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Abstract Lentils are already one of the main pulses of the world, as they are one of
the main sources of protein for humans. As a crop, they are also gaining momentum
because the rusticity and tolerance to water scarcity of some varieties are a good
fit with the current global warming trend and climate change in general. However,
while the harvested area and overall production have drastically increased over the
last decades, yield has only experienced very modest increments. The reasons are
two-fold. First, pathogens are affecting the crop as never before, likely due to not only
the changing climate but also to the expansion of lentil cultivation to new geographic
areas. Second, genomics-aided breeding is far behind many other crops. This is in
partly due to the lack of genomic tools currently available to researchers. Progress
is being made to adopt high-throughput genomic methods, and researchers will be
able to tackle lentil gene discovery and breeding for pathogen resistance and other
biotic stresses more efficiently in the coming years. We outline the current situation,
novel findings, and prospects of lentil research for biotic stresses.
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5.1 Introduction

Lentil (Lens culinarisMedik. subsp. culinaris) is one of the first domesticated species
in the Fertile Crescent and along with barley, emmer wheat and einkorn wheat, pea,
chickpea, and flax was part of the set of crops that defined the beginnings of the
Neolithic transition to agriculture in this part of the World. The origin of the culti-
vated form is the wild L. culinaris subsp. orientalis (Boiss.) Ponert (syn. L. orientalis
Boiss.). A recent publication by Liber et al. (2021) suggests that phylogenetics, popu-
lation structure, and archeological data coincide in a lentil domestication prolonged
in time in Southwest Asia, with two different domesticated gene pools. From the
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Fertile Crescent the crop expanded eastward, westward and southward in pre- and
protohistoric times to almost all temperate areas of the Old World. The expansion of
cultivated lentil most likely occurred simultaneously with other first-domesticated
crops as the agriculture expanded fromthe Fertile Crescent to the rest of the Old
World. The diffusion of lentils occurred during the earliest period of agriculture
expansion since lentil remains have been recovered in several archaeological sites
corresponding to the earliest agricultural sites in Old World geographical areas. For
instance, in the ancient western end of its distribution, the Iberian Peninsula, there
are lentil archaeological remains since the early Neolithic (Cubero et al. 2009; Pérez
de la Vega et al. 2011). In the cave “de les Cendres” (Spain), there are remains of
several crops (Triticum monococcum, T. dicoccum, T. aestivum, barley, pea, grass
pea, lentil and faba bean, i.e. a typical Near East crop complex) dated by 14C to 7540
± 140 BP (Buxó 1997). Archeological data indicate that lentil reached the Atlantic
Canary Island though North-African colonizers in prehistoric times, long before the
first contact with Europeans in the XIV century (Henríquez-Valido et al. 2019). From
the sixteenth century it was introduced in America and later in Australia.

Lentil has been grown and/or consumed in most temperate areas of the World
during centuries. An indication of the extent of its diffusion among cultivated plants is
that according to the compilation byMikic (2019) there are more than 180 languages
with a word of their own to designate lentil. According to Cubero et al. (2009), if
lentils have been maintained by farmers through ages, it is most likely because they
grow in poor soils, rough climates, and harsh conditions for humans, animals and
crops. In many cases, they may be the only source of protein available to them.

The binary scientific name of lentil is attributed to Friedrich Kasimir Medikus
(1736–1808), a German physician and botanist, hence the standard abbreviation
of Medik. Medikus was a younger contemporary of Linnaeus (1707–1778) and
reviewed some of the specific assignments of Linnaeus. Linnaeus included lentils
into Cicer and later in Ervum. Thus, among the synonyms of L. culinaris are Cicer
lens (L.) Willd., Ervum lens L., Lens esculenta Moench, Lens lens Huth, Lentilla
lens (L.) W. Wight ex. D. Fairchild; Vicia lens (L.) Coss. & Germ. (Cubero et al.
2009;Mikic 2019). Among these binary names, only L. esculentaMoench is found in
relatively recent scientific papers, or even L. culinaris Moench. Although the genus
Lens had been recognized by earlier scientists, the authorized name of the genus is
Lens Miller (Cubero et al. 2009).

The C (unreplicated haploid) genome size of lentil was determined by flow cytom-
etry in an amount of 4.41 pg equivalent to 4,063 Mbp (Arumuganathan and Earle
1991), or by means of Feulgen’s microdensitometry in 4.6 pg (Bennet and Smith
1976), a size similar to the size estimated to pea; and like in the pea genome, the
lentil genome seems to be rich in transposable elements (Rey-Baños et al. 2017). It
is worth mentioning that due to the repetition of transposon and other sequences the
complexity of the lentil genome must be much lower than its size.

Lentil is the only cultivated species of the genus Lens in which all species have
the same chromosome number, 2n = 14, and share similar karyotypes (Ladizinsky
1993), but there are chromosomal rearrangements between species and sometimes
intraspecific. Chromosomal rearrangements are observable partly by differences in
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karyotype, but mainly by the occurrence of multivalents (translocation) at the first
meiotic metaphase, or a bridge and fragment (paracentric inversion) at the first
meiotic anaphase in pollen mother cells of intraspecific hybrids (Ladizinsky and
Abbo 2015). The genus Lens is a relatively small genus that includes nomore than six
biological species L culinarisMedik., with two subspecies (culinaris and orientalis),
L. ervoides (Brign.) Grande, L. lamottei Czefr., L. odemensis Ladiz., L. nigricans
(M. Bieb) Godr., and L. tomentosus Ladiz. (Ladizinsky and Abbo 2015). The species
or subspecies status of some of these taxa has been widely discussed. In part this
is due to the use of two different species concepts: morphological and biological.
On the basis of the biological species concept (a group of individuals that actually
or potentially interbreeds and forms one genetic pool that is isolated by various
reproductive barriers from individuals belonging to other species). Ladizinsky and
Abbo (2015) rejected the subspecies status of odemensis, lamottei and tomentosus.
According to the criterion of reproductive isolation, the only taxa that show high
reciprocal crossability are L. culinaris and L. orientalis, hence the wide acceptance
that L. c. culinaris and L. c. orientalis are two subspecies of a single biological
species. Obtaining hybrids among the other taxa (in the vast majority of cases it has
been tried between the cultivated lentil and some wild taxon) is difficult and some-
times it is only achieved through embryo rescue techniques; in addition, in many
cases the existence of hybrid breakdown is evident (Fratini and Ruiz 2006, 2008;
Singh et al. 2013, 2018). Therefore, it is very likely that in nature the reproductive
isolation is total between these taxa.

According to a comparative analysis of DNA sequences, Alo et al. (2011)
concluded that L. nigricans and L. ervoides are well-defined species at the DNA
sequence level, while L. odemensis, L. tomentosus, and L. lamottei may constitute a
single taxon pending verification with crossability experiments. Phylogenetic tree
and STRUCTURE analysis of the genus Lens using genotyping-by sequencing
(GBS) identified four gene pools (GP), namely L. culinaris-L. orientalis-L. tomen-
tosus, L. lamottei-L. odemensis, L. ervoides and L. nigricans which form primary
(GP1), secondary (GP2), tertiary (GP3) and quaternary (GP4) gene pools, respec-
tively (Wong et al. 2015). However, Ladizinsky and Abbo (2015) included only
subsp. orientalis in GP1 (likely limited to the accession with the same chromosome
arrangement than subsp. culinaris), L. odemensis, L. ervoides, and L. tomentosus
in GP2, and L. nigricans and L. lamottei in GP3. Phylogenetic analysis clustered
carried out by Dissanayake et al. (2020) grouped the six traditional Lens taxa into
four groups, namely, L. culinaris/L. orientalis, L. lamottei/L. odemensis, L. ervoides,
andL. nigricans.Liber et al. (2021) confirmed previous studies proposing four groups
within the genus Lens.

The genusLens is included in the tribe Fabeae (formerlyVicieae)which comprises
about 380 legume species, including some important grain legume crops such as
pea, grasspea, and faba bean, in addition to lentil. In this tribe are also included
the genera Lathyrus and Vicia (with around 150 species each one), Pisum (three
species) and the monotypic genus Vavilovia (V. formosa (Stev.) Fed.). Phylogenetic
analyses of the species in the tribe show that the genera Vicia and Lathyrus in their
current circumscription are not monophyletic: Pisum and Vavilovia are nested in
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Lathyrus, the genusLens is nested inVicia (into theErvoid group ofVicia). According
to ancestral character state reconstruction results, ancestors of Fabeae had a basic
chromosomenumber of 2n= 14, an annual life form, and evenly hairy, dorsiventrally
compressed styles (Smykal et al. 2011; Schaefer et al. 2012). The close relationships
between lentils and other Fabeae species ensure a good transferability of genetic and
genomic information between species.

Some other taxa from close genera such as Vicia or Lathyrus have been assigned
to Lens, for instance Vicia montbretii has been classified as L. montbretii, but there is
a general agreement that they do not belong to Lens (Cubero et al. 2009; Ladizinsky
and Abbo 2015; Smykal et al. 2015; Leht and Jaaska 2019).

Lentil has never been amodel species in basic research; perhaps its greatest contri-
bution is its inclusion among the species used by Vavilov (1922) in his seminal work
on the Law of Homologous Series in Variation. Lentil (as L. esculentaMoench) was
included in the legume species list of Vavilov’s comparative study, together with pea
(Pisum sativum L.), vetch (Vicia sativa L.), fava bean (V. faba L.), grass pea (Lath-
yrus sativus L.), chickpea (Cicer arietinum L.), and other legume species (Pérez de
la Vega 2016). Ultimately, the law of homologous series indicates that the varia-
tion displayed among related species entails similar characteristics (morphological
and also molecular) and that the equivalent characters are controlled by homolo-
gous genes (orthologs or paralogs). This law is in fact the basis of the comparative
genetics and genomics (Pérez de la Vega 2016). From the practical point of view,
what this law indicates is that any genetic or genomic information obtained in one
species is always the first clue to be used in the research in any other phylogenetically
close species.

Since lentils are cultivated in more than 70 countries this crop is subjected to
different climatic conditions and culture practices such as winter or spring sowing;
likewise, the biotic factorswhich affect yield and production are diverse. For instance,
while Ascochyta blight (AB), a seed-borne disease, has been described in at least 16
countries in five continents making it the likely most widely distributed and devas-
tating lentil disease, Stemphylium blight (SB) caused by Stemphylium botryosum
Wallr. was once a minor disease with local significance in South Asia (its first
outbreak was reported in Bangladesh in 1986), but is becoming a serious threat
to lentil cultivation in many parts of the world such as Canada where it has become
more prevalent (Mwakutuya and Banniza 2010; Das et al. 2019).

5.1.1 Economic Importance

Lentil is a predominantly self-pollinated diploid (2n = 14) annual grain legume
species adapted to growth in dry-temperate climates, traditionally as a rainfed crop.
Lentil (Lens culinaris ssp. culinaris) is a bushy annual herb with erect, semi-erect
or spreading growth habit ranging from 25 to 30 cm in height for the majority of
genotypes. The legume fruits usually contain one, two or rarely three seeds. They are
lens shaped and weigh between 20 and 80 mg and are a rich source of protein and
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dietary fiber. Seed diameter is the main characteristic of Barulina’s classification of
lentil genotypes into the large seeded macrosperma type (6 to 9 mm) or small and
medium sized microsperma (2 to 6 mm) (Muehlbauer et al. 1995).

Lentils are consumed almost exclusively in the form of dry seeds and for human
consumption, unlike some other nearby species that are also consumed as vegetables
or are also used for animal feed (garden/field peas and faba beans). Normally, only
damaged lentil grains, not suitable for human consumption, are destined for animal
feed. Lentils are traditionally valued as a source of energy, proteins and iron in human
nutrition. In addition, they are an important dietary source of fiber, minerals, vitamins
and antioxidants (Pérez de laVega et al. 2011). The amounts of these components vary
among cultivars or accessions, thus the ranges for different components per 100 g of
raw lentil dry matter are: energy 1483–2010 kJ, protein 20.6–31.4 g, fat 0.7–4.3 g,
carbohydrates 43.4–69.9 g, fiber 5.0–26.9 g, ash 2.2–4.2 g (Urbano et al. 2007),
although these values can vary depending on the lentil material and the cooking or
precooking (e.g., dehulling) treatments (Petterson et al. 1997; Cuadrado et al. 2002;
Almeida-Costa et al. 2007; Wang et al. 2009).

The average lentil production of the last five years (to minimize annual fluctua-
tions) of which there are statistics (2014–2018) is 5.9 million tons, harvested in 5.2
million hectares; with an average yield of 1.1 t/ha (Table 5.1). The interest in the
consumption of the lentil is shown in the constant and gradual growth of the produc-
tion of this crop, although that growth is mainly due to the increase in the sown area.
The lentil world production is now more than double that of 25 years ago, increasing
since 1994 to 2018 from 2,818,469 tons to 6,375,732 tons (126.2%) (Fig. 5.1), but
while its yield hasmoderately increased during this period (from 0.81 to 1.04 tons/ha;
28.4%) the harvested area has increased from 3,456,492 ha to 6,119,509 ha (77.0%).
The key year in this change was 2009, in the previous 15 years the average yield
was 0.85 t/ha while in the following 10 years it was 1.12 t/ha. Likewise, almost
simultaneously the harvested area increased during these ten last years from roughly
3.5 million hectares to approximately 6 million hectares. According to FAOSTAT
data, although there is a gradual increase in the surface sown with lentils in many
countries and areas, such as the European Union, the most significant contribution
to this increase is due to Canada and to more recently to India (Fig. 5.2).

