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Summary

This thesis focuses on the characterization of the biodiversity of grain legumes, pea (Pisum sativum
L.) and lentil (Lens culinaris Medik.), with the aim of improving stress adaptation and promoting
innovative industrial uses with low environmental inputs. Research activities were carried out at the
Department of Soil, Plant and Food Sciences of the University of Bari “Aldo Moro”. A part of the
work was conducted in collaboration with the industrial partner Innovaprot S.r.l. and the valuable

support of Dr. Luigi Manfredi.

After a general introduction (Chapter 1), Chapters 2 and 3 focus on the interaction between pea and
the holoparasitic root plant Orobanche crenata (Oc), today representing one of the major biotic
stresses affecting grain legumes cultivation in the Mediterranean area. Specifically, Chapter 2 reports
experimental activities aimed at investigating the genetic basis of Oc resistance displayed by the pea
breeding line ROR12. Quantitative trait loci (QTLs) associated with this trait were identified, and
marker assays were developed to assist selection in breeding programs. Chapter 3 reports another
experimental study aimed at investigating the relation between strigolactone (SL) exudation and field
response to Oc in pea, using a global pea germplasm collection, SL biosynthetic mutants and a set of
segregating RILs originating from RORI12 as resistant parent. Phenotypic screening, SLs

quantification, and RNA-seq were used in this case as investigation methods.

Chapter 4 reports a study, based on transcriptomics and hormonal quantification, carried out to
investigate the physiological roles of SLs and the SL-biosynthetic enzymes Carotenoid Cleavage
Dioxygenase (CCD)7 and 8. This led, among other, to the definition of association between SLs and
response to multiple abiotic stresses (hydrogen peroxide and salt, oxidative and heat). In addition,
hormonal cross-talks were identified between SLs and the stress-related hormones jasmonic acid and

abscissic acid.

Chapter 5 reports the characterization of a lentil germplasm collection for seed color, phenolic profile

and antioxidant activity. Superior lines were identified, and association among traits were defined.

Finally, Chapter 6 discusses the results of the thesis as a whole and provides a conclusion with future

perspectives.
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Chapter 1

Introduction




1. Agrobiodiversity: definition, genetic erosion and conservation

Biodiversity is defined as the diversity of life on earth across all levels, from genes to ecosystems
(The Convention on Biological Diversity, 2006; Andres et al., 2023; Hailu, 2025). Agrobiodiversity,
on the other hand, encompasses the diversity of all domesticated crops and livestock, their wild
relatives, and associated interacting species, including pollinators, symbionts, pests, parasites,

predators, and competitors (Qualset et al., 1995; Hammer et al., 2003).

Agrobiodiversity provides essential resources for breeding programs aimed at developing higher-
yielding crops, with enhanced resistance to biological and environmental stresses, and enhanced

qualitative features (Rao, 2004; Cruz-Cruz et al., 2013, Zegeye, 2017).

Despite its critical importance, agrobiodiversity is gradually threatened by a combination of
anthropogenic and environmental factors, resulting in a phenomenon known as genetic erosion
(Khoury et al., 2022). Agricultural intensification, characterized by adoption of monocultures and the
dominance of a limited number of high-yielding varieties, is recognized as the primary driver of

genetic erosion (Kehoe et al., 2017; Zabel et al., 2019; Khatri et al., 2024).

Considering the current high rate of genetic erosion, the conservation of agrobiodiversity is essential
for ensuring agricultural productivity, and preserving ecosystem services, species, and genetic
diversity for future generations (Schwartz et al., 2017; Borrell et al., 2020; Hailu, 2025). This can be
carried out through two mutually reinforcing and complementary approaches: in-situ conservation

and ex-situ conservation (Zegeye, 2017).

In-situ (on-site) conservation refers to the preservation of genetic resources within their original
ecosystems. In-situ conservation is a dynamic process, as the evolution of species continues in the
same environment where plants grow, involving gene pools and the process of co-evolution (Maxted
et al., 1997; Heywood, 2014). For cultivated species, in situ conservation takes place in farmers'
fields, especially in the centers of biodiversity where crops were originally domesticated (Harlan,
1971; Gepts, 2006; Zegeye, 2017). As for wild species, in situ conservation mainly occurs in natural
areas (with limited or no human activities) and national parks (carefully regulated human activities)

(Gepts, 20006).

Ex-situ (off-site) conservation consists in maintaining genetic resources outside of their original
(agro)-ecosystem, and mainly occurs in genebanks (Zegeye, 2017; Engels et al., 2021). These are
repositories that store plant genetic resources, typically in the form of seeds, but also as seedlings,
vegetative organs and tissues, and whole plant (Smale et al., 2020; Aribi, 2024). There are
approximately 1,800 genebanks worldwide, conserving around 7.4 million germplasm accessions

(i.e. populations collected in a given place at a specific time) from over 16,500 plant species relevant
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to agriculture (Engels, 2004; FAO, 2010; Paton et al., 2020). Approximately two million of these
accessions are considered unique, and one-third is conserved in Europe (Eangels, 2004; FAO, 2010;

Kell et al., 2012).

In order to fully utilize the agrobiodiversity within genebanks, crop breeders and researchers require
detailed information on passport, morpho-agronomic and genetic traits. Unfortunately, this
information is not always available, thus representing a bottleneck that should be addressed by

research efforts (Mascher et al., 2019; Volk et al., 2021; Aubry, 2023).
2. Identification of marker-trait associations by QTL Mapping

Genetic and phenotypic data on segregant populations can be integrated to map genomic regions
associated with quantitative phenotypic traits, a process also referred to as QTL mapping. QTL
mapping provides a basis for the identification of genes underlying quantitative traits by means of
positional cloning; in addition, it might be exploited for the development of molecular markers

assisting selection in breeding programs (Pavan et al., 2019).

QTL mapping requires, at its basis, the availability of a linkage map, displaying the position and
relative genetic distances between markers along linkage groups. The three main steps necessary for

the construction of linkage map are the following:

(1) production of a mapping segregant population, such as an F> population or a recombinant
inbred lines (RIL) population, obtained by repeated selfing of individual F» plants (Collard
et al., 2005; Alqudah et al., 2020);

(2) identification of molecular markers segregating within the population;

(3) linkage analysis, in which linkage between markers is assessed and genetic distances are
estimated using a mapping function (such as the Haldane or Kosambi’s functions). The
logarithm of the odd (LOD) ratio (i.e. the ratio of the probability of linkage versus no
linkage) is typically used to assess linkage. LOD values of >3 are typically used to declare
linkage between markers and construct linkage map (Collard et al., 2005; Sing et al.,

2015).

The QTL mapping procedure searches for statistical associations between trait and genetic marker
variation. Indeed, if a marker is closely linked to a QTL, genotypic groups for that marker exhibit
significant phenotypic differences (Zeng, 2001; Collard et al., 2005). Thus, to perform QTL mapping,
linkage maps and phenotypic data collecting on mapping population are necessary. Three widely used
methods for QTL detection are single-marker analysis, simple interval mapping, and composite

interval mapping (Tanksley, 1993; Liu, 1998).



Interval mapping methods generate a profile of potential QTL locations between adjacent linked
markers. The results of are typically presented as LOD score profiles along the linkage map. In order
to declare a significant QTL, the LOD score must exceed a specified significance threshold. This is
typically determined using permutation tests, which shuffle phenotypic values while keeping
genotypes fixed, therefore simulating the null hypothesis of no true association. Repeated iterations
(e.g. 500-1000) generate an empirical distribution of the LOD score. Finally, a reliable threshold was
established based on false positive rates (Churchill et al., 1994; Zeng 2001; Collard et al., 2005;
Manichaikul et al., 2007; Zou et al., 2008; Xu et al., 2017).

Although the most probable position of a QTL corresponds to the LOD score peak, QTL confidence
intervals are typically estimated by QTL mapping algorithms, based on LOD score drop-off or
bootstrap (Collard et al., 2005; Sing et al., 2015). This interval provides indication on genomic regions

in which genes underlying quantitative traits are likely to be located.
3. Grain Legumes: Botanical features, context and economic importance

The Fabaceae (Leguminosae) family, comprising approximately 800 genera and 20,000 species, is
the third largest family of flowering plants. It represents an exceptionally diverse and globally
distributed plant family, encompassing a wide variety of life forms across different ecosystems
(Lewis et al., 2005; Smykal et al., 2014; Stagnari et al., 2017). Members of the Fabaceae family are
characterized by butterfly-like (papilionoid) flower and distinct fruit, termed a legume, which gives

the family its original name (Smykal et al., 2014).

Grain legumes (also known as pulses) are members (species) of the Fabaceae family whose seeds are
harvested dry (other legumes are those used as vegetables, forage and other uses). Based on the
growth seasons, grain legumes are also classified in cool-season legumes, such as pea (Pisum
sativum), lentil (Lens culinaris) and faba bean (Vicia faba), and warm-season legumes, such as

soybean (Glycine max), common bean (Phaseolus vulgaris), peanut (Arachis hypogaea) and Vigna

spp. (Smykal et al., 2014; Zhang et al., 2022).

Grain legume domestication occurred independently in several distinct geographical regions, such as
South America, Southwest Asia, and Europe. Then, their cultivation dispersed through human
migration or trade. Key traits of domestication include pod shattering/dehiscence, seed dormancy
(especially in cool-season legumes), and seed size. Additionally, other traits, such as phenology, grain
shape, nutritional quality and taste, were enhanced over time (Abbo et al., 2014; Vaz Patto et al.,

2015; Zhang et al., 2022).

Grain legumes play a crucial role in providing essential ecosystem services and supporting sustainable

farming systems. They can fix atmospheric nitrogen by establishing a root-nodule symbiosis with
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nitrogen-fixing soil bacteria called rhizobia, thereby reducing the need for synthetic nitrogen
fertilization and lowering greenhouse gases (GHG) emissions (Sultani et al., 2007; Stagnari et al.,
2017; Ferreira et al., 2021; Zhang et al., 2022). In addition, grain legume cultivation improves several
aspects of soil fertility, such as humus content, and the availability of nitrogen and phosphorus. Thus,
introducing grain legume in crop rotations or intercropping system can significantly improve the yield
and quality of subsequent crops or intercropped plants (Kirkegaard et al., 2008; Preissel et al., 2015;
St. Luce et al., 2015; Stagnari et al., 2017). Finally, the inclusion of legumes in intensive cropping
and cereal-based farming systems helps to conserve habitat diversity and protect agrobiodiversity,
supporting the survival of key species for nature conservation, such as insects (including pollinators),

birds, and small mammals (Peoples et al., 2019; Ferreira et al., 2021).

Regarding nutritional properties, grain legumes are an affordable and important source of dietary
proteins, therefore playing a crucial role in global food security. They offer a fairly balanced amino
acid profile, making them an excellent protein source. However, low amounts of some essential
sulfur-containing amino acids (cystine and methionine) are present, which are instead present in
cereals. In addition to protein, grain legumes provide essential nutrients such as fatty acids, fibers,
carbohydrates, phytochemicals, minerals and bioactive compounds while maintaining a low glycemic
index (Campos-Vega et al., 2010; Smykal et al., 2014; Ferreira et al., 2021; Affrifah et al., 2023;
Zhang et al., 2024).

Grain legumes (excluding soybean) are cultivated on approximately 97 million ha globally, with total
production exceeding 94 Mt (FAOSTAT, 2023). Asia leads both in production and cultivated area,
followed by Africa and the Americas (FAOSTAT, 2023). Among grain legumes, bean represents the
most widely cultivated crop, with 38 million ha dedicated to its production, followed by dry cowpea
and dry chickpea (FAOSTAT, 2023). In terms of production, dry beans also dominate, with a total of
28 million tonnes harvested, followed by dry chickpeas and dry peas (FAOSTAT, 2023). India is the
top producer of grain legumes, contributing approximately 25.7 million tonnes, and leads in both

cultivated area and overall production, followed by Australia, China, and Canada (FAOSTAT, 2023).

Despite the significant ecosystem services and agricultural sustainability benefits provided by grain
legume cultivation, European Union has undergone a notable decline in the area dedicated to these
crops. From 1961 to the present, this decreased from 5.7 million hectares to 2.4 million hectares,
representing a 50% reduction (FAOSTAT, 2023). Such a trend contrasts the developing grain legume
sectors in other regions such as Australia and Canada (Preissel et al., 2015). In the same period the
legume cultivated area expanded from 53,000 to 2.9 million ha in Canada, and from 26,000 to 2.5

million ha in Australia (FAOSTAT, 2023). These changes represent impressive increases of



approximately 5,000% and 9,000%, respectively. Nowadays, Canada is the second-largest producer
of dry peas and lentils in the world, while Australia is the leading producer of lentils and the second-

largest producer of dry chickpeas (FAOSTAT, 2023).

The decline in legume cultivation in Europe is linked to broader changes in farming systems, with a
shift towards more specialized and intensive agriculture based on cereals and oil crops. This trend has
made grain legumes less economically attractive compared to crops like cereals, which benefit from
high production intensity and significantly higher yields. In addition, low and unpredictable policy
support, along with the low and unstable yields of grain legumes, are other important factors
contributing to the decline of grain legume cultivation in Europe (Preissel et al., 2015; Reckling et
al., 2016). Finally, the low profitability of legumes, especially in Mediterranean countries, has led to
minimal breeding activities and inadequate exposure of farmers to new cultivars (Rubiales et al.,

2021).

The global population is expected to reach 9.6 billion by 2050, bringing major challenges such as
ensuring food security and mitigating climate change. In this context, grain legumes emerge as a
strategic resource due to their ability to adapt to critical environmental conditions and contribute to
the sustainability of agricultural systems (United Nations 2012; Stagnari et al., 2017; de Jager et al.,
2019). Increasing the production of grain legumes is therefore essential to safeguard food and
nutritional security while preserving agrobiodiversity (Zhang et al., 2022). At the same time, animal-
based diets are increasingly considered as unsustainable, inefficient, environmentally unfriendly and
unhealthy. Consequently, the limited sustainability of meat has driven a transition from animal-based
to plant-based foods (Zhang et al., 2024). Globally, this dietary transition is recognized as a key
strategy to address both malnutrition and the environmental impact of food systems (Ferreira et al.,

2021).

The protein transition, together with sustainable crop farming, constitutes a core element of the Farm
to Fork strategy within the European Green Deal, which aims to make food systems fair, healthy, and
environmentally friendly (Omar et al., 2024). Within this framework, grain legumes are considered
one of the most promising alternatives to meat products, playing a pivotal role in sustainable crop
farming (Stagnari et al., 2017; Ferreira et al., 2021). In fact, the United Nations recognized the
importance of pulses by declaring 2016 the International Year of Pulses under the theme "Nutritious
Seeds for a Sustainable Future" (United Nations, 2013). Therefore, increasing grain legume
production in the European Union, either by expanding cultivation areas or intensifying crop

production, is a crucial step in meeting the protein needs of the European population, within the
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broader context of the transition from animal-based to plant-based protein sources (Van Loon et al.,

2023).
4. Grain Legume breeding

Modern plant breeding is an applied and multidisciplinary science that utilizes genetic principles and
practices to develop cultivars better suited to human needs (Ceccarelli et al., 2010). Plant breeding
can take great advantage from pre-breeding activities, such as phenotypic and genetic evaluation of
germplasm collections, that can provide, for example, key information to select parental lines for
hybridization and inheritance patterns of economically important traits. The characterization of global
germplasm banks in grain legume crops is therefore of main importance to the implementation of

breeding activities on these crops (Smykal et al., 2014; Jacob et al., 2016).

Key breeding targets for grain legumes include yield, nutritional quality, and resistance to biotic and
abiotic stresses (Tayeh at al., 2015; Jacob et al., 2016; Dixit et al., 2022; Dikshit et al., 2022), which
are discussed below. Details will be given on the genetic improvement of legumes for resistance to
Crenate broomrape (Orobanche crenata Forsk.), which represents one of the most serious constraints

to grain legume cultivation in Mediterranean environments (Pavan et al., 2016; Negewo et al., 2022).
4.1 Yield

High inter-annual yield variability is one of the main factors contributing to the decline in grain
legume cultivation in Europe, where farmers tend to prefer crops such as cereals, oilseeds, and tubers
(Cernay et al., 2015). High and stable yields are complex traits, influenced by various traits, such as
plant architecture, leaf development, pod and seed traits, stresses resistance, nodulation, and
responses to fertilization and irrigation (Klein et al., 2020; Dixit et al., 2022; Dikshit et al., 2022; Xia

et al., 2023). Thus, breeding for these traits is essential for yield improvement.

In pea, major yield increases have been achieved by the introduction of semi-leafless cultivars,
carrying the afila (af) recessive mutation. This modifies plant architecture and leaf development by
causing the replacement of leaflets with a branched mass of tendrils, leading to higher yield while

facilitating mechanical harvesting (Tayeh et al., 2024).

Several QTL mapping studied have allowed the detection of QTLs associated with yield in grain
legumes, such as chickpea (Jingade et al., 2019; Barmukh et al., 2021), faba bean (Cruz-Izquierdo et
al., 2012; Avilaetal., 2017; Zhao et al., 2023; Aguilar-Benitez et al., 2025), lentil (Fratini et al., 2007;
Verma et al., 2015; Kumar et al., 2018; Shing et al., 2019) and pea (Tar’an et al., 2004; Krajewski et
al.,2011; Gali et al., 2018; Guindon et al., 2019; Klein et al., 2020). Genome-wide association studies
(GWADS) identified additional QTLs in yield-related QTLs in chickpea (Sari et al., 2024), faba bean
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(Gutierrez et al., 2024), lentil (Lorenzetti et al., 2024) and pea (Gali et al., 2019). All this information
can be efficiently used to enhance productivity in improved varieties by marker assisted selection

(MAS), while providing a basis for the characterization of genes functionally related to yield.
4.2 Nutritional Traits

The improvement of legume quality is a long-standing objective for plant breeding, with ongoing
efforts focusing on enhancing nutritional content, organoleptic properties and other key quality

attributes (Limenie, 2024).

Nowadays, in line with the increasing global demand for plant proteins, the food industry is
incorporating legumes and legume-based ingredients in food products (e.g. meat analogs, extruded
products, fermented foods and nutritionally balanced protein snacks) (Ferreira et al., 2021; Goldstein
et al., 2022). Therefore, breeding for enhanced protein content is of main importance (Gaur et al.,
2016; Dikshit et al., 2022; Parihar et al., 2022). Several genotypes with high seed protein were
identified in chickpea (Serrano et al., 2017), lentil wild relatives (Kumar et al., 2016) and pea (Gabriel
et al., 2008; Mohammed et al., 2018), making these materials of main interest for breeding purposes.
In addition, several QTLs associated with protein content in chickpea (Wang et al., 2019) and pea
(Gali et al., 2018), were detected starting from biparental populations. However, biparental QTL
mapping is limited by the low genetic diversity explored. Importantly, advances in next-generation
sequencing and high-throughput phenotyping have enabled GWAS in grain legumes, also leading to
the identification of multiple genomic regions associated with protein content (Jha et al., 2022), as in
the case of chickpea (Upadhyaya et al., 2016; Samineni et al., 2022), lentil (Johnson et al., 2023) and
pea (Gali et al., 2019; Uhdre et al., 2024).

The genetic biofortification of these crops offers a cost-effective, practical, and sustainable approach
to enhancing the bioavailability of micronutrients, thereby helping to alleviate malnutrition and
reduce hidden hunger (Rehman et al., 2018; Kumar et al., 2020; Joshi-Saha et al., 2022). Several
studies were conducted to enhance micronutrients contents in grain legume seeds. As example, in
chickpea, lentil and pea, genomic regions associated with mineral concentration, especially Fe and
Zn were identified (Diapari et al., 2014; Upadhyaya et al., 2016; Khazaei et al., 2017; Dissanayaka et
al., 2020; Sab et al., 2020; Power et al., 2021).

Another crucial point of improvement of grain legumes concerns certain secondary metabolites,
which can reduce the bioavailability of nutrients. These, collectively termed anti-nutritional factors,
include tannins, lectins, phytates, vicine, and convicine (Bjornsdotter et al., 2021; Kumar et al., 2022).
In addition, vicine and convicine cause a hemolytic anemia known as favism. Legume breeding

successfully developed improved varieties with reduced levels of anti-nutritional factors (Zhang et
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al., 2022). For example, in faba bean, a key regulatory gene involved in the biosynthesis of vicine
and convicine was identified (Bjornsdotter et al., 2021). In addition, another example is the
development of lentil “zero-tannin” varieties like CDC Gold, released in Canada, and Shasta and
Cedar, released in USA (Muehlbauer et al., 2011; Mirali et al., 2016). In pea, low-lectin varieties
have been developed, which are less likely to cause digestive issues and enhance the absorption of

nutrients like iron (Warkentin et al., 2012; Liu et al., 2015).

Legumes are a rich source of bioactive molecules, such as polyphenolic compounds (e.g., phenolic
acids and flavonoids), which not only contribute to their organoleptic properties but also offer various
health benefits. The presence of these phenolic compounds in legume seeds, along with their
antioxidant activity, makes legumes valuable candidates for the development of functional foods that
can be incorporated into the daily diet. Therefore, enhancing these nutritional features is essential to
support food security (Singh et al., 2017a). Despite their importance, the genetic basis of these traits
have been poorly investigated. In faba bean, GWAS led to the identification of a candidate gene
associated with phenolic content (Lippolis et al. 2025). Similarly, in pigeon pea, molecular markers
linked to phenolic compounds were identified through GWAS (Ujinwal et al., 2025). Additional

research on other legume species is required to highlighted genetic determinants of this trait.
4.3 Resistance to abiotic and biotic stresses

Climate change is expected to exacerbate both individual and combined abiotic stresses (i.e. drought,
cold, salinity and heat). This escalating severity underscores the urgent need for crop varieties that

are resilient to these conditions (Pandey et al., 2017; Ali et al., 2022).

Drought stress is a major constraint to grain legume production, particularly in arid and semi-arid
regions. Its impact is most severe during the reproductive and grain-filling stages (terminal drought),
often resulting in substantial yield losses. However, the extent of these losses depends on both stress
duration and intensity (Farooq et al., 2016; Ullah et al., 2021). Drought escape (DE) is a primary
adaptation mechanism which involves rapid plant growth and development to facilitate the

completion of the life span prior to the onset of drought events (Nadeem et al., 2019).

Several mapping studies were conducted to identify QTLs related to drought stress. In chickpea,
Rehman et al. (2011) identified QTLs associated with early flowering and early maturity that can be
used to improve elite cultivars. In lentil, eighteen QTLs related to root and shoot traits contributing
to drought tolerance, such as dry root biomass, root-shoot ratio, and specific root length, were
identified (Idrissi et al., 2016). Finally, in pea, ten QTLs related to response to drought stress were
identified (Iglesias-Garcia et al., 2015). In addition, GWASs performed on chickpea, lentil and pea
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were successfully carried out to identify QTLs associated with drought tolerance (Li et al., 2018;

Johnson et al., 2021; Tafesse et al., 2021).

Salt stress significantly reduces agricultural productivity by severely affecting plant growth. Salinity-
affected soils are common in arable and irrigated lands of arid and semi-arid regions. Key factors
contributing to soil salinity include low precipitation, high surface evaporation, groundwater
depletion, and inappropriate agricultural practices, such as poor drainage in irrigated areas. To sustain
crop yield under saline conditions, the development of improved cultivars with enhanced salt

tolerance is essential (Jha et al., 2019).

QTL mapping studies indicated tolerance to salinity as a complex trait governed by several genes
(Jha et al., 2019). Nonetheless, several QTLs with a major effect on the phenotype were identified.
For example, in chickpea, Vadez et al. (2012) identified a major QTL associated with high seed yield
under saline conditions. In addition, Pushpavalli et al. (2015) identified two major QTLs controlling
salinity tolerance. In lentil and pea, QTLs related to salinity stress tolerance were also identified
(Leonforte et al., 2013; Singh et al., 2020). Moreover, GWAS studies to identify genomic regions
associated to salt tolerance were conducted in chickpea, cowpea and lentil (Ahmed et al., 2021;

Dissanayake et al., 2021; Ravelombola et al., 2021).

Extreme temperature (either cold or heat) is one of the most important factors affecting overall
developmental stages of plant and crop phenology that leads to loss in productivity and yield (Bhat
et al., 2022). During the life cycle of grain legumes, heat stress is particularly critical in the
reproductive stage, as it compromises seed setting and/or subsequent seed filling (Liu et al., 2019).
Heat stress tolerance is a complex trait controlled by multiple genes. Mapping studies carried out in
chickpea allowed identifying major QTLs for yield components (number of filled pods per plot, total
number of seeds per plot, grain yield per plot and percentage of pod setting) under heat stress (Paul
et al., 2018). Mapping studies were also carried out in lentil, leading to the identification of major
QTLs associated with seedling survival and pod set under heat stress (Singh et al., 2017b). GWAS
conducted in pea, conducted using 135 accessions of peas in five environments, identified thirty-two

markers and forty-eight candidates for ten heat stress responsive traits (Tafesse et al., 2020).

Cold stress is one of the major abiotic factors affecting global crop production, leading to plant
necrosis, chlorosis, and growth delay that determine loss in productivity and yield (Bhat et al., 2022).
In chickpea, lentil, pea, mapping studies led to the identification of QTLs for cold tolerance
(Kahraman et al., 2004; Klein et al., 2014; Mugabe et al., 2019). In addition, GWAS on cold tolerance
was conducted in pea, allowing the identification of candidate genes that could be used in winter pea

breeding programs (Beji et al., 2020).
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Although legumes are essential to global food security, their productivity is often limited by a wide
range of biotic agents, including nematodes, viruses, fungi, bacteria, insects and parasitic plants.
Therefore, the development of new varieties with enhanced adaptability and resistance to these biotic

challenges represents a key priority in grain legume breeding programs (Makhumbila et al., 2022).

Fusarium oxysporum is a soil-borne pathogen responsible for fusarium wilt (FW) and is considered
one of the most destructive fungal agents affecting grain legumes. It causes severe yield losses in
several species, including chickpea, faba bean, lentil, and pea. Moreover, it has the ability to develop
distinct formae speciales and races based on host specificity (Jha et al., 2020). The development of
host plant resistance represents the most durable, cost-effective, and environmentally sustainable
strategy to mitigate FW losses in grain legumes (Jain et al., 2015; Jha et al., 2020). In chickpea, lentil
and pea, several genotypes displaying resistance to FW were identified (McPhee et al., 1999;
Neumann et al., 2003; Bani et al., 2012; Mohammadi et al., 2012; Pouralibaba et al., 2015; Schuba et
al., 2016; Sharma et al., 2019). In addition, QTLs and genes associated with FW resistance have been
successfully identified in several legume species (Hamwieh et al., 2005; McPhee et al., 2012; Jain et

al., 2015; Jendoubi et al., 2016; Mannur et al., 2019).

Anthracnose, caused by the hemibiotrophic Colletotrichum spp., is another destructive disease
affecting grain legumes. It impacts food and forage legumes during all growth stages, leading to
significant yield losses (Pandey et al., 2023). Several genotypes with resistance to anthracnose were
identified in different legume species, including common bean, cowpea and lentil (Méndez-Vigo et
al., 2005; Pradhan et al., 2018; Banoo et al., 2020; Barilli et al., 2020; Gela et al., 2021; Bawa et al.,
2022). In addition, QTLs and genes related to anthracnose resistance were found in grain legume

species (Trabanco et al., 2015; Zuiderveen et al., 2016; Bhadauria et al., 2017; Gilio et al., 2020).

Another significant disease of legumes is powdery mildew, caused by parasitic fungi from the order
of Erysiphales, which can lead to yield losses of up to 50%. The most effective strategy to control
this disease is through genetic approaches (Sulima et al., 2022). In pea, loss of function mutations of
the gene PsMLOI gene (also known as Erl) was previously associated with powdery mildew
resistance (Humphry et al., 2001; Pavan et al., 2011). The search for m/o-based immunity in other
legumes, based on the introduction of loss-of-function mutations of MLO homologs, is in progress

(Rispail et al., 2016; Polanco et al., 2018; Binagwa et al., 2021).

Aphids are recognized as key pests of grain legume crops worldwide, as they can cause yield losses
of up to 30% and act as vectors for numerous plant viruses. Insect-resistant cultivars offer a cost-
effective, eco-friendly, and sustainable alternative to insecticides, playing a central role in integrated

pest management (Sandhi et al., 2020). In lentil and pea, several genotypes displaying different levels
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of resistance against aphids were characterized (Andarge et al., 2004; Ali et al., 2005; Aznar-
Fernandez et al., 2018a; Mitku et al., 2019). In addition, genomic regions associate to resistance to
aphids were found in cowpea, lentil and pea (Qin et al., 2017; Das et al., 2022; Ollivier et al., 2022;
Rahman et al., 2023).

Finally, bruchids (also known as seed weevils) are the most damaging storage pests of grain legumes.
Developing resistant cultivars represents the most effective and sustainable strategy to mitigate these
losses, ensuring durable protection and supporting sustainable agriculture (Mishra et al., 2017;
Carrillo-Perdomo et al., 2019). Studies were conducted to identify genotypes displaying enhanced
resistance to bruchids in chickpea, faba bean, lentil and pea (Clement et al., 2002; Shaheen et al.,
2006; Laserna-Ruiz et al., 2012; Mishra et al., 2017; Aznar-Fernandez et al., 2018b, Eker et al., 2018).
Furthermore, recent studies have led to the identification of genomic regions associated with bruchid
resistance in grain legume species, such as common bean and pea (Li et al., 2022; Yan et al., 2023;

Osuna-Caballero et al., 2024).
4.4 Resistance to crenate broomrape

Crenate broomrape (Orobanche crenata Forsk.) is a root holoparasitic plant belonging to the family
Orobanchaceae, which primarily infects cool-season legumes (e.g. faba bean, lentil and pea)
cultivated in the Mediterranean region and Middle Eastern countries, with potential to cause up to

100% yield loss (Pavan et al., 2016; Negewo et al., 2022).

