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Chapter 1

General infroduction

This chapter was partly based on insights from:
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Chapter 1

Potato

Potato (Solanum tuberosum L.) is the most important non-cereal food crop, exhibiting
a consistent increase in production over the past three decades, with a yield of more
than 359 million tons in 2020 [1]. Potato is an important staple for 1.3 billion people [2].
and is considered a key crop for food security because of its efficiency (requires less
land to produce the same amount of calories), versatility (can be grown in different
climates), precocity (they produce tubers in only 60 days) and nutritional profile (a
valuable source of vitamins, minerals and phytonutrients) [3].

The origin of cultivated potato has not been elucidated completely. Some studies
indicate that potato domestication took place between 8,000-10,000 years ago, from
wild species in the Andes of southern Peru [4, 5]. Phylogenetic analyses supported a
monophyletic origin of cultivated potatoes from the northern component of the S.
brevicaule complex in southern Peru [4]. By the time the Spanish invaders arrived to
South America, potato was already an ancient domesticated plant, archeologically
and historically evidenced by amazing ceramic pofts depicting a potato tuber from
the Moche culture in Peru (Fig. 1), and drawings of potato harvests from Felipe
Huaman Poma de Ayala, respectively [6]. The first record of the modern cultivated
potato outside of South America was reported in the Canari Islands (Spain), in 1567;
then potato become rapidly cultivated in Europa and afterwards worldwide [7].

The modern cultivars, native cultivated potatoes (landraces) and wild potato species
are grouped in the genus Solanum L. section Petota, the tuber-bearing Solanum
species. The taxonomy of section Petota has been subject of intensive and
continuous research, since it is complicated because of its infrogression, interspecific
hybridization, sexual compatibility, the mixture of sexual and asexual reproduction [7].
In 1990, Hawkes described 228 wild species and 7 cultivated, while in 2006, a total of
188 wild and 1 cultivated species were estimated for this section, along with 3 species
in section Etuberosa [7]. The most recent taxonomic revision recognizes 107 wild and
4 cultivated species [8]. The tuber-bearing Solanum species were classified by Hawkes
in 19 series. However, the boundaries between some series are unclear, and not
supported by molecular data [9]. Instead, now they are divided info four clades (1-4)
based on plastid restriction site data or three clades based on nuclear DNA
sequencing data [10].

The potato landraces, which are highly diverse (around 4000 varieties), are found in
the Andean mountains and southern Chile, and are sfill grown and preserved by
native farmers [11]. In contrast, wild Solanum species have a broader distribution,
occurring from the southwestern United Statfes to the south of Argentina, and Peru
stands out for the high number of wild potato species as well as for the high number
of rare wild potato species [12]. Given their widespread geographic distribution, wild
potato species have adapted to a wide range of biotic and abiotic stresses, making
them an invaluable resource for potato breeding. Modern genomic tools have
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General infroduction

confirmed the crucial role of wild species in the spreading and evolution of the
cultivated potato by tfransmitting alleles for tolerance or sequence variants that
enabled S. fuberosum cultivation in Europe and the USA [5].

Figure 1. Sculptural ceramic of four potato tubers from the Moche culfure (Museo Larco, Lima -
Perd. MLO13572). The Moche culture considered this Andean tuber as a symbol of the inner
world, representing the world below, as it is the tuberous root of the plant that its edible. Images
reproduced by kind permission of Museo Larco, Lima.

Potato cultivation is constantly threatened by many pathogens and pests, that
significantly impact its production yield and quality. Among these threats,
Phytophthora infestans causes the most devastating disease: late blight. Traditionally,
resistance genes against P. infestans (Rpi genes) have been explored and exploited
for breeding resistance. To date, almost 50 Rpi genes have been cloned from different
Solanum species like S. demissum, S. bulbocastanum, S. edinense, S. schenckii, S.
hjertingii, S. stoloniferum, S. americanum, S. nigrescens, S. chacoense, S.
mochiquense, S. venturii, S. phureja, S. tarijense and others [13]. All these genes
encode infracellular NLRs. However, the vast maijority of the cloned Rpi genes can be
overcome by the, adequately denominated, plant and Rpi gene destroyer [14-17].
Consequently, other sources of durable resistance are needed.



Chapter 1

Phytophthora infestans

Phytophthora species belong to the oomycetes, a diverse group of the Stramenopiles
clade [18], that includes both saprophytes and pathogens of plants, animals and
microorganisms. The genus Phytophthora, which was named after the Greek word for
‘plant destroyer’ encompasses more than 150 species and cause immense
economic losses to important crops like potato, tomato, soybean, tobacco, cacao
and others [19, 20]. A study of the more important plant-pathogenic oomycetes in
plant pathology, ranked six Phytophthora species in the top 10 (P. infestans, P.
ramorum, P. sojae, P.capsici, P. cinammomi and P. parasitica) [21], highlighting the
economic and academic significance of the genus.

Phytophthora infestans (Mont.) de Bary, infamous for attacking the European potato
crop in the mid-1840s and causing the Irish famine, is the causal agent of late blight,
which is considered the most important disease affecting potato worldwide. It is
estimated that the total losses (cost of control and damage) are close to € 9.4 billion
per year [22, 23]. Scientifically, P. infestans has also been important, it was the first
microorganism proven to be responsible for disease, contributing fo changing
concepts about plant diseases [24]. Overall, the adversarial role of this pathogen in
society, both in the past and present, is evident.