Table 5.1 World lentil
harvested area, yield and
production from 2014 to
20181

Year Harvested area (ha) Yield (hg/ha) Production (Tons)

2014 4,017,683 11,697 4,699,562

2015 4,710,991 11,673 5,499,290

2016 5,444,686 12,055 6,563,805

2017 5,886,665 10,932 6,435,369

2018 6,119,509 10,419 6,375,732

1Data from FAOSTAT
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Fig. 5.1 Lentil production and harvested area from 1994 to 2018. Source FAOSTAT

Fig. 5.2 Lentil production in some representative countries from 1994 to 2018. Source FAOSTAT

5.1.2 Reduction in Yield and Quality Due to Biotic Stresses

Yield losses caused by the different biotic stressors in lentils, as in other crops,
are highly variable. They not only depend on the causative agent, but also on the
environmental circumstances of the region and the year. Ascochyta blight (AB),
caused by Ascochyta lentis, is probably the most generalized disease in lentil, and it
has been reported to be the major lentil disease in many lentil-producing countries.
The disease has considerable effects on both seed quality and yield. Yield losses
have been estimated to reach of up to 40%, but inCanada economic losses from
infected seed may reach more than 70%. In some cases, seed infection is so severe
that the lentils are unmarketable (Gossen and Morrall 1983, 1984; Ye et al. 2002).
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Virus diseases incidence and the losses they caused varied widely from extremely
low (less than 1% incidence) to almost 100% with complete crop failure (Makkouk
and Kumari 2009). A major lentil pest Bruchus spp. also causes significant losses.
Mean seed loss under organic farming was 15% and mean yield loss was 0.13 t/ha.
Seed and yield losses were 2.6- and 8.4-fold higher, respectively, under organic than
conventional farming. Valuable genotypic variability was observed with respect to
both seed and yield losses. Farming system was the main source of variation for
both losses, while early flowering and small seed size were traits associated with
low losses (Vlachostergios et al. 2018). Lentil yield loss from the competition with
weeds can range as high as 80% (Pala 2019).

Tests carried out in Australia showed that aphids and aphid-transmitted viruses
cause appreciable yield reduction in pulse crops. Lentils were most affected by
viruses, followed by faba beans, lupins (narrowleafed) and field peas, with yield
reductions averaging 85% in lentils. Feeding damage on lentils averaged 4.5%
(Valenzuela and Hoffmann 2015). Tests in the Palouse region of northern United
States with the aphid Acyrthosiphon pisum and the associated Bean leafroll virus
(BLRV) and Pea enation mosaic virus (PEMV) predicted lentil yield loses up to
100% by early virus infections (10 days after emergence) (Paudel et al. 2018), and
a previous publication (Elbakidze et al. 2011) with these three species showed that
aphid outbreaks have historically decreased pea and lentil yields by approximately
5% and 7% on average, respectively in the Palouse region (See also Sect. 5.2).

5.1.3 Growing Importance in the Face of Climate Change
and Increasing Population

Globalwarming andother climatic changes associatedwith it are having andwill have
a clear effect on agriculture. The most evident direct effect of higher temperatures
is on the growth and yield of crops, and the indirect effect more clearly associated
with the increase in temperature is the increase in drought risk. Gupta et al. (2019)
stated that it is anticipated that climate change is likely to exert a substantial effect
on various insect pest management programs including host-plant resistance, natural
plant products, bio-pesticides, natural enemies, and efficacy of synthetic chemicals.
Several works have addressed the effect of global warming and climate change in
lentil and other pulses (Cutforth et al. 2007; Bueckert and Clarke 2013; Bhandari
et al. 2016; Bourgault et al. 2018). But the change in the geographical distribution in
which crops and their possible pests and pathogens can grow is also important. The
new challenges for crops in relation to biotic stresses are the spread of new diseases or
pests, such as the recent spread of Stemphylium from a practically regional disease to
extend to several main areas of lentil production (Mwakutuya and Banniza 2010; Das
et al. 2019); or the ability to grow, and therefore infect, in areas that were relatively
cold but are warmer now. An example of this is the northern enlargement of the
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area where the parasitic weed Orobanche has been observed in lentil fields in Spain
(Rubiales et al. 2008).

5.1.4 Limitations of Traditional Breeding and Rational
of Genomic Designing

Breeding productive and resistant genotypes to diseases, pests and weeds is consid-
ered the most feasible and environmentally friendly method to manage major stres-
sors (Rubiales et al. 2015; Keneni and Ahmed 2016). The use of resistant varieties
against biotic stresses provides a number of comparative advantages particularly in
reducing the use of environmentally unfriendly agrochemicals. The latest definition
of the fundamental theorem of natural selection by Fisher (1941) says that the rate
of increase in the average fitness of a population is equal to the genetic variance of
fitness of that population. This is the reason why genetic variability is an indispens-
able initial condition for any selective breeding procedure. Natural genetic variability
can be found in crop landraces and old varieties or can be gained or increased by
sexual crosses, within the cultigene or through wide crosses with wild relatives, so
that crossing is usually one of the ways to start a breeding program. Genetic maps
and markers are invaluable genetic tools to advance in the rational use of variability
in breeding, hence the advantage provided by the dense maps and the thousands of
markers provided by the new genomic technologies (See Sect. 4.2).

Resistance genes to biotic stresses are often preferably or exclusively found inwild
relatives, but transfer of genes from wild relatives to cultivated varieties can present
interspecific cross-incompatibility hindering the use of this genetic variability. There
is generally agreement in which landraces are sources of initial breeding materials
since they have breeding values under suboptimal production as they contain valu-
able adaptive genes to different circumstances. Effective resistance against biotic
stresses may be achieved from genetic improvement of the host species but genes
for complete resistance to pests or disease agents may not exist in cultivated species
of crop legumes as opposed to wild relatives which have coexisted with pests on an
evolutionary time scale (Keneni and Ahmed 2016). Hence the frequent need to draw
on wild materials. Another variable to consider is the genetic control of the resis-
tance in question, monogenic, oligogenic or polygenic, which largely determines the
breedingmethod to be followed (bulk, pedigree, backcrossing, etc.).When designing
a breeding program, it is also appropriate to consider the convenience/possibility of
pyramiding resistance genes for the same or for different pests or pathogens. When
no broad spectrum resistance mechanisms are known in a host–pathogen-pest inter-
action, the convenience of pyramiding genes against the same biological agent arises
from the fact that resistance in many cases is strain specific (or gene-for gene, see
Flor 1971), and/or, therefore several resistance genes are needed to obtain a rela-
tively broad resistance. On the other hand, pathogens and pests, as living beings,
constantly evolve in such a way that new strains or pathovars can appear by mutation
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or be selected between pre-existing variability by new environmental factors, which
insists on the constant need to search for broad spectrum resistances, new resistance
genes and/or pyramid genes already known. Nor can we forget that the globalization
of the food trade helps the dispersal of pathogens and pests so that new agents or
new stains can quickly colonize new territories. Another complication in breeding
for resistance to biotic stresses is that the response to a biological agent may depend
on other environmental factors (this could at least explain in part because many
times a genotype is resistant under the controlled conditions of a greenhouse but
susceptible in the field), in part because the signaling pathways to biotic and abiotic
stresses are not completely independent (Atkinson andUrwin 2012; Ramegowda and
Senthil-Kumar 2015). Last but not least, when improving for resistance to stresses,
especially when using landraces or wild relatives, resistance genes can be linked to
genes that are unfavorable for the yield or the characteristics of a domesticated crop
(for example, pod shattering).

Transgenesis is a way to overcome interspecific cross incompatibility barriers
and to extend gene sources to species from other biological kingdoms. Since the first
transgenic crops in the 90’s of the twentieth century, success has been obtained in
achieving transgenic crops, in particular resistance to insects, viruses and herbicides.
Legumes are a natural source of genes coding in particular for insecticidal proteins but
there are only a few examples of transgenic pulses (Solleti et al. 2008; Kumar et al.
2018b; Sagar and Dhall 2018; Kumar and Jogeswar 2020), there is a lower number of
examples of use in commercial production, and to date none in lentil (Gupta et al.
2020).Furthermore, as Kumar and Jogeswar (2020) stated, bio-safety issues and the
possible effect of genetically modified crops on nutrition, growth, metabolism and
health of people persists as a subject of public debate.

5.2 Description of Different Biotic Stresses

5.2.1 Fungi (See also Sect. 5.7)

Among the main threats to lentil production are several diseases caused by fungi.
Ascochyta blight (AB), caused by A. lentis, is probably the most important and
frequent disease of lentil throughout the world, and it can cause yield losses up
to 70% in addition to seed damages (Gossen and Morrall 1983, 1984). Ascochyta
spp. (teleomorphs: Didymella spp.) infect a number of legumes; including many
economically crops, and the diseases they cause represent serious losses in legume
production worldwide. Ascochyta rabiei, A. fabae, A. pisi, A. lentis, and A. viciae-
villosae are pathogens of chickpea (Cicer arietinum), faba bean (Vicia faba), pea
(Pisum sativum), lentil (Lens culinaris), and hairy vetch (V. villosa), respectively.
Under controlled conditions A. fabae, A. lentis, A. pisi, A. rabiei, and A. viciae-
villosaedemonstrated to behost specific (Hernandez-Bello et al. 2006). These authors
were able to obtain several interspecific hybrids between Ascochyta species, but
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hybrids have shown a low pathogenic ability on the respective crop species. They
conclude that the low pathogenic fitness of hybrids may be animportant speciation
mechanism contributing to the maintenance of host specificity.

Other important diseases caused by fungi are: Stemphylium blight (SB) which is a
defoliating disease in lentils, caused by the necrotrophic Ascomycete, Stemphylium
botryosum. Rust originates by the infection of the biotrophic fungusUromyces vicia-
fabae. This pathogen is widespread and attacks the aerial parts of the plants. The
root disease Fusarium wilt (FW) is caused by Fusarium oxysporum, a filamentous
ascomycete fungus. Anthracnose is a disease caused by the hemibiotrophic fungus
Colletotrichum lentis. Root rot disease is caused by the oomycete Aphanomyces
euteiches.

5.2.2 Bacteria

Compared to fungal diseases, publications on bacterial diseases are very scarce.Most
of the data is limited to the bacterial blight caused by Pseudomonas syringae patho-
vars. At least three pathovars have been associated to bacterial blight in lentil. Hunter
and Taylor (2006) analyzed the patterns on interaction between Pseudomonas patho-
vars and several grain legume species. They found that lentil (nine accessions) showed
patterns of interaction with isolates of P. syringae pv. glycinea, P. syringae pv. phase-
olicola, and P. syringae pv. pisi. The minimum numbers of resistance (R) and avir-
ulence (avr) gene pairs to account for the observed interactions were nine R genes
in lentil, and the avr ranged from seven to nine among pathovars. It is likely that P.
syringae pv. syringae can also cause bacterial blight in lentil since this pathovar is
able to infect other close species of Pisum and Lathyrus (Martín-Sanz et al. 2011,
2012).

Phytoplasma naturally infecting lentil was first reported in 2016 (Akhtar et al.
2016). In April 2011, lentil plants were found with symptoms reminiscent of phyto-
plasma infection in Pakistan. Phytoplasma presence was confirmed by 16S rDNA
PCR amplification, and experimental transmission was successful by grafting and
by the leafhopper Orosius albicinctus.

5.2.3 Pest

Pests can cause a direct reduction in yield by feeding of plants and indirectly by
transmitting pathogens. Many pest species inoculate pathogens such as viruses while
feeding on plants, or open ways for further microbial infections through the wounds
caused to plants; furthermore, these infections can reduce the plant ability to response
to further abiotic stresses. For instance, the aphid Acyrthosiphon pisumis an infection
vector of the Bean leafroll virus (BLRV) and the Pea enation mosaic virus (PEMV)
in lentil. Thus, this section is related with Sect. 2.4 devoted to viruses.
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Lentil is damaged by many types of insects and other pests. Among insects,
major field pests are aphids (Aphis craccivora, Acyrthosiphon pisum), leaf weevil
(Sitona spp.), lygus bugs (Lygus spp.) and the cutworm (Agrotis ipsilon) (Pérez de
la Vega et al. 2011). Another major pest problem causing great seed losses areseed
insect species: Bruchus ervi and B. lentis with Callosobruchus chinensis and C.
maculatus (Stevenson et al. 2007). Rinehold et al. (2018) described as lentil pests
the species bean aphid (Aphis fabae), green peach aphid (Myzus persicae), pea aphid
(Acyrthosiphon pisum), lygus bugs (Lygus spp.), seed-corn maggot (Delia platura),
western yellow-striped armyworm (Spodoptera praefica), and also included lentil as
host of the pea moth (Laspeyresia nigricana). Rinehold et al. (2018) publication also
includes pest description, monitoring and control. In a review on pest management
in grain legumes, Sharma et al. (2010) listed the bruchid species Callosobruchus
chinensis as a highly important pest in lentil; the pod borerEtiella zinckenella, weevil
Sitona spp., the aphids Aphis craccivora, Acyrthosiphon pisum, and Aphis fabae, as
moderately important; and pod borers of the genusHelicoverpa, pod sucking bugs of
Clavigralla, defoliators of Spodoptera, and grasshoppers of Empoasca as occasional
lentil pests. But the list of lentil pests is larger if local or regional pests are added to
the list of global and general pests. For instance, chalky spot damage on red lentil,
caused by the stink bugs Piezedorus lituratus and Dolycorus baccarum, is the most
important problem waiting for a solution regarding plant health at lentil cultivation
in Southeast Anatolia Region, Turkey (Mutlu et al. 2016). Although trips are less
frequently mentioned as lentil pest, some trip species have been described as pea and
lentil pest during spring in Eastern Europe (Pobozniak 2011).