Crenate broomrape, like other species in the Orobanchaceae family, has a life cycle comprising two
distinct phases: an underground phase and an aboveground phase. During the first phase, following a
period of conditioning, seeds located near host roots germinate in response to specific signalling
molecules released by the host plant into the rhizosphere. Upon germination, the seedling attaches to
the host root and penetrates the host tissues, forming a specialized absorption structure known as a
haustorium. This structure facilitates stable attachment to host and enables the transfer of water and
nutrients from the host to the parasite. The underground phase concludes with the formation of small
tubercles that act as storage organs for the acquired resources. The aerial phase begins with the
emergence of a branched floral stem bearing blue to violet flowers. These flowers can produce up to
250,000 seeds, significantly increasing the seed bank in the soil (Pérez-de-Luque et al., 2007; Cartry
et al., 2021; Wohor et al., 2022).

Strigolactones (SLs) are carotenoid-derived compounds secreted by host roots that act as germination
stimulants for root-parasitic plants, including crenate broomrape (Bouwmeester et al., 2021). Seeds
of these obligate parasites germinate upon perceiving SLs released into the rhizosphere, which signal

the proximity of a suitable host essential for their survival. Beyond their role in parasitic seed
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germination, SLs function as plant hormones involved in regulating various aspects of plant
development, such as inhibiting shoot branching, shaping root architecture, promoting leaf
senescence, and controlling secondary growth (Wang et al., 2024). Additionally, SLs are exuded into
the soil to attract arbuscular mycorrhizal fungi (AMF), facilitating a symbiotic association in which
the plant receives water and mineral nutrients, while supplying carbohydrates to the fungal partner

(Pavan et al., 2016; Flematti et al., 2016; Jia et al., 2017; Mashiguchi et al., 2021).

Nowadays, three strigolactones have been identified in pea root exudates, i.e., orobanchol, orobanchyl
acetate, and fabacyl acetate, with the latter having the highest biological activity toward the pea
parasitic plant species (Xie et al., 2009; Pavan et al., 2016).

Among the available control strategies for broomrape management, breeding for resistance is
considered as the most economically feasible and environment friendly control method for broomrape
management (Amri et al., 2019). However, breeding for resistance to rhizosphere diseases (e.g.
crenate broomrape) is complex, as the quantitative nature of resistance that to involve a complex
inheritance governed by minor genes with small effects. In addition, resistance to broomrape is highly
influenced by the environment, complicating the selection of the most resistant genotypes (Rubiales

et al., 2020; Wohor et al., 2022).

In general, resistance mechanisms to Orobanchaceae can operate at the pre-attachment, pre-
haustorial, or post-haustorial stages of Orobanche—host plant interactions (Pérez-de-Luque et al.,
2009). At the pre-attachment stage, resistance may be related to the reduced production or altered
composition of germination stimulants, such as SLs (Dor et al., 2011; Pavan et al., 2016; Mallu et al.,
2021; Li et al., 2023). In addition, the resistance mechanisms may involve the formation of physical
barriers or the local accumulation of toxic compounds (Pérez-de-Luque et al., 2005; Letousey et al.,
2007; Sisou et al., 2021). Finally, at the post-haustorial stage, resistance may result from the necrosis

and death of broomrape nodules or the sealing of host vascular tissues (Martin-Sanz et al., 2019).

Due to their pivotal role in mediating interactions between parasitic plants and their hosts, SLs have
emerged as a key target in breeding strategies aimed at enhancing host resistance. Selecting crop
genotypes that exude reduced levels of these compounds into the rhizosphere represents a promising
approach for conferring resistance to parasitic weeds (Cardoso et al., 2011; Jamil et al., 2011). The
pea mutants rms5 and rmsl were generated by mutations in the RMS5 and RMSI genes encoding
enzymes carotenoid cleavage dioxygenase (CCD)7 and CCDS, respectively. These enzymes are
critical for the production of SLs (Gomez-Roldan et al., 2008; Al-Babili et al., 2015; Mashiguchi et
al., 2021). CCD7 is responsible for cleaving 9-cis-B-carotene (C40), resulting in the production of -
ionone and 9-cis-B-apo-10'-carotenal (C27) (Al-Babili et al., 2015; Jia et al., 2018). Next, CCD8
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cleaves 9-cis-apo-10'-carotenal (C27) to form carlactone (C19), a percursor of SL (Alder et al., 2012;
Bouwmeester et al., 2021). CCD7 exhibits a wide range of substrate specificity, whereas CCD8
appears to be more specialized for the synthesis of SLs (Bruno et al., 2014; Hou et al., 2016).

Although such mutants were shown to induce significantly lower germination of crenate broomrape
seeds, they exhibit severe pleiotropic effects, including dwarfism and excessive shoot branching,
which limit their applicability in breeding programs (Rameau et al., 1997; Gomez-Roldan et al., 2008;
Pavan et al., 2016).

For faba bean, several cultivars (mostly derived from the Egyptian donor line Giza402) have shown
different levels of resistance to crenate broomrape. This resistance is associated with a reduced
penetration of the parasite into the host vascular system (Cuccurullo et al., 2022). In addition, two
breeding lines, Quijote and Navio, showing a lower induction of crenata broomrape seed germination,
due to reduced release of germination stimulants in the root exudate, were identified (Fernandez-
Aparicio et al., 2012). Also in lentil, genotypes showing different levels of resistance against crenate
broomrape were identified (Fernandez-Aparicio et al., 2008; Mbasani-Mansi et al., 2019; En-nahli et
al., 2021). For pea, no cultivar with resistance to crenate broomrape is currently available on the
market (Wohor et al., 2022). However, some resistant lines with different level of resistance have
been characterized, each exhibiting different resistance mechanisms: one acting at the pre-attachment
stage and another at the post-haustorial stage (Pavan et al., 2016; Rubiales et al., 2020). Finally,
several QTL related to crenate broomrape resistance were identified in faba bean and pea (Roman et
al., 2002; Valderamma et al., 2004; Fondevilla et al., 2010; Gutiérrez et al., 2013; Bardaro et al.,
2016; Abd El-Fatah et al., 2020). However, many of them explain only a small proportion of

phenotypic variation and are therefore not yet suitable for MAS.

In conclusion, durable resistance can be achieved by pyramiding genes with different mechanisms of
action, creating multiple barriers that are not easily overcome by the parasite. For instance, combining
low germination induction with other resistance mechanisms acting at different stages represents a

valuable strategy (Rubiales et al., 2020).
5. Aims of the thesis

The general aim of this PhD thesis, reflected in its title, is to characterize legume biodiversity for
stress adaptation and innovative industrial uses. Considering the major impact of the parasitic species
Oc in Mediterranean agro-ecosystems, focus was given to the study of genetic mechanisms of
resistance to this parasite (Chapters 2 and 3). Chapter 4 aims to elucidate multifunctional
physiological roles of SLs, including adaptation to several environmental stresses. In addition, it

addresses the characterization of SL-independent physiological roles of the SL biosynthetic genes
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rmsl and rms5. Chapter 5 offers data on the characterization of a lentil germplasm collection for its
phenolic profile and antioxidant activity. Altogether, these insights can support the legume value

chain in challenging environments, including Mediterranean area.
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ABSTRACT

Pea (Pisum sativum L.) is a widely cultivated legume of major importance for global food security
and agricultural sustainability. Crenate broomrape (Orobanche crenata Forsk.) (Oc) is a parasitic
weed severely affecting legumes, including pea, in the Mediterranean Basin and the Middle East.
Previously, the identification of the pea line ‘ROR12’, displaying resistance to Oc, was reported.
Two-year field trials on a segregant population of 148 F7 recombinant inbred lines (RILs), originating
from a cross between ‘ROR12’ and the susceptible cultivar ‘Sprinter’, revealed high heritability
(0.84) of the ‘RORI12’ resistance source. Genotyping-by-sequencing (GBS) on the same RIL
population allowed the construction of a high-density pea linkage map, which was compared with the

pea reference genome and used for quantitative trait loci (QTL) mapping.

Three QTLs associated with the response to Oc infection, named PsOcr-1, PsOcr-2 and PsOcr-3,
were identified, with PsOcr-1 explaining 69.3% of the genotypic variance. Evaluation of the effects
of different genotypic combinations indicated additivity between PsOcr-1 and PsOcr-2, and between
PsOcr-1 and PsOcr-3, and epistasis between PsOcr-2 and PsOcr-3. Finally, three Kompetitive Allele
Specific PCR (KASP) marker assays were designed on the single nucleotide polymorphisms (SNPs)
associated with the QTL significance peaks.

Besides contributing to the development of pea genomic resources, this work lays the foundation for
the obtainment of pea cultivars resistant to Oc and the identification of genes involved in resistance

to parasitic Orobanchaceae.

Keywords: Pea, broomrape, resistance, mapping, breeding

35



INTRODUCTION

Pea (Pisum sativum L.) is the second most widely cultivated cool season legume in the world, yielding
12.4 Mt of dry seeds and 20.5 Mt of green productions in 2021 (FAOSTAT data, 2021). In Europe
there is a positive trend towards the rise of pea cultivation, mostly related to the increased awareness
of consumers on the beneficial effects of legumes on human health, the implementation of political
incentives in favor of sustainable farming systems, and the growing demand for non-transgenic
alternatives to soybean (Daryanto et al., 2015; Centrone et al., 2020; Costantini et al., 2021; Pavan et
al., 2022).

Crenate broomrape (Orobanche crenata Forsk.) (Oc) is an obligate root parasite, which occurs
widespread in the Mediterranean area and the Middle East and may cause up to complete yield loss
on several cultivated legumes, including pea (Pavan et al., 2016; Negewo et al., 2022). The life cycle
of Oc includes the stages of seed germination, attachment to the host roots, establishment of vascular
connections, development of underground tubercles, emergence of floral shoots and dispersal of
seeds, which may remain viable in the soil for several decades (Xie et al., 2010; Fernandez-Aparicio

et al., 2016b).

Breeding for resistance proved to be a valuable strategy to cope with Oc and other parasitic weeds
belonging to the botanic family of Orobanchaceae (Jamil et al., 2011; Fernandez-Aparicio et al., 2014;
Jamil et al., 2021; Li et al., 2023a), whereas agronomic and chemical control methods displayed
limited efficacy (Fernandez-Aparicio et al., 2016a). However, no Oc resistant pea cultivar is
commercially available (Rubiales 2014; Wohor et al., 2022), thus pea cultivation has been abandoned

in several areas with a large Oc seed bank (Renna et al., 2015).

We previously reported the selection, from an Italian garden pea landrace, of the breeding line
‘ROR12’, displaying resistance to Oc (Pavan et al., 2016). Characterization of root extracts and
exudates indicated that ‘ROR12’ resistance might be due, at least partially, to reduced biosynthesis
of strigolactones, a class of carotenoid-derived compounds acting in the rhizosphere as germination
stimulants for Orobanchaceae (Yoneyama et al., 2010; Pavan et al., 2016; Bouwmeester et al., 2021).
The response to Oc infection, assessed as the number of parasitic shoots emerged aboveground at
crop maturity, significantly deviated from normality in an F> population generated from a cross
between ‘ROR12’ and the susceptible cultivar ‘Sprinter’, suggesting the occurrence of one or a few
loci having a major effect on the phenotype (Bardaro et al., 2016). In addition, testing a few
polymorphic marker loci on resistant and susceptible F» bulks revealed a significant association
between response to Oc infection and a genomic region on the pea chromosome 5L.G3 (Bardaro et

al., 2016).
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The wild pea accession ‘P665° was previously reported as partially resistant to Oc (Fondevilla et al.,
2010). QTL mapping based on a segregant recombinant inbred line (RIL) population originating from
‘P665° and the susceptible cultivar ‘Messire’ identified four QTLs associated with the number of
parasitic shoots emerged per host plant (n°br03 1, n°br03 2, n°br03 3 and n°br04), located on the
pea chromosomes 2LG1, SLG3, 3LGS5 and 1LG6, respectively (Fondevilla et al., 2010).

Genotyping-by-sequencing (GBS) is a reduced representation library sequencing strategy allowing
the cost-effective identification of thousands of single nucleotide polymorphisms (SNPs) (Elshire et
al., 2011; Pavan et al., 2020). GBS was successfully used in pea to generate high-density linkage
maps, in which loci associated with economically important traits were positioned (Ma et al., 2017a;
Barilli et al., 2018; Guindon et al., 2019). In addition, dense linkage maps can be compared to
reference genome assemblies to provide genomic context to unanchored contigs and scaffolds,
resolving allelism and identifying mis-joins (Fierst, 2015; Walve et al., 2019). Currently, the genome
assemblies of the cultivars ‘Cameor’ and ‘ZW6’ are available for the scientific community working

on pea (Kreplak et al., 2019; Yang et al., 2022).

Here, we describe the use of GBS for the construction of a high-density linkage map in pea, which
was compared with the pea reference genome. SNP data and two-year phenotypic observations
collected on the ‘ROR12’ x ‘Sprinter’ RIL segregant population were used to identify and annotate
genomic loci associated with Oc resistance. Finally, marker assays were designed and validated to

assist selection in breeding programs.

MATERIALS AND METHODS

Plant material

The breeding line ‘ROR12’ and the cultivar ‘Sprinter’ were used in this study, together with a
population of 148 F7; RILs obtained from their F> progeny by single seed descent. ‘ROR12’ was
obtained from a local garden pea landrace by pure line selection (Pavan et al., 2016). Low
strigolactone levels occurring in ‘ROR12’ result in a slightly branched phenotype, which, however,
does not cause a major penalty effect on the agronomic performance (Pavan et al., 2016). ‘Sprinter’
is an old garden pea commercial cultivar previously shown to be highly susceptible to Oc (Bardaro

etal., 2016; Pavan et al., 2016).
Phenotyping

Two field trials (sowing dates October 3, 2020, and January 8, 2021) were carried out at the
experimental farm ‘P. Martucci’ of the University of Bari (41°0122.1"N 16°54'21.0"E) in a silty-
clayey experimental field continuously cultivated with legumes, known to be highly infested by Oc.

RILs were arranged according to a randomized block design with three blocks and one replication
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per block, with each replicate consisting of ten plants distant 0.15 m in a single row. The blocks were
placed orthogonally to a gradient of Oc infestation observed in the previous two years. To check for
the homogeneity of the Oc seedbank distribution within blocks, five replicates of the parental cultivar
‘Sprinter’ were randomly allocated in each block as positive control. No fertilization and irrigation
were applied during the growing season. Pest and pathogen management was performed using single
applications of deltamethrin and difenoconazole, whereas weed control was performed with
pendimethalin in pre-emergence and manual weeding in post-emergence. Genotypic response to Oc
infection was evaluated at crop maturity on May 25, 2020, and May 31, 2021, as the average number

of parasitic shoots emerged aboveground per plant.
DNA extraction, GBS assay and quality control

Leaf tissue samples were collected from three individuals of the parental lines and one individual of
each RIL. DNA was isolated using the DNeasy Plant Mini Kit (Qiagen) according to the
manufacturer’s protocol and checked for quality and concentration using agarose gel (0.8%)
electrophoresis and the Qubit 3.0 fluorometer (Life Technologies). A multiplexed 4peKI-GBS library
was prepared as described by Elshire et al. (2011) and sequenced by a paired-end approach using the
[Mlumina Novoseq 6000 sequencing system (Elshire Group Ltd.). After demultiplexing with the Axe
algorithm (Murray et al., 2018), reads were trimmed for adapter and reverse-barcode sequences using
the batch_trim.pl script from github (https://github.com/Lanilen/GBS-PreProcess). Alignment to the
Pisum sativum v1.0 reference genome (Kreplak et al., 2019) was performed using bowtie2
(Langmead et al., 2012). After pooling together alignments of the biological replicates of the parental
lines, the Stacks pipeline (Catchen et al., 2013) with the biparental filtering mode was used for SNP
calling. Further filtering was performed in TASSEL 5.2.31 (Bradbury et al., 2007) by selecting SNP
loci showing polymorphism between the parental lines and associated with call rate >90%, minor
allele frequency (MAF) >0.25 and heterozygous calls <5%, and maintaining individuals displaying
heterozygosity <10%.

Linkage map construction and evaluation

The mstmap function of the ASMap R package (Taylor et al., 2017), implementing the Minimum
Spanning Tree algorithm described by Wu et al. (2008), was used for linkage map construction.
Default arguments within the function were applied, except for choosing the p-value threshold of 10
' for clustering marker loci in linkage groups. Marker loci associated with double cross-over events
or displaying skewed segregation (P<0.05 after the Bonferroni correction) were removed from
analysis using the drop.markers function of ASMap. The performance of the mstmap function was

checked by plotting the heat map of pairwise recombination fractions (RFs) between markers and
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their pairwise logarithm of odd (LOD) score of linkage. Graphical representation of the linkage map
was obtained using the ip/otMap function of the gtlcharts R package (Broman, 2015). The relation
between the linkage map and the pea reference genome was investigated by plotting genetic vs.

physical positions for each chromosome, using the ggplot2 R package (Wickham, 2016).
Estimation of heritability and QTL analysis
Broad sense heritability (H?g) was estimated according to Schmidt et al. (2019), using the formula:

2
(0}
2 G
Hg =

G_g:)
Ny X N,

2 4 Ocy
(og + Ty +
in which 67 is the genotypic variance, 6Gy is the genotype-by-year variance, 6 is the error variance,
ny is the number of years, and n; is the number of replicates within each year. Restricted maximum
likelihood (REML) estimates of variance components were obtained by fitting a random effect model
with the Imer function of the Ime4 R package (Bates et al., 2015), in which: genotype, genotype-by-
year, year, and replicates within years were set as random effects; the square root of phenotypic data
was set as the dependent variable, with this transformation being necessary to correct for the right-
skewness of the distribution. The model assumption of normality was assessed using the ggnorm

function of the Stats R package (R Core Team 2013). The ranova function of the ImerTest R package

(Kutnesova et al., 2017) was used to test the significance of the random effect terms of the model.

Mapping of quantitative trait loci (QTLs) was performed using linkage map data and best linear
unbiased predictors (BLUPs) of RIL genotypic effects, which are widely used as alternative to
phenotypic means to estimate genotypic values in QTL mapping studies (Ben Sadok et al., 2013;
Allard et al., 2016; Molenaar et al., 2018; Wang et al., 2023). BLUPs were extracted by applying the
ranef function of Ime4 to the random effect model above described for H?g estimation. The cim
function of the Rqtl R package (Broman et al., 2003) was used to search for marker-trait associations
by composite interval mapping (CIM). Arguments within the function were set to perform the Haley-
Knott regression method and identify a LOD score QTL significance threshold based on a
permutation test with 1,000 iterations. The plot function of the Stats R package (R Core Team 2013)
was applied on the output of the cim function to obtain graphs for chromosomal LOD scores. The
percentage of the variance of RIL genotypic effects on the phenotype (PGE) explained by markers at

QTL peaks was calculated with the formula:

LOD
PGE = 100 x (1 — 100277 )
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Confidence intervals were identified using the /odint function of Rqtl, based on two LOD score units
drop from the QTL peak. Genes included in the QTL confidence intervals were extracted from the
pea reference genome annotation general feature format (gff) file, which was downloaded from the
Unité de Recherche Génomique Info (URGI) bioinformatics platform (https://urgi.versailles.inra.ft/).
The BLAST tools implemented by the same platform were used: a) to search, in QTL confidence
intervals, for homologs of the strigolactone biosynthetic genes reviewed by Mashiguchi et al. (2021);
b) physical mapping of the simple sequence repeat (SSR) marker AD174 (Loridon et al., 2005),
previously associated with ‘ROR12’ resistance (Bardaro et al., 2016); ¢) physical mapping of the
carbonic anhydrase gene Psatlg058960 that, according to the map of Carrillo et al. (2014), is closely
linked to the RAPD marker OPAA19 702, in turn linked to the Oc resistance QTL N°br04 by
Fondevilla et al. (2010). Search for defense response genes enrichment in QTL confidence intervals
was performed by the gprofiler2 R package (Kolberg et al., 2020), using p=0.05 as significance

threshold and the Benjamini-Hochberg false discovery rate correction for multiple tests.

The effect of the different QTL combinations on the phenotype was investigated using the effectplot
function of the Rqtl R package, which returned BLUP means and standard errors relative to different
genotypic combinations at QTL pairs. Data were used to produce a custom plot using the ggplot2 R

package (Wickham, 2016).
KASP marker development

Kompetitive Allele Specific PCR (KASP) assays were performed using two allele-specific forward
primers, marked with the FAM and HEX fluorescence dyes, and a common reverse primer (Table 1).
PCR reactions were performed at LGC genomics (Shanghai, China) according to standard protocols.
Output fluorescence data were used to produce scatter plots, using the ggplot2 R package (Wickham,
2016).

Table 1 Details of the KASP assays designed on the QTLs PsOcr-1, PsOcr-2 and PsOcr-3 identified
in this study

QTL Target Allele specific Allele specific primer Common primer

SNP primer 1 2

PsOcr-1 C/G GCAGGTTTTCTA | GCAGGTTTTCTAC | GTCAATCCTTTTTGACC

CTTCGATGACG TTCGATGACC CTTGGACTAATT
PsOcr-2 T/C TCATCCAAGTGG | CATCCAAGTGGCT | TGAAAGTGAATAGTGC
CTCCCTTTCATT CCCTTTCATC AGATCCTTTGAATT

PsOcr-3 G/T TCTACGATCAAA | GTTCTACGATCAA | ATGCTGCAGCTCCCAA
TGCCGGATACC ATGCCGGATACA ACTTCTCAT
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RESULTS

Phenotypic variation and heritability of Oc resistance

Two-year trials were carried out in an experimental field known to be severely infested by Oc, aiming
to evaluate the response of a segregant population of 148 F7 RILs originating from a cross between
‘ROR12’ and ‘Sprinter’. Scoring of the average number of parasitic shoots emerged aboveground per
host plant indicated a fairly good uniformity of infestation within blocks, as relatively low dispersion
around the mean was observed for five ‘Sprinter’ replicates randomly allocated in each block
(mean+SD were 5.65+0.35, 2.94+0.14 and 2.95+0.21 for the three blocks arranged in 2020, and
1.53+0.12, 2.7+0.46 and 3.4+0.46 for the three blocks arranged in 2021).

The average number of parasitic shoots emerged aboveground per host plant ranged, for RILs, from
0 to 6.03 in 2020, and from 0 to 3.07 in 2021. In addition, in both years this variable exhibited a
distribution clearly deviating from normality, indicating the occurrence of one or a few major loci
involved in resistance (Figure 1). ‘ROR12’ displayed very high resistance levels, with an average
number of Oc shoots emerged per host plant of 0.13 and 0.06 in 2020 and 2021, respectively,
suggesting the absence of transgressive segregation (Figure 1). The estimated broad sense heritability

(H%g) was 0.84, indicating a minor effect of environmental factors on phenotypic variation.
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Figure 1. Frequency distribution of the average number of Orobanche crenata Forsk. (Oc) shoots
emerged aboveground per host plant recorded for the parental lines ‘Sprinter’ and ‘ROR12’ and their
RIL F7 population in 2020 (A) and 2021 (B).
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Construction of and evaluation of a GBS-based SNP linkage map

Sequencing of an 4ApeKI-GBS library obtained from the DNA of the parental genotypes and the RIL
population resulted in about 2.2 million reads/sample. About 33% of the reads were successfully
mapped onto the pea reference genome (Kreplak et al., 2019). After the SNP call and quality control
procedures, 6,182 polymorphic loci were identified. Further filtering to eliminate potentially spurious
SNP calls, associated with loci displaying skewed segregation or associated with double cross-over,
resulted in a final panel of 4,489 markers. Of these, 4,127 were located on the seven pea
chromosomes, whereas the remaining ones were located on pea superscaffolds and scaffolds. The
number of polymorphic loci per chromosome and chromosome length displayed a moderate

correlation (R?=0.55, p=0.03), indicating a quite uniform distribution of variants across the genome.

Linkage analysis resulted in a genetic map containing seven linkage groups (LGs), in accordance with
the pea haploid chromosome number (Figure 2A). Genetic length, physical length, and recombination
rate associated with each linkage group are presented in Table 2. Good collinearity was found between
the position of markers in the genetic map and the one in the pea reference genome (Figure 2B). Most
notable exceptions were represented by two regions of the chromosomes 4L.G4 and 7LG7 (Figure
2B), and the mapping of 59 markers on a different chromosome than in the reference genome
(Supplementary Table S1). In addition, 362 SNP loci positioned on 9 superscaffolds and 125 scaffolds
were anchored to the seven linkage groups (Supplementary Table S2).

Table 2. Genetic length, physical length, and recombination rate associated with the linkage groups
detected in this study

Linkage Groups Genetic length Physical length Recombination rate
° (cM) (Mb) (cM/Mb)
1LG6 291.76 371.83 0.78
2LG1 239.19 423.88 0.56
3LGS 306.22 436.66 0.70
41L.G4 284.12 418.68 0.64
SLG3 291.33 572.87 0.50
6LG2 316.46 476.61 0.66
7LG7 360.01 490.63 0.73
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Figure 2. (A) Pea genetic map constructed with 4,489 single nucleotide polymorphism (SNP)
markers generated by genotyping-by-sequencing (GBS). Each horizontal bar indicates the marker
position, expressed in centiMorgan (cM). Each linkage group (LG) has the same name of the
corresponding chromosome (B). Comparison between the pea genetic and physical maps. For each
LG/chromosome, SNPs are represented by dots, whose coordinates on the x and y axes are given by
their positions on the genetic map (cM) and the physical map (Mb), respectively.
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Identification and annotation of three QTLs associated with response to Oc infection

Testing for the effect of variance components indicated a non-significant contribution of the
genotype-by-year interaction term (Supplementary Table S3). Therefore, QTL mapping was
performed using two-year data, which were combined to obtain BLUPs of RIL genotypic effects on
the phenotype (i.e., genotypic values). Three QTLs with LOD score peak above the significance
threshold of 4.89 were identified. The QTL on chromosome 4L.G4, named PsOcr-1, was associated
with the highest LOD score peak (36.74), corresponding to 69.3% of the genotypic variance (6°G)
(Figure 3). The other two QTLs, located on chromosomes 1LG6 and SLG3, were named PsOcr-2 and
PsOcr-3, respectively. PsOcr-2 displayed a LOD score peak of 10.73 and explained 29.4% of ¢7,
whereas PsOcr-3 displayed a LOD score peak of 4.96 and explained 15% of 6. The PsOcr-3 LOD
score peak was mapped 14.98 Mb apart from the SSR marker AD174, previously associated with
‘ROR12’ resistance (Bardaro et al., 2016). The PsOcr-2 LOD score peak was mapped about 17 Mb
apart from the carbonic anhydrase gene Psatlg058960. This gene, according to the linkage map
reported by Carrillo et al. (2014), is linked to the RAPD marker OPAA19 702, which was in turn
linked to the Oc resistance QTL N°br04 by Fondevilla et al. (2010).
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Figure 3. Logarithm of odds (LOD) score curves of quantitative trait loci (QTLs) associated with
response to Orobanche crenata infection. The dashed red line indicated the significance threshold

identified by permutation analysis. The three QTL above the threshold (PsOcr-1, PsOcr-2 and
PsOcr-3) are indicated in correspondence of their LOD score peaks.
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The QTL confidence intervals spanned physical regions of 17.2 Mb for PsOcr-1, 7.2 Mb for PsOcr-
2 and 51.2 Mb for PsOcr-3, and contained 159, 99 and 617 genes, respectively (Supplementary Table
S4). Among these genes, five in PsOcr-1 and 25 in PsOcr-3 were annotated with the gene ontology
(GO) term GO:0006952, ‘defense response biological process’ (Supplementary Table S4).
Enrichment analysis showed significant enrichment of PsOcr-3 for this GO term (p-value = 7.08'°).
The SNP loci corresponding to the PsOcr-1, PsOcr-2 and PsOcr-3 LOD score peaks were positioned
within genes encoding an F-box domain protein (Psat4gl28720), a phenylalanine ammonia lyase
(Psatlg046920) and a proton-dependent oligopeptide transporter (Psat5g221320), respectively
(Supplementary Table S4).

‘ROR12’ was previously shown to be a low-strigolactone line, which causes a reduced germination
of Oc seeds (Pavan et al., 2016). Thus, we searched, within the QTL confidence intervals, for
predicted genes showing homology with genes involved in the strigolactone biosynthetic pathway.
This resulted in the identification, in PsOcr-2, of one 2-oxoglutarate-dependent dioxygenase (20GD)
(Psat1g046960) and, in PsOcr-3, of one cytochrome P450 oxygenase of the CYP711A subfamily
(Psat5g201640), two cytochrome P450 oxygenases of the CYP722C subfamily (Psat5g209960 and
Psat5¢209880), and two 20GDs (Psat5g206640 and Psat5g206800) (Supplementary Table S4).

QTLs for Oc resistance display both additive and epistatic effects

Information on the genotypic values and QTL genotypes of individual RILs was used to investigate
the genetic effect of different QTL combinations. This indicated additivity between PsOcr-1 and
PsOcr-2, and between PsOcr-1 and PsOcr-3 (Figure 4A-B), with the three QTL alleles contributing
to Oc resistance all deriving from ‘ROR12’. Conversely, the genotype occurring at PsOcr-3,
homozygous for either the ‘ROR12’ allele (R) or the ‘Sprinter’ allele (S), did not affect the genotypic
value of RILs homozygous for the R allele at PsOcr-2 (Figure 4C), thus indicating epistasis of PsOcr-
2 over PsOcr-3.
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Figure 4. Combined effects on the phenotype of the QTL pairs PsOcr-1:PsOcr-2 (A), PsOcr-
1:PsOcr-3 (B), and PsOcr-2:PsOcr-3 (C). Each plot reports: on the x-axis, the genotype for the
marker locus corresponding to the first QTL LOD score peak; as a color code, the genotype for the
marker locus corresponding to the second QTL LOD score peak; on the y-axis, mean best linear
unbiased predictors (BLUPs) of genotypic effects on the phenotype. Black bars indicate +se of BLUP
means. Lines express, for a given genotype of the second QTL, the BLUP mean change when varying
the genotype at the first QTL. R and S indicate the 'ROR12’ and ‘Sprinter’ alleles, respectively.