The infection cycle of P. infestans starts with a sporangium, which germinates directly
or releases swimming biflagellated zoospores on the plant surface, that encyst and
germinate to form a knife-like structure at the end of the germ tube, which apply
force under an oblique angle breaking the surface and mediating host entry. This
mechanism was recently discovered and was denominated ‘naifu invasion’ after the
Japanese knives [25]. Upon penetration, an infection vesicle is formed inside the first
invaded cell, from which the hyphae grow intercellularly and extend digit-like
haustoria into host cells and the successful infection progresses. Later, P. infestans
switches to necrotfrophic growth, in which the cells die and are digested, showing
visible lesions in the plant [26, 27]. The asexual cycle of P. infestans can be completed
rapidly, producing huge amounts of sporangia that lead to devastating epidemics
(Fig. 2) [14]. Besides, this pathogen can also reproduce sexually, contributing to
genetic diversity, survival, population structure and disease epidemics [28].

Genomic studies have contributed to understand why P. infestans is such a successful
pathogen. For instance, its genome is much larger (240 Mb) than other related
Phytophthora species; has an extremely high repeat content; and a distinctive
organization, with expanded, repeat-rich and gene-sparse regions that contain
effector genes, and repeat-poor and gene-dense regions that contain housekeeping
genes [29]. Rafaelle et al. reported a two-speed P. infestans genome, with different
regions evolving at markedly different rates. They found that the gene-sparse, repeat-
rich regions, enriched in genes induced in plants, have higher rates of structural
polymorphism and positive selection, pointing to host adaptation as a driving force
behind. P. infestans genome evolution [30].
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General infroduction

Figure 2. Destruction of a potato field by Phytophthora infestans A. Week 1,
an apparently healthy potato field is observed, B. Week 2, the field shows
severely diseased plants, C. Week 3, the field is destroyed by the oomycete.
Figure taken from Fry. 2008 [14].
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Plant immunity

Plants defend themselves from pathogens using a two-layered immune system, which
has been conceptualized by the zig-zag model [31]. The frontline defense employs
pattern recognition receptors (PRRs) that recognize microbe- or pathogen-
associated molecular patterns (MAMPs or PAMPs) at the cell surface and activate
pattern-triggered immunity (PTl); however, many pathogens deploy effectors that
can suppress PTI, resulting in effector-triggered susceptibility (ETS) [31]. The second line
of defense uses intracellular nucleotide-binding domain leucine-rich repeat
containing receptors (NLRs) that recognize those effectors, and activate effector
triggered immunity (ETI). PTl gives a basal defense generally effective against non-
adapted pathogens, whereas ETl responses occur faster, and are more
prolonged/robust against adapted pathogens [31, 32]. However, this distinction
between PTI and ETl is not clear, instead, the discovery of ligands and receptors with
intermediate characteristics indicate that there is a continuum between PTI and ETI
[33].

PTI and ETI involve different activation mechanisms and early signaling cascades,
however, recent studies have shown that these two layers are co-dependent and
mutually potentiate to confer resistance against pathogens [34, 35]. On one hand, it
has been observed that the activation of effector-triggered immunity (ETI) response
requires the presence of PRRs and co-receptors. This was demonstrated using a
mutant strain of Pseudomonas syringae, lacking effector genes (except AvrRpt2,
which activates RPS2) and coronatine biosynthesis, in which ETl was not activated in
lines deficient in PRRs and co-receptors [35]. Similar findings were reported using
PstDC3000 engineered to express AvrRps4 [34]. On the other hand, experiments with
A. thaliana lines carrying inducible bacterial effectors revealed interesting
observations. The expression of AvrRps4 alone did not activate reactive oxygen
species (ROS), but it enhanced the production of ROS induced by PAMPs [34].
Likewise, the expression of AvrRpt2 alone triggered a weak and slower ROS burst, but
in presence of flg22 it induced a stronger and sustained ROS burst [35]. Besides, it was
reported that ETl upregulated both transcript and protein level of PTI pathway
components. These two studies indicate that ETI requires PTl, and ETI potentiates PTl to
enhance resistance against P. syringae in Arabidopsis, unifying the two layers of
immunity and redefining our current view of plant immunity (Figure 3).

Besides the functional link of PRRs and NLRs, an evolutionary correlation between the
number of these receptors across plants species was found, which likely implies that
PRRs and NLRs are intferdependent and they operate synergistically to mount strong
immune responses against pathogens [36].
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Compromised PRRs and co-receptors
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Figure 3. PRR and co-receptors are required for ETI. The recognition of the effector AvrRpt2
by the NLR RPS2 triggers the accumulation of multiple PRR signalling components which
boost the PTI response. However, in absence of PRRs and co-receptors (grey), although
NLR activation still induces PTI components, many of these components, such as BIK1 and
RBOHD, are inactive, leading to lack of ROS production and defective ETI. Figure taken
from Yuan et al. 2021 [35] and reproduced with permission from Springer Nature.

The frontline: PRRs and PAMPs

PAMPs are conserved epitopes within molecules that are indispensable for the
microbial survival and fitness. These epitopes are widely distributed within a class of
microbes and are absent in the host [37-39]. These patterns are sensed by a broad
range of potential hosts through PRRs, that so far include receptor-like kinases (RLKs)
and receptor-like proteins (RLPs) that reside at the plant cell surface. RLKs contain a
ligand-binding ectodomain, a single-pass transmembrane domain, and an
intracellular kinase domain, while RLPs lack an intracellular signaling domain [39]. The
PRRs that are best studied to date have leucine-rich repeats (LRR) as their ligand-
binding ectodomain which preferentially bind proteins or peptides, such a flg22
(bacterial flagellin) or elf18 (bacterial elongation factor EF-Tu). FIg22 and its
corresponding RLK identified in Arabidopsis thaliana, FLAGELLIN-SENSING 2 (FLS2),
represent canonical PAMP-PRR pair [40, 41].

