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Abstract: Cultivated potato (Solanum tuberosum) is a major crop worldwide. It occupies the second
place after cereals (corn, rice, and wheat). This important crop is threatened by the Oomycete
Phytophthora infestans, the agent of late blight disease. This pathogen was first encountered during
the Irish famine during the 1840s and is a reemerging threat to potatoes. It is mainly controlled
chemically by using fungicides, but due to health and environmental concerns, the best alternative is
resistance. When there is no disease, no treatment is required. In this study, we present a summary
of the ongoing efforts concerning resistance breeding of potato against this devastating pathogen,
P. infestans. This work begins with the search for and selection of resistance genes, whether they are
from within or from outside the species. The genetic methods developed to date for gene mining,
such as effectoromics and GWAS, provide researchers with the ability to identify genes of interest
more efficiently. Once identified, these genes are cloned using molecular markers (MAS or QRL) and
can then be introduced into different cultivars using somatic hybridization or recombinant DNA
technology. More innovative technologies have been developed lately, such as gene editing using
the CRISPR system or gene silencing, by exploiting iRNA strategies that have emerged as promising
tools for managing Phytophthora infestans, which can be employed. Also, gene pyramiding or gene
stacking, which involves the accumulation of two or more R genes on the same individual plant,
is an innovative method that has yielded many promising results. All these advances related to
the development of molecular techniques for obtaining new potato cultivars resistant to P. infestans
can contribute not only to reducing losses in agriculture but especially to ensuring food security
and safety.

Keywords: potato; late blight; resistance breeding; gene pyramiding; gene editing; CRIPR-Cas9;
MAS; GWAS; gene silencing; genetic transformation

1. Introduction

Potato is one of the major crops worldwide, being the fourth largest agricultural
production following cereals (corn, rice, and wheat). In particular regions and countries,
such as Algeria and Romania, it is cultivated as the primary crop. Several diseases threaten
this crop and, therefore, the food safety of a large proportion of the world population, for
instance, early blight and brown spot (Alternaria solani, A. protenta, A. grandis, A. alternata,
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and many other Alternaria species [1], Fusarium wilt and Fusarium dry rot (Fusarium sp.),
Neocosmospora solani, [2], black scurf and rhizoctonia canker (Rhizoctonia solani), pink rot
(Phytophthora erytroseptica), verticilium wilt (Verticilium dahliae), PVY (Potato virus Y), bacte-
ria wilt (Ralstonia solanacearum), ring rot (Clavibacter michiganensis ssp. sepedonicus), blackleg
(Erwinia carotovora), Streptomyces scabies, and late blight (Phytophthora infestans) [3-5], to cite
only the most important.

By far, late blight is the most devastating potato disease worldwide [6] and is part of
the downy mildews group of plant diseases. They are caused by Oomycetes and not by
fungi, being fungi-like microorganisms. The disease is characterized by a necrotic lesion in
the upper face of the leaf that starts as a chlorotic spot; typically, the lesion is water-soaked
or oily, surrounded by a light-green-coloured edge (Figure 1A). On the underside of the leaf,
white down fuzzy mycelia are observed (Figure 1B), where the sporangia are produced
(Figure 1B,C). Symptoms on the stem and petioles are brown to dark necrotic lesions [6]
(Figure 1D1-D3).

Figure 1. Symptoms of late blight disease. The typical symptoms of late blight: on the upper side of
the leaf, an oily necrotic spot, surrounded by pale green (A); on the underside of the leaf: a white
down is observed (B). This white down is the pathogens sporangiophres and sporanges (C). Stem
and petioles could also be attacked (D1). Advanced disease is manifested by a blight of the leaves
and possibly the whole plant (D,,D3). Photograph: A. Taoutaou.

P. infestans, the Oomycete causing late blight disease, is known as the most aggressive
pathogen in potato crops [7]. It originated from Mexico and now, its presence is ubiquitous,
wherever potato is cultivated. The first immigration was estimated to be just before the
Irish famine. The race US-1 (Al mating-type genotype) was the only genotype that existed
outside Mexico [8,9]. Then, following the immigration of the mating type A2, a huge
increase in the diversity of this pathogen was observed worldwide [10,11]. Now, the beast
is not confined to Mexico.

Controlling late blight disease is a never-ending war. Since its first dramatic entrance
in human history with the Irish famine in the 1840s, scientists and breeders have worked
to control it. Even now, after approximatively 180 years, it is a re-emerging threat to food
security [12]. The actual main control tool is the excessive use of fungicides. Resistance
is the best alternative to combat this disease, especially when taking into consideration
concerns regarding the effects of these fungicides on humans (users and consumers both),
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the environment (water and soil pollution), and on the pathogen itself (development of
new genotypes resistant to fungicides). Despite the huge efforts made in breeding potato
with late blight resistance, it is a never-ending endeavour due to its virulence and genome
structure, which highlights its quick adaptation ability and evolutionary potential [13].

The present study highlights the importance of obtaining new potato varieties resistant
to P. infestans, from the discovery of genetic resources that can provide resistance genes to
the use of modern genetic and molecular methods to introduce these genes into the crop
plants” genome or editing the genome to combat this pathogen.

2. Genetic Resources for Phytophthora infestans Resistance
2.1. Potato Genetic Resources for Late Blight Resistance

Genetic resources are an essential part of any breeding program. For potato, they
are concentrated on the American continent. The family of Solanaceae includes 90 genera
and 30004000 species [13]. The genera Solanum is the largest, where the cultivated potato
S. tuberosum is classified, as well as other important crops, such as tomato (S. lycopersicon)
and eggplant (S. melongena) [13]. According to Spooner and Salas, in Gopal and Khu-
rana [14], genera of Solanum are found from the southeast of the United States to Chile
and Argentina.

According to Bradshaw et al. [15], only a very small sample of the potential biodiversity
has been exploited. In fact, from about 107 wild potato species [16], 32 have been used to
identify and map Rpi genes [17]. And only a smaller number of these genes have been used
in commercial cultivars.

The classical relative that has been widely used is S. demissum. Potato breeding for
resistance to late blight was first based on the introgression of R genes from this wild
relative. A total of 11 R genes were identified (R1, R2, R3..., R11) [18,19]. The majority
of these genes were overcome by the pathogen. The exception was R8, which, in reality,
is deployed with other genes (pyramids) of Rpi genes [20]. Other wild relatives with a
significant number of identified Rpi genes include the following: S. berthaultii (Rpi-ber1,
Rpi-ber2 [21], Rpi-ber1.2, Rpi-ber1.3, Rpi-ber1.4 [22]), S. bulbocastanum (Rpi-blbl, Rpi-blb2 [23],
Rpi-blb3 [24], Rpi-blb4 [25]), S. stoloniferum (Rpi-stol [25,26], Rpi-ptal, Rpi-sto2, Rpi-pta2 [27]),
S. venturi (Rpi-unt1.1 [28]). A comprehensive review about Rpi genes in potato to late blight
is given by Paluchowska et al. [17].

The search for new Rpi gene sources is still ongoing. Recently, Karki et al. [29] found
several new Solanum species that could be bearers of new R genes: Solanum albornozii,
S. agrimoniifolium, S. chomatophilum, S. ehrenbergii, S. hypacrarthrum, S. iopetalum, S. palustre,
S. piurae, S. morelliforme, S. neocardenasii, S. trifidum, and S. stipuloideum. Duan et al. [30]
screened 189 genotypes belonging to 20 Solanum species, and they found that the genotypes
highly resistant to late blight belong to five wild species, S. bulbocastanum, S. cardiophyllum,
S. jamesii, S. brachycarpum, and S. trifidum. Rogozina et al. [31] screened the Vavilov Institute
of Plant Genetic Resources collection and found out that the species with the most resistance
are S. bulbocastanum, S. demissum, S. cardiophyllum, and S. berthaultii. Also, there are some
potato cultivars that are resistant to late blight disease, for instance, Sarpo Mira, Bzura,
Fortuna, and Azaria, which could be considered genetic resources by breeders and could
be used for other breeding programs.

Conventional breeding methods present numerous obstacles in enhancing the eco-
nomic traits of crops. This is due to the extensive requirement for backcrossing and rigorous
selection pressure, in most cases, to incorporate beneficial traits into the germplasm, result-
ing in a time-consuming and labour-intensive process [32].