Bruchids in particular are a legume pest that causes post-harvest damage by
feeding inside the grains, decreasing their value. Although these pests are ancient,
since there is evidence of bruchid infestation in lentils stored in ancient Egypt and
preserved in the British Museum (radiocarbon dated 2,112 ± 48 BP, c. 162 BC)
(Burleigh and Southgate 1975), little resistance has been achieved over centuries of
cultivation and breeding. Clement et al. (1994), in a review on resistance to insect
in cool season food legumes, indexed only three publications in relation to lentil,
specifically against Aphis craccivora, Bruchus lentis, and Sitona spp. But, according
toClement et al. (1994), resistance toB. lentiswas ecological, not genetics. In general,
resistance against these pests seems to be scarce in all cool season food legumes. For
instance, no resistance by antixenosis, antibiosis and/or tolerance was found after
mass screening of 6,697 accessions of chickpea (to Callosobruchus chinensis) or
1,000 accession of broad bean, as summarized in the above mentioned review. In an
evaluation of lentil varieties and farming system effect on seed damage and yield loss
due to bruchid infestation in Greece, Vlachostergios et al. (2018) found that early
flowering and small seed size were traits associated with low seed loss and yield
loss. Among varieties, mean seed loss ranged from 8.5% to 29.2% and yield loss
from 0.06 to 0.31 t/ha. Bruchid tolerance, revealed two types of promising varieties:
varieties with high yield and low seed bruchid damage due to phenological escape,
and varieties with high yielding potential despite the high seed loos and yield loos.
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Other “generalist” insects, such as grasshoppers can reduce lentil yield. In field
trials carried out in Canada using cages to evaluate the damage caused by grasshop-
pers to lentil flowers and pods, Olfert and Slinkard (1999) reported a decrease in
yield from 28 to 57% in cages with two to 10 grasshoppers (Melanoplus bivittatus).

El-Bouhssini et al. (2008) reported the first sources of resistance to the coleopteran
weevil Sitona crinitus in wild Lens taxa, namely, L. ervoides, L. nigricans, L.
odemensis, and L. orientalis. Eight accessions were identified as resistant, with ≤
10% nodule damage, compared to > 56% damage recorded on the cultivated lentil.
Field evaluation and screening of lentil germplasm against black aphids (Aphis crac-
civora) resulted in the identification of 26 highly tolerant genotypes; Precoz was
found to be a major source of resistance followed by LG 171 (Kumari et al. 2007).

5.2.4 Viruses

Table 5.2 summarizes the number of different virus species tested in four cool season
legume species listed in the VIDE database (Brunt et al. 1996). The number of virus
species tested in lentil and to which it was found susceptible (upper number in the
diagonal) or unsusceptible (lower number) is clearly lower than the figures for the
other three species. For instance, 27 susceptible in lentil in comparison with 124
in pea. These numbers are not absolute values because sometimes the same virus
species is classified as susceptible and or unsusceptible, likely because this response
is the results of particular interaction between a plant genotype and a virus strain. The
table also indicate the number of common virus species; for instance, 22 virus species
as been described trigging the susceptible response and four the unsusceptible one,

Table 5.2 Number of susceptible and unsusceptible virus species tested in four cool season legume
species

Lentil
Lens culinaris

Sweet-pea
Lathyrus odoratus

Pea
Pisum sativum

Faba bean
Vicia faba

Lentil
Lens culinaris

27/14 9 22 20

Sweet-pea
Lathyrus odoratus

7 57/25

Pea
Pisum sativum

4 124/164

Faba bean
Vicia faba

6 108/153

The diagonal indicates the virus species to which each of the four crop species has been described
as susceptible/unsusceptible
Numbers above the diagonal indicate the number of common virus species to which they are
susceptible
Numbers below the diagonal indicate the number of species to which the lentil is susceptible but
unsusceptible the other species
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in both pea and lentil. These data show that the available information on plant-virus
interactions in lentil is limited in comparison to other closely related crops.

Surveys conducted inmany countries inWestAsia andNorthAfrica during the last
three decades established themost important aphid-borne viruses posing a significant
limitation to legumeproduction (and to cereals) (MakkoukandKumari 2009).The list
of themost important of these viruses affecting cool-season food legumes (faba bean,
lentil, chickpea and pea) included: Bean leafroll virus (BLRV), Beet western yellows
virus (BWYV), Bean yellow mosaic virus (BYMV), Chickpea chlorotic stunt virus
(CpCSV), Faba bean necrotic yellows virus (FBNYV), Pea enation mosaic virus-1
(PEMV-1), Pea seed-borne mosaicvirus (PSbMV) and Soybean dwarf virus (SbDV).
All the above-mentioned viruses are persistently transmitted by aphids exceptBYMV
and PSbMV which are occasionally transmitted by aphids. And the most impor-
tant aphid species reported to transmit these legume viruses were Acyrthosiphon
pisum (BLRV, BWYV, PEMV-1, FBNYV, SbDV), Aphis fabae (BLRV, FBNYV),
Aphis craccivora (BLRV, PEMV-1, FBNYV, BWYV), Myzus persicae (PEMV-1,
BLRV, BWYV), Macrosiphum euphorbiae (PEMV-1, BLRV), and Aulacorthum
solani (PEMV-1, BWYV, SbDV) (Makkouk and Kumari 2009). This review also
includes some sources of resistance to PEMV, BLRV, FBNYV and SbDV in lentil
germplasm (ILL 75 had resistance to BLRV, FBNYV and SbDV, whereas ILL 74,
ILL 85, ILL 213, ILL 214 and ILL 6816 were resistant to FBNYV and BLRV), in
addition to procedures for the integrated management of these aphid-borne viruses.
Makkouk et al. (2014) add information on Australia and listed the most important
viruses reported to naturally infect lentil: Alfalfa mosaic virus (AMV), Bean leafroll
virus, Bean yellow mosaicvirus, Beet western yellows virus, Broad bean mottle virus
(BBMV), Broad bean stainvirus (BBSV), Broad bean wilt virus (BBWV), Chickpea
chlorotic dwarf virus (CpCDV), Chickpea chlorotic stunt virus, Cucumber mosaic
virus (CMV), Faba bean necrotic yellows virus, Pea enation mosaic virus-1, Pea
seed-borne mosaic virus, and Soybean dwarf virus.

Sources of resistance seem to be scarce.All the 29 lentil lines tested in a pioneering
work (Aydin et al. 1987) were susceptible to the PEMV strains PI 472,547 and PI
472,609 and showed significant yield reduction. The accessions of three wild Lens
species tested were also susceptible. More promising results were obtained by Jain
et al. (2014) who screened a total of 44 lentil accessions for resistance to PEMV.
Two accessions (PI 431,663 andPI 432,028) were identifiedwith resistance to PEMV
in field tests while 14 accessions were found resistant or moderately resistant in
greenhouse screenings. Most of the resistant accessions came from Iran. Thirty-six
polymorphic simple sequence repeat (SSR) markers which produced 43 loci were
used for genetic diversity analysis of this collection.

5.2.5 Nematodes

Askary (2017) listed the prominent genera of nematodes attacking pulses
(including lentil): Meloidogyne, Heterodera, and Paratylenchus, the endoparasites,
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Rotylenchulus, semi-endoparasites, and Tylenchorhynchus and Helicotylenchus,
the ectoparasites. The root-knot nematodeMeloidogyne incognitahas been described
as one of the major limiting factors affecting lentil growth and yield (Khan et al.
2017). Nine out of 300 lentil accessions were found to be resistant to M. incognita.
Results suggested that the disease resistance in lentil accessions may be related to
both post-infectional (nematode growth and development) as well as pre-infectional
(penetration and establishment) defense mechanisms (Khan et al. 2017).

5.2.6 Weeds

Lentil growth and production are challenged by many weed species that depend in
part on the region in which this crop is grown, and which are generally controlled
by crop rotation and herbicides (Jurado Expósito et al. 1997). There are many
weed species which largely depend on the geographic area in which the lentil
is grown. In Southeastern Anatolia, Pala (2019) described as common weeds the
species Sinapis arvensisL. (36%),Ranunculus arvensisL. (16%),Galium aparineL.
(11%), Cephalaria syriaca L. (8%), and Centaurea depressa L. (8%). But one of the
biggest challenges to the cultivation of lentils, and other crop legumes, in theMediter-
ranean andpotentially dangerous in other temperate zones is broomrape,whichunfor-
tunately, and probably due to the general warming, is extending its range of distribu-
tion (Grenz and Sauerborn 2007; Rubiales et al. 2008). Broomrape could reduce the
yield up to 90% in theMediterranean region. Broomrape,Orobanche crenata Forsk.,
is a root holoparasitic weed and the main damaging weeds for temperate legumes,
but other species such as Orobanche foetida, Orobanche minor, and Phelipanche
aegyptiaca, can also induce high local damage (Rubiales and Fernandez-Aparicio
2012). Lentil can be severely infected byO. crenata, it can also be damaged although
with less virulence by O. aegyptiaca, and can only be slightly infected by O.
foetida (Fernández-Aparicio et al. 2009). Resistance to these parasitic weeds is diffi-
cult to access, scarce, of complex nature and of low heritability (Rubiales et al.
2009). Low infection rates seemed to be based on a combination of various escape
and resistance mechanisms (Fernández-Aparicio et al. 2008). Resistance sources to
broomrape have searched in cultivates and wild materials (Fernández-Aparicio et al.
2008, 2009). Fernández-Aparicio et al. (2010) proposed the use of berseem clover
(Trifolium alexandrinum) as an intercrop with grain legumes to a significant reduc-
tionof O. crenata infection. Considerable internal variation within O. crenata popu-
lations parasitizing faba bean and lentil species was observed by molecular analyses,
but significant divergence among the populations was detected (Ennami et al. 2017).
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5.3 Genetic Resources of Resistance Genes

Domesticated lentil has a relatively narrow genetic base globally and most released
varieties are susceptible to severe biotic and abiotic stresses. The crop wild relatives
could provide new traits of interest for tailoring novel germplasm and cultivated
lentil improvement (Singh et al. 2020a). There are a considerable number of global
(mainly the ICARDA collection) and national collections of germplasm of land
races and wild lentil relatives. GENESYS, the online platform that includes infor-
mation on plant genetic resources for food and agriculture conserved in genebanks
worldwide (https://www.genesys-pgr.org/), encompass records of 31,211 accessions
named as lentil, although the information collected on lentil only refers to 70% of
the total of 43,214 accessions conserved ex situ in all genebanks. References to lentil
germplasm collections have been published in some review papers (Muehlbauer
et al. 1995; Pérez de la Vega et al. 2011), and more recently extensive compilations
of the cultivated and wild Lens germplasm collections can be found in the reviews
by Singh et al. (2018) and Malhotra et al. (2019). The number of accessions varies
widely between national collections, highlighting 10 collections with more than
1,000 accessions. Regarding the percentage of wild relatives, the high 70% of the
Ethiopian collection stands out, and Canada, the Russian Federation, Chile, China
and Spain have relevant values, around 10% up to 17%, although the number of wild
relatives is unknown in approximately 50% of the collections. The percentage of
land races varies between more than 90% in Pakistan, Nepal and Turkey, to 3–5% in
Egypt and Hungary. The ICARDA collection maintains almost 11,000 accessions,
of which 82% are local breeds and 583 wild relatives.

Three recent papers (Singh et al. 2018; Gupta et al. 2019, 2020) have reviewed
the use of wild germplasm in relation to the response to stresses (cold, drought,
salinity, diseases, etc.). Among the extensive amount of data compiled, these papers
summarize the wild germplasm used to that date for the introgression of useful
traits in cultivated lentil in relation to the response to several diseases (anthracnose,
Ascochyta blight (AB), Fusarium wilt (FS), powdery mildew, and rust), to pests and
parasitic plants (Sitonaweevils, bruchidweevils, and orobanche), in addition to some
abiotic stresses (drought, cold, and yield components). Also Ladizinsky and Abbo
(2015) andMalhotra et al. (2019) summarized the potential of wild Lens resources as
resistance sources. Likewise, Gupta et al. (2019) summarized the resistance sources
found in the lentil cultivated gene from many different countries, namely to AB,
anthracnose, rust, FW, Botrytis gray mold, and Stemphylium blight. Rana et al.
(2016) summarized the pulse crop resources in the large national collection of India,
listing lentil, and other pulses, accessions with resistance to diseases and pests and
as sources of agro-morphological characters, quality, biochemical traits, and abiotic
stresses.

Resistance to the pest Callosobruchus chinensis was evaluated in a germplasm
collection of wild and cultivated Lens accessions (Gore et al. 2016). Accessions were
categorized as highly resistant, resistant, moderately resistant, moderately suscep-
tible, and susceptible. L. ervoides was highly resistant and L. culinaris was the most

https://www.genesys-pgr.org/
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susceptible species. Likewise, resistance against Bruchus spp. has been evaluated in
a large collection of 571 cultivated and wild accessions from 27 countries (Laserna-
Ruiz et al. 2012). A total of 32 accessions, including L. culinaris subsp. culinaris, L.
culinaris subsp. orientalis, L. nigricans, and L. lamottei, showed lower infestation
rates than the check and were selected as potential sources of resistance to this pest.

Resistance to AB has been found in several germplasm screens. In a wide experi-
ment carried out under field and greenhouse condition in Canada,Tullu et al. (2010)
found resistant accessions in all Lenswild taxa tested except in L. tomentosus, using a
mixture of three monoconidial isolates of Ascochyta lentis as the inoculum. Several
consistently resistant accessions were found among entries of L. ervoides and L.
nigricans. Thirteen accessions, previously reported as resistant to Syrian isolates of
A. lentis were also resistant to the Canadian isolates. Furthermore, some of the wild
accessions showed resistance to anthracnose. Cultivars and germplasm accessions of
cultivated lentil showed a wide range of response between the resistant and suscep-
tible controls. In a further study Dadu et al. (2017), in a search among 30 accessions
from five wild Lens taxa, found resistance to AB to new highly aggressive Australian
Ascochyta isolates in several wild Lens taxa, particularly in L. orientalis.