PRRs form complexes with other kinases to start the immune signaling. For example,
after flg22 binding, FLS2 and the BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASET
(BAK1) form a complex in vivo (in a specific ligand-dependent manner), that results
in their trans-phosphorylation almost instantaneously [42, 43]. The rapid
heterodimerization with BAK1 and phosphorylation induced by ligand perception

13



Chapter 1

also occurs with other LRR-RLKs, like EF-TU RECEPTOR (EFR) and PEP1 RECEPTOR
(PEPR1), receptors of elf18 and endogenous AtPepl, respectively [43]. The crystal
structure of the complex FLS2/BAK1/flg22 has revealed that BAK1 acts as a co-
receptor by recognizing the C-terminal segment of FLS2-bound flg22 [44]. Nowadays,
itis well-documented that BAK1 forms complexes with many LRR-containing receptors
involved in immunity, growth and development; and acts as a co-receptor not only
for LRR-RLK, but also for LRR-RLPs [39].

Unlike the RLKs, the RLPs lack a signaling kinase domain, so they must interact with
additional components for infracellular activation of immune signaling. It was found
that the tomato orthologues of the A. thaliana SUPPRESSOR OF BIR-1 (SOBIR1) and
SOBIR1-like interact with the RLPs Cf-4 and Vel and are required for the immune
responses mediated by these receptors [45]. Further research has shown that RLP23,
Cf-4, Cf-9 and ELICITIN RESPONSE protein (ELR) constitutively associates with SOBIRT1,
and that BAK1 is recruited to this bipartite receptor complex upon ligand binding [46-
48]. So, it has been postulated that SOBIRT and LRR-RLPs constitutively interact to form
a bipartite RLKs, which can recruit BAK1 upon ligand perception [49].

The BOTRYTIS-INDUCED KINASE (BIK1) is a central signaling component, that links the
PAMP receptor complex to downstream infracellular signaling [50, 51]. After fig22
perception, BAK1 phosphorylates BIK1, then BIK1 frans-phosphorylates BAK1 and
dissociates from the PRR complex to propagate the signaling downstream [52]. BIK1
also interacts with EFR, CHITIN ELICITOR RECEPTOR KINASE 1(CERK1) and PEPR1 [53,
54]. Interestingly, it was found that BIK1, which positively regulates flg22-induced ROS,
acts as a negative regulator of receptor-like proteins such as RLP23 [55].

Upon recognition of a PAMP by its specific PRR, defense responses are initiated, for
instance, influx of calcium, ROS, activation of mitogen cascade, transcriptional
reprogramming and ultimately immunity [39, 56]. The calcium channels CYCLID
NUCLEOTIDE-GATED CHANNEL (CNGNs) and OSCA1.3 are activated by BIK1, which
leads to the rapid calcium influx, that in turn activates CALCIUM-DEPENDENT PROTEIN
KINASES (CDPKs) [57, 58]. This is followed by ROS production, via the RESPIRATORY
BURST NADPH OXIDASE HOMOLOG D (RBOHD), which is directly phosphorylated by
BIK1 upon PAMP perception [59]. The rapid activation of mitogen-activated protein
kinases (MAPKs) is also part of the PTI responses, it was found that there are two
different cascades that lead to the activation of four MAPKs in Arabidopsis upon
PAMP treatment [51, 60, 61]. Not only MAPKs, but CDPKs and RLCKs phosphorylate
and activate multiple defense-related transcription factors that leads to a
transcriptional reprogramming [62]. Other important players are the defense-related
hormones, such as ethylene (ET), salicylic acid (SA) and jasmonic acid (JA), the three
hormones are required for local PAMP induced resistance to pathogens [63] and may
induce secondary transcriptional waves [51]. One of the latest typical responses is the
callose deposition [56], to reinforce the cell wall at sites of infection and undermine
pathogen growth. All these responses together lead to the establishment of PTI.

14



General intfroduction

NLRs and effectors

Effectors are pathogen-secreted molecules with dual activity, they manipulate host
cell structure and function to facilitate infection, and/or trigger defense responses
[64]. So far, it is known that effectors activities are sensed by NLRs by three
mechanisms: direct recognition; indirect recognition, by monitoring effector targets
or decoy proteins; and combination of direct and indirect recognition, through the
incorporation in the NLRs of integrated domains (IDs) that mimic pathogen targets
[65]. The NLRs consist of a non-conserved N-terminal domain, a central NB-ARC
domain (nucleotide-binding adaptor shared by Apaf-1, resistance proteins (R) and
CED-4) and a C-terminal LRR domain [66]. Based on their N-terminal domain they can
be divided in three classes: coiled-coil (CC) NLRs (CNLs), Toll/interleukin-1
receptor/Resistance protein (TIR) NLRs (TNLs) and RESISTANCE TO POWDERY MILDEW
9-like coiled-coil NLRs (RNLs) [66].