In Romania, the National Institute of Research and Development for Potato and Sugar
Beet (NIRDPSB) Brasov developed ten potato varieties (Brasovia, Sarmis, Marvis, Castrum,
Cosiana, Sevastia, Darilena, Ervant, Asinaria, and Foresta) with moderate resistance to leaf
spot and tuber diseases. The Azaria variety is resistant to late blight (Phytophthora infestans)
on both foliage and tubers [33]. Also, Cezarina has a high level of resistance on foliage and
tubers that may be exploited and can reduce the number of treatments [34].
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The priority of breeding programs is to enhance productivity, nutritional quality, and
disease resistance. Although some of these traits can be found in wild potato relatives,
incorporating them into elite cultivars can be a process that takes many years, and some of
them may have a temporary effect [35].

Breeding for resistance begins with identifying genetic resources that possess the
desired resistance traits. This is followed by searching for resistance genes through methods
like gene mining and GWAS, and then identifying and cloning these genes using techniques
such as MAS and QRL. The next step involves gene introgression into potato cultivars via
natural and somatic hybridization or recombinant DNA technologies. While some breeders
use a single R gene, R gene stacking is now recommended. Additionally, susceptibility
genes can be edited using gene editing technologies like CRISPR-Cas9 (Figure 2).
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Figure 2. Breeding strategies of resistance for P. infestans. There are mainly two strategies for
breeding: enhance the plant resistance and/or alter its susceptibility to the pathogen. There are
two types of resistance: the first one is called qualitative and is total (the plant is or resistant,
or susceptible); the second, called quantitative, is partial (the plant could have some degree of
resistance/susceptibility). Legend: x: rejected for both qualitative and quantitative resistance breeding
(the plant is too susceptible to the disease); +: accepted for quantitative resistance (there is an
enhancement of the resistance: the plant is more resistant than the starting material); %: Accepted for
qualitative resistance: the plant is totally resistant to the pathogen, and there is no sign of the disease.

2.2. Resistance Genes to Late Blight

P. infestans is a hemibiotrophic pathogen, which means that it has two stages of
infection. For the first step of infection, it behaves like a biotrophic pathogen; then, it acts
as a necrotrophic one in the second infectious stage. The symptoms described above are
seen only in the second stage.

The resistance to this type of pathogen is thought to follow the gene-for-gene model
developed by Flor (1971) [36]. This model says that for each gene of avirulence of the



Plants 2024, 13,1711

5 of 27

pathogen, there is a gene of resistance in the plant. Now, we know that effectors (avirulence
factors) are detected and recognized by resistance proteins. They function as a surveillance
system and are responsible for P. infestans detection and recognition. The role of R protein is
to detect and recognize the pathogen, by recognizing its effectors. The P. infestans effectors
that are recognized by R proteins are called RXLR effectors. Following effector detection,
a signal is transduced to the nucleus, inducing the expression of genes associated with
resistance, such as genes of pathogenesis-related protein (PR proteins), genes involved in the
synthesis of secondary metabolites that are toxic to P. infestans, and, finally, those involved
in the hypersensitive reaction (HR). This is called effector-triggered immunity (ETI).

Another type of resistance is called PAMP (pathogen-associated molecular pattern)-
triggered immunity (PTI). It is induced as a result of the detection of elicitors. Elicitors can
originate from the pathogen, such as chitin fragments in fungi or INF1 elicin produced by
P. infestans. Another type of elicitor is damage-associated molecular patterns (DAMPs).
Those are molecules originating from the plant under the action of the pathogen, such as
cutin monomers resulting from the digestion of the plant cell wall by pathogen cell wall-
degrading enzymes (here, cutinases). This kind of DAMP is called constitutive DAMPs.
The second type of DAMPs is induced DAMPs; these elicitors are produced by the plant
following pathogen detection, for instance, Systemin, Hypsys, Nepl, etc. Elicitors are
detected by specialized receptors on the plant membrane cell, called Pattern Recognition
Receptors (PRR) [37,38].

Plant resistance genes are classified mainly into five classes, according to
Bezerra-Neto et al. [39], based on their conserved domains. The first is the NLR (Nu-
cleotide binding-site Leucine rich-repeat) class. It is the largest class, and the majority
of plant R genes belong to it. It is divided into two subfamilies: CC-NLR and TIR-NLR.
The second is TM-LRR, the third is RLK (Receptor-Like Kinase), the fourth is STK (Ser-
ine/Threonine Kinase), and the fifth is CC (Coiled Coil). Classes II, III, and V are located in
the plant cytoplasmic membrane, and classes I and IV are cytoplasmic.

There are more than 70 potato genes of resistance to P. infestans identified [17]. These
genes contain highly conserved domains of Leucine rich-repeat (LRR) and Nucleotide
binding site (NBS). Some also have a coiled coil [40], and they are part of the first class
(NLR) (Figure 3).
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Figure 3. Schematic representation of the structure of a resistance gene of potato to late blight

disease. R genes are composed of three major conserved domains: the first one can be a coiled
or Toll Interleukin domain. In the middle is a Nucleotide binding site. This domain also contains
several conserved regions: P-loop, Kinase2, Kinase 3a, ARC1, and ARC2. On the other end, the
Leucine rich-repeat domain is found. Legend: CC: coiled coil, TIR: Tall Interleukin 1 Receptors, NBS:
Nucleotide binding site, LR: Leucine rich, LRR: Leucine rich-repeat.

Based on the number of isolates a gene can offer resistance against, two types of R
genes have been discovered:

e Broad (large)-spectrum R genes: they offer resistance against a wide range of P. infestans
genotypes. The flagship of this category is Rpi-blb1 (known also as RB), identified at
first in the wild species S. bulbocastanum [23,41]. They are able to recognize genus-
specific or species-specific effectors. Other genes were discovered later: Rpi-blb2 and
Rpi-blb3 [23,42]. Homologues of RB were also discovered in other relative wild species:
S. stoloniferum (Rpi-stol) [27]. These genes are supposed to offer resistance against all
P. infestans species. However, some have reported that the isolate NL13316 can break
this resistance, so it is qualified it as an RB virulent isolate [29].
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On the other hand, some of these genes offer resistance to different species (not
only races) by recognizing a conserved effector in the genera or family. Lin et al. [43]
identified an R gene (Rpi-amr3) from S. americanum (wild species) that offers resistance
against multiple Phytophthora species: P. parasitica and P. palmivora. Rpi-amr3 recognizes the
effector AVRamr3. An RXLR-WY effector is conserved in Phytophthora species.

e  Narrow-spectrum R genes: these are genes that offer resistance to only one race; in fact,
they recognize race-specific effectors. This group is represented by the majority of Rpi,
such as R1, R2, and R3 from S. demissum, and other species.

This resistance, based on a single or a small number of dominant R genes, is called
qualitative resistance, and it offers immunity or total resistance against this pathogen.
However, it is easily breakable. The other type of resistance is called quantitative resistance,
which is not total, and it is controlled by several genes, each one contributing somewhat
to resistance. This resistance is considered durable. For breeding this type of resistance,
breeders look for quantitative resistance loci (QRLs) (Figure 2).

Susceptibility is influenced not only by the absence of R genes but also by the activity of
susceptibility (S) genes. S genes facilitate infection and support compatibility between the
pathogen and the host plant, giving pathogens an advantage in colonizing host plants [44].
According to the referenced authors, S genes can potentially be utilized in breeding pro-
grams aimed at developing resistant plant varieties. They classified S genes into three
major groups based on their roles during different stages of infection: (1) early pathogen
establishment: genes active during the initial phase of pathogen infection; (2) modulation
of host defences: genes involved in altering the plant’s defence mechanisms; (3) pathogen
sustenance: genes that help sustain the pathogen within the host [44]. The primary focus is
on the dual roles of R and S genes in plant resistance and susceptibility, emphasizing the
potential for manipulating S genes to breed resistant plants.

2.3. Effectoromics—A New Method of R Gene Mining

Effectors are pathogen tools that infect a host plant. They are molecules produced by
the pathogen to manipulate host physiology in the scope of promoting infection; when
detected by the plant R proteins, they trigger defence responses [45]. Plant R proteins
have the duty to identify and recognize the pathogen by recognizing its effectors. Plant R
proteins can interact directly with effectors (direct recognition) or indirectly, by recognizing
the effect of the effector on its target (indirectly). In some cases, R proteins recognize
the alterations in decoy molecules, produced by the plant, of the effector’s target. The
recognition of the effector is microscopically manifested through the hypersensitive reaction.
As a consequence, effectors can be used in the process of screening the potato germplasm
looking for Rpi genes. This approach is called effectoromics.