Dadu et al. (2018) analyzed the early response to two Ascochyta lentis isolates
(FT13037 and F13082) of two cultivated lentil genotypes, ILL7537 (resistant) and
ILL6002 (susceptible), and the recently identified AB-resistant Lens orientalis geno-
type ILWL180. Both isolates had significantly lower germination, shorter germ
tubes and delayed appressorium formation on the resistant genotypes compared
to the susceptible genotype; furthermore, these were more pronounced on the wild
ILWL180 than on cultivated ILL7537. The authors concluded that the faster recogni-
tion of A. lentis is likely to be amajor contribution to the superior resistance observed
in genotype ILWL180 to the highly aggressive isolates of A. lentis assessed. Like-
wise, Dadu et al. (2019) using the focused identification of germplasm strategy,
selected a subset of 87 landraces (originating from 16 countries) with highest likeli-
hood for A. lentis resistance from 4,576 accessions held by the ICARDA. Significant
variation for resistance was detected within the subset using completely randomized
and replicated controlled climate bioassays with a highly virulent AustralianA. lentis
isolate, FT13037.Genotype IG207 expressed the lowest percent area of symptomatic
tissue and further 12 genotypes demonstrated moderate resistance. Furthermore, IG
207 recorded lowest mean disease score against four other highly aggressive fungal
isolates and performed better than the currently used best resistance sources.

A recent study (Singh et al. 2020a) evaluated, under multi-location and multi-
season, performances for several agronomic traits and resistance against rust
(Uromyces fabae), powdery mildew (Erysiphe trifolii) and FW (Fusarium oxys-
porum f. sp. lentis) under field and controlled screening conditions. Genetic material
comprised 96 wild lentil accessions, including samples of all Lens species, and two
cultivated varieties. Results describe several donor accessions for their introgres-
sion against these three biotic stresses, in addition to lentil genetic improvement of
important agronomic traits. Donor accessions for disease resistance breeding were
found in all wild taxa. Moreover, some of the wild accessions from Syria and Turkey
showed resistance against more than one disease indicating a rich diversity of lentil
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genetic resources [accessions ILWL230 and ILWL476 of L. orientalis (rust and
powdery mildew); ILWL9 and ILWL37 of L. nigricans (rust and powdery mildew);
IG136639 of L. ervoides (powdery mildew and FW) and ILWL308 of L. tomentosus
(rust and FW)]. Further, some stable gene sources were identified: ILWL203 of L.
odemensis for rust and high pod number; ILWL230, ILWL476 of L. orientalis for
rust and powdery mildew; ILWL191, ILWL9, and ILWL37 of L. nigricans for rust
and powdery mildew, IG136639 of L. ervoides for powdery mildew and FW, and
ILWL308 of L. tomentosus for rust and FW. The study has also identified some trait
specific accessions, which could also be taken into the consideration while planning
distant hybridization in lentil; but some belong to the most distant genepool from
the lentil cultigen, such as ILWL18 and ILWL19 of L. nigricans promising for high
seed yield per plant, or ILWL191, ILWL9, and ILWL37 for resistance, which makes
their real use in breeding difficult.

Partial resistance to the parasitic weed Orobanche crenata was detected in in a
collection of 234 Spanish cultivated accessions under field conditions, scoring awide
range of responses but no complete resistance. A range from complete resistance
to susceptibility was found among 23 wild Lens accessions. The higher levels of
resistance were observed in accessions of L. ervoides, L. odemensis and L. orientalis
(Fernández-Aparicio et al. 2008, 2009).

5.4 Glimpses on Classical Genetics and Traditional
Breeding

5.4.1 Breeding Objectives

The main breeding objective in relation to biotic stresses is to introduce genes
that confer resistance to pathogens and pests, if possible, durable resistance. The
complexity of the selection and breeding process is imposed by the great variety
of stressors, which implies a large number of potentially useful qualitative (single-
gene resistance) and quantitative genes (oligo- or polygene resistance), and by the
convenience of their pyramiding.

The single-gene resistances have both advantages and disadvantages. The advan-
tages, in addition to the fact that dealing with single gene genetics is much simpler
than polygenic genetics, are complete protection against the parasite in question, and
compatibility with breeding for wide climatic adaptation. The main disadvantage of
single-gene or vertical resistance (genetic resistance that is effective at preventing
successful attack only by certain races of a pathogen, also called specific) is its
temporary nature, since it breaks down to new strains of the parasite. Other disadvan-
tages include a loss of horizontal resistance (resistance that is effective at preventing
successful attack by most/all races of a pathogen; also called general) while breeding
for vertical resistance, and the fact that single-gene resistance cannot always be found.
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Thus, it has appeared impossible to breed for vertical resistance to some species of
crop parasites, including many of the insect pests of crops (Robinson1997).

Although theoretical and empirical studies comparing deployment strategies
of more than one resistance gene are scarce, the REX Consortium (2016) concluded
that that the overall durability of resistance genes may increase by pyramiding their
presence in the same plant; and that data also suggests that the pyramiding of disease
resistance genes is the most durable strategy. By extension, authors suggested that
the combination of disease resistance genes with other practices for pathogen control
(pesticides, farming practices) may be a relevant management strategy to slow down
the evolution of virulent pathogen genotypes.

5.4.2 Classical Mapping Efforts

The inheritance of morphological and agronomical traits in lentil was first described
at the end of 70’s and early 80’s (Pérez de la Vega et al. 2011). Several traits such
as seed coat color, epicotyl and flower color, and pod dehiscence, were found to be
controlled monogenically and thus appropriate to be used as morphological markers.
Linkage analysis in lentil started in the 80’s and was initially based onmorphological
and isozyme markers. However, the number of morphological and isozyme markers
in lentil is relatively low, which made the classic genetic maps based on them of
little use for breeding. The first genetic linkage analysis based on morphological and
isozymemarkers in lentil was reported by Zamir and Ladizinsky (1984).Muehlbauer
et al. (1989) described the allozyme polymorphisms for 18 loci and the linkage
relationships among them and with four genes controlling morphological traits. The
linkage analysis resulted in six linkage groups (LGs), which contained 14 of the
loci analyzed. This work also contributed to the first evidence of shared synteny
between Lens and Pisum since several of the LGs were conserved between both
species. Tahir and Muehlbauer (1994) were the first to use recombinant inbred lines
(RILs) for mapping lentil markers. Kumar et al. (2015), Ates et al. (2018), and
Gupta et al. (2019) have recently summarized the mapping efforts in lentil using
from isozyme and morphological markers to molecular markers including random
amplified polymorphic DNA (RAPD), SSR, inter simple sequence repeat (ISSR),
single nucleotide polymorphism (SNP), etc., and from 1994 to 2017. The more
recent list by Gupta et al. (2019) includes 20 different maps (23 references) generated
from different segregant populations obtained from intra- and interspecific crosses.
Likewise, this publication lists recombinant inbred line (RIL) populations obtained in
the ICARDA, the National Bureau of Plant Genetic Resources, India, and the Indians
Institute for Pulse Research, India. Further, some more RIL populations have been
described (Suvorova and Ikonnikov 2014; Bhadauria et al. 2017a; Polanco et al.
2019).
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5.4.3 Classical Breeding Achievements

According to the recent review by Gupta et al. (2020) breeding methods for incor-
poration of breeding traits employed in lentil majorly included pure line selection,
hybridization, backcross, bulk, pedigree and single seed descent methods. As a result
of these methodologies, a total of 146 cultivars have been released until 2017 across
major lentil-producing countries with targeted traits. Pure line selection was exten-
sively used to release cultivars with adaptability to wider areas and superior yield
performance and disease resistance for Ascochyta blight (AB), rust and Fusarium
wilt (FW). Certainly, in relation to biotic stresses, resistance to ascochyta is the main
breeding targets for the newly released cultivars in all geographical areas of the
world, followed by resistance to rust, stemphylium and fusarium. Cross-breeding is
the widely chosen method in the recent past by breeders particularly to introgress
special traits from exotic or other popular germplasm to the locally adapted cultivars,
while single seed descent has often been used to produce RILs for use in constructing
linkage maps and identification of quantitative trait loci (QTLs) controlling traits of
interest such as resistance to AB, anthracnose and FW. Mutation techniques have
been used in lentil as a complementary breeding strategy to introduce a desirable
trait which is absent in the available germplasm. Several cultivars with different
traits of interest have been developed and released worldwide using irradiation and
ethyl methanesulfonate as a source of mutagens (Gupta et al. 2020). If we stick to
biotic stresses, most of cultivars developed through mutation breeding registered in
the Indian subcontinent and outside it have been improved for resistance to diseases
such as to FW, AB, botrytis, rust and anthracnose (Laskar et al. 2019).

5.4.4 Limitations of Classical Endeavors and Utility
of Molecular Mapping

Marker-assisted plant breeding based on the use ofmorphologicalmarkers had a slow
development from the pioneering work of Sax (1923) due first to the limited number
of morphological markers that could be simultaneously and independently geno-
typed. Additional drawbacks arose from epistatic effects among genes controlling
related, an even apparently unrelated, traits, or due to the lack of observable markers
during the first development stages hindering early selection. Likewise, the estimates
of the recombination fraction were often limited by segregations in repulsion phase.
The beginning of the use of isozymes (codominant markers) in plant genetics in the
70’s of the twentieth century partially solved these problems, but again the number
of isozyme markers that can be analyzed simultaneously was too low to be able to
accurately locate most of the genes of interest, and even more so if they were QTLs.
The incorporation of the molecular markers was a great step towards the solution
of obtaining sufficiently saturated genetic maps and flanking markers of the locus
of interest. The number of markers that could be studied simultaneously increased
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dramatically and, above all, the use of codominant markers, such as SSRs and SNPs,
solved the disadvantages of the dominant ones in estimating genetic linkage distances
and confidence intervals. Isozyme and molecular markers have the additional advan-
tage that they can be considered selectively neutral. Thus molecular markers allowed
analyzing large segregating populations to attainmuch greatermarker saturationwith
neutral phenotypic effects. However, the precision with which QTLs with minor
effects are often located was still poor. The high-throughput sequencing techniques
have contributed a definitive advance sincemarker numbers have gone fromhundreds
of codominant markers to thousands, fundamentally SNPs, which allows obtaining
saturated maps with a good coverage of the entire genome, that in turn allows greater
precision in locating QTLs and easily finding markers flanking the locus of interest
for their use in marker-assisted selection (MAS).

The molecular information gained by the ‘omics’ techniques removes, although
only partly, some of the limitations of selection on phenotype, by allowing selection
at the genotype level, which results in more accurate, faster, and cheaper selection.
It also provides a high number of markers for MAS. Ultimately, the use of MAS will
be determined by the economic benefit relative to conventional selection. Further
applications of MAS require the redesign of breeding strategies and their integration
with other technologies, such as higher-resolution genetic maps and high-throughput
genotyping technologies (Dekkers and Hospital 2002).

5.5 Brief on Diversity Analysis

5.5.1 Phenotype-Based Diversity Analysis

Numerousworks have been published on the phenotyping of lentil germplasm collec-
tions in relation to the responses to the main diseases and pests and in the search for
resistance genes. Many of these citations can be found in previous reviews, such as
those by Pérez de la Vega et al. (2011), Singh et al. (2018) and Gupta et al. (2019),
Malhotra et al. (2019), and Gupta et al. (2020). Phenotyping for response to several
pest species has been carried out by El-Bouhssini et al. (2008), Kumari et al. (2007),
Gore et al. (2016), and Laserna-Ruiz et al. (2012). Some sources for resistance to
several viruses in lentil germplasm were reported by Makkouk and Kumari (2009).
Resistance sources to broomrape weed were searched in cultivates and wild mate-
rials by Fernández-Aparicio et al. (2008, 2009). Recent phenotyping screenings for
AB has been carried out by Dadu et al. (2018, 2019) and Singh et al. (2020a). This
last publication describes the resistance against rust, powdery mildew and FW under
field and controlled screening conditions. Podder et al. (2013) carried out a screening
of wild and cultivated Lens germplasm for resistance to SB.

Some advances in phenotyping for resistance can help in accelerating the search
for resistance and in obtaining newvarieties. Lulsdorf andBanniza (2018) described a
rapid generation cycling technique to cut the selection period in half. The technique
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was tested on an F2 population derived from a L. culinaris × L. ervoides cross
in combination with a liable technique for the screening to aphanomyces root rot
(ARR). Phenotyping of an F2 population of more than 1,200 plants resulted in scores
ranging from 2.4 to 4.0 on a scale from zero to five. Plants with scores lower than
4.0 were selected for advancement for five generations using a modified single-seed
descent method and optimum growing conditions. Phenotyping of the F7 population
resulted in scores ranging from 1.4 to 4.0. Marzougui et al. (2019, 2020) applied
phenomics technologies to evaluate ARR resistance in 547 lentil accessions and
lines using Red–Green–Blue images of roots. Models were able to classify three
disease categories with an accuracy of up to 0.91. The authors concluded that the
image-based phenotyping approaches can help plant breeders to objectively quantify
ARR resistance and reduce the subjectivity in selecting potential genotypes. The use
of such technologies to the evaluation of other biotic stresses would certainly be of
great help in phenotyping and plant breeding.

5.5.2 Extent of Genetic Diversity

As it was mentioned in Sect. 1.1, genomic studies suggest the existence of four
gene pools in relation to cultivated lentils. The primary gene pool would include the
taxa orientalis and tomentosus, the secondary lamottei and odemensis, and finally L.
ervoides and L. nigricans would be the tertiary and quaternary gene pools, respec-
tively (Wong et al. 2015), although there are different assignations of species to gene
pools (Ladizinsky and Abbo 2015). Breeding lines and recombinant inbred lines
have been obtained and described in the scientific literature at least from hybrids
with orientalis, odemensis and ervoides (Suvorova and Ikonnikov 2014; Bhadauria
et al. 2017a; Polanco et al. 2019).

A recent analysis (Khazaei et al. 2016) of the primary germplasm has indi-
cated that cultivated lentils can be grouped into three agro-ecological zones. The
study was based on the use of 1,194 SNP markers which span the lentil genome,
analyzing 352 accessions from 54 countries obtained from three large germplasm
collections. Accessions were categorized into three major groups, namely, South
Asia (sub-tropical savannah), Mediterranean, and Northern temperate, which promi-
nently reflected geographical origin (world’s agro-ecological zones). The three clus-
ters complemented the origins, pedigrees, and breeding histories of the germplasm.
The study revealed that considerable genetic diversity for breeding can still be found
in this primary pool, but that the South Asia and Canadian germplasms had narrow
genetic diversity.