Functionally, two types of NLRs can be distinguished: sensor NLRs that are involved in
the recognition of effectors, and helper NLRs that are required by other NLRs to initiate
immune signaling [67]. Although most of sensor NLRs appear to engage other
molecules to function, working as pairs or complex networks, some CNLs mediate
immune responses alone, as a unit, and are called singleton NLRs [68]. HOPZ-
ACTIVATED RESISTANCE 1 (ZAR1) is a well-studied singleton CNL that indirectly
recognizes the bacterial effectors AvrAC by its association with the RESISTANCE-
RELATED KINASE 1 (RKS1), and recruits the uridylylated decoy PBS1-like protein (PBL2)
to frigger ZAR1 activation [69]. Cryo-electron microscopy of ZAR1 has revealed that
the uridylylated PBL2 is exclusively recognized by RKS1, which interacts with the LRR
domain of ZAR1, this association allosterically promotes the release of ADP from the
inactive ZAR1 which leads to an intermediate state [69]. However, when ATP is
present, the ZAR1-RKS1-PBL2 complex oligomerizes and forms the ZAR1 resistosome, a
wheel-like pentameric structure, where the very N-terminal a-helix of ZAR1 becomes
solvent-exposed and forms a funnel-shaped structure that is required for plasma
membrane association, cell death and disease resistance [70]. A recent study has
shown that the ZAR1 resistosome acts as a calcium-permeable cation channel to
trigger immunity and cell death [71].

Helper NLRs participate in signaling networks downstream of sensor NLRs, these can
be RNLs or NLR-required for cell death (NRC). So far, there are two types of RNLs: the
ACTIVATED DISEASE RESISTANCE 1 (ADRT1) family, required for complete function of
some TNLs and CNLs; and the N-REQUIREMENT GENE 1 (NRG1) family required for
others TNLs [72]. On the other hand, the NRCs are required by many Solanaceae
CNLs, NRCs and the NRC-dependent NLRs form complex genetic network to confer
resistance against oomycetes, bacteria, viruses, nematodes and insects [73].
Additionally, all TNL proteins require the lipase-like protein ENHANCED DISEASE
SUSCEPTIBILITY 1 (EDS1), which forms stable heterodimers with SENESCENCE-
ASSOCIATED GENE 101 (SAG101) or PHYTOALEXIN DEFICIENT 4 (PAD4) [74]. CNLs do
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not appear to directly require EDS1, but they are dependent on the integrin-like NON-
RACE-SPECIFIC DISEASE RESISTANCE 1 (NDRT1) protein [75]. Recently, it was found that
EDS1, PAD4 and ADR1 have a prominent role for the immune responses mediated by
LRR-RLPs, such as RLP23 [76], evidencing again the connection of PTl and ETI.

Oomycete PAMPs/apoplastic effectors and their PRRs

During infection comycetes release PAMPs and apoplastic effectors that can be
recognized by plant PRRs. Up to now, only few pairs of PAMP/apoplastic effector-PRR
have been elucidated (Fig. 4). For instance, elicitins, which are a family of structurally
related 10 kDa proteins; secreted by oomycetes, particularly Phytophthora and
Pythium species; do not show sequence similarity to plant proteins. In this way they
can be recognized as non-self-molecules and bind sterols and other lipids that are
important for oomycetes growth and sporulation [77], contributing fo genetic
variation which potentially increases the virulence of certain strains due to higher
selective pressure resistance [78]. INF1 is a major elicitin secreted by P. infestans [79].
Its receptor, the LRR-RLP ELR, was identified in the wild potato Solanum microdontum.
ELR associates constitutively with SOBIR1, and upon INF1 treatment, the complex
recruits BAK1 to specifically recognizes elicitins of Phytophthora spp. [47. 80]. ELR
expression into cultivated potato resulted in enhanced resistance to P. infestans [80].
A novel receptor for elicitins called LRR-RLP REL (Responsive to Elicitins) has been
recently identified in Nicotiana benthamiana [81].

nlp22 INF1 XEG1 SCP Pep-13

— T g L

Sm-ELR E
At-RLP23 Nb-ReL  P-RXEGT  At-RDA2  At-RLP30

55

Duetal, 2015
Chen et al, 2023

~.~ Peptide
qLRR-RLP Lectin-RLK BAK1 1 SOBIR1 i “ Protein
A s Lipid

Albert et al, 2015 Wang etal, 2018  Kato etal, 2021  Yang et al, 2023 This thesis

Figure 4. Characterized PRRs and their corresponding oomycetes elicitors. Abbreviations
for plant species: A. thaliana, At; S. microdontum, Sm; N. benthamiana, Nb. This figure
was created with Biorender.
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Unlike the elicitins, the NEP1 (for necrosis and ethylene-inducing peptide 1) LIKE
PROTEINS (NLPs) show a wide taxonomic distribution, they occur in oomycetes, fungi
and bacteria [82]. NLPs are 24 kDa conserved proteins that activate defense-
associated responses, such as leaf necrosis, ethylene synthesis, expression of defense-
related genes, and cell death; and contribute to the virulence of necrotfrophic fungi
and bacteria [82]. It was found that a peptide fragment, the nlp20 motif, behaves like
a immunogenic pattern, similar to flg22 [83]. The PRR responsible for the recognition
of nlp20, LRR-RLP RLP23, was identified in Arabidopsis. In a similar way to ELR, RLP23
forms a complex with SOBIRT1, that recruits BAK1 after the nlp20 binding; and its transfer
to Solanum tuberosum confers nlp20 recognition and enhanced resistance to P.
infestans [46].

