced 
appressorium (24 HAI). D) Stoma penetrated by U. pisi forming a substomatal vesicle in the substomatal cavity and emergence of intercellular hyphae (48 HAI). App, 
appressorium; Gt, germ tube; Ha, haustorium; IH intercellular hyphae, SSV, substomatal vesicle; St, stoma; Ur, urediospore.

Table 5 
Mean values for developmental stages of Uromyces pisi on infected leaves of selected grass pea accessions at 12 h after inoculation (HAI) and 24 HAIa.

Accessions Germination 
rate (%)

Germ tubes 
reaching stoma 
(%)

Germ tubes reaching 
stoma and forming an 
appressorium (%)

Germ tubes not 
reaching a stoma 
(%)

Germ tubes forming a 
misplaced appressorium 
(away from the stoma) (%)

Germ tubes overgrowing at least 
one stoma without forming an 
appressorium (%)

12 HAI
PI283566 (DS 
¼ 10 %)

71.7 ± 6.2ab 33.5 ± 10.4a 87.2 ± 4.1a 62.1 ± 8.8a 43.6 ± 10.7a 0.8 ± 0.8a

PI165528 (DS 
¼ 20 %)

85 ± 2.0ab 56.0 ± 6.9a 89.4 ± 3.2a 47.6 ± 3.1a 49.8 ± 9.2a 1.6 ± 0.8a

PI577138_A 
(DS ¼ 22 %)

62.3 ± 3.3a 35.1 ± 5.3a 86.9 ± 1.1a 59.2 ± 3.5a 44.1 ± 2.0a 3.2 ± 0.7a

PI283574 (DS 
¼ 30 %)

68.5 ± 13.0ab 23.4 ± 11.4a 91.3 ± 8.7a 69.8 ± 10.8a 35.4 ± 10.4a 1.04 ± 1.0a

PI221467_B 
(DS ¼ 40 %)

88.5 ± 2.4b 42.9 ± 10.1a 89.9 ± 1.8a 55.1 ± 5.8a 43.8 ± 0.6a 4.1 ± 0.9a

24 HAI
PI283566 (DS 
¼ 10 %)

79.8 ± 6.0a 44.3 ± 1.1a 89.6 ± 5.6a 55.7 ± 1.1abc 48.1 ± 1.5bc 8.2 ± 0.1b

PI165528 (DS 
¼ 20 %)

77.0 ± 3.6a 46.4 ± 8.2a 93.0 ± 1.04a 61.7 ± 1.9bc 61.0 ± 0.8 d 11.1 ± 2.1bc

PI577138_A 
(DS ¼ 22 %)

82.7 ± 2.8a 61.2 ± 6.4a 95.8 ± 1.6a 45.1 ± 2.0a 42.6 ± 0.9b 1.8 ± 0.5a

PI283574 (DS 
¼ 30 %)

88.1 ± 5.3a 53.0 ± 12.2a 85.9 ± 1.6a 64.8 ± 5.5c 54.4 ± 3.4cd 14.6 ± 2.1c

PI221467_B 
(DS ¼ 40 %)

75.5 ± 4.4a 53.3 ± 5.2a 91.8 ± 2.9a 51.6 ± 2.4ab 29.5 ± 2.0a 8.8 ± 0.8b

a Values with letters in common, in each column, per time-point were not significantly different (P ≤ 0.05, Tukey test). The data shown are the original untrans
formed values for a clearer biological meaning, but statistical tests were performed on transformed data when needed. Disease severity (DS) values were retrieved from 
Martins and collaborators (2022).
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oxidative damage [40].
Appressoria of E. trifolii sporelings were less effective at penetrating 

the partially resistant accessions, resulting in significantly lower colony 
formation. From 24 to 48 HAI, colony frequency increased 1.8 and 2.7- 
fold in the partially resistant accessions PI195603 and PI358601, 

respectively, whereas susceptible accessions PI667247 and PI391431 
exhibited a 4.7 and 8.8-fold increase, respectively. Additionally, 
partially resistant accessions effectively restricted epiphytic growth, as 
indicated by the lowest number of hyphal branches observed per colony 
in accession PI195603.