Development of QTL-specific KASP markers

KASP assays were designed on the SNPs corresponding to the LOD score peaks of the QTLs PsOcr-
1, PsOcr-2 and PsOcr-3. These were validated on the parental lines, as well as three different RIL
panels, each one predicted from GBS data to include ten lines homozygous for the ‘ROR12’ allele,
ten lines homozygous for the ‘Sprinter’ allele, and at least one heterozygous line. Each KASP assays

yielded three fluorescence groups (Figure 5). In addition, KASP genotypic calls were fully consistent

with GBS calls.
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Figure 5. KASP assays for the PsOcr-1 (A), PsOcr-2 (B) and PsOcr-3 (C) quantitative trait loci
(QTLs) for resistance to Orobanche crenata. Each recombinant inbred line (RIL) is associated with
a dot, whose coordinates are given by the fluorescence levels recorded for the FAM and HEX dyes.
The red and blue colors indicate homozygous calls for the ‘Sprinter’ and ‘RORI12’ alleles,
respectively, whereas the green color indicates heterozygous calls.
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DISCUSSION

Here we show that ‘ROR12’ resistance, highly effective against Oc, is controlled by three QTLs,
including one (PsOcr-1) explaining as much as 69.3% of the genetic variance. In contrast, other Oc
resistance sources previously identified in wild or cultivated Pisum germplasm confer incomplete
immunity and are under the control of several minor effect QTLs (Rubiales et al., 2003; Valderrama
et al., 2004; Pérez-de-Luque et al., 2005; Rubiales et al., 2005; Fondevilla et al., 2010; Rubiales et
al., 2021; Wohor et al., 2022;). High heritability (0.84) and the absence of pleiotropic phenotypes
affecting the agronomic performance, such as severe dwarfism and extreme branching occurring in
other strigolactone-defective mutants (Rameau et al., 1997; Morris et al., 2001; Pavan et al., 2016),
are other features of ‘ROR12’ resistance of value for breeding purposes. KASP technology provides
a robust, high-throughput and cost-effective solution for assisted selection (Ma et al., 2017b;
Broccanello et al., 2018), therefore the three KASP assays designed and validated in this study are
expected to be of great value for the introgression of ‘ROR12’ resistance into new pea cultivars. The
KASP markers designed on the PsOcr-2 and PsOcr-3 LOD score peaks were mapped in proximity
of the markers OPAA19 702 and AD174, suggesting that PsOcr-2 and PsOcr-3 might coincide with
the Oc resistance QTLs previously detected by Fondevilla et al. (2010) and Bardaro et al. (2016),

respectively.

The study of combined genetic effects indicated additivity between PsOcr-1 and PsOcr-2, and
between PsOcr-1 and PsOcr-3, and epistasis of PsOcr-2 over PsOcr-3. In further support of the
epistasis of PsOcr-2 over PsOcr-3, we found that two QTLs, PsOcr-1 and PsOcr-2, are alone
sufficient to explain about 100% of the RIL population genotypic variance. Overall, our results
support the hypothesis that ‘ROR12’ resistance originates from two independent defense

mechanisms, one involving PsOcr-1 and the other both PsOcr-2 and PsOcr-3.

Several defense response genes were identified in the PsOcr-1 and PsOcr-3 QTL confidence
intervals. Most of them encode a nucleotide-binding domain shared by apoptotic protease-activating
factor-1, resistance proteins and Caenorhabditis elegans death-4 protein (referred to as NB-ARC
domain), which was predicted to play a major role in the activation of defense responses against
parasitic plants (Li et al., 2009; Hu et al., 2020). Interestingly, the SNP corresponding to the PsOcr-
2 LOD score peak is associated, in the resistant line, with a missense (Thr6991le) mutation in the
phenylalanine ammonia lyase (PAL) protein encoded by the gene Psatlg046920. PAL catalyzes the
first committed step in the phenylpropanoid pathway, and its expression is typically induced as a
defense mechanism towards biotic agents, including broomrapes (Mabrouk et al., 2016; Briache et

al., 2020).
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‘ROR12’ resistance was previously associated with reduced production of strigolactones and,
consequently, reduced Oc seed germination (Pavan et al., 2016). Interestingly, the QTL confidence
intervals identified in this study do not contain the two pea strigolactone biosynthetic genes
characterized so far, Rms/ and RmsJ5, encoding the Carotenoid Cleavage Dioxygenase 7 (CCD7) and
Carotenoid Cleavage Dioxygenase 8 (CCD7) enzymes. However, the intervals do encompass several
homologs of genes that were shown to play a role in strigolactone biosynthesis in other plant species,
namely cytochrome P450s of the CYP711A and CYP722C subfamilies and 20GD enzymes.
Members of the CYP711A subfamily play a highly important and varied role in strigolactone
biosynthesis. They, for example, convert carlactone into carlactonoic acid in Arabidopsis (Abe at al.,
2014), and carlactone into 4-deoxyorobanchol and 4-deoxyorobanchol into orobanchol in rice (Zhang
et al., 2014). Enzymes of the CYP722C subfamily were shown to catalyse the formation of 5-
deoxystrigol from carlactonoic acid in cotton (Wakabayashi et al., 2020), and of orobanchol from
carlactonoic acid in tomato and cowpea (Wakabayashi et al., 2019, Wakabayashi et al., 2022). 20GDs
were associated with the biosynthesis of non-canonical strigolactones in the pea relative Medicago
truncatula (Xie, 2016; Mashiguchi et al., 2021), however non-canonical strigolactones have not been
identified in pea. Interestingly, a recent study showed that pea is lacking a CYP712G1 orthologue that
was postulated to be required for non-canonical strigolactone biosynthesis in M. truncatula (Wang et
al., 2022). It will be intriguing to see whether the OGDs identified in the present study play a role in

the biosynthesis of so far unknown strigolactones in pea.

This study provides another successful example of mapping genes of economic interest in pea by
GBS (Holdsworth et al., 2017; Gali et al., 2018; Gali et al., 2019; Pavan et al., 2022). The quality of
the linkage map provided in this study is suggested by its overall collinearity with the pea reference
genome (Kreplak et al., 2019). Notably, we also highlight a few exceptions to this collinearity, and
provide genomic context to unanchored physical scaffolds and superscaffolds, thus delivering

elements for the refinement of pea genomic resources.

In conclusion, the results of this study might contribute to foster pea cultivation in the Mediterranean
Basin and the Middle East, two areas in which Oc infestations discourage farmers from using legumes
in crop rotations (Renna et al., 2015; Negewo et al., 2022). Future research might be addressed to the
further refinement of the QTL mapping resolution. Pea is considered recalcitrant to stable genetic
transformation protocols (Choudhury et al., 2021), therefore transient transformation or TILLING
(Dalmais et al., 2008; Li et al., 2023b) may be used for the functional characterization of candidate

genes.
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Data availability statement

The datasets presented in this study can be found in online repositories. The names of the

repository/repositories and accession number(s) can be found below: https:/figshare.com/, doi:
10.6084/m9.figshare.22741481.
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ABSTRACT

Orobanchaceae are parasitic weeds causing substantial yield losses in many crops, including pea
(Pisum sativum L.). Within host species, genotypes that display enhanced resistance to
Orobanchaceae often exude low levels of strigolactones (SLs) from their roots, in line with evidence
that SLs stimulate the germination of Orobanchaceaec. However, to which extent genetically
determined low SL exudation contributes to field resistance to Orobanchaceae was poorly
investigated. Here, we studied the relation between SL exudation and field response to Orobanche

crenata Forsk. (Oc) in pea.

The screening of a germplasm panel identified three novel sources of field resistance to Oc and
revealed an association between field resistance and low SL exudation. Although the SL-deficient
mutants rms/ and rms5 were more resistant than their wild-type backgrounds, they still suffered
substantial Oc parasitization. Genetic analysis and RNA-seq of recombinant inbred lines uncovered
both SL-dependent and SL-independent mechanisms contributing to the near-complete resistance to
Oc previously reported in the breeding line ROR12, and identified candidate genes possibly

underlying resistance loci.

Besides identifying novel sources of resistance to Oc, our study indicates that reduced or absent SL
exudation alone is not sufficient to confer complete field resistance to Oc in pea. This suggests the
necessity of exploring SL-independent resistance mechanisms for breeding purposes. Further
investigations are needed to clarify whether a similar scenario applies to other crops affected by

Orobanchaceae, and to characterize genes causally related to Oc resistance.

Keywords: Orobanchaceae, pea, Orobanche crenata, resistance, strigolactones
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INTRODUCTION

Orobanchaceae include root parasitic weeds, witchweeds (Striga spp.) and broomrapes (Orobanche
and Phelipanche spp.), causing agricultural losses of about 10 billion US dollars annually (Xu et al.,
2022). Crenate broomrape (Orobanche crenata Forsk.) (Oc) is a major threat to the cultivation of
cool-season legumes in the Mediterranean area, and may cause up to complete yield loss in pea
(Pisum sativum L.), one of the most important legume species globally with a production of about 35

million metric tons (Parker, 2009; Fernandez-Aparicio et al., 2016; FAO, 2022; Pavan et al., 2022).

Orobanchaceae are extremely difficult to control using agronomic and chemical methods, as their life
cycle mostly occurs underground and they produce large amounts of small, long-lived seeds (Rispail
et al., 2007). No commercially available pea cultivar displays significant resistance to Oc, therefore
confining pea cultivation to non-infested areas (Rubiales, 2014; Renna et al., 2015; Wohor et al.,

2022).

Strigolactones (SLs) are carotenoid-derived compounds exuded by the roots of land plants that induce
the germination of Orobanchaceae at concentrations as low as 10 pM (Xie et al., 2010; Pavan et al.,
2016; Bouwmeester et al., 2021; Li et al., 2023a). Besides this, SLs act as recognition signals for
symbiotic arbuscular mycorrhizal fungi and as plant hormones involved in a range of endogenous
physiological processes, such as root architecture, leaf senescence, secondary growth, and response
to environmental stresses (Matusova et al., 2005; Umehara et al., 2008; Zhang et al., 2013; Wu et al.,
2022; Wang et al., 2024). The initial steps in SL biosynthesis are conserved across the plant kingdom
and involve enzymes that convert B-carotene to carlactone (CL) (Alder et al., 2012). DWARF27 (D27)
encodes a B-carotene isomerase that converts all-trans- to 9-cis-p-carotene. This is then converted
into CL by CAROTENOID CLEAVAGE DEOXYGENASE 7 (CCD7) and CCDS8 (Johnson et al.,
2006; Gomez-Roldan et al., 2008; Al-Babili et al., 2015; Jia et al., 2018). CL undergoes additional
modifications to a range of different SLs (Yoneyama et al. 2018; Bouwmeester et al. 2021; Guercio
et al., 2023). The SLs orobanchol, orobanchyl acetate and fabacyl acetate have been previously
reported in legume root exudates (Pavan et al., 2016; Trabelsi et al., 2017).

In accordance with the role of SLs as Orobanchaceae germination stimulants, host genotypes
displaying enhanced field resistance to Orobanchaceae, such as the rice cultivars NERICA, the faba
bean breeding lines Navio and Quijote, and the pea breeding line ROR12, often secrete low SL levels
in their root exudates (Jamil et al., 2011; Fernandez-Aparicio et al., 2014; Bardaro et al., 2016; Pavan
et al., 2016). However, whether resistance of this germplasm is solely due to this low SL exudation
has not been investigated. Indeed, it was suggested that the attachment of Orobanchaceae to their

hosts can be prevented by SL-independent resistance mechanisms, involving other germination
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stimulants, germination inhibitors and host-derived haustorium initiation factors (Brun et al., 2018;
Uraguchi et al., 2018; Fishman et al., 2021; Jhu et al., 2022; Jhu et al., 2023; Jamil et al., 2024).
Additionally, post-attachment defense mechanisms to Orobanchaceae were documented (Martin-
Sanz et al., 2020; Albert et al., 2021; Fishman et al., 2021). The low-SL pea breeding line ROR12,
displaying nearly complete resistance to Oc without an obvious yield penalty (Pavan et al., 2016), is
also likely to exhibit SL-independent resistance mechanisms, as it carries resistance alleles at three
distinct quantitative trait loci (QTLs), previously named PsOcr-1, PsOcr-2, and PsOcr-3 (Delvento
etal., 2023).

Loss-of function mutants of key SL biosynthetic genes have been reported in several species,
including the pea mutant lines rms/ and rms5 (Beveridge, 2000; Morris et al., 2001). Although these
mutants are expected to display enhanced resistance to Orobanchaceae, they exhibit severe pleiotropic
phenotypes as a result of the complete loss of SLs, such as extreme branching and dwarfism, which
makes them unsuitable for breeding purposes (Sorefan et al., 2003; Johnson et al., 2006; Gomez-
Roldan et al., 2008). Notably, the response of SL biosynthetic mutants to Orobanchaceae was mostly
assessed in vitro, by means of seed germination assays, rather than under field conditions (Matusova

et al., 2005; Gomez-Roldan et al., 2008; Butt et al., 2018; Hao et al., 2023).

Here, we integrated liquid chromatography multiple reaction monitoring mass spectrometry (LC-
MS/MS), RNA-seq and field trials to evaluate different pea germplasm, i.e. a global collection, the
mutant lines rms/ and rms5, and a set of recombinant inbred lines (RILs) originating from ROR12 as
resistant parent. This allowed us to identify new sources of resistance to Oc, evaluate the relation
between SL exudation and field resistance to Oc, and characterize QTLs underlying ROR12

resistance to Oc.

MATERIALS AND METHODS
Field trials

Three pea lines, selected from the DISSPA-UNIBA germplasm collection, along with 133 lines from
the U.S. Department of Agriculture (USDA) Pea Single Plant Plus (PSPP) collection (Supplementary
Table S1), were evaluated over two growing seasons (2022-2023 and 2023-2024) (Supplementary
Figure S1 and Supplementary Figure S2). The trials were conducted at the University of Bari
(41°0122.1"N 16°54'21.0"E), in a silty—clayey experimental field continuously cultivated with
legumes and heavily infested by the Oc seed bank. Plants were sown according to randomized block
designs with three blocks (2022-2023) or four blocks (2023-2024), which were placed orthogonally
to a gradient of infestation observed in previous years. Each experimental unit consisted of two plants

spaced 0.3 m apart along the row. Experimental units were spaced 1 m apart within the row and 1 m
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between adjacent rows. No fertilization and irrigation were applied during the crop cycle. Pest and
pathogen management was carried out using single applications of deltamethrin, acetamiprid and
difenoconazole, while weed control was performed with pendimethalin in pre-emergence and manual
weeding in post-emergence. Response to Oc was evaluated by counting the number of parasitic shoots
emerged aboveground per plant at crop maturity. To assess the homogeneity of Oc infestation, ten
plants of the susceptible cultivar ‘Sprinter’ were randomly allocated in each block, and the standard
deviation of the mean was calculated. Data on Oc emergence were normalized by square root
transformation and further analysed by analysis of variance (ANOVA). As no significant genotype
by year interaction was detected, data averaged over two years were used to obtain a frequency
histogram of genotypic responses to Oc, using the ggplot2 and ggrepel R packages (Wickham, 2016;
Slowikowski et al., 2021).

Another field trial was conducted using the pea SL mutants rms/ and rms5 (Beveridge, 2000; Morris
et al., 2001), provided by the French National Institute for Agriculture, Food, and Environment
(INRAE) along with their wild-type genetic background (cv. Térése), and the breeding line ROR12
(Pavan et al., 2016). Plants were sown in 2022 according to a randomized block design with seven
blocks. Experimental units, consisting of five plants 0.2 m apart along the row, were spaced 1 m
within and between rows. Crop management and Oc response evaluation were carried out as
previously described. After data normalization by square root transformation and ANOVA, means
were compared using the Tukey's Honest Significant Difference (HSD) post-hoc test implemented by
the R package Agricolae, with significant level a set to 0.05 (De Mendiburu et al., 2020). Finally, a
box plot was obtained with the ggplot2 R package (Wickham, 2016).

Strigolactone quantification

Pea seeds were surface sterilized with 70% ethanol for 30s and 2% sodium hypochlorite (v/v) for 30
min. They were then rinsed five times in sterile double-distilled water and kept in a petri dish on wet
filer paper in the dark at 25°C for two days to induce germination. Germinated seeds were transferred
to pots filled with vermiculite and kept for one week. Afterwards, seedlings were moved to an
aeroponic system arranged in a randomized block design with three replicates, in which each
experimental unit consisted of a tank with eight plants. Plants were initially grown in 3 liters of
Hoagland’s nutrient solution with K;2HPO43H,O (+P1) for 2 weeks, followed by K;HPO43H>0 (—Pi)
for another 10 days (Wang et al., 2019). The aeroponic growing conditions were 23°C during the day,
22°C during the night, 16-hour light/8-hour dark photoperiod, and 60% relative humidity.

SL quantification was performed as previously described, with minor modifications (Pavan et al.,

2016). Briefly, root exudates (1 liter) were concentrated by loading onto a pre-equilibrated SPE C18-
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Fast column (500mg/ 3 mL, Grace Pure) and eluted with 3 mL 100% ethyl acetate. The solvent was
evaporated in the nitrogen flow, and the dried extract was dissolved in 100 pl of acetonitrile:water
(25:75, v:v) and filtered through a 0.22 um filter for LC-MS/MS with MRM mode analysis.
Chromatographic separation was performed using the Waters Acquity UPLC™ I-class system with
Acquity UPLC™ bridged ethylene hybrid (BEH) C18 column (2.1 mm x 100 mm, 1.7 pm, Waters).
This ultra-high pressure liquid chromatography (UHPLC) system is coupled to a Xevo® TQ-S
quadrupole mass spectrometer with electrospray (ESI) ionization interface (Waters). The injection
volume was set to 5 pl and analytes were eluted at a flow rate of 0.45 mL/min. Water + 15mM formic
acid (A) and acetonitrile + 15mM formic acid (B) were used to generate a solvent gradient with the
following profile: isocratic elution 0.4 min (15% B), 0.65 min (27% B), 5 min (40% B), 8 min (65%
B), 9.5 min (95% B). The column was washed for one minute (95% B) and then equilibrated to initial
conditions for 1.5 min (15% B). The ESI source was operated in positive mode and multiple reaction
monitoring (MRM) was used to detect SLs using the following transitions: orobanchol 347>97,
orobanchyl acetate 389>97, fabacyl acetate 405>97. Mass spectrometry data were processed using
the MassLynx™ software (V4.2, Waters). Mass spectrometry data with a signal to noise ratio less

than 10 were considered zero.

Statistical analyses for individual SLs were carried out using the Agricolae R package (De Mendiburu
et al., 2020). The Student’s t-test (o =0.05) was used to compare the means of lines displaying
contrasting response to Oc, or alternative alleles at the PsOcr-1, PsOcr-2 and PsOcr-3 QTLs. The
ANOVA and the Tukey's HSD post-hoc test (a =0.05) were performed to compare the lines rms/,
rms5 and Térése. Data were graphically represented with barplots, which were obtained using the

ggplot2 R package (Wickham, 2016).
RNA-seq analysis

ROR12, the Oc susceptible cultivar Sprinter and six Fe¢ RILs originating from their cross were
selected, based on available genotyping by sequencing (GBS) data and the KASP marker assays
described by (Delvento et al., 2023), to encompass all the 2° possible homozygous configurations of
resistance (R) and susceptibility (S) alleles at PsOcr-1, PsOcr-2 and PsOcr-3 (Table 1). Total RNA
was extracted from root tissues using the TRI-Reagent with a Direct-zol RNA MiniPrep Kit,
according to the manufacturer’s instruction (Zymo Research). RNA concentration, quality and
integrity were checked using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific) and
standard gel electrophoresis. After total RNA isolation, complementary DNA (cDNA) libraries were
prepared using the Hieff NGS Ultima Dual-mode mRNA Library Prep Kit for [llumina (Yeasen). In

detail, mRNA was enriched using oligo(dT) beads, sheared using a fragmentation buffer and reverse
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transcribed into cDNA with random primers. After synthesizing the second strand, cDNA fragments
underwent end-repair, poly(A) addition, and ligation to Illumina sequencing adapters. Size selection
of the ligation products was performed using Hieff NGS DNA Selection Beads (Superior Ampure XP
alternative|12601ES56, Yeasen). Ligated fragments were finally PCR amplified. Library sequencing
was performed on an Illumina Novaseq 6000 platform (Illumina). Raw sequencing data were assessed
for quality using FASTQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc) before and
after trimming. The Trimmomatic software (Bolger et al., 2014) was employed to remove sequencing
adapters, low-quality bases (Phred < 25), short reads (< 35 nt), and the first 10 base pairs from each
read. The kraken2/bracken pipeline (Lu et al., 2020) and a database comprising all bacteria and fungi
species listed in RefSeq were used to assess potential contamination with pathogens. The STAR
software (Dobin et al., 2013) was used to index the P. sativum ZW6 reference genome (Yang et al.,
2022) and to map the trimmed reads. Qualimap (Okonechnikov et al., 2016) was used to evaluate the
mapping quality and infer strand specificity. Gene-level read summarization was conducted with
FeatureCounts (Liao et al., 2014), focusing on reads with a mapping quality greater than 30 and
counting fragments due to the paired-end nature of the data. The DESeq2 package (Love et al., 2014)
was used to normalize counts, filter out poorly expressed genes by setting a minimum of 10 counts

in at least 3 samples, and to assess relations among samples by principal component analysis (PCA).

The DESeq2 package was also used to detect differentially expressed genes between lines carrying
resistance (R) or susceptibility (S) alleles at each of the three previously identified QTLs PsOcr-1,
PsOcr-2 and PsOcr-3 (Delvento et al., 2023). To reduce the number of statistically significant genes
with a weak effect, the analysis was conducted using a testing log2 fold-change threshold of 0.5. After
performing shrinkage of log2 foldchange (LFC) estimates with the /fcShrink function, genes with
adjusted p-value < 0.01 and [log2FC| >1 were considered differentially expressed genes (DEGs).
DEGs within the PsOcr-1, PsOcr-2 and PsOcr-3 confidence intervals were identified by aligning the
interval ends, previously determined on the Cameor genome (Kreplak et al., 2019; Delvento et al.,
2023), on the newly published high-quality ZW6 genome (Yang et al., 2022). Finally, a Volcano plot
for each of the three comparisons was obtained using the EnhancedVolcano R package (Blighe et al.,

2024).

Enrichment analysis of DEGs for Gene Ontology—Biological Process (GO—BP) terms was performed
using the hypergeometric test and the false discovery rate (FDR) multiple comparison correction

implemented by the gProfiler2 R package (version 0.2.3) (Kolberg et al., 2020).
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RESULTS

Identification of new sources of resistance to Oc in pea

Preliminary screenings carried out on the pea ex situ germplasm collection held at the Department of
Soil, Plant and Food Sciences, University of Bari (DISSPA-UNIBA), resulted in the detection of three
lines, PS-00168, PS-00169 and PS-00300, showing low levels of Oc infection. These were further
evaluated for two consecutive years in experimental fields severely infested by Oc, together with 133
lines from the Pea Single Plant Plus (PSPP) collection of the U.S. Department of Agriculture (USDA)
(Supplementary Table S1). Within each experimental block, ten randomly allocated plants of the
susceptible cultivar Sprinter displayed relatively low variation with respect to the average number of
Oc shoots emerged per plant, indicating a fairly uniform level of Oc pressure within the blocks

(Supplementary Table S2).

The ANOVA indicated significant genetic variation for response to Oc, and non-significant genotype
by year interaction (Supplementary Table S3). The lines PS-00168, PS-00169 and PS-00300 showed
the highest level of resistance, with the average number of Oc shoots emerged per plant ranging from
1.5 (PS-00300) to 1.83 (PS-00168 and PS-00169) across the two years (Figure 1A and Supplementary
Table S4).
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Figure 1. (A) Distribution of the number of Orobanche crenata Forsk. (Oc) shoots emerged
aboveground per host plant on a pea germplasm panel. Data are presented as the means of two
growing seasons. Labels indicate six lines displaying extreme phenotypes, which were further
analyzed for strigolactone quantification. (B) Orobanchol, orobanchyl acetate and fabacyl acetate
peak areas associated with the root exudates of lines displaying resistant (R) and susceptible (S)
phenotypes to Oc. Data are presented as means + SE (n = 3). Asterisks indicate significant differences
(p <0.05, Student’s t-test).
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Pea field resistance to Oc is associated with lower SL exudation

Aiming to study the relation between SL exudation and field resistance to Oc, we quantified SLs in
root exudates collected from the resistant lines mentioned above and the lines PI 142775, P1 280613,
and PI 429849. These showed the highest level of susceptibility, with the average number of Oc
shoots emerged per plant ranging from 16.33 (PI 429849) to 16.67 (P1 280613) (Figure 1A).
Significantly lower levels of SLs were detected in the resistant group (Figure 1B). Specifically,
orobanchol, orobanchyl acetate and fabacyl acetate were reduced by 55.56%, 65.26% and 70.07%,
respectively (Figure 1B).

Pea SL-deficient rms mutants only display partial resistance to Oc

To further explore the role of SLs in field resistance to Oc, we evaluated the previously reported rms/
and rms5 SL biosynthetic mutants (Beveridge, 2000; Morris et al., 2001). No SL was detected in the
root exudates of these mutants, in contrast to their wild-type genetic background, i.e the cv. Térese
(Figure 2A). Surprisingly, both rms/ and rms5 displayed substantial parasitization, with an average
of 9.43 and 8.57 Oc shoots emerged per plant, respectively, although they were significantly more
resistant than Térese, with an average of 22 Oc shoots emerged per plant (Figure 2B). The level of
Oc parasitization was not significantly different between rms/ and rms5 (Figure 2B). Nearly complete
field resistance was displayed by ROR12, associated with 0.5 Oc shoots emerged per plant on average
(Figure 2B).
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Figure 2. (A) Orobanchol, orobanchyl acetate and fabacyl acetate peak areas associated with the root
exudates of the mutants rms5 and rms, and their -genetic background (cv. Térese). Data are shown
as mean = SE (n = 3). Different letters indicate significant differences (p < 0.05, Tukey’s HSD test).
(B) Box plots showing the distribution of the number of Orobanche crenata Forsk. (Oc) shoots
emerged aboveground on Térése, rms/, rms5 and the breeding line ROR12. Data are presented as
mean £+ SE (n = 7). Different letters indicate significant differences (p < 0.05, Tukey’s HSD test).
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Both SL-dependent and SL-independent mechanisms play a role in the resistance to Oc

displayed by the breeding line ROR12

The pea breeding line ROR12 carries Oc resistance alleles at three different QTLs, previously named
PsOcr-1 to PsOcr-3 (Delvento et al., 2023). Based on available genotyping-by-sequencing data
(Delvento et al., 2023), we selected a panel of eight homozygous lines, i.e. ROR 12, the Oc susceptible
cultivar Sprinter and six F¢ recombinant inbred lines derived from their cross, together encompassing
the 23 possible homozygous configurations of resistance (R) and susceptibility (S) alleles at the three
QTLs (Table 1). These configurations were validated using Kompetitive Allele Specific PCR (KASP)
marker assays previously developed on the QTL significance peaks (Delvento et al., 2023)
(Supplementary Figure S3).

The root exudates of lines carrying the PsOcr-1 R allele displayed, compared to lines carrying the
PsOcr-1 S allele, significantly lower levels of orobanchol, orobanchyl acetate and fabacyl acetate,
indicating that the resistance mechanism associated with PsOcr-1 relates to lower SL exudation
(Figure 3). Notably, no significant difference in SL exudation was found by the analysis of lines
carrying alternative alleles at either PsOcr-2 or PsOcr-3 (Supplementary Figure S4), indicating that

ROR12 resistance also involves SL-independent resistance mechanisms.

Table 1. Homozygous genotypes at the QTLs PsOcr-1, PsOcr-2 and PsOcr-3 displayed by the
breeding line ROR12, the cultivar Sprinter and six recombinant inbred lines (RILs) originating from
their cross. S and R indicate the susceptibility and resistance allele, respectively.

ID PsOcr-1 PsOcr-2 PsOcr-3
RORI12 RR RR RR
Sprinter SS SS SS
144 RIL RR SS SS
113 RIL SS RR SS
164 RIL SS SS RR
155 RIL RR RR SS
27 RIL RR SS RR
23 RIL SS RR RR

66



Orobanchol Orobanchyl acetate Fabacyl acetate

200000 * 250000 N 400000-
*
150000 200000+ 300000
8 150000
< 100000 200000-
8 100000
50000 50000- 100000
0- 0- 0-
\'\?‘ \'\CD \’\Q\ "’\6 ('\?‘ \‘\CD
IS o f d
‘?eo ‘?E’O ‘?5"0 Q°’0 QQOC‘ Q:’OO

Figure 3. Orobanchol, orobanchyl acetate and fabacyl acetate peak areas associated with root
exudates of RILs homozygous for the resistance (R) or the susceptibility (S) allele at PsOcr-1. Data
are shown as means = SE (n = 4). Asterisks indicate significant differences (p < 0.05, Student’s t-test).

Characterization of transcriptional profiles associated with different resistance mechanisms to

Oc

To gain further insights into the molecular basis of ROR12 resistance to Oc, we performed RNA-seq
to analyze gene expression in the roots of the eight pea lines above mentioned carrying different
PsOcr allele combinations. Sequencing generated from 32.52 to 49.07 million raw reads per sample
(Supplementary Table S5). Reads mapped onto the P. sativum ‘ZW6’ reference genome (Yang et al.,
2022) ranged from 23.66 to 46.72 million, while uniquely mapped reads ranged from 67.41% to
92.26% (Supplementary Table S5). Principal component analysis showed a high level of consistency
among the expression profile of biological replicates (Supplementary Figure S5). Data from the cv.
Sprinter were excluded from further analysis due to significant contamination with reads from

Fusarium spp.