The glycoside hydrolase family 12 (GH12) protein XEG1 is produced by the soybean
pathogen Phytophthora sojae and exhibits xyloglucanase and B-glucanase activity.
It was found that PsXEG1 can trigger cell death in N. benthamiana, tomato, pepper
and soybean; a response that requires the secretion of PsXEG1 and the presence of
BAK1, which indicates that XEG1 is recognized in the extracellular space as a PAMP
or apoplastic effector. Using a high-throughput approach, the LRR receptor-like
protein RESPONSE TO XEG1 (RXEGI1) was identified in N. benthamiana as the
responsible one for the recognition of PsXEG1. RXEG1 associates with PsXEG]1 via the
LRR domain and forms a complex with BAK and SOBIR1 [84]. Overexpression of RXEG
in N. benthamiana significantly reduces disease severity caused by P. parasitica,
contributing to plant immunity [84]. A remarkable arms race has been documented
for XEG1. When it is secreted at early stages of infection, it acts as an
important virulence factor [85]. However, PsXEG]1 is degraded by the host aspartic
protease GmAP5, which is reduced after N-glycosylation of PsXEGI1. To further
increase XEG1 activity in the apoplast, a PsXEG1 paralogue (PsXLP1) which is
protected against GmAPS proteolysis by a C-terminal deletion is secreted to reduce
total GmAPS activity [86] (Fig.5). This confinuous arms race for physiological
dominance is driving the (co-) evolution of host defence and virulence genes in the
apoplast.

Recently, the ceramide D (Pi-CerD) was reported as an elicitor from P. infestans, and
it has been shown that Pi-CerD induces immune responses in potato and Arabidopsis
[87]. This study also reported that Pi-CerD is cleaved in the apoplast by the
ceramidase NCER, and the resulting 9-methyl-branched sphingoid base is recognized
as a PAMP by the lectin RLK RDA2 [87]. Besides, RDA2 and NCER contribute to the
Arabidopsis immune against the pathogen Hyaloperonospora arabidopsidis [87].
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Figure 5. Schematic representation of and integrated counterdefense by P. sojae against
GmGIP1 and GmAPS5 attacks on PsXEG1 (adapted from Saraiva et al. 2023). (1) Phytophthora
sojae secretes apoplastic hydrolases like the glycoside hydrolase PsXEG1, which upon
recognition by RXEG1 initiates the PRR-based immunity. (2) PsXEG1 can be inhibited by GmGIP1,
however, (3) P. sojae secretes the decoy PsXLP1 to protect PsXEG1. (4) In response a second
inhibitor GmAPS5 degrades PsXEG1, and (5) as a counteract the N-glycosylation protects PsXEG1
from degradation.

The Arabidopsis receptor-like protein (RLP30) detects the SMALL CYSTEINE-RICH
PROTEIN (SCPsS) secreted by Sclerotinia sclerotiorum [88]. SCPSS is closely related to
the PAMP VmEQ2 from Vailsa mali (recognized by N. benthamiana RLP RE02) [89], and
can be recognized by REO2 in N. benthamiana. RLP30 can also recognize SCPs from
fungi and oomycetes. For instance, the P. infestans homolog, SCPF, can be sensed
by RLP30 in Arabidopsis [88].

One of the first, and well characterized PAMP of Phytophthora is Pep-13. Its story brings
us back to 1991, when a 42 kDa glycoprotein was purified and identified from
Phytophthora sojae culture filtrate, as a potent elicitor of phytoalexin accumulation
in cultured parsley cells and protoplasts [20] (Fig. 6A). Using endo- and exopeptidases,
it was found that an oligopeptide of 13 amino acids, Pep-13 (H2N-VWNQPVRGFKVYE-
COOH), within this glycoprotein was necessary and sufficient to trigger a complex
defense response in parsley cells [21] (Fig. 6B), comprising H*/Ca?* influxes, K*/CI-
effluxes, oxidative burst, activation of Ca?* permeable ion channel, posttranslational
and franscriptional activation of MAP kinases, expression of defense-related genes,
phytoalexin formation and ethylene biosynthesis [91-93]. Pep-25, a slightly longer
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version of Pep-13, exhibited the same elicitor activity as Pep-13 [?21]. Alanine
substitution scanning allowed the identification of two single amino acids residues
(Tryptophane-231 and Proline-234) as important for elicitor activity in parsley cells [91].
Further studies showed that this 42 kDa glycoprotein (GP42) is a calcium-dependent
cell wall-associated fransglutaminase (TGase), and that Pep-13 is a surface-exposed
motif present and conserved among different species of Phytophthora Tgases [94]
(Fig. 6C). Besides, the previously reported amino acids to be important to elicit
defense response, were found to be important also for the TGase activity [94] (Fig.
6D).

A B Parsley
protoplasts Induction of
defense-related
genes
Phytoalexin
formation

D VWNQPVRGFKVYE WT
VANQPVRGFKVYE W231A _
VWNQAVRGFKVYE P234A Alanine

C Pep-25 VWNQPVRGFKVAE Y241a | Substitution

Pep-13
P, palmivora DVTAGAEVWNQPVRGFKVYEQTKMS
P infestans DVTAGAEVWNQPVRGFKVYEQTKMS

Transglutaminase icitor
activity a

Protein
P cactorum DVTAGAEVWNQPVRGFKVYEQTKMS
P parasitica DVTAGAEVWNQPVRGFKVYEQTEMS
P nicotianae DVTAGAEVWNQPVRGFKVYEQTKMS WT/Y241A V V
P fragarise ~ DVTASAEVWNQPVRGFKVFEQTSMT P234A V V
P. cinnamomi DVTAGAEVWNQPVRGFKVYEQTAMT
P, sojae DVTAGAEVWNQPVRGFKVYEQTEMT W231A x x

Figure 6. The Phytophthora PAMP Pep-13. A. P. sojae GP42 glycoprotein structure and the
fragment Pep-13 highlighted inred [95]. B. Pep-13 produce the same defense responses as GP42
in parsley. C. Transglutaminse GP42 homologs are conserved among the genus Phytophthora.
Pep-13 was highly conserved among all species analyzed. D. Schematic representation of the
mutations introduced, and their effects on enzyme and elicitor activity. This figure was created
with Biorender.