Histological analysis at later infection stages confirmed these find
ings, showing that partially resistant accession BGE23931 significantly 
limited the number of hyphal branches. While the number of hyphal 
branches remained stable from 48 to 72 HAI in the PR accession 
BGE23931, susceptible accessions PI426892 and PI426882, experienced 
a 3- and 2.5-fold increase, highlighting their reduced ability to control 
pathogen development.

In U. pisi-infected leaf tissue, differences between partially resistant 
and susceptible grass pea accessions became more pronounced after 
stoma penetration, particularly in intercellular growth and haustorium 
formation. Once an infection unit successfully established its first 
haustorium, partially resistant accessions appeared to activate mecha
nisms to limit further penetration attempts, restricting colony expan
sion. At 48 HAI, U. pisi partially resistant PI283566 and PI165528 
accessions exhibited significantly smaller colonies, characterized by 
fewer intercellular hyphae and haustoria, compared to the most sus
ceptible accession PI221467_B.No signs of a hypersensitive response 
were detected in any of the grass pea-pathogen interactions studied.

Histological analysis suggests that defense mechanisms acting at 
later stages of infection play a key role in partial resistance against rust 

Table 6 
Mean values for the number of hyphal branches and haustorium per infection 
unit on Uromyces pisi-infected leaves of selected grass pea accessions at 48 h after 
inoculation (HAI).

Accessions Number of intercellular hyphae 
per infection unit

Number of haustoria per 
infection unit

PI283566 (DS ¼
10 %)

10.1 ± 0.2b 0.5 ± 0.1a

PI165528 (DS ¼
20 %)

6.5 ± 0.5a 1.8 ± 0.4ab

PI577138_A (DS ¼
22 %)

5.6 ± 0.1a 0.8 ± 0.2a

PI283574 (DS ¼
30 %)

11.4 ± 0.1c 1.3 ± 0.1ab

PI221467_B (DS ¼
40 %)

11.7 ± 0.3c 2.3 ± 0.4b

*Values with letters in common, in each column, were not significantly different 
(P ≤ 0.05, Tukey test). The data shown are the original untransformed values for 
a clearer biological meaning, but statistical tests were performed on transformed 
data when needed. Disease severity (DS) values were retrieved from Martins and 
collaborators (2022).

Fig. 3. Mean comparison of ascorbate peroxidase (APX), catalase (CAT) and 
superoxide dismutase (SOD) activity in Erysiphe trifolii-infected leaves of 
selected grass pea accessions in non-inoculated conditions and at different time- 
points of infection (6, 12, 24 h after inoculation). The data shown are the 
original untransformed values for a clearer biological meaning, but statistical 
tests were performed on transformed data when needed. Different letters 
represent significant differences (P ≤ 0.05, Tukey test) among grass pea ac
cessions for the same time point of infection. Disease severity (DS) values were 
retrieved from Martins and collaborators (2023).

Fig. 4. Mean comparison of ascorbate peroxidase (APX), catalase (CAT), and 
superoxide dismutase (SOD) activity in Erysiphe pisi-infected leaves of selected 
grass pea accessions in non-inoculated conditions and at different time-points of 
infection (6, 12 and 24 h after inoculation). The data shown are the original 
untransformed values for a clearer biological meaning, but statistical tests were 
performed on transformed data when needed. Different letters represent sig
nificant differences (P ≤ 0.05, Tukey test) among grass pea accessions for the 
same time-point of infection. Disease severity (DS) values were retrieved from 
Martins and collaborators (2023).
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and powdery mildew pathogens in grass pea. These findings support the 
broader understanding that early infection events, such as fungal 
development on the leaf surface, have minimal impact on reducing 
disease severity, as observed in other pathosystems [14,30]. Similarly, 
in the closely related L. cicera and pea infected with U. pisi, differences in 
spore germination or directional growth between resistant and suscep
tible accessions are rarely reported [14,41]. Only in a few exceptional 
cases have variations in stomatal recognition for appressorial formation 
been identified for either rust or powdery mildew [42]. These differ
ences have been attributed to factors such as host stomatal morphology 
[43], differential metabolites excretion on the leaf surface [44], or the 
presence of epicuticular waxes covering the stomatal apparatus [45].