Comparing lines homozygous for alternative alleles at PsOcr-1 led to the identification of 15
differentially expressed genes (DEGs) (Supplementary Figure S6A and Supplementary Table S6).
Two of them, encoding a 2-methylene-furan-3-one reductase and a carbonic anhydrase 2-like protein,
resided in the PsOcr-1 confidence interval and were downregulated in lines carrying the R allele
(Figure 4A). As for lines carrying alternative alleles at PsOcr-2, 108 DEGs were found
(Supplementary Figure S6B and Supplementary Table S6). Among them, three genes resided in the
PsOcr-2 confidence interval, including two (encoding a phenylalanine ammonia-lyase 1-like protein
and an uncharacterized proteins) down-regulated and one (encoding a lachrymatory-factor synthase-
like protein) up-regulated in lines carrying the R allele (Figure 4A). Finally, 54 DEGs were found
between lines carrying alternative alleles at PsOcr-3 (Supplementary Figure S6C and Supplementary
Table S6). One of them, encoding a G-type lectin S-receptor-like serine/threonine-protein kinase,
resided in the PsOcr-3 confidence interval and was up-regulated in lines carrying the R allele (Figure

4A).
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DEGs between lines differing for the allelic configuration at PsOcr-1 were not significantly enriched
for any gene ontology (GO) biological process (BP) term. In contrast, the GO BP terms GO:0006749
and GO:0006355, indicating glutathione metabolic process and regulation of DNA-templated
transcription, respectively, were significantly enriched in DEGs between lines carrying alternative
allelic configurations at PsOcr-2 (Figure 4B). Finally, the GO BP term GO:0098542, indicating
defense response to other organisms, was enriched in DEGs between lines carrying alternative allelic

configurations at PsOcr-3 (Figure 4B).
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Figure 4. (A) Differentially expressed genes (DEGs) between lines homozygous for alternative
alleles at the QTLs PsOcr-1, PsOcr-2 and PsOcr-3. Bars indicate DEGs within QTL confidence
intervals. The bar colors represent log2 fold changes (LFC) value, according to a blue (down-
regulated)/orange (up-regulated) scale. (B) Gene ontology enrichment analysis for DEGs between
lines homozygous for alternative alleles at PsOcr-2 and PsOcr-3. Dot sizes indicate the proportion of
DEGs in each set, while dot colors indicate the significance level, according to a blue (less
significant)/orange (more significant) scale.



DISCUSSION

We report the identification of three pea lines, PS-00168, PS-00169, and PS-00300, representing
novel sources of resistance to Oc (Figure 1A), a root parasitic weed severely affecting pea cultivation
in the Mediterranean region. Notably, all the lines mentioned above, as well as the previously
described Oc-resistant line ROR12 (Pavan et al., 2016), originate from southern Italy (Supplementary
Table S1). This geographic clustering raises important questions regarding the origin, spread, and

potentially shared genetic basis of resistance within this regional germplasm.

The characterization of pea genotypes with contrasting response to Oc showed that pea field
resistance is commonly associated with low SL exudation (Figure 1B), in line with previous studies
relating low SL exudation with resistance to Orobanchaceae in rice and faba bean (Jamil et al., 2011;
Fernandez-Aparicio et al., 2014). Another SL-dependent mechanism of resistance to Orobanchaceae,
reported in sorghum and maize, involves qualitative differences in SL composition, as individual SLs
may differ in their activity as germination stimulants (Gobena et al., 2017; Mohemed et al., 2018; Li
et al., 2023a). However, this mechanism does not appear to apply to PS-00168, PS-00169, PS-00300,
which show similar ratios among the three pea SLs orobanchol, orobanchyl acetate and fabacyl

acetate compared to susceptible germplasm (Figure 1B).

Although low SL exudation is known to reduce germination of Orobanchaceae (Bouwmeester et al.,
2021), its translation into effective field resistance has been poorly explored. Indeed, SL-biosynthetic
mutants have been primarily tested by in vitro germination assays or by pot assays (Kohlen et al.,
2012; Butt et al., 2018; Galili et al., 2021; Hao et al., 2023). The only exceptions are represented by
the tomato mutants sb/ and sb2, which carry loss-of-function mutations in the CCD7 and CCD§
genes, respectively, and were recently reported to exhibit complete field resistance to the broomrape
species Phelipanche aegyptiaca (Dor et al., 2010; Karniel et al., 2024). In contrast, as a key novelty
of this study, we show that compared with their wild-type genetic background, the SL biosynthetic
mutants rms/ and rms5, which do not produce detectable SL levels, only show a moderate reduction
in Oc parasitization under field conditions (Figure 2B). This highlights the limitations of relying
solely on SL exudation as a breeding strategy to introduce Oc resistance in pea. Our findings are in
line with earlier in vitro observations, showing significant germination of Oc on rms/ root exudates
(Gomez-Roldan et al., 2008). Incomplete resistance of 7ms mutants could be attributed to the presence
of non-SL germination stimulants, which have been previously reported in pea root exudates (Brun

et al., 2018; Jamil et al., 2024).

Consistent with the partial contribution of SL deficiency to resistance, we showed that only one of

the three QTLs associated with the nearly complete field resistance of ROR12, PsOcr-1, is correlated
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with lower SL exudation (Figure 3 and Supplementary Figure S4). Nevertheless, no known SL
biosynthetic or catabolic gene is located within the PsOcr-1 confidence interval, nor is differentially
expressed between lines with alternative alleles at PsOcr-1. However, one of the two DEGs in PsOcr-
1 encodes a 2-methylene-furan-3-one reductase. Although there are no reports on a possible role of
2-methylene-furan-3-one reductases in the modification of SLs, the strigolactone D-ring is a furanone.
In addition, non-SL furanones, termed debranones, mimic SLs in inhibiting shoot branching and
stimulating the germination of Striga and Orobanche (Fukui et al., 2011; Takahashi et al., 2016;
Kawada et al., 2024). Functional analysis of this gene could clarify its potential impact on SL activity

or mimicry.

Within PsOcr-2, a differentially expressed gene encodes a phenylalanine ammonia-lyase (PAL), a
well-known enzyme associated with response to various biotic and abiotic stresses (Cass et al., 2015;
Chen et al., 2017). PAL expression is induced upon infection by the root parasitic plant species Striga
hermonthica, Orobanche foetida and Oc in rice, chickpea and faba bean (Swarbrick et al., 2008;
Mabrouk et al., 2016; Briache et al., 2020), respectively, making it a strong candidate gene underlying

Oc resistance in pea.

Finally, the sole DEG within the PsOcr-3 confidence interval encodes a G-type lectin S-receptor-like
serine/threonine-protein kinase. Increasing evidence supports the role of lectin receptor-like kinases
(LecRLKSs) in the activation of defense pathways against pathogens (Sun et al., 2020). In addition,
the RLK HAOR?7 in sunflowers provides resistance against O. cumana (Duriez et al., 2019).
Furthermore, lines carrying contrasting alleles at PsOcr-3 show significant enrichment of the GO-BP
term defense response to other organism, suggesting that this QTL may contribute to enhanced

defense signaling.

Taken together, our results provide evidence that achieving substantial field resistance to Oc in pea
requires the integration of low SL exudation with SL-independent resistance mechanisms. It will be
particularly interesting to investigate whether this finding also applies to other legumes affected by
Oc or to crops targeted by other Orobanchaceae species. The identification of candidate genes within
resistance QTLs offers promising avenues for downstream functional studies. To this end, we are
currently employing TILLING to functionally characterize the role of selected candidates. Additional
approaches, such as conventional mutagenesis and recently established genome editing technologies

in pea (Ludvikové et al., 2022; Li et al., 2023b), are also feasible and may complement our efforts.

In conclusion, we identified three new potential sources of field resistance to Oc in pea. This finding
is highly relevant, as no commercially available cultivars currently provide resistance to this parasitic

species, which remains a major constraint on pea cultivation in Mediterranean agro-ecosystems.

71



By integrating SL quantification with field phenotyping of diverse genetic resources, we
demonstrated that low or absent SL exudation can confer only partial resistance to Oc. This highlights
the need to expand breeding strategies beyond SL-based mechanisms, thus targeting additional SL-

independent pathways.

Our results not only provide valuable information for pea improvement, but also offer new insights
into the genetic complexity of resistance to parasitic Orobanchaceae. The identification of DEGs
within QTLs associated with resistance points to molecular mechanisms potentially involved in both
SL-dependent and independent responses. These findings lay the groundwork for functional

validation of these genes by reverse genetics approaches.

Finally, the conceptual framework and methodologies applied in this study may be extended to other
legume species and crops affected by Orobanchaceae, thereby broadening the impact of our research

in the context of sustainable agriculture and parasitic weed management.
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Supplementary Figure S1. Climatic data for the field trial conducted in 2022-2023.
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Supplementary Figure S2. Climatic data for the field trial conducted in 2023-2024.
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Supplementary Figure S3. KASP assays for the PsOcr-1 (A), PsOcr-2 (B), and PsOcr-3 (C) quantitative
trait loci (QTLs) associated with pea resistance to O. crenata.
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Supplementary Figure S4. Orobanchol, orobanchyl acetate and fabacyl acetate peak areas
associated with the root exudates of RILs homozygous for the resistance (R) or susceptibility (S)
allele at (A) PsOcr-2 and (B) PsOcr-3. Data are shown as means+ SE (n = 4). ns indicate no
significant difference (p > 0.05, Student’s t-test)
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Supplementary Table S1. Information on the germplasm panel evaluated in this study for response

to O. crenata

Accession number  Origin Genebank Accession number  Origin Genebank
PI_102888 CHN USDA_PSPP PI_274584 NOR USDA_PSPP
PL_103058 CHN USDA_PSPP PI_275822 SWE USDA_PSPP
PL_116056 IND USDA_PSPP PI_280609 RUS USDA_PSPP
PL_117264 TUR USDA_PSPP PI_280613 RUS USDA_PSPP
PI_117998 BRA USDA_PSPP PI_280614 RUS USDA_PSPP
PL_118501 BRA USDA_PSPP P1_280619 EST USDA_PSPP
PI_121352 IND USDA_PSPP PI_280626 RUS USDA_PSPP
PL_134271 AFG USDA_PSPP PI_285718 POL USDA_PSPP
PI_142775 MEX USDA_PSPP PI_285747 POL USDA_PSPP
PL_143485 AZE USDA_PSPP P1_286607 THA USDA_PSPP
PI_156647 ETH USDA_PSPP PI_288025 FRA USDA_PSPP
PL_162909 PRY USDA_PSPP P1_293426 BGR USDA_PSPP
PI_163126 IND USDA_PSPP PI_306591 HUN USDA_PSPP
PL_163129 IND USDA_PSPP PI_314794 AUS USDA_PSPP
PI_164612 IND USDA_PSPP PI_324695 HUN USDA_PSPP
PL 164971 TUR USDA_PSPP PI_324697 HUN USDA_PSPP
PL_166159 NPL USDA_PSPP PI_324700 HUN USDA_PSPP
PL_169608 TUR USDA_PSPP PI_324702 HUN USDA_PSPP
PI_179449 TUR USDA_PSPP PI_324703 HUN USDA_PSPP
PL_179450 SYR USDA_PSPP Pl 331414 ETH USDA_PSPP
PI_179451 SYR USDA_PSPP PI_343338 USA USDA_PSPP
PL_179459 TUR USDA_PSPP PI_343987 TUR USDA_PSPP
PI_179722 IND USDA_PSPP PI_347295 IND USDA_PSPP
PL_180329 IND USDA_PSPP PI_347490 IND USDA_PSPP
PI_180702 GER USDA_PSPP PI_347496 IND USDA_PSPP
PL_181799 LBN USDA_PSPP PI_355906 JPN USDA_PSPP
PI_181801 LBN USDA_PSPP PI_356974 IND USDA_PSPP
PL_181958 SYR USDA_PSPP PI_356980 IND USDA_PSPP
PI_184784 GIN USDA_PSPP PI_356986 IND USDA_PSPP
PL_193578 ETH USDA_PSPP PI_356992 IND USDA_PSPP
PI_193584 ETH USDA_PSPP PI_393490 CSK USDA_PSPP
PL_195020 ETH USDA_PSPP PL_409031 GER USDA_PSPP
PI_195631 ETH USDA_PSPP PI_413678 HUN USDA_PSPP
PL_197990 NLD USDA_PSPP PI_413698 HUN USDA_PSPP
PI_198074 SWE USDA_PSPP PI_413703 HUN USDA_PSPP
PL_203068 FIN USDA_PSPP PI_429849 UZB USDA_PSPP
PL 204306 AUS USDA_PSPP PI_476409 LVA USDA_PSPP
PL_206838 USA USDA_PSPP PL_476413 RUS USDA_PSPP
PI 210561 RUS USDA_PSPP PI_486131 ECU USDA_PSPP
PL 210569 FIN USDA_PSPP P1_494077 CHL USDA_PSPP
PI 210571 FIN USDA_PSPP PI_499982 CHN USDA_PSPP
PL 212917 IND USDA_PSPP P1_505062 GRC USDA_PSPP
PI 221697 IDN USDA_PSPP PI_505080 CYP USDA_PSPP
PI_236492 USA USDA_PSPP PI_505108 GRC USDA_PSPP
PI_241593 TWN USDA_PSPP PI_505122 ALB USDA_PSPP
PI_242028 DNK USDA_PSPP PI_505127 ALB USDA_PSPP
PI 248181 RWA USDA_PSPP PL 601516 NLD USDA_PSPP
PL_250440 CSK USDA_PSPP PL 619079 USA USDA_PSPP
PI_250441 CSK USDA_PSPP PI_639974 GEO USDA_PSPP
PL_250446 CSK USDA_PSPP P1_639980 BGR USDA_PSPP
PI_261622 SPA USDA_PSPP PI_639981 BGR USDA_PSPP
PL 263014 NLD USDA_PSPP PS-00168 ITA DISSPA
PL 263030 FRA USDA_PSPP PS-00169 ITA DISSPA
PI_263032 FRA USDA_PSPP PS-00300 ITA DISSPA
PL 263871 GRC USDA_PSPP W6_15008 ISR USDA_PSPP
PL_269762 UK USDA_PSPP W6_26160 GEO USDA_PSPP
PL 269777 UK USDA_PSPP W6_31707 RUS USDA_PSPP
PL 269778 UK USDA_PSPP W6_44716 CHN USDA_PSPP
PI_269782 UK USDA_PSPP W6_44718 CHN USDA_PSPP
PL_269802 UK USDA_PSPP W6_44720 CHN USDA_PSPP
PI_269825 UK USDA_PSPP W6_44724 CHN USDA_PSPP
PI 271038 NPL USDA_PSPP W6_44725 CHN USDA_PSPP
PI 272148 FIN USDA_PSPP W6_44726 CHN USDA_PSPP
PL 272171 GER USDA_PSPP W6_44766 CHN USDA_PSPP
PI 272184 GRC USDA_PSPP W6_44768 CHN USDA_PSPP
PI 272194 GER USDA_PSPP W6_44769 CHN USDA_PSPP
PI 272215 GER USDA_PSPP W6_44770 CHN USDA_PSPP
PI 272216 BGR USDA_PSPP
PL 273605 ECU USDA_PSPP
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Supplementary Table S2. Number of O. crenata shoots emerged on the cultivar Sprinter within each
experimental block of the field trials carried out in 2022-2023 and 2023-2024. Data are presented as
means £+ SD.

Genotype Block Growing season Average Oc shoots SD
Sprinter 1 2022-2023 10 1.732
Sprinter 2 2022-2023 11.4 1.342
Sprinter 3 2022-2023 13.8 1.789
Sprinter 1 2023-2024 9.6 1.140
Sprinter 2 2023-2024 6.8 0.837
Sprinter 3 2023-2024 4.6 0.548
Sprinter 4 2023-2024 5 0.816

Supplementary Table S3. ANOVA for response to O. crenata of the pea germplasm panel evaluated
in this study.

Df Sum Sq Mean Sq F value Pr(>F)
Genotype 135 117.23207 0.86838571 1.4974133 0.00134825
Replication 1 0.7648095 0.76480954 1.3188102 0.25146088
Year 1 287.66838 287.668375 496.04506 4.51E-73
Genotype:Year 135 42.346641 0.31367882 0.5408965 0.99998131
Residuals 419 242.9881 0.57992387

Supplementary Table S4. Mean infestation data of O. crenata recorded on the pea germplasm panel
over two growing seasons (2022-2023 and 2023-2024). Means were calculated using three replicates
in 2022-2023 and four replicates in 2023-2024.

PI_102888 2022-2023 11 CHN USDA_PSPP PI_263030 2022-2023 13 FRA  USDA_PSPP
PI_102888 2023-2024 4 CHN USDA_PSPP PI_263030 2023-2024 4.5 FRA  USDA_PSPP
PI_103058 2022-2023 10.5 CHN USDA_PSPP PI_263032 2022-2023 10.67 FRA  USDA_PSPP
PI_103058 2023-2024 2.5 CHN USDA_PSPP PI_263032 2023-2024 7 FRA  USDA_PSPP
PI_116056 2022-2023 14.67 IND USDA_PSPP PI_263871 2022-2023 11.33 GRC USDA_PSPP
PI_116056 2023-2024 7 IND USDA_PSPP PI_263871 2023-2024 7 GRC USDA_PSPP
PI_117264 2022-2023 18.67 TUR USDA_PSPP PI_269762 2022-2023 10.33 UK USDA_PSPP
PI_117264 2023-2024 5 TUR USDA_PSPP PI_269762 2023-2024 4.33 UK USDA_PSPP
PI_117998 2022-2023 22.67 BRA USDA_PSPP PI_269777 2022-2023 20.33 UK USDA_PSPP
PI_117998 2023-2024 8.33 BRA USDA_PSPP PI_269777 2023-2024 4 UK USDA_PSPP
PI_118501 2022-2023 17.67 BRA USDA_PSPP PI_269778 2022-2023 16.33 UK USDA_PSPP
PI_118501 2023-2024 3.5 BRA USDA_PSPP PI 269778 2023-2024 4 UK USDA_PSPP
PI_121352 2022-2023 17 IND USDA_PSPP PI 269782 2022-2023 11.33 UK USDA_PSPP
PI_121352 2023-2024 3.67 IND USDA_PSPP PI 269782 2023-2024 4 UK USDA_PSPP
PI_134271 2022-2023 11 AFG USDA_PSPP PI_269802 2022-2023 16 UK USDA_PSPP
PI_134271 2023-2024 4 AFG USDA_PSPP PI_269802 2023-2024 6.75 UK USDA_PSPP
PI_142775 2022-2023 255 MEX USDA_PSPP PI_269825 2022-2023 18.67 UK USDA_PSPP
PI_142775 2023-2024 7.25 MEX USDA_PSPP PI_269825 2023-2024 7 UK USDA_PSPP
PI_143485 2022-2023 14.67 AZE USDA_PSPP PI 271038 2022-2023 20 NPL USDA_PSPP
PI_143485 2023-2024 5.67 AZE USDA_PSPP PI 271038 2023-2024 8 NPL USDA_PSPP
PI_156647 2022-2023 25 ETH USDA_PSPP PI 272148 2022-2023 10.67 FIN USDA_PSPP
PI_156647 2023-2024 6.33 ETH USDA_PSPP PI 272148 2023-2024 4 FIN USDA_PSPP
PI_162909 2022-2023 16.67 PRY USDA_PSPP PI 272171 2022-2023 20 GER  USDA_PSPP
PI_162909 2023-2024 3 PRY USDA_PSPP PI_272171 2023-2024 7.33 GER  USDA_PSPP
PI_163126 2022-2023 11.67 IND USDA_PSPP PI_272184 2022-2023 18.33 GRC USDA_PSPP
PI_163126 2023-2024 5 IND USDA_PSPP PI_272184 2023-2024 5 GRC USDA_PSPP
PI_163129 2022-2023 13.33 IND USDA_PSPP PI_272194 2022-2023 20.33 GER  USDA_PSPP
PI_163129 2023-2024 8.5 IND USDA_PSPP PI_272194 2023-2024 5.67 GER  USDA_PSPP
PI_164612 2022-2023 11.5 IND USDA_PSPP PI_272215 2022-2023 21 GER  USDA_PSPP
PI_164612 2023-2024 7 IND USDA_PSPP PI_272215 2023-2024 4 GER  USDA_PSPP
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PI_164971 2022-2023 15.33 TUR USDA_PSPP PI_272216 2022-2023 24.33 BGR USDA_PSPP
PI_164971 2023-2024 8.5 TUR USDA_PSPP PI_272216 2023-2024 4 BGR USDA_PSPP
PI_166159 2022-2023 14.67 NPL USDA_PSPP PI_273605 2022-2023 24 ECU USDA_PSPP
PI_166159 2023-2024 8 NPL USDA_PSPP PI_273605 2023-2024 5.33 ECU USDA_PSPP
PI_169608 2022-2023 11 TUR USDA_PSPP PI 274584 2022-2023 23.33 NOR USDA PSPP
PI_169608 2023-2024 5 TUR USDA_PSPP PI 274584 2023-2024 8.33 NOR USDA PSPP
PI_179449 2022-2023 18.67 TUR USDA_PSPP PI 275822 2022-2023 10.67 SWE USDA_PSPP
PI_179449 2023-2024 3.67 TUR USDA_PSPP PI 275822 2023-2024 4.5 SWE USDA_PSPP
PI_179450 2022-2023 17 SYR USDA_PSPP PI_280609 2022-2023 15 RUS USDA_PSPP
PI_179450 2023-2024 5 SYR USDA_PSPP PI_280609 2023-2024 3 RUS USDA_PSPP
PI 179451 2022-2023 25.33 SYR USDA_PSPP PI 280613 2022-2023 26.33 RUS USDA_PSPP
PI 179451 2023-2024 7 SYR USDA_PSPP PI 280613 2023-2024 7 RUS USDA_PSPP
PI_179459 2022-2023 16.67 TUR USDA_PSPP PI 280614 2022-2023 13 RUS USDA_PSPP
PI_179459 2023-2024 2.5 TUR USDA_PSPP PI 280614 2023-2024 6 RUS USDA_PSPP
PI_ 179722 2022-2023 6.67 IND USDA_PSPP PI 280619 2022-2023 20 EST USDA_PSPP
PI_ 179722 2023-2024 2 IND USDA_PSPP PI 280619 2023-2024 4 EST USDA_PSPP
PI_180329 2022-2023 7.67 IND USDA_PSPP PI_280626 2022-2023 17.67 RUS USDA_PSPP
PI_180329 2023-2024 2.5 IND USDA_PSPP PI_280626 2023-2024 4 RUS USDA_PSPP
PI_180702 2022-2023 17 GER USDA_PSPP PI_285718 2022-2023 18 POL  USDA_PSPP
PI_180702 2023-2024 2.33 GER USDA_PSPP PI_285718 2023-2024 5 POL  USDA_PSPP
PI_181799 2022-2023 16.5 LBN USDA_PSPP PI_285747 2022-2023 5 POL  USDA_PSPP
PI_181799 2023-2024 3 LBN USDA_PSPP PI_285747 2023-2024 2 POL  USDA_PSPP
PI_181801 2022-2023 21.67 LBN USDA_PSPP PI_286607 2022-2023 21 THA  USDA_PSPP
PI_181801 2023-2024 6.5 LBN USDA_PSPP PI_286607 2023-2024 5 THA  USDA_PSPP
PI_181958 2022-2023 18.33 SYR USDA_PSPP PI_288025 2022-2023 18 FRA USDA_PSPP
PI_181958 2023-2024 7 SYR USDA_PSPP PI_288025 2023-2024 7 FRA USDA_PSPP
PI_184784 2022-2023 21.33 GIN USDA_PSPP PI_293426 2022-2023 19.67 BGR USDA_PSPP
PI_184784 2023-2024 4 GIN USDA_PSPP PI_293426 2023-2024 8 BGR USDA_PSPP
PI_193578 2022-2023 7 ETH USDA_PSPP PI_306591 2022-2023 13.5 HUN USDA_PSPP
PI_193578 2023-2024 5 ETH USDA_PSPP PI_306591 2023-2024 7 HUN USDA_PSPP
PI_193584 2022-2023 12.67 ETH USDA_PSPP PI_314794 2022-2023 20.67 AUS  USDA_PSPP
PI_193584 2023-2024 5 ETH USDA_PSPP PI_314794 2023-2024 7.75 AUS  USDA_PSPP
PI_195020 2022-2023 21 ETH USDA_PSPP PI_324695 2022-2023 14.33 HUN USDA_PSPP
PI_195020 2023-2024 5.33 ETH USDA_PSPP PI_324695 2023-2024 6.5 HUN USDA_PSPP
PI_195631 2022-2023 17.33 ETH USDA_PSPP PI_324697 2022-2023 22.33 HUN USDA_PSPP
PI_195631 2023-2024 5.5 ETH USDA_PSPP PI_324697 2023-2024 5.5 HUN USDA_PSPP
PI_197990 2022-2023 19.33 NLD USDA_PSPP PI_324700 2022-2023 10.33 HUN USDA_PSPP
PI_197990 2023-2024 5.5 NLD USDA_PSPP PI_324700 2023-2024 4 HUN USDA_PSPP
PI_198074 2022-2023 23 SWE USDA_PSPP PI_324702 2022-2023 21 HUN USDA_PSPP
PI_198074 2023-2024 6 SWE USDA_PSPP PI_324702 2023-2024 6.5 HUN USDA_PSPP
PI_203068 2022-2023 9 FIN USDA_PSPP PI_324703 2022-2023 26.33 HUN USDA_PSPP
PI_203068 2023-2024 5 FIN USDA_PSPP PI_324703 2023-2024 5.33 HUN USDA_PSPP
PI_204306 2022-2023 24.67 AUS USDA_PSPP PI 331414 2022-2023 12.67 ETH USDA_PSPP
PI_204306 2023-2024 7.5 AUS USDA_PSPP PI 331414 2023-2024 7.33 ETH USDA_PSPP
PI_206838 2022-2023 16.33 USA USDA_PSPP PI 343338 2022-2023 23 USA  USDA_PSPP
PI_206838 2023-2024 4 USA USDA_PSPP PI 343338 2023-2024 6.67 USA  USDA_PSPP
PI_210561 2022-2023 11 RUS USDA_PSPP PI_343987 2022-2023 21.33 TUR  USDA_PSPP
PI_210561 2023-2024 4 RUS USDA_PSPP PI_343987 2023-2024 7.33 TUR  USDA_PSPP
PI_210569 2022-2023 18.67 FIN USDA_PSPP PI_347295 2022-2023 16.33 IND USDA_PSPP
PI_210569 2023-2024 3 FIN USDA_PSPP PI_347295 2023-2024 5.75 IND USDA_PSPP
PI_210571 2022-2023 26.33 FIN USDA_PSPP PI_347490 2022-2023 18.67 IND USDA_PSPP
PI_210571 2023-2024 5.5 FIN USDA_PSPP PI_347490 2023-2024 7 IND USDA_PSPP
PI 212917 2022-2023 19.33 IND USDA_PSPP PI_347496 2022-2023 15 IND USDA_PSPP
PI_212917 2023-2024 4 IND USDA_PSPP PI_347496 2023-2024 6 IND USDA_PSPP
PI_221697 2022-2023 10 IDN USDA_PSPP PI_355906 2022-2023 20.67 JPN  USDA_PSPP
PI_221697 2023-2024 6.5 IDN USDA_PSPP PI_355906 2023-2024 6.33 JPN  USDA_PSPP
PI_236492 2022-2023 25 USA USDA_PSPP PI_356974 2022-2023 12 IND  USDA_PSPP
PI_236492 2023-2024 7 USA USDA_PSPP PI_356974 2023-2024 4.67 IND USDA_PSPP
PI_241593 2022-2023 18 TWN USDA_PSPP PI_356980 2022-2023 17 IND USDA_PSPP
PI_241593 2023-2024 3.5 TWN USDA_PSPP PI_356980 2023-2024 6.67 IND USDA_PSPP
PI_242028 2022-2023 22.33 DNK USDA_PSPP PI_356986 2022-2023 20 IND USDA_PSPP
PI_242028 2023-2024 4 DNK USDA_PSPP PI_356986 2023-2024 6.5 IND USDA_PSPP
PI_248181 2022-2023 18.67 RWA USDA_PSPP PI_356992 2022-2023 12.33 IND USDA_PSPP
PI_248181 2023-2024 5 RWA USDA_PSPP PI_356992 2023-2024 5 IND  USDA_PSPP
PI_250440 2022-2023 15.67 CSK USDA_PSPP PI_393490 2022-2023 18.67 CSK  USDA_PSPP
PI_250440 2023-2024 3 CSK USDA_PSPP PI 393490 2023-2024 5 CSK  USDA_PSPP

84



Accession
number

Growing
season

Mean number of
emerged Oc shoot

Origin

Genebank

Accession
number

Growing
season

Mean number of
emerged Oc shoot

Origin

Genebank

PI_250441 2022-2023 24.67 USDA_PSPP PI_409031 2022-2023 USDA_PSPP
PI_250441 2023-2024 5 CSK USDA_PSPP PI_409031 2023-2024 3 GER  USDA_PSPP
PI_250446 2022-2023 16.67 CSK USDA_PSPP PI_413678 2022-2023 17.67 HUN USDA_PSPP
PI_250446 2023-2024 3 CSK USDA_PSPP PI_413678 2023-2024 3.33 HUN USDA_PSPP
PI_261622 2022-2023 6 SPA USDA_PSPP PI_413698 2022-2023 15 HUN USDA_PSPP
PI 261622 2023-2024 5 SPA USDA_PSPP PI_413698 2023-2024 2 HUN USDA_PSPP
PI_263014 2022-2023 22 NLD USDA_PSPP PI_413703 2022-2023 16 HUN USDA_PSPP
PI_263014 2023-2024 4.5 NLD USDA_PSPP PI_413703 2023-2024 5.5 HUN USDA_PSPP
PI_429849 2022-2023 24.67 UZB USDA_PSPP PI_476409 2023-2024 2 LVA USDA_PSPP
PI_429849 2023-2024 8 UZB USDA_PSPP PI_476413 2022-2023 14 RUS USDA_PSPP
PI_476409 2022-2023 26.33 LVA USDA_PSPP PI_476413 2023-2024 7.5 RUS USDA_PSPP
PI 486131 2022-2023 23.33 ECU USDA_PSPP PS-00300 2022-2023 2 ITA DISSPA

PI_486131 2023-2024 6.33 ECU USDA_PSPP PS-00300 2023-2024 1 ITA DISSPA

PI_494077 2022-2023 13.33 CHL USDA_PSPP W6_15008 2022-2023 11.67 ISR USDA_PSPP
PI_494077 2023-2024 3.67 CHL USDA_PSPP W6_15008 2023-2024 4.33 ISR USDA_PSPP
PI_499982 2022-2023 18.67 CHN USDA_PSPP W6_26160 2022-2023 16.67 GEO USDA_PSPP
PI_499982 2023-2024 3.5 CHN USDA_PSPP W6_26160 2023-2024 8 GEO USDA_PSPP
PI_505062 2022-2023 24 GRC USDA_PSPP W6_31707 2022-2023 21.67 RUS USDA_PSPP
PI_505062 2023-2024 6 GRC USDA_PSPP W6_31707 2023-2024 5.5 RUS  USDA_PSPP
PI_505080 2022-2023 25.33 CYP USDA_PSPP W6_44716 2022-2023 20 CHN USDA_PSPP
PI_505080 2023-2024 5 CYP USDA_PSPP W6_44716 2023-2024 6.33 CHN USDA_PSPP
PI_505108 2022-2023 13.33 GRC USDA_PSPP W6_44718 2022-2023 20.5 CHN USDA_PSPP
PI_505108 2023-2024 7 GRC USDA_PSPP W6_44718 2023-2024 6.67 CHN USDA_PSPP
PI_505122 2022-2023 10.33 ALB USDA_PSPP W6_44720 2022-2023 26 CHN USDA_PSPP
PI_505122 2023-2024 3 ALB USDA_PSPP W6_44720 2023-2024 6.67 CHN USDA_PSPP
PI_505127 2022-2023 20.67 ALB USDA_PSPP W6_44724 2022-2023 24 CHN USDA_PSPP
PI_505127 2023-2024 6.5 ALB USDA_PSPP W6_44724 2023-2024 6 CHN USDA_PSPP
PI_601516 2022-2023 11.33 NLD USDA_PSPP W6_44725 2022-2023 12.67 CHN USDA_PSPP
PI_601516 2023-2024 5.5 NLD USDA_PSPP W6_44725 2023-2024 8 CHN USDA_PSPP
PI_619079 2022-2023 17.67 USA USDA_PSPP W6_44726 2022-2023 18.5 CHN USDA_PSPP
PI_619079 2023-2024 4.67 USA USDA_PSPP W6_44726 2023-2024 6 CHN USDA_PSPP
PI_639974 2022-2023 16.33 GEO USDA_PSPP W6_44766 2022-2023 10 CHN USDA_PSPP
PI_639974 2023-2024 433 GEO USDA_PSPP W6_44766 2023-2024 6 CHN USDA_PSPP
PI_639980 2022-2023 18.33 BGR USDA_PSPP W6_44768 2022-2023 20 CHN USDA_PSPP
PI_639980 2023-2024 5 BGR USDA_PSPP W6_44768 2023-2024 7.67 CHN USDA_PSPP
PI_639981 2022-2023 19 BGR USDA_PSPP W6_44769 2022-2023 18.33 CHN USDA_PSPP
PI_639981 2023-2024 5 BGR USDA_PSPP W6_44769 2023-2024 5.75 CHN USDA_PSPP
PS-00168 2022-2023 233 ITA DISSPA W6_44770 2022-2023 12.33 CHN USDA_PSPP
PS-00168 2023-2024 1.33 ITA DISSPA W6_44770 2023-2024 5 CHN USDA_PSPP
W6_26160 2022-2023 16.67 GEO USDA_PSPP W6_15008 2022-2023 11.67 ISR USDA_PSPP
W6_26160 2023-2024 8 GEO USDA_PSPP W6_15008 2023-2024 4.33 ISR USDA_PSPP
PS-00169 2022-2023 2 ITA DISSPA PS-00169 2023-2024 1,67 ITA DISSPA
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Supplementary Table S5. Summary for the results of the RNA-seq experiment.