Transglutaminase  enzymes  (EC  2.3.2.13) catalyze  calcium-dependent
acyltransferase reactions between a y-carboxyamide group of glutamine and the &-
amino group of lysine or other primary amines, resulting in irreversible protein cross-
linking [94, 96, 97]. These enzymes are widely distriouted in archaea, bacteria, and
eukaryotes, although GP42-related proteins are only present in plant pathogenic
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oomycetes from the Peronosporales order and in marine Vibrio bacteria [95]. It was
previously found by immunolocalization assays that GP42 is associated with hyphal
cell walls of P. sojae [98]. P. infestans TGases (M81 family) were reported to share
characteristics consistent with being secreted or components of the cell wall [97]. For
instance, presence of signal peptides, acidic pls (3.9 to 5.5), sites for O-glycosylation,
extensive proline- and threonine-rich domain and serine- and alanine-rich tracts [97].
M81C and M81D expression was detected during zoosporogenesis, while M81E
expression was restricted to hyphae [?7]. Additionally, high expression of PITG_22117
(that encodes another P. infestans TGase) was reported in zoospores, appressoria and
mainly germinating cysts [99]. Recently, chemical treatment and RNAI silencing
assays showed that the transglutaminases are crucial for grow, germination and
subsequent pathogenicity of P. infestans [100]. These findings together suggest that
the role of the GP42-related proteins is to strengthen cell walls or enhance adhesion
during interaction of P. infestans with its host.

Interestingly, it has been shown that Pep-13 triggers also defense responses in potato
cultured cells and plants, such as expression of defense-related genes, ROS
production, and hypersensitive response-like cell death in leaves [94, 101]. When
potato plants unable to accumulate SA are treated with Pep-13, responses like cell
death, ROS burst and JA accumulation are impaired, which indicates that SA is
important for the defense responses friggered by Pep-13; however the expression of
defense-related genes is not impaired, indicating that Pep-13 might activate SA-
dependent and -independent responses in potato [101]. Furthermore, it was reported
that early responses like ROS production and MAP kinases activation are highly
reduced in SERK3A/B-IRNA potato plants treated with Pep-13 [102], which might
indicate that a LRR-containing PRR is involved in Pep-13 recognition. Despite all the
accumulated knowledge about Pep-13, the identity of its corresponsive PRR has
remained elusive until now.
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Outline of the thesis

Almost 180 years after the infamous Irish Potato Famine, late blight caused by P.
infestans remains the most devastating disease of global potato production [103]. Rpi
genes have been traditionally studied and utilized to confer resistance against P.
infestans. Rpi genes encode for NLRs that provide a strong immune response in plants,
called ETI. However, individual Rpi genes have been rendered ineffective against this
pathogen. In the context of potato- P. infestans interaction, PTI has been
understudied and unexploited, compared to ETI. So far, only one Solanum PRR (ELR)
has been identified, many PRRs remain to be found, characterized and deployed
against P. infestans. Only the complete understanding of the pathosystem will allow
the generation of effective solutions to late blight disease.

In Chapter 2, we describe and provide a detailed protocol for a combined approach
to identify new PRRs. Firstly, applying a Bulked segregant RNA-Seq (BSR-Seq) to
accelerate and leave out the traditional genetic mapping that involves the
development of a high number of molecular markers. Secondly, using a high-
throughput recombinant screening of in vitro plants, that optimizes the fine-mapping
process in terms of time, space and labor.

In Chapter 3, we apply the previously described protocol, to fine-map the potato
receptor of Pep13/25. The wild Solanum microdontum genotype GIG362-6, identified
as a Pep-25 responding plant, was used to generate a segregating population. BSR-
Seq of responsive and non-responsive bulks allowed the mapping of the Pep-25
receptor to the top of chromosome 3. The further fine-mapping, BAC library screening
and BACs sequencing led to the construction of the GIG362-6 physical map, and
determination of a narrowed mapping interval (not completely covered by the BAC
sequences), that contains candidate genes. We also explore the degree of
conservation of Pep-13 among Phytophthora, oomycetes and other filamentous
pathogens.

The absence of a high-quality genome sequence of GIG362-6 hampered the
identification of the Pep-25 receptor. So, in Chapter 4, we decide to exploit the
reference potato genome genotype DMI1-3 516 R44, which is also Pep-13/25
responsive, and has a high-quality genome sequence [104]. A new mapping
population was generated, and the receptor was fine-mapped to a small mapping
interval with new candidate genes in this different genetic background. The
complementation assays revealed us the identity of the gene responsible for the
recognition of Pep-13 and was named PERU (Pep-13 Receptor Unit). We employ a
multidisciplinary approach to characterize this new PRR and demonstrate its specific
interaction with Pep-13 and co-receptors. Disease assays using transgenic lines
overexpressing PERU or knock-out plants for PERU show the role of PERU for immunity
against P. infestans.
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In Chapter 4, we also explore the presence and distribution of Pep-13/25 recognition
in the Solanum section Petota. By screening 476 Solanum genotypes, including both
wild and cultivated species, we aim to explore the ligand specificity across the
section Petota. Additionally, valuable insights into the origin of the PERU receptor are
obtained through studying the geographic origins of the examined Solanum
genotypes and conducting phylogenomic analyses.

In Chapter 5, we attempt to deploy the RLK PERU by stacking it with the RLP RLP23,
since both have shown to enhance resistance against Phytophthora infestans. We
first aimed to determine the senisitivity of potato cultivar Aflantic to Pep-13 and nlp20,
and we explored if the presence of these two PRRs had an additive effect on the
potato immune responses like ROS production and ethylene accumulation, and
ultimately on the resistance against P. infestans.