Effectoromics, as defined by Du and Vleeshouwers [46], is a “functional genomics
approach that uses effectors to probe plant germplasm to detect R genes”. Since the sequencing
of the P. infestans genome in 2009, and with the use of bioinformatics, this approach has
become possible, with great potential to accelerate R gene identification and cloning and
the identification of R gene homologs, thus aiding to overcome the natural barriers of
hybridization by looking for these homologs in compatible species, as well as detecting
specificity and even helping with R gene deployment [47]. Effectors could be used as
functional markers and are accelerating and improving resistance breeding [48].

Effectoromics was developed first for the identification of potato Rpi genes [49]. The
reference genome of P. infestans harbours more than 560 predicted RXLR and 190 CRN
effector genes. Vleeshouwers et al. [26] used effectoromics to identify Rpi-stol and Rpi-ptal
homologs of Rpi-blb1. Weymers et al. [50] used this approach to identify the Rpi-unt1.1
in S. okadae. The resistance genes of the resistant cultivar Sarpo Mira, Rpi-Smiral and
Rpi-Smira2, were identified using this approach [51]. More recently, Lin et al. [43] estimated
that the reference genome of S. americanum contains approximately 550 R genes. Then, they
successfully identified and cloned the Rpi gene Rpi-Amr4 (from S. americanumy) using the
effectoromics approach. It is worth noting that this approach could be transferred to other
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pathosystems to enhance the gene mining efficiency. For instance, Giesbers et al. [52] used
this approach to identify an R gene of lettuce against Blumeria lactucae.

3. Genetic Methodologies for Breeding Resistance to Phytophthora infestans
3.1. Marker-Assisted Selection for Phytophthora-Resistant Potato Plants

Marker-assisted selection (MAS) is a revolutionary technique that has transformed
the field of plant breeding by allowing for the rapid and precise selection of desirable
traits in crops [53]. MAS provides a more efficient and precise method for selecting disease
resistance [54] and offers a more efficient and targeted approach, utilizing molecular
markers linked to resistance genes to expedite the breeding process [55]. MAS allows for
the selection of plant traits based on the presence of specific DNA markers associated with
those traits [54].

In recent years, molecular markers have been used in the agronomic sciences as
powerful tools for analysing genetic variation, as they efficiently link phenotypic and
genotypic variation [56]. In potato, molecular markers are used in studies on cultivar
identification [57], genotype characterization and genetic diversity [58,59], resistance to
biotic and abiotic stress [60], pathogen resistance [61,62], and trait mapping [63]. This
technique has significantly accelerated the breeding process [56], because it allows for
the identification of resistant plants at an early stage, enabling faster and more targeted
breeding programs [64]. Overall, the application of MAS in potato breeding holds great
potential in creating resilient and high-yielding cultivars that can combat the destructive
effects of late blight disease on potato crops [65]. MAS has been successfully used in
improvement programs for the development of potato varieties resistant to late blight
caused by P. infestans [66].

Late blight resistance has been the focus of continuous and intensive research for over
a century, as P. infestans has the ability to rapidly mutate to evade plant defences, resulting
in the most destructive disease, known as potato late blight [7]. While single R genes can be
easily overcome by the rapidly evolving pathogen, it is now necessary to combine multiple
R genes and/or quantitative trait loci (QTLs) against P. infestans to breed potato cultivars
with durable resistance. This approach could prolong the rate of late blight resistance [61].
Conventional breeding methods are crucial but time-consuming (10-15 years) due to
several generations of backcrossing, field trials, and phenotype selection. This process is
challenging in potatoes because of their polyploidy (2n = 4x = 48), tetrasomic inheritance,
and chromatid segregation [61]. Alternatively, the use of molecular markers for genotype
analysis to identify and select species with desired traits is becoming more prevalent [67].
This selection approach, known as marker-assisted selection (MAS), offers a considerably
more cost-effective selection method per cultivar in potato breeding compared to traditional
field-based phenotypic screening [68]. Molecular markers and genome sequencing data are
expected to be pivotal in MAS. Key factors to consider for markers in MAS are their ease of
use, reliability, cost-effectiveness, linkage to genes controlling the trait of interest, and the
amount of phenotypic variation explained by the marker [69].

Most of the molecular markers used previously in mapping were either restric-
tion fragment-length polymorphism (RFLP) or amplified fragment-length polymorphism
(AFLP), found exclusively using diploid-segregating populations. RFLP was the initial
molecular marker method and the only marker system founded on hybridization. Within
a species, individuals show polymorphism due to insertions/deletions, point mutations,
translocations, duplications, and inversions [70]. AFLP markers are generated using a
technique that involves digesting genomic DNA with restriction enzymes, followed by
selective PCR amplification of the resulting fragments [71]. AFLP markers are reliable but
expensive, labour-intensive, and have a long assay technique, whereas RFLP and simple
sequence repeat (SSR) systems are based on the polyacrylamide gel system, a long and
laborious technique. Therefore, these markers are not easily assayed and are, consequently,
unsuitable for MAS [61]. Conversely, Sequence-Characterized Amplified Region (SCAR)
and Cleaved Amplified Polymorphic Sequence (CAPS) markers are straightforward to use.
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SCAR markers exploit polymorphisms in the primer sites, leading to the absence or pres-
ence of an amplified band [72], while CAPS markers utilize a restriction site polymorphism
following PCR amplification [61,73].

In studies on late blight resistance, different types of markers were developed and
used for targeting resistance genes. According to the bibliography and based on different
research on R genes in wild species of potato, the SCAR marker CosA can be used to detect
the resistance gene R1 [69]. The R2 gene can be targeted through the SSR marker R2 [74];
the R3b gene can be identified through the marker R3b [75] and the SSR marker R3b4 [76].
Rpi-blbl can be targeted either by SCAR markers like Rb-1223 [61] and RB-629/638 [75] or
SSR markers such as BLB1 [77] and 1521/518 [78]. In Jacobs et al. [79], the CAPS marker
CP58 (Mspl) was linked to the resistance gene Rpi-cap and OPA17. A RAPD marker was
used to detect the QTL_phu-stn [80].

Thanks to advances in high-throughput genotyping technologies, such as genotyping
by sequencing (GBS), dense markers have been discovered for detecting disease resistance
and other important traits in potatoes. This approach has led to the identification and
filtration of a substantial number of SNP markers, ultimately resulting in the creation of
a high-quality subset [67]. Syverson and Bradeen [81] mentioned that single nucleotide
polymorphisms (SNPs) represent the ultimate molecular marker type that continued to
evolve against P. infestans. DNA sequence-based markers like SNPs are the most common
form of genomic DNA variation and are preferred over other genetic markers due to
their low mutation rate, ease of use, and cost-effectiveness for genotyping [82]. Currently,
genome-wide association studies (GWASs) are conducted using SNP markers to locate
genes/QTLs linked to resistance against late blight in potato [83,84]. The continuous
development in the molecular markers” technology from RFLP to SNPs and a diversity of
array-technology-based markers have revolutionized the study and breeding of late blight
resistance in potatoes. Marker-assisted selection has enabled breeders to introgress multiple
resistance genes and quantitative trait loci, enhancing the durability and effectiveness of
late blight resistance in potato cultivars.

Despite these challenges, the potential benefits of using MAS in potato plant breeding,
particularly in the context of disease resistance, make it a valuable tool for improving crop
productivity and sustainability [85].

3.2. Genome-Wide Association Study

Genome-wide association studies (GWASs) are a widely adopted technique to unravel
genotype—phenotype associations in many species due to advances in Next-Generation
Sequencing (NGS) technologies [86]. GWAS methods assess the statistical correlation
between markers, typically single nucleotide polymorphisms (SNPs), and the phenotype of
a target trait observed in large panels of individuals (natural populations) or lines (diverse
germplasm collections), which are often genetically distant [87]. Genome-wide association
studies are carried out by analysing the entire genome for significant associations between
a panel of SNPs and a specific phenotype. These associations are subsequently confirmed
independently to demonstrate that they (a) contribute directly to the parameter of interest
or (b) are linked to a particular phenotype [88]. Phenotypic variation, population size and
structure, allele frequency, and linkage disequilibrium collectively influence the power of
GWASs [87].