Attribute 144B RORI12B
Number of input reads 34506398 | 33807167 | 33786805 | 33357426 | 35582888 | 36706618 | 34828852 | 35223543 | 36516076 | 33880864 | 35220402 | 35949340 | 35602310 | 35324129 | 32526808 | 35952287 | 34136167 | 35524096 | 37697656 36167632 | 49087508 35491731 33571229 34085506
Average input read length 278 279 279 279 279 278 278 279 278 278 278 278 278 279 279 278 278 278 278 278 278 279 279 278
UNIQUE READS :
Uniquely mapped reads number 31326844 | 30730894 | 30942439 | 30597745 | 32753866 | 33519633 | 31957184 | 32374497 | 33468951 | 31057499 | 32046220 | 32922457 | 32524092 | 32590590 | 29998929 | 32948111 | 31427293 | 32678994 | 34368054 32930195 44931006 24067652 22630672 23090757
Uniquely mapped reads % 90.79% 90.90% 91.58% 91.73% 92.05% 91.32% 91.75% 91.91% 91.66% 91.67% 90.99% 91.58% 91.35% 92.26% 92.23% 91.64% 92.06% 91.99% 91.17% 91.05% 91.53% 67.81% 67.41% 67.74%
Average mapped length 277.46 271.74 277.63 271.72 2779 277.62 2715 271.59 277.36 277.42 277.51 271.55 277.39 277.69 2771.71 277.49 271.37 277.55 277.07 276.73 277 277.87 27779 277.58
Number of splices: Total 28469438 | 27899552 | 28064811 | 28170782 | 30221213 | 30810248 | 29579956 | 30060865 | 31039045 | 28212682 | 29285191 | 30063497 | 29406974 | 29810233 | 27445873 | 29922351 | 28499352 | 29795722 | 31535548 30008759 | 41086136 22210720 20872807 21150632
Number of splices: Annotated (sjdb) 26820511 [ 26229017 | 26389340 | 26484474 | 28480417 | 28979129 | 27874256 | 28321219 | 29264758 | 26514095 | 27587112 [ 28300434 | 27569885 | 28008546 | 25792410 [ 28127098 | 26790799 | 28032914 | 29742397 | 28265620 | 38642272 20857434 19597785 19809858
Number of splices: GT/AG 28091873 [ 27531920 | 27695867 | 27826805 | 29850041 | 30432185 [ 29204738 | 29679692 | 30647578 | 27851747 | 28909539 [ 29678132 | 29023433 | 29417599 | 27086013 [ 29536077 | 28131508 | 29409214 | 31124435 | 29619879 [ 40552058 21961309 20638575 20915931
Number of splices: GC/AG 297843 288642 289796 269589 292366 297039 292626 296642 305029 284627 297349 304049 294645 303420 278898 303791 289623 304748 319354 300478 410709 197546 184969 183546
Number of splices: AT/AC 28278 28339 28727 24231 26021 26663 28785 29312 30275 27671 27579 29080 30422 31314 28144 26795 25697 26852 30156 29204 40200 12912 12248 12370
Number of splices: Non-canonical 51444 50651 50421 50157 52785 54361 53807 55219 56163 48637 50724 52236 58474 57900 52818 55688 52524 54908 61603 59198 83169 38953 37015 38785
Mismatch rate per base, % 0.56% 0.52% 0.52% 0.47% 0.49% 0.50% 0.55% 0.52% 0.56% 0.49% 0.53% 0.51% 0.50% 0.50% 0.49% 0.50% 0.49% 0.51% 0.60% 0.60% 0.58% 0.46% 0.47% 0.42%
Deletion rate per base 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02%
Deletion average length 2.34 2.36 233 233 232 232 227 227 226 229 227 227 229 2.28 229 223 222 223 241 241 242 2.28 231 228
Insertion rate per base 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02%
Insertion average length 1.75 1.75 1.75 1.73 1.74 1.74 1.71 1.71 1.71 1.68 1.71 1.71 1.79 1.78 1.77 1.67 1.69 1.7 1.87 1.88 1.89 1.59 1.57 1.6
MULTI-MAPPING READS :
Number of reads mapped to multiple loci 1283585 1253427 [ 1258080 | 1138435 | 1210105 1243550 | 1142563 | 1158055 | 1196619 | 1123525 | 1159686 | 1177915 | 1185793 [ 1173516 | 1073862 | 1176943 1126085 [ 1157300 1305122 1264334 1736579 1049267 978544 1018051
% of reads mapped to multiple loci 3.72% 3.71% 3.72% 3.41% 3.40% 3.39% 3.28% 3.29% 3.28% 3.32% 3.29% 3.28% 3.33% 3.32% 3.30% 3.27% 3.30% 3.26% 3.46% 3.50% 3.54% 2.96% 2.91% 2.99%
Number of reads mapped to too many loci 34832 30904 30815 40465 42244 44696 35891 36408 36861 34627 35425 36316 48183 46998 43241 49144 46230 45469 39994 38886 53114 59742 52966 60168
% of reads mapped to too many loci 0.10% 0.09% 0.09% 0.12% 0.12% 0.12% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 0.14% 0.13% 0.13% 0.14% 0.14% 0.13% 0.11% 0.11% 0.11% 0.17% 0.16% 0.18%
UNMAPPED READS :
Number of reads unmapped: too many mismatches 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
% of reads unmapped: too many mismatches 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Number of reads unmapped: too short 1754535 1725342 [ 1490889 | 1516067 | 1509533 1834193 [ 1618030 | 1581171 1742852 | 1598433 | 1917306 | 1742116 | 1759157 | 1436828 | 1334517 | 1695316 | 1462864 | 1572757 1921847 1866620 2245363 10264607 9869946 9862257
% of reads unmapped: too short 5.08% 5.10% 4.41% 4.54% 4.24% 5.00% 4.65% 4.49% 4.77% 4.72% 5.44% 4.85% 4.94% 4.07% 4.10% 4.72% 4.29% 4.43% 5.10% 5.16% 4.57% 28.92% 29.40% 28.93%
Number of reads unmapped: other 106602 66600 64582 64714 67140 64546 75184 73412 70793 66780 61765 70536 85085 76197 76259 82773 73695 69576 62639 67597 121446 50463 39101 54273
% of reads unmapped: other 0.31% 0.20% 0.19% 0.19% 0.19% 0.18% 0.22% 0.21% 0.19% 0.20% 0.18% 0.20% 0.24% 0.22% 0.23% 0.23% 0.22% 0.20% 0.17% 0.19% 0.25% 0.14% 0.12% 0.16%
CHIMERIC READS:
Number of chimeric reads 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
% of chimeric reads 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
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Supplementary Table S6. List of differentially expressed genes between lines carrying the resistance (R) and susceptible (S) allele at PsOcr-1, PsOcr-
2, and PsOcr-3.

Gene Description baseMean log2FoldChange IfcSE stat pvalue padj comparison
LOC127083728 cytochrome P450 89A2-like 305.0615329 -1.026113494 0.149612614 -6.81456128 3.57475E-07 8.0429E-05 PsOcr-1
LOC127129437 probable L-gulonolactone oxidase 6 205.2120266 1.050225948 0.118526156 8.85657085 2.37616E-08 7.8025E-06 PsOcr-1
LOC127074893 uncharacterized LOC127074893 104.6161319 1.449848182 0.148632961 11.6640869 1.68232E-25 1.022E-21 PsOcr-1
LOC127075090 carbonic anhydrase 2-like 310.4818074 -1.325879881 0.15056881 -8.8150569  4.1995E-13  2.6854E-10 PsOcr-1
LOC127075091 2-methylene-furan-3-one reductase 107.6845367 -1.063412353 0.149938789 -7.088634  1.19482E-08 4.2077E-06 PsOcr-1
LOC127075586 uncharacterized LOC127075586 599.2275523 -1.011727914 0.150306246 -6.69092109 4.10628E-07  9.154E-05 PsOcr-1
LOC127076717 patatin-like protein 4 2222.695453 -1.008491745 0.121558092 -8.27921197 2.73439E-07 6.5785E-05 PsOcr-1
LOC127107152 pentatricopeptide repeat-containing protein At3g04130, mitochondrial-like 143.9111969 1.199366029 0.117413004 10.1805879 7.65179E-12 3.8736E-09 PsOcr-1
LOC127107167 beta-amyrin synthase-like 134.8291588 1.606381161 0.147232485 12.077277 1.49216E-30 3.6258E-26 PsOcr-1
LOC127107223 uncharacterized LOC127107223 27.3280791 -1.626466644 0.143135521 -12.0197773 5.80243E-30 7.0497E-26 PsOcr-1
LOC127101186 putative cyclic nucleotide-gated ion channel 8 193.0920309 -1.055068377 0.124599477 -8.44678497 5.29307E-08 1.5311E-05 PsOcr-1
LOC127105390 uncharacterized LOC127105390 18.72265308 -1.423833387 0.14173039 -9.22287415 8.7489E-18  1.6353E-14 PsOcr-1
LOC127107595 uncharacterized LOC127107595 1056.800256 1.225116182 0.135305963 9.13281098 4.65705E-11 2.0575E-08 PsOcr-1
LOC127107613 probable inactive nicotinamidase At3g16190 128.6479353 1.777119739 0.122438434 14.3517718  2.186E-29  1.7706E-25 PsOcr-1
LOC127107619 boron transporter 4-like 620.3953094 1.130611606 0.131326361 8.65618168 2.83916E-09 1.0951E-06 PsOcr-1
LOC127115339 uncharacterized LOC127115339 70.16504323 1.366656486 0.193741035 7.51742363 2.15215E-10 7.6889E-08 PsOcr-2
LOC127119670 9-cis-epoxycarotenoid dioxygenase NCED1, chloroplastic-like 402.1872954 -1.048388507 0.191969866 -5.42726962 3.92293E-05 0.00387414 PsOcr-2
LOC127105415 putative pentatricopeptide repeat-containing protein At1g12700, mitochondrial 281.1253444 -1.32574594 0.193342135 -6.84034193 2.31868E-08 5.5772E-06 PsOcr-2
LOC127116366 uncharacterized LOC127116366 244.8254627 -1.029621642 0.188522854 -5.42945961 7.28842E-05 0.00668169 PsOcr-2
LOC127117140 uncharacterized LOC127117140 425.288682 -1.079753044 0.180471659 -5.95464965 2.3927E-05 0.00254948 PsOcr-2
LOC127117552 lachrymatory-factor synthase-like 2532.636779 1.132872475 0.132803061 8.54093562 6.17276E-08 1.3607E-05 PsOcr-2
LOC127117704 phenylalanine ammonia-lyase 1-like 1025.826129 -1.188205692 0.166651736 -7.10697633 6.42975E-07 0.00011238 PsOcr-2
L0C127121838 uncharacterized LOC127121838 933.5101713 -1.135090309 0.1805304 -6.25763955 6.20548E-06 0.00081933  PsOcr-2
LOC127122595 AAA-ATPase ASD, mitochondrial-like 406.9399089 -1.104821851 0.184872006 -5.94417979 1.40855E-05 0.00162177  PsOcr-2
LOC127122600 AAA-ATPase ASD, mitochondrial-like 286.6398773 -1.14544145 0.19013983 -5.98887178 4.88166E-06 0.00066254  PsOcr-2
LOC127124183 (-)-isopiperitenol/(-)-carveol dehydrogenase, mitochondrial-like 558.2872976 1.014084223 0.169049869 6.0297535 6.40662E-05 0.00596331 PsOcr-2
LOC127127885 2-methylene-furan-3-one reductase-like 1884.65497 -1.060395899 0.189789975 -5.66651924 1.96709E-06 0.00029318  PsOcr-2
LOC127128640 sucrose transport protein SUC8-like 599.8615474 1.065349298 0.167958158 6.37614203 1.68145E-05 0.00186526  PsOcr-2
LOC127130165 uncharacterized LOC127130165 477.7602549 -1.182304407 0.175773775 -6.69761862 1.45088E-06 0.00022451 PsOcr-2
LOC127130518 albumin-2-like 3393.754511 1.253526304 0.121442825 10.3303642 1.29351E-11 5.5131E-09 PsOcr-2
LOC127130584 carboxylesterase 1-like 327.0735259 1.054980043 0.176442457 6.02509393 2.83801E-05 0.00287277 PsOcr-2
LOC127131240 kunitz-type trypsin inhibitor-like 2 protein 852.1670675 1.141395165 0.162307335 7.06310888 1.41281E-06  0.000222 PsOcr-2
LOC127104962 ubiquitin carboxyl-terminal hydrolase 9-like 16.73787757 -1.595305253 0.193754214 -8.05565795 3.21056E-12 1.4716E-09 PsOcr-2
LOC127135361 1Q domain-containing protein IQM4-like 1131.778664 -1.02496849 0.164353317 -6.2194959 4.95172E-05 0.00471753 PsOcr-2
LOC127136497 putative transcription factor bHLH041 454.5814938 -1.078936711 0.186378832 -5.75644281 2.57175E-05 0.00267834 PsOcr-2
LOC127080314 heat shock 70 kDa protein-like 793.3039258 -1.469945972 0.184067564 -7.94491761 3.55878E-10 1.1683E-07 PsOcr-2
LOC127118421 metal tolerance protein 4-like 98.35087917 -1.007521309 0.1807813 -5.91273384 2.40233E-07 4.6439E-05 PsOcr-2
LOC127118479 exocyst complex component EXO70B1-like 541.4489061 -1.112834947 0.181727844 -6.09368984 1.11096E-05 0.00135627  PsOcr-2
LOC127120714 transcription factor MYB3R-3-like 231.021827 -1.476612383 0.159961104 -9.19768348 7.08578E-12  3.1299E-09 PsOcr-2
LOC127126126 sulfate transporter 3.1-like 3515.887615 1.100971056 0.158597963 6.96868398 3.60859E-06 0.00050383  PsOcr-2
LOC127129065 non-structural maintenance of chromosomes element 4 homolog A-like 161.3310511 -1.191534708 0.176266434 -6.72853329 1.15791E-06 0.00018879 PsOcr-2
LOC127126711 probable xyloglucan endotransglucosylase/hydrolase protein B 2582.577343 1.378547113 0.074208647 18.5740937 5.62208E-34 1.7073E-30 PsOcr-2
LOC127130706 ubiquitin carboxyl-terminal hydrolase 9-like 8.074580101 -1.378542287 0.185424053 -6.92706211 2.28903E-10 8.0594E-08 PsOcr-2
LOC127127168 BON1-associated protein 1-like 37.7497206 -1.366428972 0.182743248 -7.40902406 1.04316E-08 2.7546E-06 PsOcr-2
LOC127127538 probable glutathione S-transferase 302.9481305 -1.005412908 0.138690738 -7.24056688 1.45789E-05 0.00166282 PsOcr-2
LOC127127805 metallothionein-like protein 4B 121.0607831 -1.23571621 0.186293339 -7.0289902  6.60866E-10 2.1125E-07 PsOcr-2
LOC127138655 protein ANTAGONIST OF LIKE HETEROCHROMATIN PROTEIN 1-like 427.4666146 -1.321430656 0.188916189 -6.95681607 4.62856E-08 1.0608E-05 PsOcr-2
LOC127073649 uncharacterized LOC127073649 151.9205899 -1.160205432 0.192011136 -6.09732588 3.28557E-07  6.2359E-05 PsOcr-2
LOC127073672 eukaryotic translation initiation factor 5A-3-like 25038.43476 1.297890501 0.190748085 7.05069676 1.79501E-08 4.4957E-06 PsOcr-2
LOC127073732 flavonoid 3-monooxygenase-like 246.6565798 1.138704759 0.193685472 6.29064168 2.30762E-07 4.5211E-05 PsOcr-2
LOC127073906 U-box domain-containing protein 19-like 154.4026074 -1.094330295 0.188115006 -5.78396227 1.74729E-05 0.0019121 PsOcr-2
LOC127074153 lipid transfer protein EARLI 1-like 29996.46304 1.073067329 0.120167627 8.93652545 8.74789E-08  1.848E-05 PsOcr-2
LOC127074278 uncharacterized LOC127074278 94.71057972 -1.112096817 0.182051645 -6.57364702 6.73039E-09 1.9236E-06 PsOcr-2
LOC127077615 small nucleolar RNA 7101 62.32189286 -1.439479025 0.189582654 -7.98490479 1.64974E-12 7.8586E-10 PsOcr-2
LOC127077612 small nucleolar RNA 7101 31.87025081 -1.087554664 0.178647617 -6.66642656 2.57461E-09 7.8185E-07 PsOcr-2
LOC127136726 uncharacterized LOC127136726 61.16654306 -1.065888121 0.188140309 -5.78281369 8.74092E-07 0.0001485 PsOcr-2
LOC127074602 ABC transporter F family member 4-like 154.4675212 -1.367700158 0.190864273 -7.40707424 1.22443E-10 4.5764E-08 PsOcr-2
LOC127074695 uncharacterized LOC127074695 83.83156926 -1.301403099 0.191853093 -6.74578078 6.91745E-08  1.4872E-05 PsOcr-2
LOC127074725 uncharacterized LOC127074725 250.7300335 -1.393429912 0.193122079 -7.20037548 3.24013E-09  9.718E-07 PsOcr-2
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LOC127074759 uncharacterized LOC127074759 45.76395012 -1.138820126 0.193721403 -5.84953565 2.7751E-06  0.0004013 PsOcr-2
LOC127075149 IAA-amino acid hydrolase ILR1-like 4 264.8630425 1.019789992 0.188238417 5.51286973 5.36406E-05 0.00505095  PsOcr-2
LOC127075773 transcription factor bHLH130-like 128.4242952 -1.057370209 0.19366742 -5.43188701 2.03392E-05 0.00219609 PsOcr-2
LOC127076164 NAC domain-containing protein 69-like 58.38312479 -1.197253042 0.182760301 -6.51419328 1.30409E-06 0.00020843  PsOcr-2
LOC127076513 xyloglucan endotransglucosylase/hydrolase protein 2-like 66.24761274 -1.074316812 0.187097188 -5.70676078 2.8142E-05 0.00287261 PsOcr-2
LOC127076798 uncharacterized LOC127076798 47.51131419 -1.078188208 0.19343268 -5.54177961 1.44558E-05 0.00165655  PsOcr-2
LOC127084351 uncharacterized LOC127084351 572.2334025 1.272007531 0.190263889 8.16189362 6.13325E-13 3.1702E-10  PsOcr-2
LOC127087897 probable WRKY transcription factor 50 292.2086489 -1.177165423 0.177978854 -6.58416114 1.86857E-06 0.00028022  PsOcr-2
LOC127081195 protein DOWNY MILDEW RESISTANCE 6 302.7965092 -1.065828258 0.169341396 -6.27331514 2.24774E-05 0.00240558 PsOcr-2
LOC127083583 uncharacterized LOC127083583 301.6838516 -1.517231991 0.192863282 -7.86179197 5.81105E-11 2.3372E-08 PsOcr-2
LOC127083979 zinc finger CCCH domain-containing protein 29-like 1074.95395 -1.21335417 0.158128317 -7.65406248 1.23635E-07 2.5672E-05 PsOcr-2
LOC127083981 zinc finger CCCH domain-containing protein 29-like 1015.332768 -1.244654552 0.157506347 -7.88246689 3.91045E-08 9.1347E-06 PsOcr-2
LOC127084384 probable glutathione S-transferase parA 1250.438619 -1.560363061 0.155261798 -10.0223288 4.68339E-14 2.5284E-11 PsOcr-2
LOC127084385 probable glutathione S-transferase parA 246.3994167 -1.950986841 0.179088466 -10.8358027 2.45177E-19 2.9782E-16 PsOcr-2
LOC127084687 uncharacterized LOC127084687 46.50623246 1.020826509 0.193672533 5.5237899  8.74535E-06 0.00110083  PsOcr-2
LOC127086624 uncharacterized LOC127086624 416.3550845 1.018475673 0.192829788 5.7103932  2.76539E-06  0.0004013 PsOcr-2
LOC127087010 proteasome subunit beta type-4-like 1835.32432 1.043444374 0.069708511 14.9665169 4.66462E-16  3.434E-13 PsOcr-2
LOC127087108 ruBisCO-associated protein-like 579.3735693 1.028176831 0.102884993 9.99048462 1.85029E-08 4.5868E-06 PsOcr-2
LOC127087401 putative leucine-rich repeat receptor-like protein kinase At2g19210 580.0219435 -1.213033143 0.171481837 -7.04710739 4.52653E-07 8.2065E-05 PsOcr-2
LOC127087457 uncharacterized LOC127087457 21.26443998 -1.380208065 0.193722152 -7.05509924 3.71758E-09 1.1014E-06 PsOcr-2
LOC127097427 probable disease resistance protein At4g33300 216.264717 -1.09929679 0.171645751 -8.40515752  1.1113E-14  6.4281E-12 PsOcr-2
LOC127098170 WAT1-related protein At4g15540-like 650.0252311 1.083102293 0.163091598 6.66845207 8.17151E-06 0.00103936  PsOcr-2
LOC127091933 uncharacterized LOC127091933 97.18086082 1.078799448 0.192945349 5.77890855 6.04406E-06 0.00080237  PsOcr-2
LOC127097737 uncharacterized LOC127097737 18.0560531 -1.250571131 0.181859511 -7.34487158 3.09426E-11 1.2741E-08 PsOcr-2
LOC127091891 rust resistance kinase Lr10-like 537.5577572 -1.387940019 0.157336116 -8.79717562 1.67151E-10 6.1527E-08 PsOcr-2
LOC127092388 LEAF RUST 10 DISEASE-RESISTANCE LOCUS RECEPTOR-LIKE PROTEIN KINASE-like 2.2 172.2000165 -1.718909148 0.188313347 -9.08829859 4.46442E-14  2.465E-11 PsOcr-2
LOC127097566 uncharacterized LOC127097566 44.7152854 -1.828080192 0.186325482 -11.8541515 1.9099E-29  4.6399E-26 PsOcr-2
LOC127097940 uncharacterized LOC127097940 28.57575483 -1.658511874 0.1839253 -10.8549655 8.39903E-25 1.7004E-21 PsOcr-2
LOC127092444 protein HUA2-LIKE 2-like 237.2427426 -1.573016592 0.170872202 -9.16320286 1.15692E-12 5.6212E-10  PsOcr-2
LOC127093369 uncharacterized LOC127093369 918.6223722 1.286622398 0.16403731 7.88730756  1.3963E-08  3.5335E-06 PsOcr-2
LOC127091328 uncharacterized LOC127091328 236.7006389 -2.614993227 0.192869754 -13.9831028 1.04609E-36 3.6305E-33 PsOcr-2
LOC127098022 uncharacterized LOC127098022 11350.38948 -1.422744289 0.169257949 -8.37421205 3.24009E-10 1.0933E-07 PsOcr-2
LOC127091037 probable L-type lectin-domain containing receptor kinase S.5 69.86424405 1.189178707 0.17984029 6.64370763 9.8709E-07 0.00016425 PsOcr-2
LOC127096771 uncharacterized LOC127096771 283.2485942 -6.11979166 0.163573963 -17.5919797 2.30073E-63 2.7947E-59 PsOcr-2
LOC127097788 uncharacterized LOC127097788 14.45468915 -2.370861724 0.193619634 -11.120949  1.51553E-25 3.3471E-22 PsOcr-2
LOC127091679 uncharacterized LOC127091679 138.0934296 -3.72468705 0.192342311 -16.0626815 2.94907E-53 1.7911E-49 PsOcr-2
LOC127091676 uncharacterized LOC127091676 56.15664469 -3.535003098 0.191358494 -14.4861423 3.78162E-43 1.8374E-39 PsOcr-2
LOC127092792 uncharacterized LOC127092792 7.168262988 -1.135246384 0.171753523 -7.81958946 2.63488E-13 1.3916E-10 PsOcr-2
LOC127092112 ethylene-responsive transcription factor ERF098-like 362.8020895 -1.052642283 0.185258708 -5.65147189 4.66497E-05 0.00446184 PsOcr-2
L0C127092118 uncharacterized LOC127092118 523.998908 -4.85510358 0.187486101 -18.6002421 1.00598E-70 2.4439E-66 PsOcr-2
LOC127097222 uncharacterized LOC127097222 49.24974933 -3.425834566 0.191517448 -13.8297224 2.6176E-39  1.0599E-35 PsOcr-2
LOC127091757 histone H1-like 918.9328534 1.228219269 0.091714673 13.3875726 7.06746E-17 6.3591E-14  PsOcr-2
LOC127095671 uncharacterized LOC127095671 180.3295712 -5.026802749 0.180361946 -16.9975439 2.47367E-59 2.0032E-55 PsOcr-2
LOC127092262 uncharacterized LOC127092262 50.82440949 -1.349680185 0.190416932 -7.03519053 1.97995E-08 4.8587E-06 PsOcr-2
LOC127097171 glucomannan 4-beta-mannosyltransferase 9-like 105.6153299 1.135956688 0.159281528 7.13068603 1.42996E-06 0.00022269 PsOcr-2
LOC127093161 transcription factor bHLH92 155.6674154 -1.133927896 0.19043972 -5.91693183 6.36984E-06 0.00083648 PsOcr-2
LOC127092651 MYB-like transcription factor EOBII 184.4817463 -1.020383442 0.19015664 -5.3328647  8.25506E-05 0.00745534  PsOcr-2
LOC127091782 dehydration-responsive element-binding protein 1A-like 74.91282364 -1.163866558 0.193651777 -5.98522542 1.60304E-06 0.00024493 PsOcr-2
LOC127098408 early light-induced protein, chloroplastic 244.5137791 -1.015551931 0.191754299 -5.31081852 1.36009E-05 0.00158096  PsOcr-2
LOC127097117 cysteine-rich receptor-like protein kinase 25 70.36264203 -1.21180194 0.176361383 -6.83487299 6.60572E-07 0.00011463  PsOcr-2
LOC127091317 cysteine-rich receptor-like protein kinase 10 531.4796086 -1.145530566 0.160817111 -7.10424705 1.41237E-06  0.000222 PsOcr-2
LOC127108462 nudix hydrolase 17, mitochondrial-like 51.76989097 -1.030704048 0.164623079 -6.24021307 4.31191E-05 0.00419014  PsOcr-2
LOC127108465 nudix hydrolase 18, mitochondrial-like 57.8628026 -1.173838927 0.19172872 -6.07719969 2.19003E-06 0.00032442 PsOcr-2
LOC127108236 probable WRKY transcription factor 41 785.0083543 -1.097991081 0.183446473 -5.95456714 1.63754E-05 0.00182488 PsOcr-2
LOC127107829 calmodulin-binding transcription activator 3 1319.857855 -1.123116859 0.153338177 -7.30943765 1.4164E-06 0.000222 PsOcr-2
LOC127101314 cytochrome P450 CYP82D47-like 566.6715833 -1.069802345 0.179995602 -5.91624239 2.98954E-05 0.00301361  PsOcr-2
LOC127106187 ethylene-responsive transcription factor ERF109-like 13.1312921 -1.407640098 0.18349655 -7.65064884 1.73745E-12  8.1172E-10  PsOcr-2
LOC127107106 uncharacterized LOC127107106 1933.417984 1.089483949 0.189530772 5.88446775 8.85855E-06 0.00110933  PsOcr-2
LOC127100691 disease resistance protein RPP13-like 921.9702738 -1.045729988 0.143797812 -7.26208507 6.54684E-06 0.0008551 PsOcr-2
LOC127106484 uncharacterized LOC127106484 77.98812264 -1.126334706 0.183804215 -6.09131584 8.33904E-06 0.00105515 PsOcr-2
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LOC127106000 uncharacterized LOC127106000 452017.3924 1.003288568 0.167315507 6.02800303 7.83279E-05 0.00710037  PsOcr-2
LOC127106478 ethylene-responsive transcription factor ERF039-like 66.4654401 -1.108741855 0.155851218 -7.09143791 2.81489E-06 0.00040464 PsOcr-2
LOC127102733 transcription factor MYB114-like 1821.586826 -1.163996397 0.157462854 -7.37464863 5.81112E-07  0.0001023 PsOcr-2
LOC127106747 transcription factor MYB13-like 86.1719583 -1.149499404 0.189386764 -6.20451158 1.16454E-07 2.4389E-05 PsOcr-2
LOC127117817 receptor-like protein kinase HSL1 259.9789682 1.015920197 0.170403083 6.02174554 2.51298E-05 0.00316284  PsOcr-3
LOC127128432 uncharacterized LOC127128432 363.2984268 -1.01641059 0.172730755 -5.85340055 3.70584E-05 0.00445636  PsOcr-3
LOC127117994 protein LYK5-like 823.4643237 1.030522358 0.174966448 5.9872095  1.45563E-05 0.00196437  PsOcr-3
LOC127118410 NDR1/HIN1-like protein 6 450.2484483 1.082210282 0.169805171 6.44475394 4.17775E-06 0.00065052 PsOcr-3
LOC127118799 probable trehalose-phosphate phosphatase C 939.7912415 1.005216904 0.131829368 7.63476547 4.56911E-06 0.00070246  PsOcr-3
LOC127123124 putative disease resistance protein RGA4 689.5834608 1.227659883 0.173156356 7.2167468  4.5658E-08  1.4219E-05 PsOcr-3
LOC127119403 putative disease resistance protein RGA4 255.4845555 1.084805872 0.177111543 6.25071053 2.86003E-06 0.00046315  PsOcr-3
LOC127119405 UDP-glycosyltransferase 74B1-like 191.6328833 1.043055312 0.180054984 6.33622075 1.44767E-07 3.8643E-05 PsOcr-3
LOC127119409 uncharacterized LOC127119409 1473.725655 1.232433453 0.180589851 7.14167749 9.47871E-09 3.5084E-06 PsOcr-3
LOC127119425 metalloendoproteinase 2-MMP-like 237.2729745 1.0617572 0.176938763 6.11672722 5.53871E-06 0.0008305 PsOcr-3
LOC127120635 chalcone synthase 5 1920.27112 1.059200949 0.129968107 8.1612365  4.89044E-07 9.9827E-05 PsOcr-3
LOC127132549 chitinase 10-like 233.9114958 1.157521186 0.17402339 6.75763394 4.32468E-07 9.2965E-05 PsOcr-3
LOC127125580 NDR1/HIN1-like protein 10 421.6727074 1.151247 0.174908427 6.70393993 4.86537E-07 9.9827E-05 PsOcr-3
LOC127126628 spermidine hydroxycinnamoy! transferase-like 402.4789993 1.145360903 0.178422024 6.59369803 3.90557E-07 8.6246E-05 PsOcr-3
LOC127127449 omega-3 fatty acid desaturase, chloroplastic-like 206.208035 1.109889394 0.175185703 6.44089902 1.6751E-06  0.00029064  PsOcr-3
LOC127128273 enoyl-CoA delta isomerase 1, peroxisomal-like 1461.312633 1.295928873 0.139677533 9.30361642 9.29208E-11 4.4258E-08 PsOcr-3
LOC127074296 protein NRT1/ PTR FAMILY 7.3-like 1182.864763 1.136198411 0.159477919 7.17205467 5.94266E-07 0.00011928  PsOcr-3
LOC127075656 protein ENHANCED PSEUDOMONAS SUSCEPTIBILITY 1-like 740.7425252 1.091913011 0.176686872 6.31071412 2.38783E-06 0.00039458 PsOcr-3
LOC127076049 protein SUPPRESSOR OF PHYA-105 1-like 319.6722006 1.1890777 0.178619905 6.85000095 9.54416E-08 2.6345E-05 PsOcr-3
LOC127137937 aconitate hydratase, cytoplasmic-like 96.06903461 -1.063301116 0.163746008 -7.55222979 1.0405E-11  6.4807E-09 PsOcr-3
LOC127076696 dol-P-Man:Man(7)GlcNAc(2)-PP-Dol alpha-1,6-mannosyltransferase-like 522.3879343 -1.204135207 0.17351602 -6.90128961 2.33855E-07 5.8563E-05 PsOcr-3
LOC127085997 uncharacterized LOC127085997 124.2164933 1.162087594 0.178101169 6.67336498 2.6798E-07  6.5095E-05 PsOcr-3
LOC127080312 uncharacterized LOC127080312 311.1472217 1.111507162 0.162339292 6.89111912 1.52439E-06 0.00026833 PsOcr-3
LOC127082960 ATP-dependent RNA helicase DEAH12, chloroplastic-like 228.0638741 1.130522138 0.179643302 6.48646056 4.70111E-07 9.8728E-05 PsOcr-3
LOC127082993 putative multidrug resistance protein 39.29710729 1.120073349 0.181336256 6.49496838 9.09237E-08 2.5387E-05 PsOcr-3
LOC127084140 uncharacterized LOC127084140 332.5577926 1.109630442 0.176009517 6.42555599 1.55663E-06 0.00027203 PsOcr-3
LOC127084294 uncharacterized LOC127084294 131.3762471 1.164552229 0.177449373 6.70027186 2.74492E-07 6.6017E-05 PsOcr-3
LOC127084427 uncharacterized LOC127084427 184.1565321 1.094980496 0.155485349 7.06210302  1.7992E-06  0.00030778  PsOcr-3
LOC127084482 putative receptor protein kinase ZmPK1 85.32080961 1.06235187 0.18010907 6.0506548 3.27727E-06 0.00052031 PsOcr-3
LOC127084526 uncharacterized LOC127084526 168.1200059 1.350980131 0.181481638 8.01646636 1.49966E-11 8.7138E-09 PsOcr-3
LOC127084542 uncharacterized LOC127084542 379.6590808 1.141509453 0.181425526 6.63979133  8.4426E-08  2.3846E-05 PsOcr-3
LOC127084543 uncharacterized LOC127084543 334.5690175 1.285338406 0.181258602 7.79321054 4.25854E-11 2.1551E-08 PsOcr-3
LOC127084558 gibberellin 2-beta-dioxygenase 8 152.9154311 1.258718057 0.181137654 7.30288886 2.43666E-09 9.7031E-07 PsOcr-3
LOC127084680 uncharacterized LOC127084680 126.6775522 1.031742678 0.176249365 5.94384175 1.35341E-05 0.00184695  PsOcr-3
LOC127085229 uncharacterized LOC127085229 361.3522192 4.112308113 0.173565216 14.4249975 3.15289E-43  3.8293E-39 PsOcr-3
LOC127085336 uncharacterized LOC127085336 266.7422957 1.03296904 0.153635879 6.7441488  1.04118E-05 0.00147903 PsOcr-3
LOC127085749 G-type lectin S-receptor-like serine/threonine-protein kinase At4g27290 234.5027604 1.098341512 0.181459046 6.37146694 3.23589E-07 7.4154E-05 PsOcr-3
LOC127083052 uncharacterized LOC127083052 299.5019843 1.135658681 0.177551241 6.54639111 6.11637E-07 0.00011982  PsOcr-3
LOC127086793 probable terpene synthase 11 48.42803345 1.111735143 0.177584469 7.12778344 6.76506E-10 2.8333E-07 PsOcr-3
LOC127087224 ADP,ATP carrier protein, mitochondrial-like 233.6562301 1.038330499 0.18098876 6.15689731 5.19703E-07  0.0001052 PsOcr-3
LOC127087278 B-box zinc finger protein 25-like 82.67173484 1.03926172 0.174234381 6.02405041 1.31726E-05 0.00180777 PsOcr-3
LOC127096647 patatin-like protein 2 173.1839492 1.203650517 0.180695103 6.93686769 2.73897E-08  9.162E-06 PsOcr-3
LOC127096622 WAT1-related protein At4g08290-like 9088.403937 1.164460987 0.175877702 6.76759748 2.93123E-07 6.9039E-05 PsOcr-3
LOC127093569 aluminum-activated malate transporter 10-like 427.6299232 1.259198505 0.181480563 7.43831496 7.00008E-10  2.882E-07 PsOcr-3
LOC127093516 probable aspartic proteinase GIP2 437.7161881 1.124199608 0.147819476 7.62631427 3.56682E-07 8.0224E-05 PsOcr-3
LOC127097674 geraniol 8-hydroxylase-like 213.4114946 1.255994843 0.173980625 7.34457038 1.81766E-08 6.3736E-06 PsOcr-3
LOC127097564 ethylene-response factor C3-like 181.7971608 1.02315739 0.171368713 6.03141087 2.07478E-05 0.0026951 PsOcr-3
LOC127096982 putative F-box/LRR-repeat protein At4g15060 111.7634593 1.016464939 0.181412304 5.83224343 4.79737E-06 0.00073291  PsOcr-3
LOC127097504 heavy metal-associated isoprenylated plant protein 39-like 448.5645132 1.145657873 0.177066627 6.6196259  4.75535E-07 9.8728E-05 PsOcr-3
LOC127097506 heavy metal-associated isoprenylated plant protein 12-like 583.3037447 1.18833925 0.180218469 6.8534632 5.61465E-08 1.7048E-05 PsOcr-3
LOC127098405 early light-induced protein, chloroplastic-like 83.48501663 1.302638193 0.171345222 7.66347157 4.48086E-09 1.7277E-06 PsOcr-3
LOC127098410 early light-induced protein, chloroplastic-like 66.74867118 1.390828179 0.176038803 8.01054064 1.65246E-10 7.4333E-08 PsOcr-3
LOC127108027 (+)-6a-hydroxymaackiain 3-O-methyltransferase 2 1039.124299 1.159222917 0.179606249 6.67513831 1.83857E-07 4.7511E-05 PsOcr-3
LOC127113357 cytochrome P450 CYP736A12-like 357.855106 1.085929019 0.180919847 6.24168433 9.93246E-07 0.00018418  PsOcr-3
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ABSTRACT