Finally, Chapter 6 summarizes and discusses the results of this thesis, taking info
consideration the new plant immunity findings.
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Chapter 2

Abstract

The identification, understanding and deployment of immune receptors is crucial to
achieve high level and durable resistance for crops against pathogens. In potato,
many R genes have been identified using map-based cloning strategies. However,
this is a challenging and laborious task, that involves the development of a high
number of molecular markers for the initial mapping, and the screening of thousands
of plants for fine-mapping. Bulked Segregant RNA-Seq (BSR-Seq) has proven to be an
efficient technique for the mapping of resistance genes. The RNA from two bulks of
plants with contrasting phenotypes is sequenced and analysed to identify single
nucleotide polymorphism (SNPs) markers linked to the target gene. Subsequently, the
SNP markers that are identified can be used to delimit the mapping interval.
Additionally, we designed an in vifro recombinant screening strategy that is
advantageous for analysing a large number of plants, in terms of time, space and
cost. Tips and detailed protocols, including BSR-Seq, bioinformatic analysis and
recombinant screening, are provided in this chapter.

Key words: Pattern recognition receptors (PRR), Receptor-like proteins (RLP),
Receptor-like kinases (RLK), Nucleotide-binding site leucine-rich repeat (NLR),
Resistance genes (R genes), Effectors, Genetic mapping, Bulked segregant analysis
(BSA), Mapping, Effectoromics.
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1. Introduction

Potato (Solanum tuberosum L.) is a staple food for 1.3 billion people [1], and its global
production is close to 400 MT yearly [2]. Unfortunately, potato is host to many
pathogens that can affect all organs of the plant and diminish its production [3]. There
are 35 economically important bacterial, fungal and comycete diseases of potato
worldwide [4]. Among these, late blight, caused by the oomycete Phytophthora
infestans, is the most pernicious, especially in developing countries [5]. It is estimated
that the total costs due to losses and to control this disease is close to € 9.4 billion per
year [6, 7]. Therefore, the development of new cultivars that are resistant to
economically important diseases is essential.

Plants have evolved a recognition-based immune system to defend themselves
against pathogens [8-10]. Pattern recognition receptors (PRRs) that are located on
the cell surface recognize microbial associated molecular patterns (MAMPs) or
apoplastic effectors and activate defense responses. Intracellular nucleotide-binding
site leucine-rich repeat (NLR) proteins that are encoded by resistance (R) genes
recognize cytoplasmic effectors, also called AVR proteins [8]. In case of late blight,
potato breeders and researchers have relied mainly on the use of R genes. More than
20 R genes have been cloned [11], and many of them have been introgressed into
cultivars with initial success [12]. The first and only characterized PRR in potato is the
receptor-like protein (RLP) ELR (elicitin response) that recognizes INF1 elicitin from P.
infestans. ELR overexpression resulted in enhanced resistance to the pathogen,
although the resistance level is not as stfrong as most R genes [13]. The suitable
deployment of immune receptors in crop plants, particularly by stacking multiple
receptors seems to be the key to obtain a durable resistance against pathogens [14-
17].

Traditionally, wild and cultivated relatives of potato have starred as plentiful sources
of resistance in potato breeding programs [18]. For many years, techniques as field,
greenhouse and laboratory assays have been used to screen Solanum species for
disease resistance [3]. In the last years, the effectoromics strategy has come onto the
scene to accelerate identifying resistance and understanding plant immunity [11].
Effectoromics is a high-throughput functional genomic approach that uses mainly
two Agrobacterium-based functional assays, agroinfiliration and PVX agroinfection,
to fransiently express effectors in plant cells and monitor for the occurrence of
macroscopic cell death responses [19, 20]. Additionally, for apoplastic effectors or
microbe-associated molecular patterns (MAMPs), it has been shown that infiltration
of effector proteins or peptides also represents an efficient way to screen responses
[21].
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The map-based cloning strategy has commonly been used to identify R genes in
potato [12, 22-24], and in combination with the effectoromics approach, it has
allowed the rapid cloning of various R genes and a surface immune receptor against
late blight, like Rpi-sto1, Rpi-ptal and ELR, respectively [13, 25]. The central procedure
of map-based cloning is the genetic mapping of the target gene, which is performed
in a segregating population, using molecular markers distributed along each
chromosome to identify markers delimiting the genetic region that contains the
target gene [26]. Then, new markers are developed within the region and used to
identify recombinants from a much larger population. These recombinants are then
phenotyped/tested for response/resistance to narrow the genetic interval down in a
process called fine-mapping [26]. The final goal of fine-mapping is to determine a
sufficiently small interval that allows the prediction of candidate genes. For potato,
the whole process used to take several years, but fortunately with the emergence of
next generation sequencing (NGS) technologies [27, 28] and the availability of the
potato genome sequence [29-31], new strategies can be used to shorten this process
[32].