The GWAS has emerged as a powerful approach for dissecting the genetic basis of
complex traits by identifying specific regions in the genome, known as quantitative trait
loci (QTLs), which affect the phenotype. This is achieved by using sufficient markers
and linkage disequilibrium (LD) between alleles [89,90]. LD refers to the non-random
association of alleles at different loci [91]. The rate of LD decay determines the minimum
number of markers required for a GWAS and also influences the feasibility of tagging QTLs
associated with traits of interest. A low level of LD allows for more precise mapping, as
it highlights only those genetic locations that are closely linked to the gene being studied
and are strongly associated with the trait of interest. Achieving such precision, however,
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requires a larger number of molecular markers compared to situations with higher LD [92].
On the other side, ignoring the non-random association among alleles at different loci
negatively affects the mapping resolution, because both causal and non-causal alleles will
be included in the following analyses, potentially leading to false associations [87]. In
Vos et al. [93] and Sharma et al. [94], moderate LD decay at a distance of 70 Kb to 2 Mb has
been reported in the cultivated gene pool of European and North American potato.

Conducting a GWAS can be relatively easier in crops that have well-characterized
genomes, extensive genetic diversity, and traits that are controlled by relatively few genes
with large effects, which is why Zea mays L. and Arabidopsis thaliana L. are frequently
featured in GWAS reports. A number of candidate genes and associated SNPs have been
identified for various agronomic and quality traits as well as for biotic and abiotic stress
tolerance, such as head smut tolerance [83], drought tolerance [95], cold tolerance [96,97],
and resistance to corn borer in maize [98].

Resistance to late blight involves a complex interplay of genetic factors that contribute
to the overall level of resistance observed in different potato varieties [47] because this
resistance is controlled by multiple genes, and its expression is influenced by environmental
factors, so its improvement is difficult. Genetic mapping is a powerful strategy that exploits
genomic information to dissect such complex traits and identifies genetic determinants
that may lead to crop improvement [99]. Being highly heterozygous and auto-tetraploid,
the genetic inheritance in cultivated potatoes is quite complex, which complicates gene
mapping. Therefore, conducting a GWAS on potatoes can be challenging. For molecular
map construction and linkage analysis, diploid individuals are frequently used as parents to
limit the complexity of potato genetics [100]. Several late blight resistance loci were identi-
fied using bi-parental populations at the diploid level in early genetic mapping studies [61].
However, this method does not allow for the evaluation of large gene pools or interactions
involving multiple alleles that affect traits in polyploids. Recent advancements have been
achieved in creating algorithms and software for genotype identification, linkage, and QTL
analysis in polyploid species [101]. The identification of QTLs in autopolyploids is facili-
tated by innovative tools like GWASpoly, which consider the effects of allele dosage [102].
As mentioned earlier, a GWAS requires high-density molecular markers, especially single
nucleotide polymorphisms (SNPs) spread across the genome. Although 8 K, 12 K, and
20 K SNPs arrays have been available in potatoes [103,104], they were developed using a
specific germplasm.

Knowledge of the candidate genes and QTLs governing resistance (QRL) could ac-
celerate the breeding process and enhance the genetic gain in potato breeding [84]. Since
the availability of the genome of potato (S. tuberosum L., NCBI:txid4113) published in 2011
by the Potato Genome Sequencing Consortium (PGSC) using a whole-genome shotgun
sequencing approach (The Potato Genome Sequencing Consortium, 2011), genetic anal-
yses conducted on potato have been enhanced. Due to access to advanced sequencing
technologies and enhanced software, the creation of a high-quality, long-read, chromosome-
scale assembly and improved annotation dataset for the reference genotype of potato
has been enabled [105]. Currently, the identification of candidate genes associated with
various traits in potato is facilitated using the PGSC potato genome sequence portal
(http://spuddb.uga.edu/dm_v6_1_download.shtml, accessed on 16 March 2024). These
advancements collectively increase the value of genomic analysis in tetraploid potatoes,
making it more relevant for evolutionary and breeding research.

GWASs have been successfully used to reveal genomic regions, candidate genes, and
QRLs governing resistance to late blight in potatoes. In Wang et al. [83], a GWAS was con-
ducted for late blight R traits using the AFSM sequencing approach on 284 potato cultivars
from China, Australia, Belarus, Canada, Britain, the International Potato Center (CIP), Israel,
Netherlands, Russia, and the United States. The main objective of the study was to dissect
the genetic architecture of the cultivars and to evaluate their genetic diversity, identify loci,
and molecular markers associated with the late blight R trait and to identify candidate
genes for potato-breeding improvements. GWAS analysis revealed 964 loci significantly
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associated with the late blight R trait. The genomic regions identified harboured 14 can-
didate genes for late blight R traits, including genes encoding the pathogenesis-related
protein, chitinase 1, R protein, protein kinase, ethylene-responsive transcription factor, and
other potential plant resistance-related proteins. Lindqvist-Kreuze et al. [101] conducted
a GWAS on foliar late blight resistance in tetraploid potato, using a panel consisting of
380 genotypes bred at the International Potato Center in Peru. According to the GWAS
results obtained, QRL with the largest effect was identified in chromosome 9, and the
highest numbers of SNPs associated to late blight resistance were mapped between 59 and
61.2 Mbp of chromosome 9 in a region that had been previously associated with late blight
resistance [106].

A recent GWAS study conducted by Sood et al. [84], on 367 potato accessions, including
Indian and exotic varieties and advanced breeding lines, identified several resistant elite
donor lines for late blight, which could be used in introgression breeding. Eight QRLs
were found for late blight, detected by additive and simplex dominance models of GWAS.
The highest number of QRLs mapped on chromosome 11 indicated that it was the hotspot
for late blight resistance in potatoes. This region was previously reported as the hotspot
disease R genes in potato [107]. The major genes for late blight defence identified in the
study were functionally related to response regulators, proteins of unknown function, and
plant U-box and ENTH/VHS/GAT family protein.

The application of GWAS in potato has resulted in the successful identification of
genomic regions associated with late blight resistance; this information can be used to
develop improved varieties with enhanced resistance to late blight through marker-assisted
selection or gene editing techniques.

3.3. DNA Methylation

DNA methylation is a biochemical process that involves adding a methyl group to the
DNA molecule, typically at the fifth carbon of the cytosine ring within CpG dinucleotides
(the regions where a cytosine nucleotide is followed by a guanine nucleotide in the linear
sequence of bases). This process is catalysed by enzymes known as DNA methyltransferases
(Dnmts), which transfer a methyl group from S-adenosyl methionine (SAM) to the cytosine,
forming 5-methylcytosine (5 mC) [108]. DNA methylation is essential for silencing retroviral
elements and regulating tissue-specific gene expression.

DNA methylation was employed for the first time in a non-model plant population,
specifically cassava, revealing an average detection rate of one methylation site per 51 base
pairs [109]. Drozda et al. [110] investigated DNA methylation in potato, focusing on two
genotypes (‘Sarpo Mira’ and the breeding line TG 97-411), both known for high effector-
triggered immunity (ETI) resistance against an avirulent P. infestans isolate. Their findings
demonstrated that the pathogen swiftly induced 5-methylcytosine (5-mC) DNA hyper-
methylation in both potato genotypes. Furthermore, treatment with S-nitrosoglutathione
reductase (GSNOR) led to a significant increase in the global methylation level.

GSNOR activity is necessary to regulate the transmethylation cell activity associated
with DNA (de)methylation involved in stress-responsive gene regulation [110]. Addi-
tionally, Kuznickii et al. [111] explored the role of DNA methylation and demethylation
in potatoes in enhancing resistance against the virulent P. infestans MP977 by studying
BABA-primed changes linked to transcriptional memory.

3.4. Genetic Engineering and Genetic Transformation of Potato

In the last two decades, the conventional potato breeding program has been increas-
ingly improved and replaced by various methods based on genetic transformation. Hence,
genetic engineering offers the chance to incorporate desired genes without modifying the
allelic combinations that define prosperous commercial cultivars [35]. The goal of genetic
engineering is to create organisms with desired traits or characteristics that may not occur
naturally or may be difficult to achieve through traditional breeding methods. Genetic
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engineering can involve manipulating DNA at the molecular level to introduce, delete, or
modify specific genes.

The development of this field is due to biotechnology (manipulation of single-cell
cultures or organized tissues), which provides the basic substrate for the practical use
of genetic engineering for potato breeding [112]. Genetic transformation is a process
where numerous identical clones of the R gene are transferred to another bacterium called
Agrobacterium tumefaciens. This bacterium’s natural ability is used to transfer the cloned
R gene (or a cassette of several R genes) to individual cells of potato leaves, in a liquid
suspension to induce transformation [113].