Strigolactones (SLs) are carotenoid-derived molecules with dual functions as rhizosphere signals and
plant hormones. However, knowledge on the physiological processes regulated by SLs, including
plant growth and adaptation to abiotic stresses, is still limited. In this study, a comprehensive picture
of SL biological roles was obtained by comparing the root transcriptomic profiles of the pea mutants
ramosusS (rms5) and rmsl, impaired for the SL biosynthetic genes CAROTENOID CLEAVAGE
DIOXYGENASE 7 (CCD7) and CCD8, respectively, with those of their corresponding wild-type
(WT) genotype. Gene Ontology (GO) enrichment analysis revealed significant downregulation of
genes involved in abiotic and oxidative stress responses, hormonal and cell cycle regulation, DNA
maintenance and cell division, as well as structural and metabolic processes in rms mutants. In
contrast, genes related to response to phosphate starvation were notably upregulated. Hormonal
quantification using LC-MS/MS indicated that the absence of SLs in 7ms mutants is associated with

significantly higher levels of jasmonic acid, and significantly lower levels of abscisic acid.

To explore whether CCD7, previously associated in vitro with broad carotenoid substrate specificity,
also functions is involved in processes beyond SL biosynthesis, we searched for genes and biological
processes that are specifically up- or downregulated in the rms5 mutant relative compared to both
rmsl and WT, but and that are not significantly enriched in the rms/ when comparing to WT. SL-
independent downregulated processes resulting from CCD7 impairment included plant cell wall
organization, cell wall modification, and nucleosome assembly, while the upregulated processes were
primarily associated with light-dependent energy production. Overall, our study provides insights on
the broad biological role of SLs and suggests that CCD7 activity may influence photosynthetic,
chromatin and cell wall-related processes beyond its canonical function in SL biosynthesis. As a non-
mutually exclusive hypothesis, carotenoids cleaved by CCD7, or apocarotenoids originating from

their non-enzymatic cleavage, might act as signalling molecules regulating these processes.

Keywords: Transcriptomics; ramosus mutants; carotenoid cleavage dioxygenase; pea (Pisum
sativum L.); hormonal quantification; strigolactone biosynthesis
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INTRODUCTION

Plant hormones are small molecules produced through various metabolic pathways that govern plant
growth and developmental processes (Chaiwanon et al., 2016). Their significance is emphasized by
their ability to help plants respond to multiple environmental challenges, including biotic and abiotic
stresses (Benitez-Alfonso et al., 2023). These represent major factors contributing to crop failure, and
pose significant challenges to sustainable agricultural practices (Araujo et al., 2015; Parihar et al.,

2022).

Strigolactones (SLs) are a group of over 35 carotenoid-derived molecules that are exudated by the
roots of around 80% of terrestrial plant species (Al-Babili et al., 2015; Stra et al., 2023). Initially
discovered as exogenous signals that trigger the germination of root parasitic plants such as Striga
and Orobanche from the Orobanchaceae family (Cook et al., 1966; Bouwmeester et al., 2021), SLs
were later recognized for their role in promoting symbiotic relationships between plant roots and
arbuscular mycorrhizal fungi (AMF), particularly under nutrient-deficient conditions (Akiyama et al.,
2005; Lanfranco et al., 2018; Fiorilli et al., 2019). In addition to their external signaling role, SLs also
act as endogenous hormones that regulate plant architecture above ground, with roles in lateral bud
outgrowth, internode elongation, leaf senescence, and secondary stem growth, as well as below
ground, with effects on adventitious root formation and root hair density (Waters et al., 2017; Wu et
al., 2022; Wang et al., 2024). Our understanding of biological roles of SLs continues to expand, with
emerging research suggesting their potential to enhance plant tolerance and resilience to various
abiotic stresses, including drought, salinity, temperature extremes, and oxidative stress (Haider et al.,

2018; Guan et al., 2025).

Two carotenoid cleavage dioxygenase enzymes, CCD7 and CCDS, play a major role in SL
biosynthesis, occuring in plant roots. The functions and characteristics of CCD7 and CCD8 have been
subjects of extensive discussion (Walter et al., 2010). CCD7 is responsible for cleaving 9-cis-f3-
carotene (C40), resulting in the production of B-ionone and 9-cis-f-apo-10'-carotenal (C27) (Al-
Babili et al., 2015; Jia et al. 2018). Next, CCDS8 cleaves 9-cis-apo-10'-carotenal to form the SL
precursor carlactone (C19) (Alder et al., 2012; Bouwmeester et al., 2021).

CCD7 exhibits a wide range of substrate specificity, whereas CCD8 appears to be more specialized
for the SL biosynthesis (Bruno et al., 2014; Hou et al., 2016). Indeed, CCD7 has been also associated
with the cleavage of unknown carotenoid substrates in C27 apocarotenoids, which are further

oxidized to C13 and C14 cyclohexenone and mycorradicin derivatives (Floss et al., 2008).

Here, the transcritomic and the hormonal profiles of the pea mutants ramosus5 (rms5) and rmsl,

impaired for the CCD7 and CCD$ genes, respectively, and their respective wild-type cultivar, were
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produced. Data analysis provided a picture of the biological functions and hormonal cross talks
involving SLs. Remarkably, biological processes independent from SL biosynthesis and associated

with CCD7 activity were identified.

MATERIALS AND METHODS

Plant materials and growth conditions

Seeds of the pea SL mutants rms/ and rms35, along with their wild-type genetic background (cv.
Térése), were obtained from the French National Institute for Agriculture, Food, and Environment
(INRAE). After placing seeds for two days at 25°C in a dark environment on moist filter paper,
seedlings were transferred to an aeroponic tanks arranged in a randomized block design with three
replicates, in which each experimental unit consisted of a tank with eight plants. Plants were grown
in 3-liters Hoagland’s nutrient solution with KoHPO4.3H,O (+Pi) for 2 weeks, followed by
K>2HPO4.3H20 (—P1i) for another 10 days. The experiment was carried out under controlled conditions,
maintaining a temperature of 23°C during the day and 22°C at night, a photoperiod of 16 hours of
light and 8 hours of darkness, and a relative humidity of 60%.

Total RNA isolation, library preparation and sequencing

Total RNA was extracted from root tissues, using the Direct-zol RNA MiniPrep Kit with TRI-Reagent
®, according to the manufacturer’s instruction (Zymo Research). RNA concentration, quality and
integrity were checked using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific) and

standard gel electrophoresis.

After total RNA isolation, complementary DNA (cDNA) libraries were prepared using the Hieff NGS
Ultima Dual-mode mRNA Library Prep Kit for Illumina (Yeasen). In detail, mRNA was enriched
using oligo(dT) beads, sheared using a fragmentation buffer and reverse transcribed into cDNA with
random primers. After synthesizing the second strand, cDNA fragments underwent end-repair,
poly(A) addition, and ligation to [llumina sequencing adapters. Size selection of the ligation products
was performed using Hieff NGS DNA Selection Beads (Superior Ampure XP alternative|12601ES56,
Yeasen). Ligated fragments were finally PCR amplified. Library sequencing was performed on an

[llumina Novaseq 6000 platform (Illumina).
Transcriptomic analysis

Raw sequencing data were assessed for quality using FASTQC both before and after trimming.
Trimmomatic was used to remove sequencing adapters, low-quality bases (Phred score < 25), short
reads (<35 nucleotides), and to trim the first 10 base pairs from all reads. The STAR aligner was then

used to index the Pisum sativum reference genome (GCF_024323335.1) and to map the trimmed
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reads to the genome, and the software Qualimap was then used to obtain a report of the mapping
quality and to infer strand specificity. Read summarization at gene level was performed using
FeatureCounts, using reads with mapping quality higher than 30 and counting fragments since the

data was paired-end. Raw counts were imported into R to perform statistical analysis.

The DESeq2 package (Love et al., 2014) was used to normalize counts, filter out poorly expressed
genes by setting a minimum of 10 counts in at least 3 samples, and to assess relations among samples
by principal component analysis (PCA). Comparisons were conducted between the rms/ mutant and
the wild-type (rms1 vs WT), the rms5 mutant and the wild type (rms5 vs WT), and the two mutants
(rms1 vs rms5), using the second term of each comparison as reference. Following shrinkage of log2
foldchange (LFC) estimates with the 1fcShrink function, genes with an adjusted p-value < 0.01 and
[log2FC| > 1 were considered differentially expressed genes (DEGs). Finally, a Volcano plot was
obtained using the EnhancedVolcano R package (Blighe et al., 2024).

Functional enrichment analysis

Gene Ontology (GO) enrichment analysis was carried out using the gost() function of the gProfiler2
R package (version 0.2.3) (Kolberg et al., 2020). Multiple testing correction was applied using the
Benjamini—-Hochberg method to control the false discovery rate (FDR). Biological processes (BPs)
associated with SL production were inferred based on a matching trend between the rms/ vs WT and
rms5 vs WT comparisons; BPs specifically associated with CCD7 activity were inferred based on a

matching trend between the rms5 vs WT and rms5 vs rmsl comparisons.
Hormonal profiling

To quantify plant hormones in root tissues, approximately 20 mg of dry powder was combined with
an internal standard, D6-ABA (2.0 ng), in 1.8 mL of methanol through vortex mixing. Following a
15-minute sonication (Branson 3510 ultrasonic bath), the samples were centrifuged for 8 minutes at
4000 rpm and 4°C, and the supernatant was transferred to a 4 mL glass vial. The extraction was
repeated with an additional 1.8 mL of methanol (without IS) and the combined solutions were
concentrated using a speed vacuum. After drying, the residue was re-dissolved in 120 uL of 90%

acetonitrile and filtered using a Minisart syringe prior to injection for LC-MS analysis.

For MS parameters setting, the Vanquish™ Duo UHPLC Systems were integrated with a TSQ Altis™
triple quadrupole mass spectrometer (Thermo Scientific), featuring a heated-electrospray ionization
source. Chromatographic separation utilized an ACQUITY UPLC HSS T3 column (2.1 X 100 mm,
1.8 um, Waters) along with a VanGuard pre-column (2.1 x 5 mm, 1.8 pum, Waters), both maintained
at a temperature of 40°C. The mobile phases comprised 5% aqueous acetonitrile (A) and acetonitrile

(B), each containing 0.01% formic acid, facilitating the elution of hormones through a gradient
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program: from 5% B to 80% B over 0—12 minutes, transitioning to 100% B from 12 to 13 minutes,
maintaining 100% B for 13—16 minutes at a flow rate of 0.4 mL/min, and reverting to 5% B at 16.5
minutes for a hold of 3.5 minutes. The mass spectrometry parameters included a positive and negative
ion mode at 3500 V, sheath gas at 45 Arb, auxiliary gas at 10 Arb, sweep gas at 1 Arb, ion transfer
tube temperature at 325°C, vaporizer temperature at 300°C, a cycle time of 1 second, Q1 and Q3

resolutions (FWHM) at 0.7, CID gas at 1.5 mTorr, and a chromatographic peak width of 6 seconds.

Analysis of variance (ANOVA), followed by the least significant difference (LSD) post-hoc test (o=
0.05), implemented using the R package agricolae (De Mendiburu et al., 2020), was performed to

assess significant differences among the hormonal profiles of rms/, rms5, and the cv. Térese.
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RESULTS
RNA-seq data production and quality control

RNA-seq was performed to obtain root transcriptomic profiles from two null SL mutants, rms/ and
rms5, along with their corresponding wild-type genetic background, the cultivar Térése. Prior to
sampling, plants were subjected to phosphate starvation, a condition known to induce SL
biosynthesis, thereby enhancing physiological differences between wild-type and mutant plants. On
average, each sample yielded 38,965,129 reads with a length of 278 bp. Uniquely mapped reads to
the Pisum sativum reference genome (GCF_024323335.1) accounted for 81% of the total, with no
chimeric reads detected, indicating that the preprocessing parameters were suitable for downstream
analyses (Supplementary Table S1). Principal component analysis (PCA) revealed minimal variation
among biological replicates (Figure 1), while clearly distinct transcriptomic profiles were observed

among the three genotypes, which clustered separately in the PCA biplot (Figure 1).

”® group
rms1
® mss

WT

PC2: 13% variance

10
PC1: 86% variance

Figure 1. Principal component analysis (PCA) of pea ramosus (rms) mutants and their wild-type
genetic background (cv. Térese) transcript profiles.
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Identification of differentially expressed genes, biological processes and biochemical pathways

associated with SL biosynthesis

To gain insights on the effect of the biological roles of SLs, we compared the trascriptomic profiles
of the rms mutants to the one of Térése (WT), in search for differentially expressed genes (DEGs).
The comparison between rms/ and WT yielded 1,185 DEGs, including 953 downregulated and 232
upregulated genes (Figure 2A). An about four-fold higher number of DEGs (4,444) was observed for
the comparison between rms5 and WT, including 3,179 downregulated and 1,265 upregulated genes

(Figure 2B).
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Figure 2. Differentially expressed genes (DEGs) in the comparison between SL-deficient rms
mutants and wild-type cv. Térése plants, specifically: rmsl vs WT, rms5 vs WT, and rms1 vs rms5.

(A)Volcano plot of DEGs for comparison rms! vs WT (B) Volcano plot of DEGs for comparison
rms5 vs WT (C) Volcano plot of DEGs for comparison rms/ vs rmsJ.
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Gene Ontology (GO) enrichment analysis was conducted on DEGs showing matching trend between
the rms1 vs WT and rms5 vs WT comparisons, in order to detect biological processes (BPs) associated
with SLs. This resulted in the identification of 15 downregulated and one upregulated BPs (Figure 3,
Supplementary Table S2). Downregulated BPs included five related to response to stresses (oxidative
stress, response to hydrogen peroxide, hydrogen peroxide catabolic process, response to sal stress,
response to heat), five related to cell cycle and division (cyclin-dependent protein serine/threonine
kinase activity, mitotic cell phase transition, microtubule-based movement, DNA replication
initiation and double strand break repair), two related to catabolic pathways (L-phenylalanine and
lignin), two related to protein metabolism (proteolysis and protein complex oligomerization), and
carbohydrate metabolism. The only BP upregulated in »ms mutants was response to phosphate
starvation (Figure 3, Supplementary Table S2).

GO: Biological Process
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Figure 3. GO:BP enrichment analyses of DEGs identified in the comparisons between SL-deficient
rms mutants and wild-type (cv. Térese) plants, specifically: rmsl vs WT, rms5 vs WT, and rms1 vs
rms5. GO: gene ontology; BP: biological processes.
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SL deficiency is associated with lower abscissic acid and higher jasmonic acid levels

In order to investigate the interplay between SLs and other plant hormones, we quantified abscisic
acid (ABA), auxin, cytokinin, gibberellin, jasmonic acid (JA) and salicylic acid levels in 7ms mutants
and Térese roots under phosphate starvation. JA levels were significantly higher in mutants (16.55
pg/mg DW in rmsi, 24.99 pg/mg DW in rms5) compared to Térese (5.86 pg/mg DW). An opposite
trend was observed for ABA, whose levels were markably lower in mutants (7.36 pg/mg DW in rms1,
14.32 pg/mg DW in rms5) compared to Térése (37.96 pg/mg DW) (Figure 4A). No significant
difference was observed with respect to all the other hormonal quantifications (Supplementary Figure
S1).

To further investigate the relations between SLs and JA, and SLs and ABA, we examined the JA and
ABA metabolic processes within our transcriptomic dataset. Notably, a gene annotated as METHYL
JASMONATE ESTERASE 1-LIKE (MJE 1-L) was significantly upregulated by 3.3-fold in the rms
mutants compared to the wild-type roots, suggesting that higher JA levels in mutants may derive from
higher hydrolysis of methyl jasmonate (MeJA) into JA. On the other hand, two ALLENE OXIDE
CYCLASE-LIKE (AOC) genes, possibly involved in JA biosynthesis, were downregulated by 2.8-fold
in the rms mutants. Finally, the stress response gene DDR48, associated with ABA metabolism,
showed an increase (4.4-fold) in expression in the »ms mutants (Figure 4B). This suggests that SL
may play a role in modulating the interaction between ABA and JA, thereby affecting the plant's

defense mechanisms against stress.
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Figure 4. Quantification of abscisic acid (ABA) and jasmonic acid (JA) levels, along with the analysis
of related DEGs, in plant roots of rms mutants and wild-type (cv. Térése) under phosphate-starved
conditions. (A) Bar plot showing ABA and JA levels in rms mutants compared to wild-type roots.
Data are shown as mean + SE (n = 3). Different letters indicate significant differences (p <0.05, LSD
test). (B) Bar plot showing DEGs related to ABA and JA metabolic processes in the rms mutants
compared to wild-type roots.

Analysis of DEGs between rmsI and rms5 mutants

To explore the potential involvement of CCD7 and/or CCD8 enzymes in biological processes beyond
SL biosynthesis, we next examined the GO-BP enrichment analysis results to search for terms
specifically upregulated or downregulated in one mutant compared with the other two genotypes. To
this aim, we used data from the rms/ vs WT, rms5 vs WT, and the rms vs rms5 comparisons, the
latter resulting in the identification of 2,642 DEGs (1,962 downregulated and 580 upregulated)
(Figure 2C). This resulted in the identification of six biological processes differentially expressed in

rms5, including three downregulated (cell wall modification, plant cell-type organization and
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nucleosome assembly), and three upregulated (response to light stimulus, light harvesting in

photosystem I and photosynthesis) (Figure 3; Supplementary Table S2).
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DISCUSSION

By comparing the transcriptomes of SL-deficient pea mutants and their wild-type genotype, this study
highlights a wide range of SL-regulated biological processes, reinforcing the idea that SLs are key
integrators of developmental and stress-related signaling pathways. Specifically, we found a
significant downregulation of genes involved in the response to oxidative, salt, and heat stresses, and
L-phenylalanine and lignin catabolic pathways (Figure 3). This is in line with our finding that SL
mutants display significantly lower levels of ABA (Figure 4A), that is known to enhance the plant's
antioxidant defense system, stress adaptation, and the phenylpropanoid pathway (Li et al., 2022;
Singh et al., 2023; Dong et al., 2021; Omoarelojie et al., 2021). Prior to this study, cross-talk between
SLs and ABA was repeatedly reported (Haider et al., 2018; Korek et al., 2023). In addition, reduced
ABA levels in SL-deficient mutants were described in tomato, rice, and Lotus japonicus (Liu et al.,
2015; Liu et al., 2020; Visentin et al., 2020), and SL deficiency was associated with ABA-mediated
response to heat stress (Chi et al., 2021). Notably, we did not observe significant differential
expression of genes directly involved in ABA biosynthesis (Figure 4B). This suggests that ABA
accumulation is regulated post-transcriptionally, possibly via enhanced catabolism, altered transport,

or reduced enzymatic activity.

SLs support root growth by promoting meristem activity and lateral root formation (Kapulnik et al.,
2011; Ruyter-Spira et al., 2011; Koren et al., 2013). This explains why SL mutants also exhibited a
significant downregulation of biological processes related to cell cycle and division, namely cyclin-
dependent protein serine/threonine kinase activity, mitotic cell phase transition, microtubule-based
movement, DNA replication initiation and double strand break repair (Figure 3, Supplementary Table
S2). With this respect, it is worth noticing that significant changes in cortical microtubule
organization were reported in Arabidopsis hypocotyl cells following treatment with the synthetic SL
analog GR24 (Krasylenko et al., 2021). Reduced root growth, and thus lower demand for energy in
root tissues, may explain the downregulation of genes involved in carbohydrate metabolism, as part

of a broader adjustment in resource allocation (Figure 3, Supplementary Table S2).