Pavan et al. (2019) analyzed a collection of lentil accession covering one of the
first areas of distribution of this crop after domestication, the Mediterranean Basin
countries, which holds large part of lentil biodiversity. They analyzed 184 L. culi-
naris accessions by high-throughput genotyping by sequencing of a Mediterranean
collection. On the basis of 6,693 single nucleotide polymorphisms, the analysis
of no redundant genotypes highlighted the occurrence of five highly differentiated
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genetic clusters, related to geographic patterns and phenotypic traits, indicating that
post-domestication routes introducing cultivation in Mediterranean countries and
selection were major forces shaping lentil population structure. The identification of
distinctive alleles across clusters suggested the possibility to set up molecular keys
for the assignment of lentil germplasm to specific genetic groups, helping in lentil
conservation genetics and breeding.

Dissanayake et al. (2020) carried out a wide analysis of the genetic variation
and the relationships among the Lens taxa using a worldwide sample of 467 wild
and cultivated accessions collected from 10 diverse geographical regions and 28
countries. L. nigricans exhibited the greatest allelic differentiation compared to all
other species or subspecies, indicating that this species is the most distantly related
to L. culinaris. Genetic distance matrices revealed a comparable level of variation
within the gene pools of L. culinaris, L. ervoides, and L. nigricans. This work will
be certainly a valuable source for the use of the wild germplasm in lentil breeding
and gene introgression.

Liber et al. (2021) combined GBS of 190 lentil accessions (67 wild and 123
domesticated) from the Old World with archeological information to analyze the
evolutionary history, domestication, and diffusion of lentils. GBS led to the discovery
of 87,647 SNPs, which allowed inferring the phylogeny of genus Lens. The only gene
flow detected was between cultivated varieties and their progenitor (L. culinaris
subsp. orientalis) albeit at very low levels. Nevertheless, a few putative hybrids or
naturalized cultivarswere identified.Within cultivated lentil, three geographic groups
were detected.

5.6 Association Mapping Studies

In the search for genetic variants linked to phenotypic differences, association
mapping (AM) exploits long-term historic recombination in natural populations.
Population based AM employs a sample of individuals from the germplasm collec-
tions or a natural population. With more accumulated recombination events it is
considered to be more accurate than traditional mapping based on biparental crosses.
The resolution of theAMdepends on the extent of linkage disequilibrium (LD) across
the genome, the number of accessions considered, and the number and distribution
of markers employed. Lentils display extensive LD (Lombardi et al. 2014; Singh
et al. 2017a; Kumar et al. 2019a; Ma et al. 2020), likely due to their high degree of
self-pollination and the narrow genetic base of the breeding material, thus shirking
the need for a large number of markers. The drawback of a wide LD is a lower reso-
lution because a significant marker-trait association does not necessarily imply that
a marker is in close proximity to the gene. The future release of a reference-quality
genome assembly will allow quantifying the LD decay over the physical distance,
and thus estimating the number of markers that are required for a particular scrutiny
of the genome through AM.
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The collection of cultivars, landraces and wild genotypes has been extensively
reviewed and characterized (Coyneand McGee 2013; Lombardi et al. 2014; Laskar
et al. 2019; Dissanayake et al. 2020; see also Sect. 5.3). Currently the whole cultivar
collection amounts to a total of 43,214 accessions of the genus Lens, ICARDA being
the institution that holds the most (24%). While wild accessions are genetically
diverse, there is a reduced gene pool in the cultivated material that dates back to the
bottleneck associated with domestication (Lombardi et al. 2014; Dissanayake et al.
2020). In order to introduce new variability into cultivars, hybridization with wild
genotypes and with close species has been proposed (Singh et al. 2014).

Because of their large number and scattered distribution throughout genomes,
SNPs are the most-used molecular markers for AM studies. Two SNP-based high-
throughput approaches have been utilized in lentil research: SNP chips (microarrays)
and genotyping-by-sequencing (GBS). Within the first, the Illumina® GoldenGate®

assay has been the chosen genotyping platform for several studies (Gujaria-Verma
et al. 2014; Lombardi et al. 2014), but it has been superseded by other microarray-
based technologies and is now discontinued. The chip was able to interrogate up
to 1,536 SNPs simultaneously. More modern microarrays, such as the customiz-
able Infinium iSelect high definition (HD) and the Infinium iSelect high-throughput
screening (HTS) customgenotypingBeadChips, are expected to grow inpopularity as
we gain more knowledge of the lentil genome andmore trait-linked SNPs are discov-
ered. Lentil researchers can nowdesign a customgenotyping panel that supports up to
700 k custom targets among SNPs, indels, and copy number variations. The Infinium
iSelect can be deployed in two options: either the HD with 3,072 to 90,000 custom
markers, or HTS, able to screen between 90,001 and 700,000 markers. Creation
of these custom assays enables focused, high-throughput genotyping applications
tailored to specific project needs in a cost-effective manner.

Access to a genome assembly has facilitated GBS considerably, and, at the same
time, has made GWA studies affordable. GBS (Elshire et al. 2011) is a high-density
genotyping approach extensively used in breeding and genetics because of its low
cost, high number and uniform distribution of SNP markers, and the capacity to
simultaneously perform polymorphism discovery and genotyping. It has been proven
effective in crops with large and repetitive genomes (Gutierrez-Gonzalez et al. 2019).
In lentils, using GBS markers in a genome-wide association study (GWAS), Ma
et al. (2020) identified 38 QTLs and 15 candidate genes that could be associated
with aphanomyces root rot (ARR). Two of them, ABC transporter A family protein
(ABCA), and pectin esterase (PE) were found differentially expressed at the early
stages of infection, likely involved in the plant-defense mechanism against ARR.
We expect GBS approaches to play increasing roles in highlighting plant defense
mechanisms as more polished genome assemblies are being released.
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5.7 Molecular Mapping of Resistance Genes and QTLs

Since the first efforts in lentil breeding, the main goal has been similar in all coun-
tries: to obtain larger and more stable seed yields (Pérez de la Vega et al. 2011). In
order to reach this objective, the development of resistant cultivars to pathogens plays
a crucial role in breeding programs, and the knowledge of the genetic basis of the
resistance helps to design faster and more efficient breeding approaches. Tradition-
ally, the genes involved in the resistance were studied by crossing two parental lines
differing in the response to the pathogen and evaluating the segregating descendant
population. The development of lentil RIL populations provided permanentmaterials
that can be shared by many research groups, in which new additional markers and
characteristics can be added along the time. Additionally, another advantage of RILs
is that because the lines have gone through several rounds of meiosis before homozy-
gosity is reached, the degree of recombination is higher compared to F2 populations,
and consequently, RIL populations show a higher resolution than maps generated
from F2 populations, and the map positions of even tightly linked markers can be
determined (Schneider 2005).

Despite the advantages of RIL populations, the gained results may be relevant
only for the studied material, and the validation in new germplasm is laborious. An
improvement in the detection of relevant accessions and genes relatedwith interesting
breeding traits is the development of immortalized segregant populations obtained
from the crossing of multiple parents (i.e. MAGIC populations). Some populations
of this kind are being developed in ICARDA at the present time (Kumar et al. 2021).
In addition, the availability of a high number of markers, in special after the genomic
and transcriptomic studies published in lentil, hasmade possible to start someGWAS,
such as the published by Kumar et al. (2018a) or Khazaei et al. (2018), but there are
not published information on disease resistances so far.

Several diseases in lentil are due to fungus infections, such as AB, SB, rust,
FW, anthracnose, ARR, collar rot, molds (Botrytis cinerea, B. fabae and Sclerotinia
sclerotiorum). However, the genetic basis of the response to many of these pathogens
has not been analyzed in a formal research. In the following paragraphs a review of
the main data available to date is presented.

5.7.1 Genetics of Lentil Resistance to Ascochyta Blight

Ascochyta blight (AB) is one of the main lentil diseases in most lentil growing
countries. This disease, caused by the fungus Ascochyta lentis (syn. A. fabae f.
sp. lentis; teleomorph Didymella lentis), affects all above ground parts of the plant
and is characterized by necrotic lesions, which on susceptible cultivars, in favorable
conditions, can lead to breakage of the stems and severe yield reduction. Seed quality
may also be reduced through seed discoloration or retardation of seed development.
AB can be controlled by chemicals, but besides the environmental problems related
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with the use of fungicides, the development of resistant cultivars is considered a
more efficient and sustainable approach (Davidson and Kimber 2007). Ascochyta
lentis is a host-specific pathogen (Peever 2007) and considered as a necrotrophic
fungus, although a short biotrophic period cannot be completely excluded (Tivoli
and Banniza 2007; Sari et al. 2017). The pathogenicity of this type of fungus and
the resistance of the plant could be related to the production of specific fungal toxins
and plant receptors or detoxifying molecules, and Kim et al. (2016) have described
the presence of a set metabolites only found in A. lentis. The recent publication of
the A. lentis genome sequence by Lee et al. (2021) will provide a powerful tool in
order to identify the candidate genes involved in the pathogenicity of this fungus.

In lentil, the genetic control of the resistance response to the fungus were firstly
studied in a qualitative way, by crossing susceptible and resistant cultivars obtaining
various results, mainly one or two genes, dominant and/or recessive (see Pérez de
la Vega et al. 2011; Sudheesh et al. 2016a; Rodda et al. 2017 for reviews). The
different results may be due to the different genotypes used; however, the differences
in screening methods or Ascochyta isolates employed cannot be ruled out. These
initial studies allowed the identification of some major genes that have been used
in the breeding programs, such as those found in the cultivar Indianhead, or in the
ICARDA lines ILL5588 or ILL7537, although the molecular mechanisms for the
resistance provided for these genes is still unknown. In the last years, pathogen
isolates capable of overcoming the resistance provided for the major genes have
appeared in Australia (Rodda et al. 2017), making a priority the identification of new
genes and sources of resistance.

Although the qualitative classification of the resistance to AB provided the detec-
tion of some major genes, most of the results did not show a clear Mendelian segre-
gation, and consequently, a quantitative analysis of the resistance response seems
more appropriate to describe this trait (Rubeena et al. 2006; Gupta et al. 2012).
QTL analyses on the response to Ascochyta in lentil using high-density maps based
on gene SNPs have been carried out, allowing the identification of several QTLs
(reviewed by Rodda et al. 2017), with magnitudes varying from 3 to 89% of the
phenotypic variance evidenced, although it is common to find values between 20
and 50%. An important drawback of these studies is the lack of common markers
between the genetic maps, and consequently the difficulty to establish a comparable
nomenclature for the linkage groups (LG) in order to determine the QTL locations.
Despite of that, some limited relationships have been done based in a few markers:
for instance, the QTL named AB_NF1 in LG6 in the study of Sudheesh et al. (2016a)
is comparable in position to QTL5 in LG1 of Rubeena et al. (2006), to QTL1 in LG1
of Gupta et al. (2012), and to the three closely linked AS-QTLs detected in LG6 in
Polanco et al. (2019) in an interspecific cross between L. culinaris and L. odemensis.

The use of QTL knowledge in breeding programs requires of the validation of the
markers associated with the QTL in a diversity panel of genotypes. So far, only the
allelic identity of the QTL AB_IH1 (Sudheesh et al. 2016a) was found to predict the
resistance response in more than 85% of the diversity panel, mainly composed by
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Australian lentil germplasm. This relationship was not so conserved in the interna-
tional germplasm panel, which suggests that there are new resistance genes or alleles
to be detected.

All the lentil genotypes which showed resistance to AB so far known show a
partial resistance or it is surpassed by new and more aggressive isolates (Dadu et al.
2017, 2018), and genetic and genomic studies point to that there are several response
mechanisms to this pathogen. Genetic studies suggest that AB resistance genes in
several partially-resistant lentil lines are nonallelic (Sari et al. 2017). Furthermore,
these authors found that the partially resistant genotypes CDC Robin and 964a-46
differed in the timing and the magnitude of salicylic acid (SA) and jasmonic acid
(JA) signaling pathway activation. The SA signaling pathway was only triggered in
964a-46, whereas the JA pathway was triggered in both partially resistant genotypes.
The expression of JA-associated genes was lower in 964a-46 than in CDC Robin.
These observations corroborate the existence of diverse AB resistance mechanisms
in lentil genotypes carrying differentR-genes (Sari et al. 2017; Khorramdelazad et al.
2018; Garcia-Garcia et al. 2020).

From a practical point of view in breeding programs, it is interesting to remark that
some regions in which QTLs conferring resistance to AB are located also contains
genes for resistance to other pathogens. For instance, a QTL that explained 41%
of the variation in the reaction to AB found in the LG6 (Tullu et al. 2006) showed
linkage to the LCt2 gene for resistance to anthracnose (Colletotrichum lentis).

5.7.2 Stemphylium Blight Resistance

Stemphylium blight (SB) has recently emerged as a new important fungal defoli-
ating disease in lentils. It is caused by the necrotrophic Ascomycete, Stemphylium
botryosum Walr. (Pleosporales, Pleosporaceae) (teleomorph: Pleospora herbarum
(Fr) Rab.), and it was firstly described in 1986 in Bangladesh, but the reports on yield
losses caused by this disease have been increasing in the recent years all around the
world (Das et al. 2019). The host range of S. botryosum is wide and includes a large
number of ornamentals, horticultural and crops, including lentil, pea, tomato, alfalfa,
lettuce or onion (Das et al. 2019). Usually the pathogen infects the lentil plants in
the first stages of pod setting, when the spores germinate on the leaflet surfaces and
the hyphae penetrate through the stomata or directly through the epidermis (Pierre
and Millar 1965).

The first studies on the genetic basis of the resistance were done by Saha et al.
(2010b), detecting several QTLs in two different years, although only one was signif-
icant in both, explaining between a 25% and a 46% of the phenotypic variation. The
quite different results obtained in posterior crosses with L. culinaris genotypes made
the inheritance of this resistance to be in an ambiguous stage (Das et al. 2019).