Genetic engineering consists of two types of gene intrograssion: trans-genesis and
cis-genesis. Trans-genesis is the process of introducing a foreign gene or genes, from a
sexually incompatible species, such as bacteria, into an organism’s genome, resulting in
the expression of traits encoded by those genes [114]. This technique is commonly used
in genetic engineering to confer new traits or characteristics to organisms for various
purposes, such as improving crop yield, enhancing resistance to pests or diseases, or
producing valuable proteins. Cis-genesis refers to a genetic engineering approach where
genes are transferred from sexually compatible species, typically within the same genus,
without introducing genes from unrelated organisms. In cis-genesis, the transferred genes
are copies of genes naturally found in the target species. This technique ensures that only
genetic material native to the target species is introduced, without incorporating foreign
genetic elements [115].

For potatoes, many studies have revealed the importance of accelerating the breeding
process or gene transfer for resistance to the late blight pathogen. In the past 15 years,
research has been conducted to identify and clone multiple genes associated with resistance
to the pathogen P. infestans in wild potato species.

Although potato is a tetraploid and a heterozygous crop, its genetics is quite challeng-
ing to understand. For this reason, due to modern technologies, genome sequencing began
in 2005-2006 and continued until 2011, as part of a program called the Potato Genome
Sequencing Consortium (PGSC). For this purpose, a heterozygous diploid crossing line
of the S. tuberosum group Tuberosum (RH89-039-16) and a double-monoploid-derived
genotype of the S. tuberosum group Phureja (DM1-3 516 R44) were used. After the process
was completed, the sequence data unveiled a genome size of 844 Mb and approximately
39,031 protein-coding genes in potatoes [116].

Since the first genetically modified (GM)/biotech crop plants were introduced in the
mid-1990s, from then, there has been a continuous growth in the amount of land used to
plant and harvest these crops globally every year in the agriculture industry [117]. Rpi
genes have been identified in wild potato species and transferred into cultivated potato
varieties through classical breeding. A case of incorporating Rpi genes into the potato
gene pool was demonstrated in the Bioimpuls project, which, after 11 years, led to the
development of a true seed population containing single or multiple Rpi genes for late
blight resistance through classical breeding methods [66].

However, the breeding process is long and difficult (up to 30-50 years) due to differ-
ences in ploidy levels between wild species and cultivated tetraploid potatoes. Significant
advancements have been achieved over the last 25 years in understanding the molecu-
lar foundations of plant disease resistance mechanisms and how pathogens overcome
them [118]. From “Bionica” and “Toluca” late blight resistant varieties, which bear the R
genes, transferred with original interspecific hybridization from S. bulbocastanum, a process
that took a long time (45 years) [119], in 2014, a new potato genotype for blight resistance
was developed by inserting the gene Rpi-vntl.1 (from S. venturi) in the Desirée cultivar,
by a team of British scientists. This gene is known to confer resistance to race 13_A2 and
6_Al in detached leaf assays [118]. Also, it was demonstrated that the three Rpi genes
(Rpi-unt1.1, RB and Rpi-blb2) isolated from the wild species S. bulbocastanum and S. venturii
can confer extreme, possibly stable and durable, resistance to late blight in the potato
varieties ‘“Tigoni’ and ‘Shangi’ cultivated in east Africa [120]. Haverkort and his team [113],
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as part of the DuRPh project (2006-2015), utilized cis-genesis to clone and transfer Rpi
genes from crossable wild potato species (cisgenes) using A. tumefaciens, while excluding
non-potato genes.

The same genes (Rpi--vntl.1 and Rpi-blb2) was transferred into Desirée and Victoria
cultivars, by electroporation, using the A. tumefaciens hypervirulent strain EHA105, provid-
ing complete resistance in the field over several seasons [119]. The characteristics of the
local pathogen population indicate that the resistance to late blight could endure for an
extended period due to its limited diversity, comprising the singular lineage 2_A1 [119].

Currently, globally, 51 transgenic events are approved, with the majority prepared by
A. tumefaciens. Among these, 38% of the events exhibit resistance to various potato-specific
diseases. These transgenic events were developed by the company J.R. Simplot Co [121].
There are four GM events with resistance to late blight, all approved for cultivation in
America and Canada. These are Gen2-Z6 (Simplot Innate), X17 (Innate Acclimate), Y9
(Innate Hibernate), and W8. All GM potatoes have Rpi-vntl. All these events are suitable
for commercialization for food and feed in a few countries, like Australia, Japan, New
Zealand, Malaysia, Philippines, and Singapore. In the European market, currently, the
transgenic potato is not allowed.

In China, major food companies have refused to use genetically modified (GM) pota-
toes in their processed potato products [122]. Recent milestones in Asian countries to
mitigate or manage late blight in potatoes include significant advancements in genetic engi-
neering and biotech approaches. The only country in Asia known for producing genetically
modified (GM) potatoes is India. Researchers from the Central Potato Research Institute
(CPRI) in Shimla developed GM potatoes (KJ66) that are resistant to late blight, aiming
to improve crop resilience and reduce losses due to disease. The KJ66 potato hybrid was
derived from the wild Mexican potato, and it is being developed to fight the infamous
pathogen Phytophthora infestans (https:/ /forumias.com/blog/transgenic-crops-in-india-
need-and-challenges/, accessed on 28 May 2024).

The GE Katahdin event SP951, expressing the RB gene resistant to P. infestans, was
donated to the ICABIOGRAD (Indonesian Center for Agricultural Biotechnology and
Genetic Resources Research and Development) by USAID from Cornell University, USA.
This material is intended to be used as a source of resistance to late blight in the breeding
program [123].

No GM potato has been approved as food or feed in the Republic of Korea as the
country adheres to a zero-tolerance policy to unauthorized genetically modified organisms
(GMOs) [124].

In conclusion, all genetic modification techniques are able to develop potatoes with
elevated levels of late blight resistance in a short period, a hard thing to achieve using
conventional plant breeding alone.

3.5. Somatic Hybridization

Somatic hybridization (SH) is the fusion of two protoplasts. The cell walls of the cells
are digested, and then the resulting protoplasts are subjected to an electric pulse. It offers
researchers and breeders the possibility to overcome the barriers to natural hybridization
between different species and also the fears of consumers linked to the introgression of
genes via the recombinant DNA technologies.

SH represents a significant advantage in terms of time and effort for breeders, par-
ticularly in species where natural barriers impede conventional hybridization. The best
case is the species S. tuberosum and S. bulbocastanum. According to Haverkort et al. [125],
the process of introgressing the Rpi-blb2 gene into S. tuberosum commenced in 1959 and
culminated in the development of the cultivars Toluca in 2006 and Bionica in 2008, spanning
a minimum of 47 years.

Somatic hybridization emerges as a particularly advantageous strategy in breeding pro-
grams aimed at achieving broad-spectrum and durable resistance. The Rpi genes of this type
are found mainly in S. bulbocastanum (Rpi-blb1, Rpi-blb2, Rpi-blb3, Rpi-bt1, and Rpi-blb4). So-
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matic hybridization provides the most rapid pathway for incorporating these genes. Helge-
son et al. [126] demonstrated the successful transfer of resistance to P. infestans from S. bulbo-
castanum into cultivated potato through SH. Rakosy-Taican et al. [127] used SH to create a
potato genotype carrying a pyramid of Rpi-blb1, Rpi-blb3, R3a, and R3b. Thieme et al. [128]
also used SH between wild species (S. cardiophyllum, S. tarnii, S. etuberosum) and cultivated
potato to transfer resistance to late blight and PVY. Shi et al. [129] used SH to cross S. tubero-
sum and S. cardiophyllum (resistant to late blight). Also, Sedlak et al. [130] achieved late
blight resistance in hybrids by employing SH techniques in crosses between S. tuberosum
and S. bulbocastanum.

3.6. Gene Silencing

In natural plant-pathogen interactions, there is always a trans-kingdom exchange of
small RNAs (sRNA), also called RNA interference (iRNA). Pathogens, including P. infestans,
use RNAI to interfere with plant defences.

RNA interference (RNAi) was used by Sun et al. [131] to knock down StDND1, and
they found that the plants were more resistant to P. infestans. In 12 of the transformants,
dwarfing appeared, a phenomenon that may result from either the specificity of the RNAi
method used to silence the gene or variations in the efficiency of gene silencing throughout
the plant’s development. Using the RNAi method to silence one or a group of genes can
cause undesirable phenotypes that may produce uneven results [131].