Although it is well-established that SLs are as key mediators of plant adaptation to phosphate
deficiency, this study is, to our knowledge, the first reporting the upregulation, in SL biosynthetic
mutants, of genes involved in cellular response with phosphate starvation, likely as a compensatory

response to impaired SL signaling (Figure 3, Supplementary Table S2).

Remarkably, our study identifies biological processes that are specifically upregulated
(photosynthesis, light harvesting in photosystem I) or downregulated (plant cell wall organization,

cell wall modification, and nucleosome assembly) in rms5 mutant (Figure 3, Supplementary Table
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S2). Unlike rms I mutants, rms5 mutants, impaired in CCD7, accumulate 9-cis-f-carotene and related
carotenoides, which may undergo non-enzymatic oxidative cleavage to yield various apocarotenoids.
Compelling evidance suggests that carotenoids and/or apocarotenoids can trigger retrograde signaling
pathways that modulate nuclear gene expression and influence key developmental processes,
including plastid biogenesis (Moreno et al., 2020; Wang et al., 2021; Sierra et al., 2022).
Alternatively, the specific transcriptomic shifts observed in rms5 could be attributed to the broader
substrate specificity of CCD7, as previously reported (Bruno et al., 2014; Hou et al., 2016), which
may result in the formation of additional bioactive apocarotenoids. Notably, CCD7 has been
implicated in the initial enzymatic step leading to the production of cyclohexenone (C13) and
mycorradicin (C14) derivatives from an as-yet unidentified carotenoid precursor (Walter et al., 2007).
Supporting the hypothesis of CCD7-specific roles beyond SL biosynthesis, we found that »ms5 and
rmsl mutants, despite both lacking detectable SL levels, exhibit clearly distinct transcriptomic

profiles (Figure 1).

In addition to relations between SL and ABA, our study also highlighted significantly higher levels
of JA in rms mutants (Figure 4A). This finding is consistent with previous works reporting that rice
SL biosynthetic and signalling mutants accumulate higher JA in both roots and leaves compared with
wild-type (Lahari et al., 2019; Liu et al., 2022; Lahari et al., 2023). Notably, our data suggest a
molecular link between SL and JA pathways, as we found that SL depletion was associated with the
higher expression of a gene encoding a methyl jasmonate esterase possibly responsible for the

production of JA from MeJA (Liu et al., 2021) (Figure 4B).

Overall, our study sheds light on the biological role of SLs and unveils SL-independent roles for

carotenoid cleavage operated by CCD7 , thus paving the way to future functional studies.
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Supplementary Figure S1. Bar plot showing auxin (IAA), gibberellin (GA), salicylic acid (SA), and
cytokinin (iPR-CK) levels in rms mutants and wild-type (cv. Térése) roots under phosphate-starved
conditions. Data are shown as mean + SE (n = 3).

Supplementary Table S1. Read mapping summary of the RNA-seq experiment.

Attribute | rms1_A | rms1.B | rms1.C | rms5_A | rms5_B | rms5.C | WT_A | WT.B | WT.C | Average
Number of input reads | 39882166 35728567 35082612|42666017 42802112 42395767 42481351 36763640 32883929| 38965129
Average input read length | 279 278 278 279 278 278 278 278 278 278.222222
UNIQUE READS:
Uniquely mapped reads number | 35329608 31582264 30982749 35856659 34690228 35335071 (30581690 26889976 24226513| 31719417.6
Uniquely mapped reads % | 88.58% 88.39% 88.31% 84.04% 81.05% 83.35% 71.99% 73.14% 73.67% 81.39%
Average mapped length | 277.98 277.67 277.77 277.78 277.34 277.31 277.56 277.72 277.56 | 277.632222
Number of splices: Total | 34067062 30138645 29861908 (34422668 33216683 33934718|28806905 25261072 22486256 30243990.8
Number of splices: Annotated (sjdb) | 33374494 29520133 29250093 |33643742 32456513 33136841 (28195693 24720178 22002225| 29588879.1
Number of splices: GT/AG | 33627589 29747878 29479991 (33939494 32747657 33461426|28436664 24935746 22194926| 29841263.4
Number of splices: GC/AG | 337767 298879 292621 | 374797 362211 363381 | 275353 241310 217245 | 307062.667
Number of splices: AT/AC | 18591 16726 17082 19174 18732 19434 15287 13212 11556 16643.7778
Number of splices: Non-canonical | 83115 75162 72214 89203 88083 90477 79601 70804 62529 | 79020.8889
Mismatch rate per base, % | 0.41% 0.42% 0.40% 0.49% 0.51% 0.49% 0.45% 0.44% 0.46% | 0.00452222
Deletion rate per base | 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.0002
Deletion average length | 2.99 3 2.94 3.19 3.2 3.19 3.03 3.04 3.06 3.07111111
Insertion rate per base | 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02% 0.02%
Insertion average length | 2.42 2.44 2.36 2.69 2.69 2.7 2.5 2.52 2.52 2.53777778
MULTI-MAPPING READS:
Number of reads mapped to multiple loci | 1025944 917016 904119 | 1331693 1338101 1326189 | 1237013 1081014 969716 1125645
% of reads mapped to multiple loci | 2.57% 2.57% 2.58% 3.12% 3.13% 3.13% 2.91% 2.94% 2.95% 2.88%
Number of reads mapped to too many loci | 61413 56403 57932 162867 206143 159000 | 204144 159140 141874 134324
% of reads mapped to too many loci | 0.15% 0.16% 0.17% 0.38% 0.48% 0.38% 0.48% 0.43% 0.43% 0.34%
UNMAPPED READS:
Number of reads unmapped: too many mismatches | 0 0 0 0 0 0 0 0 0 0
% of reads unmapped: too many mismatches | 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Number of reads unmapped: too short | 2980131 2751110 2672061 | 4191358 4714305 4321866 | 8030480 6781616 6074938 | 4724207.22
% of reads unmapped: too short | 7.47% 7.70% 7.62% 9.82% 11.01%  10.19% | 18.90%  18.45%  18.47% 12.18%
Number of reads unmapped: other | 485070 421774 465751 | 1123440 1853335 1253641 | 2428024 1851894 1470888 | 1261535.22
CHIMERIC READS:
% of reads unmapped: other | 1.22% 1.18% 1.33% 2.63% 4.33% 2.96% 5.72% 5.04% 4.47% 3.21%
Number of chimeric reads | 0 0 0 0 0 0 0 0 0 0
% of chimeric reads | 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
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Supplementary Table S2. GO enrichment analyses of DEGs identified in the comparisons between SL-deficient 7ms mutants and wild-type (cv.
Térése) plants, specifically: rmsl vs WT, rms5 vs WT, and rms1 vs rms35.

Term ID Term name Term size |Effective Query size pvalue |Precision |Recall trend
GO:0006334 | nucleasome assembly 93] 2360 1282 43 3.126-13] 2.356-02] 5.186-01 127125021 i ADCL2708463.1,100 12708 581 msS_vs_WT |down
127096801 101530
G0:0005875 | carbohydrate metabolic process 245 8860 1282 80| 3.86E-11| 6.24E-02| 3.27F-01 |L0C127108310.0C 1771354950 12710769501 7137695, 0127137722, .0€ 127073819 LOC127118002,U0C127 116385 L0CL 0569, 0C2T1215LOC 7127359, 4535 OCIURSOR2OCI 73138058 017105 ms5_us WT|down
. wocrronatay,
L0
GO:0009664 | plant-type cell wall organization 26| 8860 1282 20| 1.53E-10| 1.56€-02 7.69E 1] 0F12712713010C 7600127087221, LOCI2709TE01L0C1 27105211, msS_vs WT |down
| |Loc127095828 10C127081281 100127106782
GO:0006979  |response to oxidative stress 83 8860} 1282 38| 4.430-10| 296602 4.58L-01 00127119991 27075601 Lo<1z7120101 rmsS_vs WT |down
GO:0042744 | hydrogen peroxide catabolic process 76 2860 1282 36| 4.436-10) 2.816-02| 4.74£.01 Loct271 15786 0c12707 3601106127 coocizria Lot OCLT IS Lo ociz oct oresrs. LOCLTOTI7S: OCLET08 85, rmsS_vs WT |down
LDC127080573 101 27052587
GD:0046274 in catabolic process 18 8860 1282 15| 7.05E-08| 1.176-02 8.33€-01 e oerzriess: e s rmsS_vs WT |down
GO:0044772 | mitotic cell cycle phase transition 27 8860| 1282 17| 3.776-07| 1.336-02 6.30E-01 ms5_vs WT |down
GO:0042545 | cell wall modification a2 8860| 1282 22| 3.976-07| 1.726-02| 5.246-01 mss_vs WT |down
GD:0000079 | regulation of cyclin-dependent protein serine/threonine kinase activity 3 8860| 1282 20| 3.77E-07| 1.56E-02| 5,56E-01 rms5_vs WT |down
LOC127086812.10C 127085007 LOC 12709725
GO:0042542  |response ta hydrogen peroxide 27 360 1282 16| 3.05F-06| 1.25F-07 5.93F-01 ms5_vs WT|down
GO:0009651  |response to salt stress 29 8860| 1282 16| 9.926-06| 1.25-02| 5.52€-01 rms5_vs WT |down
GO:0051258 | protein complex oligomerization 29) 8860 1282 16| 9.92-06| 1.256-02 5.52£-01 4 ocIZ70RTe9. ms5_vs/WT |down
GO:0019438  |aromatic compound biosynthetic process 27] 2960 1282 15| 1.90E-05| 1.17E-02| 5.56E-01|.0C127117487.0C A0C127108081, msS_vs/WT |down
GO:0032259 | methylation 41 8860} 1282 18| 1.21E-04| 1.406-02) 4.39€-01 ! mss_vs WT |down
| Locia7106487
GO:0028364 oot development 15| 8860 1282 10| 1.31E-04| 7.80-03| 6.67E-01 et 10C127120061.10C: u msS_vs WT |down
GO:0008408  |response Lo heat a3 2860 1282 18| 2.326-04| 1.40€-02 4.19€-01 127087891 msS_vs/WT |down
| Loci2710307
GO:0007018 | microtubule-based movement 50 8860 1282 22| 2.326-04| 1.726-02| 3.73E-01 49,10 4001271 msS_vs WT |down
GO:0048367  |shoot system development 14 8860| 1282 9| 5.08€-04| 7.026-03| 6.43E-01 ADC127105234 rmsS_vs WT |down
GD:0051603 | proteolysis involved in protein catabolic process 41 8860 1282 16| 1.716-03| 1.256-02| 3.90E-01 27LISI7LOC s . rmss_vs WT |down
GO:0000727  |double-strand break repair via break-induced re 10) 860 1282 7| 1.76£.03] 5.46.03] 7.00E-01 4271028 127073471 rmsS_vs WT |down
GO:0006559  |L-phenylalanine catabolic process 14 2860 1282 8| 2.82603| 629603 571601 rmss_vs WT|down
GD-D006270 ion initiation 14 8860 1282 8| 2.826-03| 6.246.03| 5.71E-01 sLocs 108 o8 rmsS_vs WT |down
GO:0006629 process L 8860 1282 26| 6.32F-03| 2.03F-02| 2.83F-01 . rms5_vs WT|down
45,10 Loci2TI0s6e
GD:0015879 | photosynthesis 36, 8860| 376 18| 1.10-13| 4.796-02 5.00€-01 s mss vs WT |up
0127138857
GO:0009768 light harvesting in 13| 2860| 376 10| 2.92E-10| 2.666-02) 7.69E-01 L0C127076174, rmsS_vs WT up
GO:0009416  |response to light stimulus 33 8860 376 10| 3.936-05| 2.666-02) 3.03F-01 orear rms5_vs_WT up
G0:0016036  |cellular response to phosphate starvation 12 8860 376 5| 3.776-03| 1.33E6-02| 4.17E-01 ms5 vs WTup
G0:0046274 |lignin catabolic process 18 8750} 438 12| 5.316-10| 2.74E-02) 6,67E-01 ociz7niE rmsl_vs WT |down
GO:D005975 | carbohydrate metabolic process 243 8750 438 39| 5.646-00 8.90E-02 1.60E-01 017 1570SL0C127073816,0C 1271 18002 10C1 174 18385100127 18913.106127120483 L0C 1270 12708 ocrroms (e 100902, rmsi_vs WT |down
GO:0042744 | hydrogen peroxide catabolic process 77 2750 238 20| 2.88E 08| 4.576-02] 2.60E 01 msi_vs WT |down
| LoC127031129 0012711808 LOC 127086538
GO:D006979 | response to oxidative stress 85| #750| 428 20| 1.91E-07| 4.576-02| 2.35E-01 10|rmsi_vs WT |down
| lex27118084 L0C12 7086538
GO:0009651  |response to salt stress 29 8750} 238 11| 2.386-06| 2.516-02) 3.79E-01 1271 rmsi_vs WT |down
GO:0007018 | microtubule-based movement 59 8750| 238 15| 2.75E-06| 3.426-02 2.546-01 10c127083521 Loc127100761 rms1_vs WT |down
GD:042542  |response to hydrogen peroxide 27] 2750| 38 10| 2.776.06| 2.286.02) 2.708-01 rmsl_vs WT|down
GO:D009408 | response ta heat 42| a750| 438 12| 1.316.05| 2.796-02| 2.86E-01 rmslvs WT |down
GO:0051259 | protein complex oligomerization 29) 750 38 10| 1.4BF-05| 2.28F-07 | 3.45F-01 |-OC121097009.0012 7108315 L0C 121102306, e 101307 1012708 2208326 rmsl_vs WT|down
G0:0000727 | double-strand break repair via break-induced replication 10 &750] 438 6| 4.736-05| 1.37E-02| 6.00F-01 it rmsl_vs WT |down
GO:0024772 | mitotic cell cycle phase transition 27 8750 238 9| 6.08E-05| 2.05£-02| 3.33E-01 oCI2TosTIES rmsi_vs WT |down
GO:0000078  |regulation of cyclin-dependent protein serine/threonine kinase activity 35 8750} 238 9| 5.87€-04| 2.056-02| 2.57€-01 AOC1ZTO9T2S msi_vs_WT |down
GO:0009833 | plant-type primary cell wall bicgenesis 23 8750| 238 7| 1.226-03| 1.60£-02] 3.04£-:01 1 mst_vs WT |down
GD:0051603  |proteolysis involved in protein catabolic process 40) 8750 438 9| 1.56E-03| 2.056-02| 2.25E-01 117106875 rmsl_vs WT down
GD:0030244 | cellulose biosynthetic process 25| 8750 438 7| 1.936-03| 1.606-02| 2.80-01 5 rmst vs WT|down
GO:0030639 | polyketide biosynthetic process 13| 8750} 38 5| 3.11F-03| 1.14E-02| 3.856-01 sl vs WT|down
GO:0006559  |L-phenylalanin catabolic process 12 8750] 438 5| 3.71E-03| 1.146-02| 3.57E-01 rmsl_vs WT |down
GO:0010457 diated transport 8 8750 438 4| 3.71E-03| 9.13£-03| 5.00E-01[0CIZ7091470,10C127091469,.0C 127096021, 0C1 27095961 rmsi_vs WT |down
GO:0006270 | DNA replication initiation 14] #750| 438 5| 3.71E-03| 1.14E-02| 3.57E-01 127073431, 19528 rmsi_vs WT |down
GO:D006268 [ DNA unwinding involved in DNA replication 14 2750 228 5| 3.716-03| 1.146-02] 257601 71 rmsi_vs WT |down
GO:0006260 [ DNA replication EE 2750 438 8| 4.02603| 1.83602| 2.11E 01 rmst_vs WT |dawn
G0:0006271 DNA strand elongation involved in DNA replication 5| 8750| 438 3| 0.24E-03| 6.85E-03] 6,00F-01 [-OC127132618L0C272021540CLI7 108178 rms1_vs WT dawn
GO:0016036  |cellular response to phosphate starvation 121 750 7 3| B.I7E-03| 3.85E-02| 2,50F-01 |00 107365062707 s55a 0021 0aT 837 ms_vs WT  up
GO:0015879  |photosynthesis 34 8678| 08 13| 1.65E-07| 3.19€-02 3.826-01 acHITRER, OCHTORLON rms1_vs_rmsS  |down
G0:0009768 i, light harvesting in photosystem | 14 8678 408 9| 1.656-07| 2.216-02] 6.43E-01 110c127076171 17108153 rmsl_vs_rmss |down
GO:0009416 | response to light stimulus 34 8678| 208 10| 1.44E-08| 2.456-02) 2.04F-01 LDF127126478 10C1 27131095 O 127080835 10CA 17084775 LDC127117465,10C 127117511 LDE1 2707617 LL0C1 27085378 LOC12 107008 0C1 27105 163 msd_vs_rms5__|down
GO:D006979 | response to oxidative stress 81 8678 715 31| 151611 4.346.02| 3.83£.01 100127125061, o rmsi_vs_rmss  |up
GO:0042744 | hydrogen peroxide catabolic process 7 8678] 715 29| 2.426-11| 4.066-02| 2.926-01 2707S0LL0C L0c12712010L rmsl_vs mmss  |up
GO:0022545 | cell wall modification 40, 8678| 718 17| 3.926-07| 2.386-02) 4.25E-01 12785501 woct i rms1_vs_msS |up
GO:0009664 | plant-type cell wall organization 22| 8678| 715 11| 2.19E-05| 1.54€-02 5.00€-01 Loc 7600127087221 LOCL2709TEOLLOC127 103211 L0C127 101389 rms1_vs_msS |up
G0:0006334  |nucleosome assemibly 83 8678 s 22| 2.97E-05| 3.086-02) 2.65E-01 L0CI27085881 rmsl_vs_rmsS  |up
GO:0005975 | carbohydrate metabolic process 233 8678 715 42| 3.86£.05 5.876-02| 1.80E 01 oC127132851 rmsi_vs_rmsS |up
G0:0046274  |lignin catabolic process 15 8678| 715 8| 5.426-04| 1.126-02| 5.00E-01 . rmsl_vs msS  |up
GD:0000727  |dk d break repair via break-induced repli 10 8678| 715 6| 1.40E-03| 8.39E-03| 6.00-01 Loctarion e rms1_vs_rms5  |up
G0:0042546 | cell wall biogenesis 28 8678| 715 10| 1.40E-03| 1.40€-02| 3.57€-01 rmsl_vs_rms5  |up
GO:0010411  |xyloglucan metabolic process 28] 8678| 715 9| 7.196-03| 1.266-02| 3.21E-01 2712871 oc127107088 rms1_vs_rmss |up
GO:D000079 | regulation of eyelin-dependent protein serine/threonine kinase activity 29) 8678 715 9| 8.79E-03| 1.26E-02| 3.10E-01|L06127117857.L0¢ 127126901, 10G127087524 rmsi_vs_msS |up
G0:0034440 __|lipid oxidation 24 8678 715 8| 9.966-03] 1.12602] 333601 rmsi_vs_rmsS__Jup
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Chapter 5

Characterization of relations among seed
color, phenolic profile and antioxidant
activity in lentil
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INTRODUCTION

Lentil (Lens culinaris Medik.) is a staple food legume cultivated in over 70 countries covering 5.50
million hectares (Parihar et al., 2025). Global lentil production in 2024 was about 6.6 million tonnes,
indicating an increase of 15% compared to the 5.7 million tonnes produced in 2023 (Crop Production
Statistics, 2024). A wide range of landraces and local varieties are spread in different regions thus
representing a valuable source of genetic diversity for breeding programs to both improve plant
adaptation to climate constraints, and to meet consumer’s preferences (Piergiovanni, 2000). Canada,
Australia, and India are the major producers of red lentils, while Canada and the US lead green lentil
production and exports. Worldwide, lentil types comprise 70% small-seeded lentils with red
cotyledons, 25% green large-seeded and only 5% brown lentils. In Europe, lentils used to be an
important crop until the Second World War, but their cultivation drastically decreased in the
subsequent decades, becoming unprofitable for farmers and largely replaced by meat as source of
proteins in the human diet (Yanni et al., 2023). However, the interest in lentils has been renewed
worldwide and in Europe also due to their significance for human health and for sustainable

agriculture (Alrosan et al., 2022).

Growing lentils contributes to a significant reduction of nitrogen fertilizer because of the ability of
legumes to fix nitrogen in symbiosis with rhizobia and to improve both soil fertility and soil-building
capacity (Warne et al., 2019). Several lentil genotypes are drought-tolerant and drought-adapted being
resilient in water-limited and rain-fed environments (Warne et al., 2019). In fact, lentils are a primary
component of farming systems in Middle East and North Africa (MENA) that are the most water-

scarce region in the world, playing a significant role in human and animal nutrition (Noor et al., 2024).

Lentils are rich source of high quality proteins complementing the essential amino acid of staple
cereals (Ganesan et al., 2017). In addition to proteins, ranging from approximately 20% to 30% of
dry seed weight, lentils contain complex carbohydrates (60—64%) and dietary fibre (11-31%) with
known beneficial effects against metabolic disorders and non-communicable diseases (Bennet et al.,
2018; Guo et al., 2022; Venter de Villiers et al., 2024). The consumption of lentils is associated with
low blood cholesterol and lipid levels, and reduced risks of obesity, type 2 diabetes, colon and breast
cancer (Adebamowo et al., 2005; Aslani et al., 2015; Hafiz et al., 2022). These positive effects depend
on the abundance of health-promoting components such as unsaturated fatty acids, B vitamins,
minerals, and polyphenols (Kushi et al., 1999; Ganesan et al., 2017; Lastras et al., 2021). Among the
ppolyphenols, flavonoids are particularly abundant in lentils exhibiting important health-promoting
properties aciting against non-communicable diseases (Ganesan et al., 2017; Dhull et al., 2022; Jung

etal, 2022; Peng et al, 2022). Moreover, lentil polyphenols reduce the risks of several types of cancers
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like thyroid, liver, breast, and prostate cancers (Adebamowo et al., 2005; Caccialupi et al., 2010;

Ganesan et al., 2017; Kushi et al., 2017;).

A major concentration of polyphenols was found in the lentil seed coat than in the cotyledons (Manco
et al., 2023). Besides their nutraceutical role, lentil polyphenols contributes also on organoleptic
properties and seed color (Mirali et al., 2016, 2017).The seed coat color shows a large variation in
lentil germplasm depending on the genotype varying from green, tan, grey, brown, black or mottled.
Also, cotyledons color vary from yellow, green, or orange-red (Ganesan, 2017; Mirali et al., 2017).
In marketing contexts, lentils with uniform and green color are the most appreciated in the United
States and Europe, whereas brown seeds are more appreciated across the Mediterranean Basin, and
shelled seeds with intense bright red color are the most preferred in Eastern countries (Erdogan, 2015;
Fiocchetti et al., 2009). Besides the background color, lentil seedcoats show a large variability for
patterns that can be dotted, spotted, or marbled contributing to the overall color of whole seeds

(AGPG, 1985; Irakli et al., 2021).

Red lentil varieties are the most common in global trade and the most consumed worldwide. The red
color is putatively contributed by polyphenolic compounds such as tannins and anthocyanins (Giusti
et al., 2017). The red color has been attracting the attention of geneticists and producers not only for
the health-promoting properties that are associated to these components, but also for their ability to
mimic meat color and to be used as plant based substitutes in vegan meat without the need for added
colorings which may have stability or safety issues (Muehlbauer et al., 2009; Erdogan, 2015). Red
lentil flour is currently used also to make healthier legume-based pasta and snacks, and traditional
Italian gluten-free pasta. Evaluating natural variation in the red lentil genotypes for polyphenols can
help the development of lentil-based foods with improved functional value (Purves et al., 2025).
However, the treasure of genetic variability for red colour in lentil germplasm has not fully

characterized in large red lentil collections (Mirali et al, 2017; Guerra-Garcia et al., 2021; Manco et

al., 2023).

In this paper, for the first time we analyzed a broad lentil collection composed by 59 lentil varieties
differing for cotyledons color and seed coat background color, showing multiform seed coat pattern
(Del Coco et al., 2022) with the aim to assess the correlation between polyphenol content and

composition and antioxidant capacity with seed color.

The content of individual flavonoids including anthocyanidins, flavonols, flavans and flavones, and
phenolic acids were analyzed by HPLC-DAD whereas total polyphenol content was measured by
spectrophotometric assay. The antioxidant capacity of phenolic extracts was evaluated by ABTS

assay and by a direct ABTS assay (ABTSdir) that was conducted directly on the wholemeal flour.
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The results of our study provide fundamental information about red lentil genotypes that could be

selected and used for developing novel legume-based foods with health benefits.

MATERIALS AND METHODS

Chemicals

Authentic reference standards of phenolic compounds (caffeic acid, p-coumaric acid, gallic acid, p-
hydroxybenzoic acid, protocatechuic acid, syringic acid, vanillic acid, sinapic acid and ferulic acid,
(+)-catechin, (-)-epicatechin, kaempferol, luteolin, myricetin, delphinidin and cyanidin), ABTS (2,2'-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid), potassium persulfate, AAPH [2,2'-azobis (2-methyl-propionamide)] were
obtained from Sigma-Aldrich (Milan, Italy), and Folin-Ciocalteu reagent, sodium hydroxide, formic
acid and HPLC (high performance liquid chromatography) grade solvents were obtained from Carlo

Erba Reagent (Milan, Italy).
Plant materials

Fifty-nine red lentil varieties, with different pedigree, year of release, country of origin, and seed
morphology were received by ICARDA, Lebanon (Supplementary Table S1). The plants were grown
at ICARDA experimental station, Terbol, Lebanon (33.81° N, 35.98° E), in the 2018/19 growing

season.
Morphological analyses

Lentils seed coat color was assessed using a Minolta CR-400 model spectrophotometer (Minolta
Camera Co, Osaka, Japan) according to the International Commission on Illumination (CIELab,
1978). Whole seeds were transferred into the Minolta collector, and lightness (L*) and color (a*, red
index; b*: yellow, index) were assessed. Seed coat patterns and cotyledons colors were classified

based on the descriptors reported by AGPG (1985).
Extraction of total polyphenols and flavonoids analyses by HPLC

Total polyphenols were extracted following Manco et al. (2023) with slight modifications. Briefly,
0.1 g of whole-meal flour was extracted by adding 1 mL of methanol/water/formic acid (80/15/5) at
room temperature and incubating overnight. Samples were centrifuged at 4,000 x g for 10 min, and
the slurry was re-extracted with an additional 10 mL of solvent on a rotary shaker for 1 h, at room

temperature. Sample extractions were performed in triplicate.

Flavonoids were extracted from whole-meal samples using two different procedures according to Lee
et al. (2017). Flavonoid-enriched extracts were obtained adding 1.2 mL of 50 % methanol containing

1.2 M HCI to 0.1 g of seed fraction powder (hull and cotyledon). The samples were heated in a water
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bath at 80 °C for 2 hours and then centrifuged at 10,000 x g at 4 °C for 5 min. Anthocyanin-enriched
extracts were achieved from 0.1 g of lentil hull or cotyledon seed powder by adding 0.95 mL of
acidified methanol (85 methanol / 15 HCl 1 N v/v) followed by sonication for 1 min. The samples
were incubated at 38 °C for 5 min with a mixing frequency of 300 rpm, and subsequently hydrolyzed
with 0.2 mL 6 N HCI at 90 °C for 2 h. The extracts were separated through centrifugation at 10,000

x g at 4 °C for 5 min. All analyses were carried out in triplicate.

For flavonoids analysis the conditions were those described by Manco et al. (2023). The identification
and quantification of individual phenolic acids was carried out following the conditions described in

Alzuwaid et al. (2020).
Folin-Ciocalteu Assay

Total phenol contents were determined following the method by Magalhaes et al. (2010) and using a
microplate reader (Tecan, Infinite M200). Folin-Ciocalteu reagent diluted in water from Milli-Q
system (1:5 v/v) (50 pL) was placed in each well of a microplate, and then 100 pL of sodium
hydroxide solution (0.35 M) was added. The absorbance value at 760 nm was recorded after 5 min of
incubation. Gallic acid was used to obtain a calibration curve in the range from 2.5 to 40.0 mg/L. The
total phenol content of each sample was expressed as gallic acid equivalents (GAE). The analyses

were carried out in triplicate.
Total antioxidant capacity assays

ABTS assay was performed on total polyphenols extracts and flavonoid-enriched extracts according
to Manco et al. (2023). The absorbance of samples was measured at 734 nm after 6 min using a plate
reader (Infinite 200 Pro, Tecan, Ménnedorf, Switzerland). Antioxidant capacity values were
expressed as Trolox equivalents (mmol Trolox Equivalent (TE)/g). Magellan v7.2 software (Tecan,
Minnedorf, Switzerland) was used to check the plate reader. The analyses were carried out in

triplicate.

Total antioxidant capacity of whole-meal flours from the five lentil varieties were assessed following
a direct procedure described in Romano et al. (2022) using the ABTS assay. The antioxidant capacity
was expressed as mmol Trolox equivalent antioxidant capacity (ABTSdir) per gram of whole-meal

flour sample. The analyses were carried out in triplicate.

In this manuscript, the total antioxidant capacity obtained with the three different assays (ABTS on

extracts, direct ABTS and ORAC) will be referred to as ABTS, ORAC and ABTSdir.

114



Statistical analysis

Normal distribution of the data was verified using the Shapiro-Wilk normality test implemented in
the stats R package. Non-normal data were transformed with the bestNormalize package for further
analysis. Genotype effects on individual polyphenols, total polyphenol content, antioxidant activity
and CIELab indices were tested by one-way ANOVA. Three-way ANOV As, followed by the Tukey’s
HSD test, were conducted to assess the effects of cotyledon color (CC), tegument color (TC), and
tegument pigmentation pattern (TPP) on individual polyphenols, total polyphenol content (TPC), and
antioxidant capacity. The same approach was applied to evaluate the effects of CIELAB color indices.
Statistical significance was determined at P <0.05 using post hoc LSD test in the Agricolae R package
(de Mendiburu, 2023).

Principal Components Analysis (PCA) was performed with the prcomp function implemented in the

basic stats R package and the results visualized using ggplot2 (Wickham, 2016).