Deeper information on SB resistance is available from the wild species Lens
ervoides. Because few sources of resistance were found in L. culinaris, a screening
was carried out in wild genotypes, and L. ervoides was found to show high levels of
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resistance, at higher frequencies than the other species (Podder et al. 2013). In theRIL
population LR-66 derived from the cross between two L. ervoides accessions (L01-
827A and IG 72815), Bhadauria et al. (2017a) detected three QTLs in the linkage
groups LG2 and LG3 that together explained the 40.5% of the phenotypic variance.
Because the L. ervoides genetic map in this experiment could be related with the L.
culinaris genetic map of reference, and a high level of collinearity between the two
genomes, especially in the identified QTL regions, the L. culinaris genome can be
utilized to identify the candidate genes. Cao et al. (2019) analyzed two transgressive
RILs derived from theL. ervoidesRIL population LR-66 abovementioned in a search
for candidate resistance genes against SB using transcriptome sequencing. In this
work, three of the genes located in the QTLs have been chosen as the more promising
candidate genes because of the expression changes showed after the infection in the
resistant and susceptible RILs.

Additional information comes from the research of Adobor et al. (2020) with an
interspecificRIL population (LR-26) developed from a cross between themoderately
resistant parent L. culinaris cv. ‘Eston’ and the resistant parent L. ervoides acces-
sion IG 72,815. The plant resistance to SB was tested under controlled conditions
and under field conditions. Although the distribution of disease severity scores for
all RILs indicated a polygenic inheritance of SB resistance in the population, no
resistant transgressive segregants were observed. Across all environments, 14 RILs
consistently had resistance levels similar to the resistant parent IG 72,815, which
makes them a promising material to be included in future breeding programs.

5.7.3 Rust (Uromyces viciae-fabae) Resistance

Rust disease in lentil is due to the infection by the biotrophic fungusUromyces viciae-
fabae (Pers.) J. Schröt. This pathogen is widespread and attacks the aerial parts of the
plants, producing defoliation and the plant death. Although U. viciae-fabae infects
several legume genera such as Vicia, Lens, Pisum or Lathyrus, the pathology studies
have identified three specialized groups named U. viciae-fabae ex V. faba which
infects only faba bean, U. viciae-fabae ex V. sativa which infects other species of
Vicia and U. viciae-fabae ex L. culinaris which infects L. culinaris only (Rubiales
et al. 2013b).

Lentil rust resistance seems to be under a simple Mendelian control. The results
depend on the specific cross, but generally the segregation of a single gene explained
the data, being the resistance dominant over the susceptibility; however, controls
based on a recessive gene or duplicate dominant genes have also been founded
(Chahota et al. 2002; Mishra et al. 2007, 2008; Saha et al. 2010a; Negussie and
Pretorious 2012; Mekonnen et al. 2014; Dikshit et al. 2016; Singh et al. 2021).
The names proposed for these genes are Urf1, Urf2 and urf3 (Sharma 2009). The
relatively simple genetic control of the resistance has allowed the development of
some molecular markers of potential utility in breeding programs, which will be
described in the Sect. 5.8.
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The two types of resistance (prehaustorial and posthaustorial) reported in the
lentil germplasm suggest the existence of two different genetic mechanisms for the
response to rust (Rubiales et al. 2013a). Prehaustorial resistance is usually connected
to a non-host resistance and is generally based in a polygenic control. This kind
of resistanceis expected to be more durable than the posthaustorial one, usually
controlled by single genes. But unfortunately, so far no research on the genetic
control of this type of resistance has been published.

5.7.4 Wilt (Fusarium oxysporum f. sp. lentis) Resistance

The wilt disease is one of the most important biotic stresses affecting the stability of
production in lentil. It is caused by Fusarium oxysporum, a filamentous ascomycete
fungus that produces spores protected by thick walls, making them able to survive in
the soil by long periods, reasonwhy is usually considered as saprophytic.When some
nutrients are available, such as root exudates, the spores germinate and the hyphae
grow and penetrate in the plant roots, invading the inter- and intra-cellular spaces.
While the plant is alive, the fungus remains strictly limited to the xylem tissues and
a few surrounding cells. After the host plant is killed by the pathogen, the fungus
can invade the parenchymatous tissue, sporulate on the plant surface and release
spores (Pouralibaba 2017). F. oxysporum infects a large number of plant species, and
some strains have been adapted to colonize specific hosts, giving the named formae
speciales (ff. spp.). More specifically, lentil wilt is caused by Fusarium oxysporum
Schlecht. Emend Snyder and Hansen f. sp. lentis Vasudeva and Srinivasan.

The genetic studies on FW in lentil point to a simple control by a low number
of genes, usually dominant (Choudhary and Kumar 2016). Thus, Kamboj et al.
(1990) identified in total five dominant independently segregating resistance genes.
More recently, the segregations usually detected only one dominant gene, named
Fw (Eujayl et al. 1998; Hamwieh et al. 2005). This locus was mapped in the LG6
(Hamwieh et al. 2005) of their genetic map, linked to some SSR markers that seem
to be located in the pseudochromosome 4 of the lentil genome v1.2.

New resistance genes of utility in lentil breeding have been detected in some
transgressive segregants obtained for crosses between L. culinaris and L. ervoides
(Singh et al. 2017c), although their characterization has not been published so far.

5.7.5 Anthracnose (Colletotrichum lentis) Resistance

Anthracnose is a disease attributed to the hemibiotrophic fungus originally iden-
tified as Colletotrichum truncatum [(Schwein.) Andrus & W. D. Moore] but
since 2014 is attributed to the new species Colletotrichum lentis Damm, sp. nov.
MycoBankMB809921 (Damm et al. 2014). When the pathogen infects the plant,
initially it shows a biotrophic and symptomless stage, and afterwards changes to
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a necrotrophic phase causing the death of plant cells. This switch seems to be the
pathogen adaptive response to the defense mechanism of the plant, based on the cell
death (Bhadauria et al. 2013). This disease has been described in many countries
producing minor losses in production, however in western Canada has become the
most important foliar fungal disease (Gela et al. 2020). There has been identified
two pathogenic races of the fungus, race 0 and race 1 (Banniza et al. 2018), and
the genetic resistance to anthracnose depends on the C. lentis race. While a partial
resistance to race 1 is quite frequent in lentil, and it has been effectively transferred
to elite cultivars, resistance to the highly virulent race 0 has not been identified. To
date, the only sources of high levels of resistance to race 0 seems to be restricted to
wild lentil species, especially L. ervoides (Gela et al. 2020).

The genetic resistance to race 1 appears to be under a single dominant gene (Tullu
et al. 2003, 2006; Tar’an et al. 2003), although the different levels of resistance that
has been detected in some crosses points to the existence of additional genes. Thus,
Buchwaldt et al. (2013) explained their results as the interaction among two recessive
genes, ctr1 and ctr2, and three closely linked dominant genes, CtR3, CtR4 and CtR5.

The genetics of the resistance to race 0 and race 1 has been analyzed in the
same RIL population LR-66 derived of the cross between two L. ervoides accessions
(Bhadauria et al. 2017a) mentioned in the SB resistance section. The results showed
five QTLs with a significant association with resistance to race 0 and six QTLs to
race 1 resistance. Three QTL for resistance to C. lentis races 1 and 0 co-localized,
one in LG3 and two LG5, collectively explaining 47.58% and 54.82% of the variance
in resistance response to C. lentis races 0 and 1, respectively. This suggests that a
large proportion of the resistance to both races ofC. lentis is regulated by genes at the
same loci. The joint analysis of transcriptome studies and QTLmapping has allowed
the identification of two genes as main candidates to be responsible of the resistance
response, Lc23518 (in LG5) coding for an LRR receptor-like kinase protein, and
Lc09295 (in LG2) coding for a MYB transcription factor, although these genes need
further evaluation (Bawa 2020).

Recently, Gela et al. (2021) have analyzed a RIL population obtained from the
cross between L. culinaris Eston and L. ervoides IG 72,815 to test the resistance to
race 0 and 1 in an interspecific genomic background. TwoQTLs conferring resistance
to both races with a significant effect were consistently detected in the experiments,
one in the LG3 that explained a 20.1–30.2% of the phenotypic variance, and the
other in the LG7, explaining an 8.3–18.4%. The QTL in LG3 probably coincides
with that found by Bhadauria et al. (2017a) since they map in the same genomic
region. Bhadauria et al. (2017a) also detected a QTL in LG7, although in their
research it was associated only with resistance to race 0. The co-localization of QTLs
for resistance to both races detected in these studies suggests that the same genes
are controlling some resistance responses common to both races or, alternatively,
the race-specific defense genes to anthracnose are closely linked, according to the
genomic distribution found in Phaseolus by Murube et al. (2019).The analysis by
Gela et al. (2021) of the CDC Redberry genomic regions (assembly v.2.0; Ramsay
et al. 2019) harboring the QTLs showed at least 22 genes in LG3 and 26 genes in
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LG7 annotated as disease resistance/defense-related genes, supporting the clustering
of resistance genes to different races, and making them candidates for new studies.

5.7.6 Root Rot (Aphanomyces euteiches) Resistance

Root rot (ARR) disease is caused by the oomycete Aphanomyces euteiches Drechs.
This soil-borne pathogen has a wide host range within Fabaceae, including pea,
lentil, faba bean and alfalfa (Gaulin et al. 2007). Although this pathogen was well
known because is considered one of the most frequent in pea fields, in lentil it was
not described as the cause of the root rot until 2008 and 2012 in U.S.A. and Canada,
respectively. Nowadays is considered as a widespread pathogen in the American
fields (Ma et al. 2020). Germplasm analyses showed that none of the lentil cultivars
are resistant, which constitutes a threat because of the possible production losses.

In order to analyze the genetic basis of the resistance, a combination of classical
and image-based phenotypic tools and a deep QTLmapping study using 2,880 SNPs
has been recently carried out by Ma et al. (2020) in a RIL population. This RIL was
obtained from the cross between a breeding line with a high level of partial resistance
and a susceptible one. The results point to a classical polygenic inheritance of the
resistance, because a high number of QTLs (19) were detected located on all the
chromosomes except pseudochromosome 1, each QTL explaining a 5–12% of the
phenotypic variance. It is worth noting than in this same research a complementary
GWAstudywas undertaken, detecting 38QTLs in a sample of 326 accessions from60
countries on four continents (Asia, Europe, America, Africa). Notably, very limited
co-localizations occurred among QTL detected in the RIL population and the associ-
ation mapping population. AsMa et al. (2020) state “this highlight the importance of
integrating QTL mapping and association mapping for a comprehensive assessment
of genetics of the resistances”. Despite the complexity of the genetic basis of the
resistance to A. euteiches, two candidate genes have been identified combining these
results with transcriptomic analysis (Ma et al. 2020).

5.8 Marker-Assisted Breeding for Biotic Stress Resistance

In recent years several reviews on the status of marker-assisted breeding in lentil
have been published (Kumar et al. 2019b; Rana et al. 2019). Theoretically, MAS
in breeding for disease resistance has a very important advantage over traditional
methods because the phenotyping with artificial infections is influenced by the
specific methodology used to measure the level of resistance and some subjective
classification cannot be completely ruled out. MAS overcomes these problems asso-
ciated with the selection based on the response to the pathogen, and additionally
allows the selection in the very early stages of the development. Besides, MAS
enables the pyramiding of several genes for the same or different resistances in an
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elite cultivar and speeds up the breeding programs. In order to get these advantages,
it is essential to develop locus-specific and highly reproducible markers that show a
tight linkage (i.e., genetic distance <1 cM) with the genes controlling the character
of interest. Frequently, the markers obtained do not accomplish these requirements.
Many of the markers described in the early literature including RAPDs, amplified
fragment length polymorphism (AFLP) or ISSRs, although contributed to a signifi-
cant improvement in the QTLs mapped, were not easily transferred from one study
to another. The increase in the development and use of SSR and SNP markers has
allowed the identification of candidate genes in lentil for different resistances; never-
theless, very few have been progressed to the MAS level in lentil breeding (Rana
et al. 2019).

Although not optimal and with limitations, there have been described markers
that could be of practical interest for MAS, at least in some genetic backgrounds.
For instance, the work of Shudheesh et al. (2016) identified three markers for
Ascochyta lentis resistance relevant for de Australian breeding program, and one
of those (AB_IH1) is also predictive in more than 85% of the germplasm tested.
These markers also allow the selection of the two major resistance genes found in
the cultivars Indianhead and Northfield (ILL5588).

A simple genetic basis of the resistance facilitates the use of markers in the
breeding programs. For instance, the marker ME4XR16c is tightly linked to the
major gene responsible of the SB resistance (Saha et al. 2010b), although there are
not reports about the validation of the marker in different genetic backgrounds. The
marker SSR59-2B (Hamwieh et al. 2005), closely linked to the Fw (Fusarium wilt),
or themarkers F7XEM4a (Saha et al. 2010a), SSRGLLC106 (Mekonnen et al. 2014),
and SSR GLLC527 (Dikshit et al. 2016), linked to genes conferring rust resistance,
are in the same stage. For this last disease, two markers (LcSSR440 and LcSSR606)
flanking the resistance gene have recently been validated in a small set of resistant
and susceptible genotypes (Singh et al. 2021).

When the resistance genes are located in different chromosomes or no common
molecular markers are available, the pyramiding must involve a simultaneous selec-
tion for them. A favorable characteristic in lentil breeding programs is the linkage
among some resistance genes for different pathogens, which facilitates the pyra-
miding of these traits. For instance, Tar’an et al (2003) obtained resistant lines to
AB and anthracnose with a 55% efficiency using three markers, two linked to alleles
conferring resistance to ascochyta (RB18680, UBC2271290) and one to anthracnose
(OPO61250). When the markers were used in selecting only one resistance, the effi-
ciency was higher than 80%. Tullu et al. (2006) identified a RAPD marker (OP-
P4400) linked to the major resistance gene to ABAbR1 and to the LCt2 responsible
for resistance to anthracnose.