Kieu and his team [132] found that knocking out the StMLO1 gene in potatoes did not
enhance late blight resistance in MLO potatoes. All eight StMLO1 mutant lines were as
susceptible to late blight disease as the wild type, Desirée. Sanju et al. [133] silenced the
Avr3a gene of P. infestans, resulting in moderate gene suppression and moderate disease
resistance observed in transgenic plants. This implies the need to assess the collective
influence of effector genes in conjunction with the Avr3a gene. Orthologs of Arabidopsis S
genes (DND1, DMR6, DMR1, and PMR4) were silenced by RNAI in potato and tomato, by
Sun et al. [134]. The mutant lines of A. thaliana, Dnd1 plants, also demonstrate improved
resistance against a wide range of virulent fungal, bacterial, and viral pathogens. The
results showed resistance to both late blight and two powdery mildew species (Oidium
neolycopersici and Golovinomyces orontii). The authors concluded that the S gene function of
DND1 is conserved not only in tomato but also in potato [134].

Silencing one or more genes via transgene-mediated post-transcriptional gene silenc-
ing utilizing RNA interference has led to the emergence of various novel phenotypes [135].
On the other hand, the RNAI construct inserted into Agrobacterium tumefaciens aimed at
providing durable resistance to P. infestans was successfully integrated into the genome of
transformed plantlets of the Atlantic variety [136]. Transgenic potato lines (S.tuberosum cv.
Desirée) were successfully developed to express fused viral coat protein coding sequences
from Potato virus X (PVX), Potato virus Y (PVY), and Potato virus S (PVS) as a 600 bp in-
verted repeat driven by a constitutive 355 promoter [137]. These transgenic lines exhibited
100% resistance to PVX, PVY, and PVS infections compared to untransformed controls,
demonstrating the effectiveness of RNA interference (RNAi).

Conversely, plants employ RNA interference (RNAi) to modulate the expression of
pathogen genes encoding effectors, a process known as Host-Induced Gene Silencing
(HIGS). HIGS could be used to alter the S. tuberosum-P. infestans interaction outcome in
compatible interactions. In this mechanism, the plant produces double-stranded RNA
(dsRNA), targeting a specific gene in the pathogen, leading to the suppression of that gene’s
expression [138]. HIGS can limit pathogen growth by targeting genes implicated in the
development and/or growth of the pathogen, pathogenesis, or by silencing effector genes
that are affecting plant immunity responses [139] (signal transduction, pathogenesis-related
proteins, hypersensitive reaction). HIGS can be used by obtaining transgenic plants express-
ing RNAI constructs, by micro-bombardment, or by spraying. According to Padilla-Roji
et al. [139], HIGS has been used mainly for powdery mildews in the pathosystem Hordeum
vulgare-Blumeria graminis f.sp. hordei and resulted in a pathogen growth reduction, even in
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the absence of the gene MIa10 (R gene of barley to powdery mildew). Schaefer et al. [140]
silenced three effector genes of Blumeria graminis f.sp. tritici (SurPm3*"f1, Bgt-Bcg-6, and
Bgt-Bcg-7), simultaneously resulting in the enhanced resistance of wheat plants. HIGS was
also successful in reducing disease severity in the pathosystem Triticum aestivum-Puccinia
striiformis f. sp. tritici by silencing the effector genes Pst_4 and Pst_5 [141].

In the S. tuberosum-P. infestans pathosystem, Jahan et al. [142], observed that silenc-
ing the PiGPB1 gene resulted in a significant restriction in disease progression. This
gene is believed to play a critical role in sporangia formation [143]. When PiGPB1 is
silenced, sporangia production is either completely inhibited or results in defective spo-
rangia [142,144]. Sporangia plays a crucial role in disease propagation. Under optimal
conditions for pathogen development—such as suitable temperature, water availability,
and air humidity—each sporangium produces multiple motile asexual spores, known as
zoospores, which infect the plant. Even under suboptimal conditions, sporangia can act as
infection propagules and directly initiate disease [145].

Transgene-mediated post-transcriptional gene silencing using RNA interference (RNAi)
is a method used to achieve a genetically improved phenotype by inactivating one or more
genes [135]. As we understand, RNAi is a fundamental cellular defence mechanism against
invading pathogens, but adding in vitro synthesized dsRNA, it can be exploited as a late
blight management strategy in potato crops [146]. Also known as spray-induced gene
silencing (SIGS), this approach to disease management is an environmentally friendly ap-
proach to disease management as it does not leave chemical residues in crops. Additionally,
due to its sequence specificity, it only inhibits the target organisms.

Gene silencing, initiated by double-stranded RNA (dsRNA), has proven to be an in-
valuable method for identifying and validating gene functions in numerous organisms. In
the case of P. infestans, these strategies have relied on stable transformation followed by the
spontaneous silencing of both the endogenous gene and the transgene [147]. These authors
developed the first application of transient gene silencing in P. infestans, by delivering in vitro
synthesized dsRNA into protoplasts to trigger silencing. After exposure to dsRNA, a reduc-
tion in GFP fluorescence was observed in gfp dsRNA-treated lines, along with decreased
INF1 production in infl dsRNA-treated lines. Recently, Sundaresha et al. (2022) [148] devel-
oped target-specific RNA interference (RNAi)-based molecules, combined with nanoclay
carriers (as a carrier for sorbitol dehydrogenase), and the late blight infection was reduced
when dsRNA was sprayed on plants.

Kalyandurg et al. [146] utilized nanoclay combined with double-stranded RNA (dsRNA),
targeting several critical genes involved in the pathogenesis of Phytophthora infestans or
expressed at different stages of its infection cycle: PiGPB1 (sporangia formation), PiIOSBP
(fungicide target), PiHmp1 (infection establishment), PiCut3 (the carbohydrate-active
enzymes cutinase), and PiEndo3 (host tissue penetration and colonization). The results
demonstrated that plants treated with the multigene-targeted dsSRNA-nanoclay exhibited
significantly enhanced disease resistance, showing only 4% disease severity and reduced
sporulation compared to plants treated with dsRNA alone. This study validated the
dsRNA-nanoclay spray-induced gene silencing (SIGS) method as a proof of concept,
suggesting it as a potential alternative to chemical fungicides and transgenic approaches
for environmentally friendly and innovative plant protection against late blight.

The dsRNA generated by the bacteria was assessed by Ivanov and his team [149]
on potato explants and exhibited a statistically notable decrease in lesions five days post-
inoculation compared to the water treatment. dSRNA-based strategies have emerged as
promising tools for managing P. infestans, the pathogen responsible for late blight disease
in potatoes and tomatoes. The efficacity of dsRNA in late blight of tomato was demonstrate
by Porwel et al. [150]. When the concentrations of dsRNA were reduced, the spread
of infection was limited in leaves, but on petiols, the highest concentration of dsRNA
produced the minimum infection. So, dsRNA-based strategies have emerged as promising
tools for managing P. infestans.
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In conclusion, dsRNA-based strategies have emerged as promising tools for managing
P. infestans, the pathogen responsible for late blight disease in potatoes and tomatoes.
When these dsRNA molecules are introduced into the pathogen’s environment, they can
trigger a process called RNA interference (RNAi). In RNAi, the dsRNA is recognized by
the pathogen’s RNAi machinery, leading to the degradation of the corresponding mRNA
molecules and, ultimately, silencing the target genes. So, when the pathogen infects the
plant, the expressed dsRNA molecules are taken up by the pathogen, leading to gene
silencing and reduced disease development. Also, one of the advantages of dsSRNA-based
strategies is their specificity. dsSRNA molecules can be designed to target specific genes in
Phytophthora infestans, reducing the environmental impact compared to chemical pesticides.
Additionally, dsRNA molecules are biodegradable and do not persist in the environment
for extended periods, further enhancing their environmental safety.

3.7. Gene Editing Technologies—CRISPR Cas9 System

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) represents a
groundbreaking gene editing methodology enabling precise DNA modifications within
organisms. It has rapidly become one of the most powerful tools in molecular biology and
genetic engineering. CRISPR/Cas9 technology has indeed revolutionized plant biology
and agriculture, providing unprecedented opportunities for precise genetic modifications
and the development of improved crop varieties.

The CRISPR method is based on a natural defence mechanism found in bacteria,
and it has exceeded all expectations in changing plant molecular biology [151]. Bacteria
use CRISPR sequences to defend themselves against viruses by storing snippets of viral
DNA in their own genomes. CRISPR-Cas is renowned for its robustness, high specificity,
and programming capabilities, which enable the precise genetic manipulation of crop
species [152].