The restricted colony development of U. pisi, E. trifolii, and E. pisi in 
partially resistant accessions may be attributed to a more effective 
limitation of host cell penetration, preventing haustorium formation and 
subsequently hindering pathogen progression. In other pathosystems, 
resistance is often mediated by cell wall appositions that act as a phys
ical barrier to pathogen entry [18,46]. For example, In the er1-mediated 
resistance in pea against E. pisi, protein cross-linking rather than callose 
deposition, has been shown to prevent haustoria formation [17].

This study provides insights into molecular pathways involved in 
grass pea’s partial resistance to powdery mildew and rust. The early 
activation of SOD and subsequent increase in APX and CAT activity in 
response to E. trifolii and E. pisi infections, respectively, suggests a tightly 
regulated antioxidant defense system that mitigates pathogen-induced 
cellular damage, thereby contributing to resistance. Additionally, the 

accumulation of phenolic compounds and flavonoids in partially resis
tant grass pea accessions infected with E. trifolii suggests the activation 
of secondary metabolic pathways, likely governed by genes involved in 
phenylpropanoid biosynthesis. The combined action of these pathogen- 
specific enzymatic and metabolic mechanisms underscores the need for 
further transcriptomic and functional studies to identify key resistance- 
associated genes.

The characterization of the mechanisms and compounds related to 
defense responses in grass pea against powdery mildew and rust will not 
only increase our understanding of the pathosystems but also ease ef
forts of improvement through resistance breeding. Biochemical markers, 
including increased superoxide dismutase (SOD), ascorbate peroxidase 
(APX), catalase (CAT), phenolic compounds, and flavonoids contents, 
which were in the present study associated with partial resistance (PR) 
in grass pea, could serve as proxies for PR in marker-assisted selection 
(MAS) [36,47,48]. However, field-based phenotyping trials should be 
conducted to validate the stability of these biochemical resistant traits 
across a variety of environmental conditions. Their integration into 

Fig. 5. Mean comparison of ascorbate peroxidase (APX), catalase (CAT) and 
superoxide dismutase (SOD) activity in Uromyces pisi-infected leaves of selected 
grass pea accessions in non-inoculated conditions and at different time-points of 
infection (12, 24 and 48 h after inoculation). The data shown are the original 
untransformed values for a clearer biological meaning, but statistical tests were 
performed on transformed data when needed. Different letters represent sig
nificant differences (P ≤ 0.05, Tukey test) among grass pea accessions for the 
same time point of infection. Disease severity (DS) values were retrieved from 
Martins and collaborators (2022).

Fig. 6. Mean comparison of total soluble sugars (TSS), malondialdehyde 
(MDA), total phenolic compounds (TPC) and total flavonoids (TFL) in Erysiphe 
trifolii-infected leaves of selected grass pea accessions at 6, 12, 24 and 48 h after 
inoculation (HAI) compared to non-inoculated conditions. The data shown are 
the original untransformed values for a clearer biological meaning, but statis
tical tests were performed on transformed data when needed. Missing data in a 
few accessions, for some metabolites, at the later time-points, due to insufficient 
amount of biological material to obtain reliable data by the quantification 
method. Different letters represent significant differences (P ≤ 0.05, Duncan 
test) among grass pea accessions for the same time point of infection. Disease 
severity (DS) values were retrieved from Martins and collaborators (2023).
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early screening for resistant genotypes would be feasible if rapid and 
cost-effective quantification methods, such as spectrophotometric or 
chromatography-based techniques, are developed for large-scale popu
lation screening. Alternatively, their utility in MAS would be enhanced 
once the respective associated molecular markers or candidate genes are 
identified in grass pea.

Overall, the results here presented suggest that resistance in grass 
pea to powdery mildew and rust pathogens could be the result of mul
tiple factors taking place at different steps of pathogen infection, 
including delayed pathogen development, regulation of antioxidative 
enzyme activities, and controlled accumulation of defense-related me
tabolites. The complementary histological and biochemical approaches 
contributed to a better understanding of the complexity of grass pea’s 
defense mechanisms, still largely unknown to date. Moving forward, the 
integration of these traits and the pyramiding of the different mecha
nisms here observed in new grass pea varieties could constitute an 
efficient strategy to achieve broad-spectrum and durable resistance.