Hierarchical clustering of genotypes and physicochemical variables based on collected data was
performed using the complete method implemented in the hclust function of the basic stats R package

and rendered with pheatmap (Kolde, 2019).
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RESULTS

Biochemical and morphological characterization

ANOVA indicated significant genotypic effects (p<0.01) with respect to all the parameters tested,
including individual polyphenols (delphinidin, cyanidin, gallic acid, catechin, epicatechin, luteolin,
kaempferol and myricetin), total polyphenol content (TPC), antioxidant capacity (expressed as both
ABTSdir and ABTS) and the three CIELab color space indexes L*, a* and b* (Supplementary Table
S2).

Three-way ANOVAs were also performed to determine whether different cotyledon color (CC),
tegument color (TC) and tegument pigmentation pattern (TPP) classes were significantly associated
with variation of individual polyphenols, TPC and antioxidant capacity. Except for kaempferol, the
results were highly significant (p < 0.01, Table 1), suggesting that internal and external seed

pigmentation is associated with variation of the other variables under test.

Running linear regression models revealed significant associations between at least one of the three
CIELab color space indexes and several polyphenols (gallic acid, catechin, epicatechin, luteolin and
myricetin), TPC and ABTS (p <0.05, Supplementary Table S3). non-significant results were obtained
for cyanidin and kaempferol, delphinidin and TEAC-DIR-TE results were slightly above

significance.
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Table 1. Three-way ANOVA results effects of cotyledon color (CC), tegument color (TC), and tegument pigmentation pattern (TPP) effects on the
concentration of individual polyphenols, total polyphenol content (TPC), and antioxidant capacity in lentil genotypes. Different letters indicate
significant differences (p < 0.01, LSD test).

Delphinidin Cyanidin Gallic_acid Catechin Epicatechin Luteolin Kaempferol Myricetin TPC ABTS ABTSdir

CC Orange 99.53+30.73a [56.93+20.44a [98.5+21.4b 348.3+96.61a |466.06+381.85b |3.34+2.69a [158.89 +37.54a|3.45+1.75a(4.08+0.72b |0.06+0.01a 0.1+0.02a
CC Orange/Red 83.83+32.84a |50.45+24.12a |97.64+9.14ab [424.79+124.18a |343.96+34.98b [1.58+0.7a |149.28+12.2a |2.87+0.62a |4.35+0.58ab |0.06 +0.01 a 0.1+0.01a
CC Orange/Yellow [96.49 £9.5 a 56.62+13.42a ([137.1+36.16a |378.01+64.69a [435.56+81.05ab |2.65+1.14a[165.76+11.62a(3.22+0.82a|4.49+0.39ab [0.07+0.01a 0.11+0.01a
CC Yellow 108.03 £33.12a |55.91+23.23a [91.83+25.32b |353.14+95.63a [825.12+836.37a |3.15+2.56a [165.99+42.31a (3.52+0.87a|4.65+0.63a [0.07+0.01a 0.1+0.03a
TPP Absent 97.39+33.7b 52.33+21.6b [96.14+25.94a |381.56+92.36a [646.23 +643.694a |2.19+0.95b[156.61+37.87a(3.11+0.89b|4.46+0.69a [0.07+0.01a 0.1+0.02a
TPP Complex 126.85+19.11a |76.52+9.25a [108.93+18.24a229+71.72¢ 348.95+108.82 b [8.03 +2.35a |169.53 +38.44 3 |5.72+3.23a [3.83+0.57b |0.05+0.01b 0.09+0.01a
TPP Dotted 102.88 £ 25.76 ab |62.58 + 19.95 ab [94.97 +5.59a |300.62 + 73.13 bc [390.5 £ 122.14ab |5.36 +3.61a [179.11+41.9a (3.82+1.06a|3.43+0.48b [0.05+0.01b 0.09+0.02a
TPP Spotted 95.55+17.15b [54.7+12.98b [103.85+26.11 a [364.49 + 37.13 ab |349.25+62.56 ab [2.13+0.89 b |152.45+21.95a |2.8+0.4b [4.34+0.45a |0.06+0.01a 0.1+0.03a
TC Brown/Orange [104.17+32.31a |60.79+19.85a [101.22 +22.83 a [350.26 + 102.13 a |465.44 + 338.95 a [4.02 +3.07 a |163.22 + 33.68 2 |3.68 £ 1.94 a [4.03+0.65b |0.06+0.01 b 0.09+0.02 b
TC Pink/Red 98.8+33.31a 54.66 + 22.83 ab [89.54 + 18.84 b |359.95 + 101.77 a [684.78 + 751.954a |2.47 +1.91b [153.87 +42.62a (3.02+0.6a |4.38+0.81a [0.06+0.01b 0.1+0.02a
TC Yellow/Green [94.33+11.13a |44.43+11.4b (114.1+31.08a (341.9+40.89a |424.47+116.44a |2.3+0.61ab[170.88+33.54a(3.79+1.46a(4.63+0.45a [0.07+0.01a 0.1+0.02ab

F-statistic 2.73 3.07 4.71 6.54 4.03 9.95 1.48 6.58 10.79 8.91 2.72

p-value (F-test) 8.83E-03 3.74E-03 5.56E-05 6.05E-07 3.17E-04 2.54E-10 1.73E-01 5.47E-07 3.31E-12 3.95E-10 7.69E-03
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Principal component analysis and hierarchical clustering

Relationships among genotypes were further investigated by Principal Component Analysis (PCA).
The first two components explained 28.55% (PC1) and 18.62% (PC2) of the dataset variation (Figure
1). Notably, the PCA biplot successfully separated accessions with complex or dotted TPP from those
with spotted or no TPP.

Hierarchical clustering provided information on variables with similar variation trends and genotypes
with similar physicochemical features (Figure 2). Three main variable clusters were found. The first
(V1) included luteolin, myricetin, kaempferol and gallic acid, with the first two variables exhibiting
the most similar variation patterns (Figure 2). The second cluster (V2) revealed very similar variation
patterns for delphinidin and cyanidin, and relation of these two compounds with epicatechin and
ABTSdir. The third cluster (V3) grouped the remaining variables, with L and b*, TPC and ABTS,

and a* and catechin forming three sub-clusters with most similar variation patterns.

0.4+
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Epicatechin

TPP
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Figure 1. Principal Component Analysis (PCA) for physicochemical features of 59 lentil genotypes.
The results are reported for the first (PC1) and the second (PC2) PCs. Genotypes are indicated by
dots with different colors according to the seed coat pattern. Arrows refer to loadings for each
variable. L*, a*, b*: CIELAB color space indexes; TPC: Total phenolic content; ABTS: Antioxidant
capacity by the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay on extracts;
ABTSdir: Antioxidant capacity by direct ABTS assay.
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Figure 2. Heatmap and hierarchical clustering based on the physicochemical features of 59 lentil
genotypes. The color scale refers to scaled average values for each variable. L*, a*, b*: CIELAB
color space indexes; TPC: Total phenolic content; ABTS: Antioxidant capacity by the 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay on extracts; ABTSdir: Antioxidant

capacity by direct ABTS assay.

Concerning the genotypes, PCA results were confirmed, as two main clusters were identified, one
mostly containing complex and dotted TPP genotypes, and the other absent or spotted TPP genotypes.
The first was characterized by below-average levels of variables included in V3; the second lacked a
clear pattern of variation. In addition, a divergent cluster was found, including the accessions 15A,
16A, 17A and 18A, all characterized by no TPP. This was characterized by below-average levels of
variables included in the V1 group, and above-average levels of variables included in the V2 group.
The genotype 58C, displaying a complex TPP, showed a clearly distinct profile, with above-average
levels of variables included in the V1 cluster (including the highest level of myricetin), and below-

average levels of variables included in the V3 group (including the lowest value of the b* color index).
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DISCUSSION

From a breeding perspective, the whole-seed phenolic and antioxidant profile is an important
selection criterion, as it may improve the nutritional quality of lentils without compromising yield or
agronomic performance. Moreover, phenolic-rich seeds can support the development of functional
food products that meet growing consumer demand for plant-based foods with added health benefits.
Given the increasing interest in clean-label and naturally fortified ingredients, lentil-derived products
enriched in specific polyphenols could find applications in the formulation of bakery goods, meat
alternatives, ready-to-eat meals, and nutraceuticals. Phenolic compounds are key contributors to the
antioxidant properties found in plant-derived foods (Sun et al.,2023) and therefore are assumed to be
highly correlated with each other. In addition, they are often associated with specific pigmentation
patterns, therefore seed color and patterns can serve as a practical indicator for identifying
polyphenol-rich genotypes. However, the extent of these relationships still needed to be clarified in

lentil.

In this study, relations among phenolic content and composition, antioxidant capacity, and seed color
and pattern were assessed on a lentil germplasm collection. Most of the genotypes selected by this
study were indicated by the ICARDA genebank as drought tolerant, therefore of main interest for
breeding or direct use in Mediterranean agricultural settings. Significant genotypic effects were found
for all the parameters under test, indicating the possibility to obtain genetic gains by breeding. As
expected, cotyledon color (CC), tegument color (TC) and tegument pigmentation pattern (TPP)
classes were significantly associated with variation of individual polyphenols, TPC and antioxidant
capacity, as showed by ANOVA and regression analysis for CIELab indexes (Table 1, Supplementary
Table S3).

Variation in biochemical features and color could be associated with TTPs (Figure 1 and Table 1).
Specifically, complex and dotted TPPs were associated with overall lower TPC levels and antioxidant
capacity, and higher levels of anthocyanins, luteolin and myricetin. In contrast, genotypes with
spotted TPP or lacking tegument patterns showed high TPC and antioxidant capacity. Genotypes
lacking TPP also exhibit the highest levels of catechin and epicatechin, whereas those with complex

TPP show the lowest.

CC was significatively associated with gallic acid, epicatechin and total polyphenols content (Table
1). Specifically, the highest TPC levels were observed for yellow cotyledons, which were
significantly different from the orange ones. Antioxidant capacity was not affected by variation in
this trait, in line with the notion that most antioxidant compounds accumulate in the seed coat.

Consistently, Differences in TPC, antioxidant activity, luteolin gallic acid and cyanidin were
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associated with variation in TC (Table 1). In detail, yellow/green teguments had the highest
antioxidant capacity and increased TPC with respect to brown/orange. In addition, yellow/green
teguments presented the highest level of gallic acid, significantly higher of pink/red and a significant

lower cyanidin content compared to brown/orange TC.

A strong correlation was also observed between CIELab color indexes and Gallic acid, Catechin,
Epicatechin, Luteolin, Kaempferol, Myricetin, TPC and ABTS antioxidant capacity. Notably, this

suggests the possibility to select these traits with the aid of spectophotemetric analysis (Figure 2).

Overall, this work provides an overview of lentil genetic variation for traits of importance for the
development of functional food products. Importantly, our study indicates that seed phenotypic traits

can be taken as proxies for the selection of genotypes with superior profile of bioactive compounds.
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Supplementary materials

Supplementary Table S1. List of lentil genotypes used in this study, including their origin, cotyledon
coat color, tegument coat color and seed coat pattern infromation.

Genotype Variety Cotyledon_Coat_Color Tegument_Coat_Color Seed_Coat_Pattern Year_of_Release Country 1D Pedigree

1A 1G358 Orange Brown/Orange Absent 1984 Ethiopia Pl 299127 NEL358

2A 1G590 Orange Pink/Red Absent 1998 Australia Pl 339319 Selection from P1339319
3S 1G481 Orange Pink/Red Spotted 1989 Canada PI 300561 Lebanese landrace NEL481
4D 1G784 Orange Pink/Red Dotted 1991 USA GIZA9 Egyptian local, Giza 9
5A 1G854 Yellow Brown/Orange Absent 1991 Turkey 60 Egyptian germplasm, 60
6D 1G1005 Orange Pink/Red Dotted 1973 Chile 33-032-10403 -

7S 1G4399 Orange/Red Pink/Red Spotted 1987 Turkey Lebanese Local Selection from L1278
8A 1G4400 Yellow Yellow/Green Absent 1988 Algeria SYRIAN Selection from landrace
9A 1G4605 Yellow Pink/Red Absent 1989 ICARDA PRECOZ Selection from landrace
10A 1G73661 Orange Pink/Red Absent 2001 Syria FLIP 89-39L ILL 223 X 79SH4901
11D 1G76027 Orange Pink/Red Dotted 1990 Nepal LN0077 -

12S 1G5562 Orange/Yellow Pink/Red Spotted 1999 Morocco 76TA 66005 ILL 1 selection

13A 1G5582 Yellow Brown/Orange Absent 1987 Syria 78S 26002 ILL 8 selection

14A 1G5588 Orange Brown/Orange Absent 1995 Australia 78526013 ILL 16 selection
15A 1G5722 Orange Brown/Orange Absent 2001 Turkey FLIP 84-51L ILL 883 X ILL 470
16A 1G5748 Yellow Pink/Red Absent 1995 Ethiopia FLIP 84-78L ILL 883 X ILL 470
17A 1G69492 Orange Pink/Red Absent 2000 Syria 81515 UJL 197 X ILL 4400
18A 1G70043 Yellow Pink/Red Absent 1995 Lebanon FLIP 86-2L ILL 466 X ILL 212
19A 1G73979 Orange Pink/Red Absent 1989 USA WH-80 -

20A 1G70076 Orange Pink/Red Absent 2003 Morocco FLIP 86-35L ILL 4354 X ILL 922
21S 1G156736 Orange Pink/Red Spotted 2014 Afghanistan 955 35195-17 ILL 7949 X ILL 7686
22A 1G70092 Yellow Pink/Red Absent 2012 Iran FLIP 86-51L ILL 4349 X ILL 4605
23A 1G71144 Yellow Pink/Red Absent 1999 Iran FLIP 87-22L ILL 4349 X ILL 4605
24A 1G117646 Orange/Red Pink/Red Absent 1999 Syria FLIP 96-14 L ILL 6209 X ILL 5671
25A 1G71178 Orange Pink/Red Absent 2000 Lebanon FLIP 87-56L ILL2129 XILL 13
26A 1G117679 Yellow Brown/Orange Absent 1996 ICARDA FLIP 96-47 L -

27A 1G73685 Orange Brown/Orange Absent 1998 Ethiopia FLIP 89-63L ILL 4225 X ILL 4605
28C 1G122918 Orange Brown/Orange Complex 1998 Pakistan 91516 -

295 1G73858 Orange Brown/Orange Spotted 2002 Syria FLIP 90-25L ILL 5588 X ILL 99
30A 1G73874 Orange/Yellow Brown/Orange Absent 2006 Turkey FLIP 90-41L Sel. 80542188 X ILL 223
31A 1G75896 Yellow Pink/Red Absent 2009 Iran FLIP 92-12L ILL 5582 X ILL 707
32A 1G122934 Orange Brown/Orange Absent 1998 ICARDA FLIP98-15 L ILL 6243 X ILL 1939
33A 1G75920 Orange Brown/Orange Absent 2002 Syria FLIP 92-36L ILL5879 XILL 5714
34A 1G75932 Orange Yellow/Green Absent 2000 Lesotho FLIP 92-48L ILL 5583 X ILL 5726
35A 1G76232 Orange Yellow/Green Absent 2007 Syria FLIP 93-12L ILL 5538 X ILL 5782
36A 1G114687 Orange Yellow/Green Absent 2015 Syria FLIP 95-29L -

375 1G114688 Orange Brown/Orange Spotted 2006 Turkey FLIP 95-30L ILL5604 X ILL6015
38A 1G114713 Orange Brown/Orange Absent 1999 Portugal FLIP 95-55L -
39A 1G117647 Yellow Yellow/Green Absent 2007 Azerbaijan FLIP 96-15 L ILL 6209 X ILL 5671
40A 1G117680 Orange Brown/Orange Absent 2004 Ethiopia FLIP 96-48 L -
41D 1G117682 Orange Brown/Orange Dotted 2009 Nepal FLIP 96-50 L Laird X VW000412
42D ILL8006 Orange Brown/Orange Dotted 1996 Bangladesh - ILL7888 X ILL5782
43S 1G129142 Orange Brown/Orange Spotted 2000 ICARDA FLIP 00-19 L ILL 5883 X ILL 6994
44C 1LL8009 Orange Brown/Orange Complex 1990 Nepal - Local land race, LG7
45A 1G122878 Yellow Yellow/Green Absent 2007 Uzbekistan FLIP 97-4L ILL 6002 X ILL 6435
46D 1G122880 Yellow Brown/Orange Dotted 1997 ICARDA FLIP 97-6L ILL 5582 X ILL 5845
47A 1G142268 Orange Brown/Orange Absent 2006 ICARDA FLIP 07-57L ILL 5883 X ILL 590
48C 1G156670 Orange Brown/Orange Complex 2006 Bangladesh BARIMASUR 5 ILL 2501 X ILL 7616
49A 1G156514 Yellow Yellow/Green Absent 2018 Syria 97-39L, 985029 -
50A 1G156631 Orange Pink/Red Absent 1995 ICARDA 955 36115-01 ILL 7620 X 88522
51A 1G156693 Orange Pink/Red Absent - Ethiopia ALEMAYA -
52D 1G156695 Orange Brown/Orange Dotted 1998 India SUBRATA WBL
53A 10867/10174/6SPS Orange Brown/Orange Absent 2018 ICARDA - ILL 10867 X ILL 10174
54A F1X2011S-132/F1X20115-110/23-10 Orange Brown/Orange Absent 2018 ICARDA - F1X2011S-132 X F1X20115-110
55C 8114/7663/2SPS Orange Brown/Orange Complex 2018 ICARDA - ILL 8114 X ILL7663
56A F1X2011S-132/F1X20115-110/6-2 Orange Brown/Orange Absent 2018 ICARDA - F1X2011S-132 X F1X2011S-110
57C 7978/DPL 62/10-8 Orange Brown/Orange Complex 2018 ICARDA - ILL 7978 X DPL 62
58C 4605/3596/2SPS Orange Brown/Orange Complex 2018 ICARDA - ILL 4605 X ILL 3596
59D 10072/1712/10-3 Orange Pink/Red Dotted 2018 ICARDA - ILL 10072 X 1LL1712

Supplementary Table S2. One-way ANOVA results from testing the genotype effect on individual
polyphenols, total polyphenol content, antioxidant activity and CIELab indices.

Response Delphinidin Cyanidin Gallic_acid Catechin Epicatechin Luteolin Kaempferol Myricetin ABTS dir
R? 0.947 0.962 0.923 0.951 0.969 0.988 0.958 0.961 0.927 0.913 0.830 0.994 0.996 0.994
Adjusted R? 0.895 0.925 0.848 0.904 0.939 0.975 0.916 0.922 0.891 0.871 0.746 0.989 0.992 0.988
F-statistic 18.206 25.758 12.270 19.914 32.247 80.889 23.110 24.989 25.784 21.286 9.920 182.049 243.618 167.736
p-value (F-test) 1.06815E-22 9.26928E-27 2.91452E-18 9.80333E-24 1.89202E-29 8.91885E-41 1.77888E-25 2.12034E-26 5.9414E-46 2.3299E-41 1.24785E-25 5.34134E-51 1.071E-54  5.8219E-50

Supplementary Table S3. Three-way ANOV A results examining the effect of CIELab color indices
on individual polyphenols, total polyphenol content, and antioxidant activity.

Response Delphinidin Cyanidin Gallic_acid Catechin Epicatechin Luteolin Kaempferol Myricetin TPC ABTS dir
R’ 0.063 0.052 0.096 0.152 0.083 0.258 0.031 0.175 0.316 0.247 0.063
Adjusted R? 0.039 0.027 0.072 0.129 0.059 0.239 0.006 0.153 0.298 0.228 0.039
F-statistic 2.565 2.076 4.047 6.795 3.430 13.219 1.217 8.060 17.542  12.494 2.575
p-value for the model (F-test) 0.0581 0.1073 0.0089 0.0003 0.0195 0.0000 0.3069 0.0001  0.0000 0.0000 0.0574
p-value (coefficient L) 0.2591 0.5209 0.0029 0.9404 0.0326 0.5606 0.2386 0.1408  0.0000  0.0007  0.4618
p-value (coefficient a) 0.0787 0.7161 0.0054 0.0364 0.1589 0.0001 0.1627 0.0015 0.0006 0.0314  0.5123
p-value (coefficient b) 0.5804 0.1743 0.0025 0.3092 0.2975 0.3402 0.4261 0.2961 0.0162 0.2566  0.7004
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Discussion and Conclusions
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The low profitability of legumes in Mediterranean countries has led to minimal breeding activities
and inadequate exposure of farmers to new cultivars (Rubiales et al., 2021). In Italy, farmers still
largely favour cereals over legumes, due to higher yield, well-developed markets, and effective
incentives (Ghelfi et al., 2017). Remarkably, imports are meeting most of the Italian grain legume

internal demand.

In this scenario, the characterization of legume biodiversity is an essential step for the development
of economically valuable legume cultivars, merging high yield potential with adaptation to abiotic
and biotic stresses and suitable to market requirements and innovative uses by the food industry.
Notably, the promotion of legume cultivation by improved cultivars will lead to increased
sustainability of farming systems, given the capacity of legumes to fix atmospheric nitrogen and their
positive impact on soil properties and conservation (Sultani et al., 2007). Besides this, information
on the genetic features of germplasm collections may pave the way to the characterization of genes
underlying economically important genes, and thus scientific advancements in the field of agricultural

genetics.

The general aim of this PhD thesis is to characterize legume biodiversity for stress adaptation and
innovative industrial uses. Considering the major impact of the parasitic species Oc in Mediterranean

agro-ecosystems, focus was given to the study of genetic mechanisms of resistance to this parasite.

Some of the experiments conducted in this thesis, described in Chapter 2 and part of Chapter 3,
address the genetic dissection and use in breeding of the nearly complete field resistance to Oc
displayed by the breeding line ROR12, previously characterized at the Department of Soil, Plant and
Food Sciences of the University of Bari Aldo Moro. Three QTLs associated with ROR12 resistance
were found by a QTL mapping approach, including one (PsOcr-1) explaining as much as 69.3% of
the genetic variance. This is a relevant finding, as (incomplete) Oc resistance sources previously
identified in wild or cultivated Pisum germplasm were associated with several minor effect QTLs
(Rubiales et al., 2003; Valderrama et al., 2004; Rubiales et al., 2005; Pérez-de-Luque et al., 2005;
Fondevilla et al., 2010; Rubiales et al., 2020; Wohor et al., 2022).

Interestingly, genetic analysis provided in Chapter 2 indicated additivity between PsOcr-1 and
PsOcr-2, and between PsOcr-1 and PsOcr-3, and epistasis of PsOcr-2 over PsOcr-3, indicating that
‘ROR12’ resistance originates from two independent defense mechanisms, one involving PsOcr-1
and the other both PsOcr-2 and PsOcr-3. This finding was further confirmed by the analysis of pea
lines harbouring contrasting alleles at the three QTLs, indicating that, while resistance provided by
PsOcr-1 relies on low strigolactone (SL) exudation, SL-independent mechanisms are associated with

PsOcr-2 and PsOcr-3.
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RNA-seq conducted on the same set of lines above mentioned, carrying different allelic combinations
at the PsOcr QTLs, indicated a 2-methylene-furan-3-one reductase as a candidate gene for PsOcr-1,
which might act on furanone rings of SLs and/or debranones, mimicking SLs in inhibiting shoot
branching and stimulating the germination of Striga and Orobanche (Fukui et al., 2011; Takahashi et
al., 2016; Kawada et al., 2024). Notably, the integration of QTL mapping and RNA-seq data also
indicated a phenylalanine ammonia lyase (PAL) as an obvious candidate gene for PsOcr-2. PAL, a
key enzyme in the phenylpropanoid pathway, is indeed typically upregulated in response to biotic
stresses, including broomrape infection (Mabrouk et al., 2016; Briache et al., 2020). A G-type lectin
S-receptor-like serine/threonine-protein kinase, known to be involved in the activation of defense
pathways against pathogens (Sun et al., 2020), was identified a possible candidate for PsOcr-3. Future
research might be addressed to the further refinement of the QTL mapping resolution and the
functional characterization of candidate genes. With this respect, transient transformation, TILLING
and ECOTILLING appear as the most feasible approaches at the moment, in the absence of efficient
transformation protocols (Dalmais et al., 2008; Choudhury et al., 2021; Li et al., 2023).

The use of ROR12 resistance, previously shown to be devoid of obvious pleiotropic effects affecting
agronomic performance, in breeding might be facilitated by its high heritability, which was estimated
to be equal to 0.84 in our experimental conditions. In addition, assisted selection programs might be

prompted by the KASP assays described in this thesis.

Other experimental activities of this thesis, described in Chapter 3, were addressed to identify new
sources of Oc resistance in pea biodiversity, and to study the role of low SL exudation in determining
field resistance to Oc. Importantly, three pea lines resistant to Oc were identified. Intriguingly, all of
them, along with ROR12, originate from southern Italy. This geographic concentration suggests a
common origin or dissemination pattern and points to a possibly shared genetic basis for resistance

within this regional germplasm.

While reduced strigolactone (SL) exudation is known to limit germination of Orobanchaceae species
(Bouwmeester et al., 2021), its effectiveness in conferring field resistance remains largely unexplored.
Indeed, SL-biosynthetic mutants have mainly been evaluated through in vitro germination or pot
assays (Kohlen et al., 2012; Butt et al., 2018; Galili et al., 2021; Hao et al., 2023). This thesis reports
the results of analytical quantification of SLs in germplasm showing contrasting response to Oc,
revealing an association between low SL exudation and resistance, and suggesting that low SL
exudation is common in pea germplasm displaying enhancing resistance to Oc. On the other hand,
field evaluation of the pea SL biosynthetic mutants rms/ and rms5, impaired for the key SL

biosynthetic enzymes CCD8 and CCD7, resulted in substantial parasitization by Oc in field
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conditions, albeit to a minor extent than their corresponding wild-type genotype (the cv. Térese). All
of this leads to a key conclusion of this thesis, i.e. that low or null SL exudation alone is not sufficient
to confer field resistance to Oc in pea. Therefore, to cope with this parasitic weed, pea breeding should
combine SL-dependent and SL-independent resistance mechanisms, such as those shown to occur in
ROR12 resistance. Incomplete resistance of 7ms mutants could be attributed to the presence of non-
SL germination stimulants, which have been previously reported in pea root exudates (Brun et al.,

2018; Jamil et al., 2024).

Experimental activities described in Chapter 4 aim to investigate, based on RNA-seq and hormone
quantifications, emphasize the central role of SLs as integrators of developmental and stress-response
signaling the biological roles of SLs. Notably, genes involved in oxidative, salt, and heat stress
responses, as well as phenylalanine and lignin catabolism, were significantly downregulated in SL
mutants. This aligns with the observed reduction in abscisic acid (ABA) levels (Figure 4A), a plant
hormone known to enhance antioxidant defenses, stress adaptation, and the phenylpropanoid pathway
(Li et al., 2022; Singh et al., 2023; Dong et al., 2021). Although previous studies have reported
crosstalk between SL and ABA pathways (Haider et al., 2018; Korek et al., 2023), we did not observe
major changes in the expression of ABA biosynthesis genes (Figure 4B, Supplementary Figure S2),
suggesting post-transcriptional regulation via altered catabolism, transport, or enzymatic activity. The
interaction between SLs and ABA described indicates, among other things, that breeding strategies
for Oc resistance based on SL depletion might have pleiotropic deleterious effects on abiotic stress

tolerance.

SLs also promote root growth by regulating meristem activity and lateral root formation (Kapulnik et
al., 2011; Ruyter-Spira et al., 2011). Accordingly, genes involved in cell cycle progression, DNA
replication, and microtubule dynamics showed downregulation upon SL depletion. This lower root
activity may in turn lead to decreased energy demand and downregulation of carbohydrate

metabolism genes, also observed by the analysis of transcriptomic data.

Interestingly, transcriptomic changes unique to the rms5 mutant (defective in CCD7), but not to rms/
(CCD8), were identified, indicating biological processes that are influenced by CCD7 beyond its role
as SL biosynthetic enzyme. These include photosynthesis- and light-harvesting-related genes
(upregulated by CCD7 depletion), and genes related to cell wall organization and nucleosome
assembly. These findings support the idea that CCD7 may act on additional carotenoid substrates,
producing apocarotenoids with signaling functions (Bruno et al., 2014; Hou et al., 2016). In this
context, we highlight that CCD7 has been linked to the generation of cyclohexenone (C13) and

mycorradicin (C14) derivatives (Walter et al., 2007). Another possible explanation for rms5-specific
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transcriptomic shifts is that carotenoids like 9-cis-B-carotene or their cleavage products may
contribute to retrograde signaling affecting nuclear gene expression and plastid development (Moreno

et al., 2021; Wang et al., 2021; Sierra et al., 2022).

Finally, experimental activities reported in Chapter 5 investigate the relations among phenolic content
and composition, antioxidant capacity, and seed color and pattern, aiming to provide useful
information for the development of functional food products meeting the growing demand of
consumers for plant-based foods with added health benefits. Variation in biochemical features and
color could be clearly associated with the tegument pigmentation pattern. Specifically, complex and
dotted TPPs were associated with overall lower total phenolic content and antioxidant capacity, and
higher levels of anthocyanins, luteolin and myricetin. In contrast, genotypes with spotted TPP or
lacking tegument patterns showed high TPC and antioxidant capacity. Genotypes lacking TPP also
exhibited the highest levels of catechin and epicatechin, whereas those with complex TPP show the

lowest.

A strong correlation was observed between CIELab color indexes and Gallic acid, Catechin,
Epicatechin, Luteolin, Kaempferol, Myricetin, TPC and ABTS antioxidant capacity. Notably, this

suggests the possibility to select these traits with the aid of spectophotemetric analysis

Overall, the work described in this PhD thesis provides valuable insights for legume genetic
improvement, supporting the revitalization of their cultivation in the Mediterranean region. It also
lays the foundation for the molecular understanding of complex phenomena such as responses to
parasitic plants and abiotic stresses. Currently, reverse genetics strategies are underway to
functionally validate the candidate genes reported in the thesis. In addition, targeted analyses are
being conducted for a detailed biochemical characterization of pea and lentil germplasm collections,
focusing on traits considered important for the agro-industrial sector, such as protein content, macro-
and microelement profiles, and the content of trigonelline, an alkaloid of growing interest in the

functional food and nutraceutical sectors for its potential health-promoting properties.
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