Cas9 protein, from Streptococcus pyogenes (SpCas9), is an enzyme that acts as molecular
scissors and is the most popular CRISPR nuclease [153]. It binds to the crRNA (short RNA
sequences that are complementary to the target DNA sequence) and guides it to the target
DNA sequence. Once there, Cas9 cuts the DNA at the precise location specified by the
crRNA [151]. Additionally, it is crucial that the Cas9 protein is situated within the nucleus,
where the targeted gene editing processes occur. To create high levels of Cas9 protein, it is
common to use a promoter. Examples include the CaMV 35S promoter, the maize ubiquitin
promoter [154], the AtU6-26 promoter in Arabidopsis, and the OsU6-2 promoter in rice [155].

Advancements in whole-genome sequencing have facilitated the identification of
essential gene functions, thereby enhancing the efficiency of CRISPR-Cas9 editing for
targeting specific genes. This technology accelerates the development of new germplasm
resources with improved agroeconomic traits [156]. Since its initial report a decade ago, the
CRISPR-Cas9 system has been successfully used to edit several plant species, including
potatoes [155].

Potatoes have a tetraploid genome and commonly show a vegetative reproduction
mechanism. To generate potato mutants using one-stop engineering processes with pro-
grammable nucleases, there are many challenges that need to be overcome [157]. However,
in the last decade, a lot of studies have improved economic traits, like yield, quality, biotic
stress resistance, and abiotic stress tolerance. Also, studies were conducted to improve the
nutritional quality or starch quality of crops, more precisely and accurately using this revo-
lutionary breeding method, known as Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR).

CRISPR/Cas has proven to be a viable and efficient technology for accelerating potato
breeding efforts. Utilizing pathogen-resistant cultivars is anticipated to enhance crop yield
and reduce the reliance on fungicides in agriculture. However, the effectiveness of resistance
(R) genes in potato breeding is limited due to their specificity to particular pathogen races,
making them susceptible to being quickly overcome by pathogen evolution [132]. Table 1
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presents a collection of studies showcasing the application of this genetic editing method
in developing potatoes resistant to P. infestans.

In order to develop potato cultivars resistant to late blight in the future, the initial
stage of identifying potential susceptibility genes (S genes) in potatoes is crucial. Hence,
susceptibility genes (S genes) play an important role in pathogenesis, and the loss of
S-gene function can lead to increased resistance [132]. The CRISPR/Cas9 system was
employed with two guide RNAs to generate tetra-allelic deletion mutants, which were
subsequently evaluated for their resistance to late blight in plants. The functional knockout
of specific genes (5tDND1, StCHL1, and DMG400000582 or StDMR6-1) resulted in potatoes
with increased resistance against late blight. Also, mutations in the StDND1 gene had
additional effects on plant growth, while mutations in StDMR6-1 and StCHL1 did not cause
any observable changes in growth phenotype. This indicates their suitability for further
agricultural studies.

CRISPR-Cas9 was used to correct an SNP mutation in the StCCoAOMT gene of the
late blight-susceptible Russet Burbank (RB) potato genotype. Subsequent metabolic pro-
filing revealed a significant increase in the accumulation of resistance-related metabolites
associated with suberization and lignification in the RB genotype [158]. In contrast to
Cas9, the expression of catalytically active Cas 12 (from Lachnospiraceae bacterium) was used
by Ah-Fong et al. [159], because Cas9 was found to be toxic. The authors successfully
used Cas12 to achieve editing by employing vectors where the nuclease and its guide
RNA were expressed from a single transcript. Additionally, CRISPR-Cas9 was used to
edit the elicitor gene Infl, resulting in up to 13% of transformants exhibiting resistance to
P. infestans. Moon et al. [160] efficiently edited the StSR4 gene in protoplast cells using the
CRISPR-Cas9 system. After introducing the mutation into regenerated potato plants, a
maximum efficiency of 34% was observed. Additionally, the elevated salicylic acid (SA)
levels in the stsr4 mutant provided greater resistance to P. infestans compared to the wild
type. Bi and his team [161] recently identified a novel susceptibility factor named StPM1
in S. tuberosum. Their study showed that employing CRISPR/Cas9 with two sgRNAs to
knockout the gene significantly increased resistance to Phytophthora, without adverse effects
on potato growth and development. The NRLI gene, encoding negative regulators of plant
immune signalling and classified within the S-gene group, functions as a susceptibility
factor, promoting late blight disease [162]. Nourozi et al. [163] employed CRISPR/Cas9
technology with four guide RNAs to target this gene. They obtained 60 transgenic lines
regenerated from the Agria cultivar. One mutant line exhibited an approximately 90% re-
duction in the StNRLI expression level, resulting in enhanced resistance to P. infestans.
Surprisingly, the mutant lines were found to be susceptible to A. alternata, suggesting that
the StNRL1 gene plays a role in P. infestans infection but confers resistance to A. alternata.

Table 1. Results obtained by using the CRISPR/Cas genome editing technology for resistance to
P. infestans in potato.

System Used Target Gene Genotype Main Findings Reference
StDND1, StCHLI and
CRISPR/Cas 9 StDMRG6-1 (S-genes: Desirée gene knoglt‘gl‘fﬁf S;i f“'l and [132]
Susceptibility genes) & !
Caffeoyl-CoA ) .
CRISPR/Cas 9 Omethyltransferase Russet Burbank gene knod.(out, mu tants Wlth late [158]
(SECCoAOMT) blight resistance;
small in-frame mutations resulted in
CRISPR/Cas 12 Infl Isolate 1306 and 618 slightly smaller INF1 variants. [159]
StSR4 mutants induced salicylic acid
CRISPR/Cas 9 StSR4 gene Desirée (SA) accumulation, improved [160]

resistance to P. infestans
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Table 1. Cont.
System Used Target Gene Genotype Main Findings Reference
CRISPR/Cas 9 StPM1 gene Phureja S15-65 clone knockout the gene [161]
CRISPR/Cas 9 StNRLI gene Agria silencing StNRLI enhances [163]

resistance to P. infestans.

The CRISPR/Cas system, being the predominant genome editing technique, can
accelerate plant breeding by enabling rapid, precise, and predictable genome modifications,
resulting in significant advancements in crop breeding [164]. Also, potato breeding has
already seen significant gains from the CRISPR/Cas system, and we anticipate many more
exciting developments will follow.

3.8. Gene Pyramiding

A major issue in late blight resistance breeding is durability. The conventional strategy
is the introgression of a single Rpi gene. With a pathogen evolving so fast, like P. infestans,
this resistance is generally quickly overcome [165]. A solution to enhance resistance
durability is to make it harder for the pathogen to break it. One of the strategies proposed
is gene pyramiding (GP). GP or gene stacking is the accumulation of two or more R
genes on the same individual plant. When a gene pyramiding program is completed, a
genotype including every target gene is produced [166]. And this is supposed to increase
the resistance durability toward diseases [167]. In addition to the higher resistance against
pests and pathogens, these gene pyramids also increase the resistance stability over time,
reducing the probability of simultaneously overcoming all genes, especially when broad-
spectrum R genes are used [168]. This method has certain objectives: (1) the increasing
trait performance following the combination of complementary genes; (2) the durability
increases; and (3) introgressing genes from different sources to correct the deficits [166].

Cultivars with gene pyramids could be created using the conventional breeding strate-
gies, such as Pedigree, Backcross, and Recurrent selection [166]. Alternatively, biotechno-
logical tools like somatic hybridization and DNA recombinant technologies can also be em-
ployed. Both approaches can significantly benefit from marker-assisted selection [60,165].

Resistance GP is performed by introducing and accumulating multiple R defence
genes that confer resistance against different pathogen races [168]. Other than the use of
R genes, which are specialized in recognizing the pathogen, other types of genes could
also be used, for instance, genes coding for the pathogenesis-related proteins (chitinase,
glucanase, etc.) and genes coding for enzymes implicated in the biosynthesis of secondary
metabolites. However, the primary focus of breeding for resistance against Phytophthora
infestans in potatoes has been on the introgression of resistance genes (R) [169].