5. Conclusion

This study provides new insights into the defense mechanisms un
derlying partial resistance in grass pea against biotrophic pathogens. 
The results indicate that partial resistance is linked to a coordinated 
regulation of antioxidative enzyme activities (CAT, SOD, and APX) and 
accumulation of phenolic compounds and flavonoids. These biochem
ical responses were pathogen-specific, with timing variations suggesting 
distinct roles in modulating reactive oxygen species (ROS) homeostasis 
and defense signaling. The observed controlled modulation of anti
oxidative machinery suggests the potential for using elicitors or bio
stimulants in field conditions as chemical priming agents of plant 
immunity to activate the same biochemical mechanisms. The integra
tion of these treatments into agronomic practices should be further 
explored as a strategy to potentially enhance plant resistance to patho
gens and reduce the need for fungicides. Histological analyses further 
confirmed that partially resistant accessions effectively restricted path
ogen development at later stages of infection. Identifying biochemical 

Fig. 7. Mean comparison of total soluble sugars (TSS), malondialdehyde 
(MDA), total phenolic compounds (TPC) and total flavonoids (TFL) in Erysiphe 
pisi-infected leaves of selected grass pea accessions at 6, 12, 24, 48 and 72 h 
after inoculation compared to non-inoculated conditions. The data shown are 
the original untransformed values for a clearer biological meaning, but statis
tical tests were performed on transformed data when needed. Missing data in a 
few accessions, for some metabolites, at some time points, due to insufficient 
amount of biological material to obtain reliable data by the quantification 
method. Different letters represent significant differences (P ≤ 0.05, Duncan 
test) among grass pea accessions for the same time point of infection. Disease 
severity (DS) values were retrieved from Martins and collaborators (2023).

Fig. 8. Mean comparison of total soluble sugars (TSS), malondialdehyde 
(MDA), total phenolic compounds (TPC) and total flavonoids (TFL) in Uromyces 
pisi-infected leaves of selected grass pea accessions at 12, 24 and 48 h after 
inoculation, compared to non-inoculated conditions. The data shown are the 
original untransformed values for a clearer biological meaning, but statistical 
tests were performed on transformed data when needed. Missing data in a few 
accessions, for some metabolites, at some time points, due to insufficient 
amount of biological material to obtain reliable data by the quantification 
method. Different letters represent significant differences (P ≤ 0.05, Duncan 
test) among grass pea accessions for the same time point of infection. Disease 
severity (DS) values were retrieved from Martins and collaborators (2022).
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markers associated with partial resistance highlights their potential for 
breeding programs to screen and select resistant varieties. Future tran
scriptomic and functional studies will be essential to uncovering the 
molecular basis of these responses, the candidate genes, and the 
respective molecular markers to assist MAS. Integrating a multilayered 
resistance mechanism into breeding efforts may offer a sustainable 
approach to achieving broad-spectrum and durable resistance in grass 
peas.
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[32] C. López-Hidalgo, M. Meijón, L. Lamelas, L. Valledor, The rainbow protocol: a 
sequential method for quantifying pigments, sugars, free amino acids, phenolics, 

D.C. Martins et al.                                                                                                                                                                                                                              Physiological and Molecular Plant Pathology 138 (2025) 102717 