The development of high-density genetic maps based on genic markers obtained
from transcriptomic studies provides a high number of useful markers for different
traits, including resistances to pathogens. A clear example can be found in Polanco
et al. (2019), in which several markers for morphological or agronomic traits are
described, besides markers for QTLs related with AB resistance. It is clear that the
integration of data from high-density linkage maps and the information available for
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the lentil genome will speed the number of genic markers with a real utility in MAS
programs.

A different approach for MAS is the named genomic selection, in which the
genotypes of a high number of markers covering the genome are used to predict the
final phenotype by means of mathematical models. In this way, it is supposed that all
QTLs for a trait are detected. Recently, some initial studies on the genomic selection
applicability in lentil breeding programs have been done (Haile et al. 2020); although
no resistance traits have been analyzed.

5.9 Genomics-Aided Breeding for Biotic Stress Resistance

Recent advances in genomics have furthered research on plant resistance to
pathogens. Genome-wide massive tools have come along to complement traditional
breeding based on genetic linkage maps, expressed sequence tag (EST) libraries,
gene-based markers, and comparative genomics (Rodda et al. 2017). The first release
of the genome assembly, CDC Redberry v1.2 (Ramsay et al. 2016), was a significant
breakthrough for lentil’s genomics-aided breeding. It consisted of 7 pseudochro-
mosomes and approximately 2.7 Gb of assembled sequence. Although a big leap
from previous lentil pre-genomic era, this first assembly covers barely two thirds of
the predicted size and displays high levels of fragmentation. A new improved draft,
v2.0, is available upon request at https://knowpulse.usask.ca/ (Ramsay et al. 2019).
The assembly has over 3.7 Gb, close to the expected lentil genome size of about
4 Gb. Currently, the use of next-generation sequencing (NGS) technology in lentil
breeding programs is not widespread compared to other crops (Kumar and Gupta
2020). As improved assemblies are coming to light, researches will be able to tackle
genome-wide approaches.

5.9.1 Transcriptome Analyses

Until a reference-quality genome sequence becomes available, de novo transcriptome
assemblies are strategic inmarker discovery and transcript profiling (Kaur et al. 2011;
Verma et al. 2013; Sudheesh et al. 2016b; Gutierrez-Gonzalez and Garvin 2017).
They have also proven to be an effective tool to unravel plant-pathogen interactions.
Using RNA-seq, Khorramdelazad et al. (2018) compared AB resistant and suscep-
tible lentil genotypes at 2, 6, and 24 h post-inoculation, with a focus on studying
the physiology of the interaction between lentil and A. lentis. They found genotype-
and time-dependent differential expression and identified genes with putative roles
in primary, secondary and tertiary defense responses. Among these, there were genes
coding for transcription factors (TFs), fungal elicitors’ recognition, early signaling,
structural and biochemical responses, hypersensitive reaction, and cell death and
systemic acquired resistance.

https://knowpulse.usask.ca/
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Recently, Garcia-Garcia et al. (2020) were able to highlight the pathways that
are most affected following A. lentis infection by using massive analysis of cDNA
ends (MACE). The precise plant-pathogen recognition mechanism is not well under-
stood forA. lentis. Nevertheless, some common patterns that are frequently seen after
infection may give researchers a hint. For instance, authors demonstrated that the JA
and lignin biosynthesis pathways were up-regulated in the resistant lines compared
to the susceptible genotype. Conversely, the response to chitin, the SA pathway and
the auxin response were activated in the resistant genotype. A majority of disease
resistance genes in plants encode nucleotide-binding site leucine-rich repeat (NLR)
as part of the R-protein mediated recognition of fungal effectors. Garcia-Garcia
et al. (2020) found 42 tags that were assigned to the NLR gene family, although
most of them did not show significant changes after the infection. Other transcrip-
tomics research has been carried out by Cao et al. (2020) on resistance to BS and
already described in Sect. 7.2, and by Sari et al. (2018) who found that lentil cultivars
CDC Robin and 964a-46 activated cell surface receptors tentatively associated with
pathogen-associated molecular patterns (PAMP) recognition and NLR upon A. lentis
infection, and differedin their activation of SA and JA signal transduction pathways.

Anthracnose of lentil is another devastating fungal disease in some parts of the
world. It is caused by pathogens of the hemibiotrophic speciesColletotrichum lentis,
where the transition from biotrophy to necrotrophy is critical for a successful infec-
tion. To shed light into the mechanisms regulating this transition, Bhadauria et al.
(2013) assembled expressed tags into unique genes (unigenes).Among the assembled
transcriptome, 387 unigenes were predicted to have stress and defense related roles.
There were also membrane and transport associated sequences (101) and unigenes
implicated in signal transduction (159), some of them thought to be part of the
inducible plant response. The molecular mechanisms triggering the symptomatic
phase of infection have also been investigated (Bhadauria et al. 2017b). Authors
identified a total of 22 putative effectors, and 26 resistance genes implicated in the
recognition of fungal effectors, signaling of pathogen perception, phytohormone
level changes, and TFs. These resistance genes included both positive and negative
regulators of plant immunity in an intricatemolecular interplay between disease resis-
tant proteins and effectors, in which, during a compatible interaction, the pathogen
appears to exploit the defense responses mounted by the host.

5.9.2 Genomic Selection

Genomic selection (GS) is a promising approach in breeding programs as it provides
opportunities to increase genetic gain of complex traits per unit time and cost (Bhat
et al. 2016). It uses all marker data as predictors of performance to deliver more
accurate predictions, but in turn requires the availability of genome-wide, high-
throughput and cost-effective markers. A well-fitted statistical model is also required
for the training population, which is phenotyped and genotyped. This model will be
later applied to the breeding population that has been genotyped but not phenotyped.
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Some SNP genotyping platforms, especially the GBS and SNP chips, as well as a
polished genome assembly draft, have opened GS to lentil breeding programs. Haile
et al. (2020) have tested several statistical prediction models specifically for lentil
breeding. They suggested that GS can be implemented to make predictions within
populations and across environments, as moderate to high accuracies were obtained.
Across-population predictions were much lower, and thus, their use is discouraged
when the population size is small. It is expected that GS will gain importance in the
coming years.

5.9.3 Novel Genomic Tools in Other Plant Species

Genome-wide approaches successfully used to understand the responses to biotic
stresses in other species could also be applied to lentils. Recently, Laflamme et al.
(2020) designed a pangenome based analysis to unravel the complex interrelationship
between pathogens and plants, supplying invaluable information about gene fami-
lies involved in the resistance. The work was carried out on Arabidopsis thaliana,
which was infected with one of the most common plant pathogens, the bacteria Pseu-
domonas syringae. Authors generated a P. syringae Type III Effector Compendium
(PsyTEC) from 494 strains and identified the genes responsible for effector-triggered
immunity in Arabidopsis. This pangenome analysis revealed that relatively few A.
thaliana genes are responsible for recognizing the majority of P. syringae effectors.
Furthermore, they identified new Arabidopsis immune NLR receptors able to recog-
nize effectors expressed by most of the strains. These results provide insight into
why most pathogenic microbes only infect specific plant species.

Multi-genome assemblies have also allowed identifying genetic differences
between wheat lines that are important for breeding (Walkowiak et al. 2020). The
research team was able to track the unique DNA signatures of genetic material
incorporated into modern cultivars from several of wheat’s undomesticated rela-
tives. These wheat relatives have been used by breeders to improve disease resis-
tance and stress resistance of wheat. For instance, a DNA segment from one of these
relatives contains disease-resistant genes and provides protection against a number
of fungal diseases. This segment can improve yields by as much as 10 per cent.
The pangenome was also used to isolate an insect-resistant gene (Sm1) that enables
wheat plants to withstand the orange wheat blossom midge, a pest which can cause
millions in annual losses to producers. As more pangenomes are being announced
this information could be validated and extrapolated to other plant species. Kumar
and Gupta (2020) have highlighted the new opportunities of pangenome analysis in
lentil breeding.

NGS was also used for large-scale pathogen diagnoses in soybean (Díaz-Cruz
et al. 2019). Several bacteria, fungi, and viruses known to infect soybean were
detected, as well as pathogens not previously identified. For some microorganisms,
this techniquewas able to disentangle the different pathovars present and/or assemble
their genome sequence. Since NGS generated data on the whole spectrum of flora
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and fauna that thrive in leaves, it was possible to identify residual pathogens (i.e.,
pathogens of crops other than soybean) and multiple species of arthropod pests.
Finally, the assembled NGS data allowed for the development of polymerase chain
reaction-based diagnostics for some pathogens.

5.10 Recent Concepts and Strategies

The application of traditional breeding techniques to lentils, such as the development
of molecular markers, QTL identification, and MAS, has led to important achieve-
ments. However, approaches that rely on the use of transgenic plants and plant tissue
techniques are currently lagging behind. Lentils are long known to be recalcitrant to
plant tissue culture, whole plant regeneration, and micropropagation (Polanco and
Ruiz 1997; Fratini and Ruiz 2003; Khatib et al. 2011).

5.10.1 Research on Other Plant Species

Recent studies using model plant species have emphasized the complexity of the
plant-pathogen response and have suggested novel and complementary pathways
for resistance in crop species. For instance, in a genome-wide association mapping
study in Arabidopsis, Aoun et al. (2020) dug into the genetic basis of the resistance to
Ralstonia solanacearum under heat stress. They discovered multiple QTLs and the
identity of the candidate genes underlying the 14 major QTLs. The nature of those
genes is highly diverse, not matching the typical resistance genes encoding NLRs.
Interestingly; the QTLs they found at 27 °C were different from those at 30 °C, indi-
cating distinct genetic architectures for the responseto R. solanacearum at changing
temperatures. Among non-classical defense-related candidate genes there is SDS,
which encodes a meiotic cyclin-like protein related to cyclins previously described
as being required for DNA repair. Its functional validation as a gene for susceptibility
represents the first demonstration of the involvement of SDS in the plant response to
a bacterial pathogen under heat stress. According to the authors, SDS acts together
with other proteins to suppress unscheduled cellwall synthesis.Other candidate genes
encode for proteins involved in cell wall and lignin polymerization. We think this
genome survey reflects the complexity of the response pathways to biotic stresses,
and, that despite of the progress made in the last years, omic approaches will have to
provide further knowledge for us to fully understand the responses of crops to biotic
and abiotic stresses.

Another example of this complexity is provided by Ngaki et al. (2021).They
proved how a single gene (Glycine max disease resistance 1; GmDR1;
Glyma.10g094800) can confer resistance to various pathogens and pestsi n soybean.
Overexpression of its encoded plasma membrane protein led to enhanced resis-
tance not only against the fungal pathogen Fusarium virguliforme, but also against
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spider mites (Tetranychus urticae), soybean aphids (Aphis glycines) and soybean
cyst nematode (Heterodera glycines). Authors also investigated if chitin, a PAMP,
can significantly enhance defense pathways in GmDR1-overexpressed transgenic
soybean lines. They concluded that chitin-induced SA- and JA-pathways could be
involved in broad-spectrum resistance against pathogens and spider mites, for which
no known resistance genes have been identified in soybean and in most crop species.
It is likely that some of these results on GmDR1 could be extrapolated to lentils, due
to their taxonomic proximity.

Plant stomata play important roles in the response to stresses in plants. The percep-
tion of some biotic and abiotic stresses leads to stomatal closure. The flow of calcium
ions (Ca2+) across the plasma membrane is key in this response, but the calcium
channel involved was not known. Thor el al. (2020) found that the Arabidopsis
thalianaCa2+-permeable channel OSCA1.3 controls stomatal closure during defense
response. In fact, OSCA1.3 is rapidly phosphorylated upon sensing PAMPs. Genetic
and electrophysiological data revealed that OSCA1.3 is permeable to Ca2+, and that
BIK1-mediated phosphorylation increases this channel activity. Thus, OSCA1.3 and
its phosphorylation byBIK1 are critical for stomatal closure during defense. Notably,
OSCA1.3 does not appear to regulate stomatal closure upon sensing abscisic acid, a
plant hormone associated with abiotic stresses. Their research suggests that there is
specificity in the Ca2+ influx mechanisms in response to different stresses, opening
new targets for pathogen resistance in crop plants.

The advent of NGS technologies has allowed the cataloging of genes, gene prod-
ucts and gene interactions within the biological context. TF-driven gene regula-
tion underlies most aspects of organisms’ biology, including the response to biotic
stresses. High-throughput gene expression profiling is dramatically changing our
views on how gene regulation networks are coordinated: from single-gene activities
to gene interactions (Ko and Brandizzi 2020). Data gathered on interacting networks
are valuable to integrate molecular communications and derive models to describe
biological systems. Behind this is the idea of leveraging the interactions between
genes and TFs over function of components alone (Ko and Brandizzi 2020). Thus,
to understand the complex response of plants to pathogens and pests we will have to
look at them as a whole.

Because they accumulate more recombination events, multi-parental segregating
populations can offer better resolution than traditional biparental populations for the
mapping of complex traits. They also have more genetic diversity and minimal popu-
lation structure. Several multi-parent populations have been constructed in legumes,
including peanuts, soybean, cowpea, and faba bean. Their utility ranges from being
a tool for mapping quantitative trait loci to a means of providing germplasm for
breeding programs (Scott et al. 2020).

Improved in situ hybridization (ISH) techniques have come out. One of them is
RNAscope® (Wang et al. 2012), an ISH assay for detection of target RNA within
intact cells through a novel signal amplification and background suppression. This
method is capable of simultaneous detection of multiple target RNAs down to
the single molecule level in individual cells, allowing researchers to study spatio-
temporal patterns of gene expression.By applying confocal lasermicroscopy, Solanki
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et al. (2020), designed an optimized method for RNAscope® detection to determine
the spatial expression and semi-quantification of target RNAs. The generalization
of RNAscope® method to lentils and other legumes will assist in gene expression
studies, as researchers not only know the genes that are expressed, but also when and
in which cells.