Many genotypes with highly effective and durable resistance have pyramided Rpi
genes. For instance, Sarpo Mira has six Rpi genes, from which five genes, respectively, R34,
R3b, R4, and the newly identified Rpi-Smiral, control the qualitative resistance [51]. The
quantitative resistance was determined by the Rpi-Smira2 gene. Kim et al. [74] demonstrated
that in the genotypes MaR8 and MaR9, at least four genes of types R3a, R3b, R4, and R8
are present, as well as seven of types R1, Rpi-abptl, R3a, R3b, R4, RS, R9, respectively.
The Fortuna variety has two pyramided genes, namely Rpi-blb1 and Rpi-blb2 [170]. The
Bzura cultivar harbours two Rpi genes: R2-like and another unknown Rpi gene [171].
Two resistance genes, Rpi-mcdl and Rpi-ber, introgressed from the wild potato species
S. microdontum and S. berthaultii, respectively, were combined in a diploid S. tuberosum by
Tan and his team [172]. The results suggest that pyramiding can result in an additive effect
of the individual genes on the level of resistance.

The non-host resistance of pepper to P. infestans is due to Rpi gene pyramids. Oh et al. [173]
found that pepper (Capsicum annuum) non-host resistance to late blight is based on a
pyramid of Rpi genes that are very close to potato ones, able to recognize P. infestans
effectors, such as Avr2, Avrblb1, Avrblb2, and Avrvntl.
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Even defeated Rpi genes can enhance potato resistance [168,174]. Also, Taoutaou et al. [175]
showed that gene pyramiding also broadens the resistance spectrum of potato. Recently,
Taoutaou et al. [168] showed that pyramids of the defeated Rpi gene delay the disease
installation and reduce the quantity of sporangia produced by the pathogen; the area of
the lesion was also reduced significantly in the genotypes harbouring four Rpi genes. Also,
these genotypes produce more phenolic compounds [176].

In addition to the Rpi genes, potato and other plants are equipped with pattern
recognition receptors (PRRs) that can detect apoplastic effectors or pathogen-associated
molecular patterns (PAMPs) on the cell surface [169]. Potato genotypes overexpressing
PRR are less affected by P. infestans attacks when compared to the single transformants.
These findings suggest that pyramiding PRRs can also give additional increased resistance
against pathogens like P. infestans [169].

However, breaking resistance based on pyramids is harder for the pathogen, though, at
least theoretically, it happened. This is the case for the cultivar Vertifolia. It is a potato cultivar
harbouring two Rpi genes (R3 and R4) [177]. There is a term for it: the Vertifolia effect. It is
defined by the American Society of Phytopathology as follows: “the loss of general (durable,
horizontal, host-nonspecific) resistance in a cultivar after several generations of selection during which
a major gene confers resistance to the dominant race or biotype of the pathogen; first observed in the
potato cultivar Vertifolia with late blight resistance” (APS: https:/ /www.apsnet.org/edcenter/
resources/illglossary /Pages/S-V.aspx, accessed on 16 May 2024).

Drawing from the pathogen’s ability to overcome resistance, even cultivars with
gene pyramids are susceptible to breakdown. To avoid this risk, implementing a strategic
deployment of resistance, including pyramided broad-spectrum R genes, may be essential.

Bradshaw [178] highlighted the evident necessity for developing new potato cultivars,
despite the abundance of existing varieties. Emphasizing the importance of incorporating
inherent resistance to diseases and pests, these novel cultivars are crucial for sustaining
agricultural productivity. Being the most dangerous pathogen on potato, breeding for
P. infestans resistance is a major priority.

As is known, P. infestans is a highly evolving pathogen. It has the largest and most
complex genome of the chromalveolates (240 megabases), with 74% of it as proliferative
repetitive DNA [179]. In Canada, Babarinde et al. [180] found that 25 new genotypes are
emerging, as well as the already existing US11, US17, US8, and US23. Also, to illustrate
this pathogen’s high evolutive ability, Shen et al. [181] analysed the sequence of only one
effector (Avrl) of 111 Chinese P. infestans isolates, during a short period (2010-2011), and
found that nearly 80% of the isolates have undergone a point mutation. In another study,
Yang et al. [182] found that the effector gene Pi02860 has undergone moderate genetic
alteration, mainly by point mutation, but resulted in a modification in pathogen fitness. As
mentioned above, P. infestans harbours more than 500 RxRL effectors, and this is only one
type of effector. When considering the potential effectors and their ability to evolve, and its
consequence on pathogen fitness and pathogenicity, this pathogen could be uncontrollable.

This property make resistance breeding a real challenge for breeders due to the durabil-
ity issue of resistance. In addition to pyramiding, another strategy is to target a vital process
in the pathogen. For instance, Yang et al. [183] transformed potato by expressing secreted
A. thaliana phosphatidylinositol-4-phosphate 5-kinase 1 (AtPIP5K1) (it phosphorylates Phy-
tophthora’s phosphatidylinositol 3-phosphate (PI3P) to PI(3,4)P,) and, as a result, obtained
potato plants with enhanced catabolism of PI3P, promoting infection. The obtained plants
were significantly more resistant. Such innovative strategies, like those cited above, need a
priory much better understanding of pathogen biology and pathogenicity. In the same way,
effectoromics made it easier to mine R genes [184].

Conventionally, late blight breeding is based on the introgression of R genes. The
adoption of R gene pyramiding boosted the use of these genes [7]. The major issue with R
gene-based breeding is in the function. Even though R proteins are highly specific in their
function, basically, they play the same role as PRR (surveillance of pathogen effectors) [185].
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And they have a major parameter to take into consideration: elicitors (detected by PRR) do
not evolve as quickly as effectors (detected by R protein).

The discovery of iRNA and its implication in plant-pathogen interactions open new
exciting opportunities for resistance breeding (Hou and Ma., 2020). The use of HIGS
could be a much better option, when a critical and vital gene is targeted. It has been used
successfully against viruses [186,187]. The main issue for the use of HIGS in Europe is
the way that it is obtained via genetic transformation. Currently, we know that plants,
at least Arabidopsis, produce iRNA against several pathogens, including Botrytis cinerea,
Verticillium dahliae, and even Phytophthora capsici [188-190]. More research is needed to
identify naturally occurring potato HIGS that could be exploited to enhance resistance to
P. infestans.

Potato susceptibility, P. infestans biology, and pathogenicity are key factors in modern
breeding. For a pathogen like P. infestans, a combinatorial biotechnological approach is
needed. Several strategies and tools should be considered to create a potato genotype
with a better chance to stand out against this pathogen, for instance, enhancing pathogen
detection and recognition via gene pyramiding and also PRR, combined with susceptibility
gene silencing. Also, better resistance deployment is needed to optimize the durability and
effectiveness of the already available resistance.

4. Conclusions

In this study, we delved into the technologies and approaches used to enhance potato
resistance to late blight, the major disease in potato. We did not discuss the classical
approach of crossing (natural hybridization), but it is still a viable technique, especially
when combined with the technologies and approaches cited here, and this should certainly
be developed in the future. Even the most basic approaches could benefit from modern
technologies. The huge step was including the recent scientific advances in pathogen
biology and pathogenicity by using effectors to search for R genes (effectoromics). As we
have seen, genome editing has great potential, especially using the CRISPR gene editing
system, but RNAI is also a valuable technique due to its ability to precisely target genes
(important genes in pathogen biology and/or pathogenicity) to be silenced. Priority should
be given to tools that do not leave traces of exogenous DNA to simplify regulatory processes.
Screening germplasms is crucial for identifying desirable traits present in these wild species
that can be introduced into cultivated potato varieties through breeding (introgression).
On the other hand, targeting susceptibility genes by gene silencing, gene editing will
make it harder for the pathogen to recognize, colonize, and cause disease in potatoes.
Further work for the identification of these genes is necessary. Exploiting the HIGS is also a
promising approach. This approach also requires a pathogen-informed breeding strategy.
dsRNA-based strategies have emerged as promising tools for managing P. infestans. These
approaches could become very efficient, if integrated in the process of resistance breeding,
as part of a pathogen-informed breeding strategy. Durable resistance breeding against this
pathogen will continue to be a challenge, at least in the near future. The development of
new technologies enabling researchers and breeders to target evolutive costly traits for the
pathogen will be of great help. Also, the introgression of R genes that are able to recognize
conserved effectors in Phytophthora species, Perenosporaceae family, or maybe in the Oomycete
phylum (wide-spectrum R genes), alone or in combination with other R genes, and/or with
other genes involved in the potato immune system should contribute to enhanced resistance
durability. Maybe for this pathogen, the best method is a multi-approach strategy, where
several tools are combined.
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