12 

https://doi.org/10.1016/j.pmpp.2025.102717
https://doi.org/10.1016/j.pmpp.2025.102717
https://doi.org/10.1016/j.cj.2016.06.008
https://doi.org/10.1007/s00425-018-03084-0
http://refhub.elsevier.com/S0885-5765(25)00156-0/sref3
http://refhub.elsevier.com/S0885-5765(25)00156-0/sref3
http://refhub.elsevier.com/S0885-5765(25)00156-0/sref3
https://doi.org/10.3390/plants9111460
https://doi.org/10.1007/s13593-011-0033-1
https://doi.org/10.1007/s42161-024-01679-z
https://doi.org/10.1007/s42161-024-01679-z
https://doi.org/10.3389/fpls.2022.842545
https://doi.org/10.1111/j.1439-0523.2006.01220.x
https://doi.org/10.1111/j.1439-0523.2006.01220.x
https://doi.org/10.1007/s10658-013-0187-6
https://doi.org/10.1094/PHYTO-06-22-0227-FI
https://doi.org/10.1111/j.1439-0523.2008.01601.x
https://doi.org/10.1094/PDIS-03-20-0513-RE
https://doi.org/10.1007/s10722-006-9142-0
https://doi.org/10.1007/s10722-006-9142-0
https://doi.org/10.1007/s10681-008-9737-y
https://doi.org/10.3389/fpls.2022.837613
https://doi.org/10.3389/fpls.2022.837613
https://doi.org/10.1146/annurev.phyto.40.120501.101443
https://doi.org/10.1146/annurev.phyto.40.120501.101443
https://doi.org/10.1007/s10681-014-1221-2
https://doi.org/10.1007/s40858-016-0071-y
https://doi.org/10.1007/s40858-016-0071-y
https://doi.org/10.1046/j.1365-313X.1997.11061187.x
https://doi.org/10.1046/j.1365-313X.1997.11061187.x
https://doi.org/10.1007/978-3-540-87407-2_4
https://doi.org/10.1111/j.1399-3054.2009.01326.x
https://doi.org/10.1016/j.plaphy.2016.04.035
https://doi.org/10.1016/j.plaphy.2016.04.035
https://doi.org/10.1016/j.pmpp.2019.02.008
https://doi.org/10.1016/j.pmpp.2019.02.008
https://doi.org/10.1016/S1360-1385(02)02312-9
http://refhub.elsevier.com/S0885-5765(25)00156-0/sref24
http://refhub.elsevier.com/S0885-5765(25)00156-0/sref24
https://doi.org/10.3390/ijms23095161
https://doi.org/10.1007/s11738-014-1559-z
https://doi.org/10.1007/s11738-014-1559-z
https://doi.org/10.1007/s00709-019-01428-5
https://doi.org/10.1007/s00709-019-01428-5
https://doi.org/10.1007/s10658-006-9015-6
https://doi.org/10.1007/s10658-006-9015-6
https://doi.org/10.1094/PHYTO.2002.92.3.294
https://doi.org/10.1094/PHYTO.2002.92.3.294
http://refhub.elsevier.com/S0885-5765(25)00156-0/sref30
http://refhub.elsevier.com/S0885-5765(25)00156-0/sref30
http://refhub.elsevier.com/S0885-5765(25)00156-0/sref30


flavonoids and MDA from a small amount of sample, Plant Cell Environ. 44 (6) 
(2021) 1977–1986, https://doi.org/10.1111/pce.14007.

[33] G.E.P. Box, D.R. Cox, An analysis of transformation, J. Roy. Stat. Soc. 26 (1964) 
211–252.

[34] C.F. Ribeiro, M.C. de Borba, A.C. Geller, E.S. Pontes, F.R. Kulcheski, M.B. de 
Freitas, M.J. Stadnik, Enhanced oxidative enzymes activity and lipid peroxidation 
are associated with hypersensitive response and atypical lesions in resistant bean 
plants infected with Colletotrichum lindemuthianum, Physiol. Mol. Plant Pathol. 127 
(2023) 102099.

[35] M. Hasanuzzaman, M.H.M.B. Bhuyan, F. Zulfiqar, A. Raza, S.M. Mohsin, J. Al 
Mahmud, et al., Reactive oxygen species and antioxidant defense in plants under 
abiotic stress: revisiting the crucial role of a universal defense regulator, 
Antioxidants 9 (2020) 1–52, https://doi.org/10.3390/antiox9080681.

[36] P. Choudhary, R. Chand, Biochemical dynamics during plant pathogen interaction 
and its potential as disease screening index in Cercospora canescens–mung bean 
interaction, Indian Phytopathol. 75 (2022) 395–403, https://doi.org/10.1007/ 
s42360-021-00453-w.
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