RNA transport and localization in planta represent important post-transcriptional
regulation mechanisms. Plants have the capacity to transport mRNA molecules
beyond the cell boundaries through plasmodesmata and over long distance by
phloem. Peña et al. (2021) have described in plants an in vivo method for
RNA-labelling which allows monitoring cell-to-cell transport of mRNA. Technical
advances like these offer new and complementary alternatives for fine analysis of
gene expression in various situations, including stress response.

5.10.2 Gene Editing

Precision gene editing by the CRISPR/Cas9 reagent is a powerful technique for
the genetic manipulation of crop genomes and can be carried out by either targeted
mutagenesis or gene targeting (Scheben et al. 2017). During the last years gene-
editing methods have been established for some crop and model legumes species
such as chickpea, cowpea, soybean, Lotus japonicus and Medicago truncatula, as
reviewed by Bhowmik et al. (2021). However, the recalcitrance of other legumes to
in vitro gene transfer and regeneration has posed a serious challenge to application
of gene editing. Targeted mutagenesis, or gene knock-out, is the easier technique
due to lower host plant transformation efficiency requirements. Gene targeting, or
gene knock-in, is a more advanced technique that uses a donor template containing
the desired DNA changes to be incorporated into the targeted region and requires a
greater transformation efficiency to recover successfully edited plants.

Currently, the ability to manipulate DNA using CRISPR/Cas9 (Anzalone et al.
2019) exceeds the transformation technologies required to deliver reagents into the
plant. Not surprisingly, improvements to the delivery of reagents has become a hot
area of research which is attempting to address problems such as inefficient in vitro
shoot regeneration, Agrobacterium-mediated T-DNA delivery, shoot regeneration
from protoplast tissue and optimization of transgenic selection. Recent research has
demonstrated the capability of morphogenic regulators to effectively generate trans-
formed plants and this technology shows great promise for improvements to legume
transformation and gene editing (Anand et al. 2018; Hoerster et al. 2020;Maher et al.
2020). As it is typical for many grain legumes, the lentil has a long and frustrating
history of tissue culture and in vitro regeneration. In comparison with model plant
species and many other crop species, lentil is a relatively recalcitrant species in rela-
tion to plant tissue culture, whole plant regeneration andmicropropagation, hindering
further biotechnological modifications (Pratap et al. 2018). Encouragingly, lentil
plant transformation has been reported in several genotypes to date including Laird,
Sultan and L-4076 at a transformation efficiency ranging between 0.9–3.1% (Gulati
and McHughen, 2003; Akcay et al. 2009, 2015; Chopra et al. 2011). Improvements
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to these procedures and/or the implementation of morphogenic regulators, combined
with cultural practices such as micrografting transgenic shoots to non-transformed
rootstocks to establish transgenic plants will likely improve transformation efficien-
cies and widen the range genotypes that can be transformed (Khatib et al. 2011).
Genome editing technologies have been also reviewed by Gupta et al. (2020).

5.11 Role of Bioinformatics as a Tool

Most of the published lentil sequences are found in the National Center for
Biotechnology Information (NCBI) and the European Bioinformatics Institute (EBI)
databases, (in this chapter the information has been searched and referenced in the
NCBI database). In the NCBI there are 33,503 entries of Nucleotides using “Lentil”
as searching word. The vast majority of the sequences comes from the cultivated
species, (29,240 entries), although numerous sequences from wild species can also
be found: L. orientalis, 1,606; L. ervoides, 893; L. nigricans, 479; L. odemensis, 254;
L. tomentosus 161; and L. lamottei, 86.

The most numerous entries related to a pathogen in the database refer
toColletotrichum truncatum. Data were obtained in a series of works analyzing the
interactions between lentil and the pathogen (Bhadauria et al. 2011, 2013, 2017b).

Members of the Division of Crop Improvement of Indian Institute of Pulses
Research from Kanpur analyzed the lentil genomic resources available in the public
databases in a recent review (Kumar et al. 2020). Sequence-based markers are
available from the NCBI databases. Among the first works used to obtain maps
and markers is that by Kaur et al. (2011). They obtained 15,298 small-sized TSA
(Transcriptome Shotgun Assembly) sequences from 6 lentil genotypes (BioProject
PRJNA65667, 14-Apr-2011, Table 5.3). Sharpe et al. (2013) compared 11 geno-
types (including two of L. ervoides). The raw data obtained with 454 GS FLX Tita-
nium are found in the BioProject PRJNA192531 (6-Mar-2013). Yilmaz Temel et al.
(2015) obtained 97,528 contigs of cDNAs from two genotypes (PRJNA210522,
7-Jan-2014). The entry of these BioProjects is shown in Table 5.3.

Without doubt the most important specialized database on pulse crops is
KnowPulse (knowpulse.usask.ca) developed by the University of Saskatchewan
(Sanderson et al. 2019). In it, numerous markers based on sequences obtained by the
Sanger’s technique and by NGS-based 454 and Illumina procedures are collected.
These markers are located on the draft v1.2 of the Lens culinaris genome whose
sequences come from the CDC Redberry variety. On that page it is possible to
perform BLAST searches and browse the lentil genome with the JBrowse tool and
perform other queries. The genes have been detected by comparing the genome with
different lentil transcriptomes and the putative lentil orthologous genes toMedicago
4.0, Arabidopsis 10, chickpea 1.0 and soybean 2.75 genomes have also been located.
Access to the data of this genome is limited and for amore complete use it is necessary
to contact Dr. Kirstin E. Bett.

The v1.2 of the lentil genome consists of 2,748Mb (38,998 genes) assembled in 7
large pseudomolecules corresponding to the 7 chromosomes of the species with 339,
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317, 199, 246, 263, 210 and 247 Mb, respectively, in addition to another 128,639
small fragments or contigs containing the rest of the approximately 927 Mb. The
raw data of sequence reads used in lentil genome construction is available from
the NCBI in BioProject PRJNA343689 (21-Sep-2016, Hiseq 2000). The project
includes 22 SRA experiments, with 1,087 Gb in raw data that are assembled in a
total of 2,748 Mb of the 4,063 Mb of the haploid lentil genome (Table 5.3). Many
of the annotated genes come from or have been verified with data from bioprojects
focused on cDNAS (PRJNA434239, uploaded to the NCBI in February 2018). Both
the raw data of the genome and the cDNAs used for their annotation were submitted
by the research group at the University of Saskatchewan.

Other lentil cDNA sequences can be found in two BioProjects: PRJNA218843
is the oldest (11-Sep-2013, 4 Gb, submitted by India NIPGR) in which only one
sample was analyzed; and PRJNA352096 (2-Nov-2016, 160 Gb) in which Sudheesh
et al. (2016b) compare the transcripts of seven different tissues of the Cassab variety.
The project with greatest sequencing effort, PRJNA497358 (18-Oct-2018, 207 Gb)
of the Shadong Center of Crop Germplasm Resources (unpublished), includes six
biological samples and 18 sequencing experiments. This project representsa new and
significant contribution of new lentil transcripts, although it does not fully specify
the data.

In addition to the nuclear genome, the NCBI database contains the lentil
chloroplast genome sequence. The complete sequence can be found assembled
in the BioProject PRJNA285561 submitted by the University of British Columbia
(2-Jun-2015), although not much data of the technique used to obtain it is provided.

It is also possible to identify genome sequences from both prokaryotes and fungi
that are part of the microbiota of the lentil root. Fungi are explored in the BioPro-
ject PRJNA470968 by analyzing the ITS1 spacer of ribosomal genes, the University
of Saskatchewan is again participating in the project (10-May-2018). Prokaryotes
were also studied by researchers at Assam University from 10 different samples.
The analysis was based on the sequences of a fragment of the coding gene for
ribosomal RNA that includes the variable regions V3 and V4 (PRNJNA622390,
submitted at 8-Apr-2020). A new whole metagenomic analysis of two-samples has
recently been performed by researchers at Bidhan Chandra Agricultural Univer-
sity (PRJNA639655, Jun-16–2020). Also, there are complete genomes of two of
the most important lentil pathogens, Colletotrichum lentis (PRJNA407672, 14-Aug-
2018, Bhadauria et al. 2019) and Ascochyta lentis (PRJNA506513, 22-Nov-2018,
Curtin University) available from NCBI.

Numerous sequencing projects have focused their objectives on exploring the
diversity of lentil at the genomic level. Among the firsts of them there is the study of
83 samples genotyped by sequencing (GBS) carried out byWong et al. (2015), whose
raw data can be obtained from the BioProject PRJNA261418(18-Sep-2014, 44 Gb).
Two other GBS studies, based on genomic data, are included in the BioProjects
PRJNA528610 (22-Mar-2019, 121 Gb) and PRJEB38912 (1-Oct-2020, 55 Gb). In
the first one, Pavan et al. (2019) compared 349 lentil accessions, mostly landraces,
while in the second, Liber et al. (2021) chose 190 genotypes of both cultivated and
wild species to study the history of lentil domestication and spread. Ogutcen et al.
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(2018) developed an exome capture array for lentil using 16 wild lentils and 22
cultivars accessions (PRJNA433205, 6-Feb-2018). The greatest effort in sequencing
made to know on the diversity of lentil has been carried out by Dissanayake et al.
(2020), although instead of GBS they studied RNAs from 467 accessions, including
wild species (L. culinaris 304; L. orientalis, 57; L. ervoides, 57; L. nigricans, 24; L.
odemensis, 22; L. lamottei, 1; two unidentified Lens accessions and no samples of L.
tomentosus). The BioProject that collects the data from Dissanayake et al. (2020) is
PRJNA625627 (16-Apr-2020, 1598 Gb).

The rest of the bioprojects devoted to lentil analyze the differential expression
at the messenger level of lentil samples subjected to some type of stress, either
abiotic or biotic. Although abiotic stress is not the main objective of this chapter, we
must mention the two RNAseq studies in which the response to drought is analyzed,
BioProjects PRJNA308969 (16-Jan-2016, 94 Gb) and PRJNA474098 (1-Jan-2018,
120 Gb) by Singh et al. (2017b) and Morgil et al. (2019) respectively, and the two
studies dedicated to temperature, the one by Barrios et al. (2017) studies the effect
of cold and uses the superSAGE technique (PRJEB14947, 9-Dec-2016, 1 Gb) and
Shing et al. (2019) that analyses exposure to high temperatures (PRJNA423129, 20-
Dec-2017, 63 Gb). Three other projects submitted by Lorestan University collect
data on abiotic stresses, although the indications in the NCBI database are not too
clear, they analyze the effect of temperature, drought and salinity (PRJNA378872,
12-Mar-2017, 43 Gb; PRJNA379217, 15 -Mar-2017, 60 Gb; and PRJNA379218,
15-Mar-2017, 52, Gb).

Several experiments analyze gene expression in relation to pathogens, affording
messenger sequences to databases. They are all related to the infection of the fungus
Ascochyta lentis. The first data come from the study byKhorramdelazad et al. (2018),
in which three replicates were analyzed by treatment of the ILL7537 (resistant) and
ILL6002 (susceptible) accessions at three times (2, 6 and 24 h after inoculation - hpi)
with spores of the fungus or mock setting (PRJNA321618, 15-May-2016, 79 Gb). In
the analysis byGarcia-Garcia et al. (2019) only the 3’ terminal ends of themessengers
were analyzed with the MACE technique 24 hpi with the fungus or mock setting,
the genotypes chosen in the study are the susceptible cultivar ‘Lupa’, the moderately
resistant ‘ILL558’ and the resistant wild accession of L. orientalis ‘BG 16,880’
(PRJNA356810, 9-Dec-2016, 1 Gb). Another study of RNAseq is that of Sari et al.
(2018) that used the CDC Robin and 964a-46 lines as resistant and the Eston cultivar
as sensitive. Samples were taken at eight different times after inoculation ranging
between 0 and 60 h, the raw data were collected in the 24 SRA of the BioProject
PRJNA422815 (18-Dec-2017, 40 Gb).

Finally, in the study by Polanco et al. (2019), the messengers of 78 RIL lines from
the cross of the sensitive cultivar ALPO and the resistant ILWL235 accession of the
wild species L. odemensis, the parents used for the cross, were analyzed 24 h after
having been inoculated with spores of the Ascochyta isolate AL-84. Six replicates of
each parent inoculated with spores or mock setting were analyzed from the parents
to serve as a control, obtaining total of 6,306 polymorphic markers from the parents
were used to obtain a high-density map. The raw data are found in the BioProject
PRJNA523792 (22-Feb-2019, 416 Gb).
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5.12 Future Perspectives

In a recent review on the status and prospects of biotechnological interventions for
plant breeding the authors (Singh et al. 2020b) pointed out the following set of actions:
(1) Deployment of genomic resources for trait discoveryand crop improvement by
whole-genome sequencing, resequencing and pangenome analysis together with the
development and deployment of molecular markers for breeding; (2) identification
of QTLs associated with agronomic traits; (3) genomics-assisted breeding for trait
improvement including marker-assisted backcrossing and recurrent selection, and
genomic selection and speed breeding; (4) biotechnological interventions for crop
improvement including the expression and overexpression of candidate genes for
desired phenotype, RNA interference for in vivo knockdown of target genes, and
gene and genome editing. While some significant advances have been achieved in
the development of genomic resources, development of molecular markers and QTL
identification and their use in lentil “molecular breeding”, and many more are being
and will be developed in the near future, most of the biotechnological interventions
depend on the use of transgenic plants and plant tissue techniques, which represents
a bottleneck in the application of the biotechnological interventions in current lentil
breeding. Lentil is a relatively recalcitrant species in relation to plant tissue culture
hindering further biotechnological modifications (See Sect. 5.12).

Third-generation single-molecule sequencing technologies reduce the cost of
sequencing and can be used for sequencing the long DNA fragments expediting
the assembling and scaffolding of complex genome. Hence use of these technolo-
gies can overcome problems associated with the large genome size of lentil and in
coming years, use of NGS will boostgenetic gain in lentil (Kumar and Gupta 2020).

Recent publications on model species have again emphasized the enormous
complexity of the response to pathogens in plants and suggest complementary or
new pathways in the search for resistance in crop species.
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