Bulked Segregant Analysis (BSA) is an efficient method to identify markers linked to
any specific gene or genomic region. In BSA, two bulks of plants with confrasting
phenotypes for a specific trait are generated and analyzed to identify markers that
discriminate the bulks [33]. BSA is a flexible approach that can be assisted by NGS
technologies for the development of molecular markers [34]. Bulked segregant RNA-
Seq (BSR-Seq) was developed as a new genetic mapping strategy by combining BSA
and RNA-Seq [35] and has recently been used to accelerate the mapping of genes
of interest [36-38]. RNA-Seq is commonly used for gene expression profiling but also
for identification of single nucleotide polymorphism (SNPs) that can be used as
molecular markers [39, 40]. Compared to whole genome sequencing, RNA-Seq
requires a lower sequencing depth and additionally provides useful gene expression
data from the candidate genes [34]. When required, this strategy is followed by fine-
mapping. To gather the necessary number of recombinants, a large number of
individuals from the population (usually a few thousand) have to be genotyped with
flanking markers. This is typically time-consuming and requires a large amount of
space and labor in a greenhouse facility. By screening for recombinants in vifro
before tfransferring plants to the greenhouse, the efficiency of this process can be
much improved. In this chapter, we describe a detailed protocol for BSR-Seq and the
subsequent high-throughput recombinant screening under in vitro conditions to
facilitate and accelerate the fine-mapping of immune receptors in potato.
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2. Materials

2.1. Sowing of potato seeds under in vitro conditions and micropropagation of
plants

1
2.
3.
4. MS20 medium: 4.4 g of Murashigue and Skoog basal salt mixture (including

. 70% Ethanol.

1.5% Sodium hypochlorite.
Sterilized tap water.

vitamins) and 20 g of sucrose dissolved in 900 mL of double distilled water
(ddH20). Adjust pH to 5.6 using KOH or NaOH, and complete the volume to
1 L. Add 8 g of micro agar and autoclave.

100.000 ppm gibberellic acid (GAs) stock solution: 1 g of GAs dissolved in 10
ml of ddH2O. Filter-sterilize.

2.2. RNA isolation

1.
2.

RNeasy Plus Mini Kit, Qiagen.
Spectrophotometer for DNA/RNA quantity/purity evaluation.

2.3. DNA isolation

© No oD

CTAB buffer: 100 mL 1 M Tris-HCI (pH 7.5), 140 mL of 5M NaCl, 20 mL of 0.5
M EDTA (pH 8.0), 740 mL of MilliQ water and 20 g of CTAB (Cetyl
trimethylammonium bromide) in 1 L of ddH20.

RNase 20 mg/mL (add 1 uL/mL of CTAB buffer just prior to use).
B-mercaptoethanol (add 2 uL/mL of CTAB buffer just prior to use).
Chloroform:isoamyl alcohol (24:1 [v/v]).

Isopropanol.

70% Ethanol.MilliQ water.

TissuelLyser Il and steel beads (3.2 mm).

Polypropylene cluster tubes: 1.2 mL 8-tubes strips and strip caps,
assembled in 96-tube racks.

2.4. Genetic mapping

1.

SR

LightScanner System (BioFire) or any other suitable device for high
resolution melting analysis.

LC Green Plus (BioFire).

Phire Hot Start Il DNA Polymerase (Thermo Fisher Scientific).
White-96 well plates (4titude).

Restriction enzymes (see Note 1).
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3.1.

QIAquick PCR purification kit (Qiagen).

Genomic resources:

CAPS Designer (Sol Genomic Network,
https://solgenomics.net/tools/caps_designer/caps_input.pl),

Potato reference genomes of DM1-3 516 R44
(http://solanaceae.plantbioclogy.msu.edu/pgsc_download.shtml) and
Solyntus (https://www.plantbreeding.wur.nl/Solyntus/).

Methods

Bulked segregant RNA-Seq

1.

Identify diploid Solanum genotypes that respond to a specific effector or
that are resistant to a certain pathogen (R), as well as genotypes that do not
respond or that are susceptible (NR).

Generate a mapping population by crossing the R and NR genotypes (see
Note 2).

Select 30 R and 30 NR individuals (see Note 3).

Sample leaves from the R parent, NR parent, 30 R plants and 30 NR plants.
Freeze the leaves in liquid nitrogen and store at -80°C until use.

Isolate RNA using the RNeasy Plus Mini Kit from Qiagen following the
manufacturer’s instructions, and remove genomic DNA using the gDNA
eliminator columns (part of RNA isolation kit) or by on-colum DNase digestion
using RNAse-free DNase Set (Qiagen). Evaluate the quantity and purity of
the RNA using a spectrophotometer, and use 1 ul of sample for gel
electrophoresis to evaluate RNA integrity (see Note 4).

Prepare 4 samples: 1) R parent, 2) R bulk (mix equal amounts of RNA from
the 30 R plants), 3) NR parent and 4) NR bulk (mix equal amounts of RNA
from the 30 NR plants) (see Note 5).

Send the RNA samples for sequencing (see Note 6).

An overview of the BSR-seq strategy is shown in Fig. 1.

3.2. Bioinformatic analysis

34

1.

Process the fastq files to remove adapter sequences, bad reads and low
quality bases using software such as fastp [41].

Map RNAseq reads to the reference of choice using a splice-aware aligner
like STAR [42].

Use the alignment files for variant calling and the identification of SNPs
(VarScan)[42].

Filter for putative SNPs linked to response or resistance (heterozygous in the
responding/resistant parent and progeny pool, while absent or homozygous
in the non-responding/susceptible parent and progeny pool).
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Figure 1. Bulk segregant RNA-Seq strategy to map Solanum immune receptors. (a)
Selected responsive (R) and non-responsive (NR) genotypes are crossed to
generate a segregating population. (b) Progeny plants with clear and confirmed
phenotypes are selected fo form the R and NR bulks. (c) Leaves are collected to
form four samples, i.e. R parent, R bulk, NR parent and NR bulk; the RNA is isolated

and sent for sequencing.

3.3. Genetic mapping and marker development
From identified SNPs (see Section 3.2), develop molecular markers covering the
complete mapping interval (see Note 7):

1. Design primers to target the previously identified SNPs, and test them in the
parents and a small set of R and NR plants using one of the methods
described below (see Note 8).

2. Andlyse the population with the selected markers to identify the flanking
markers.

3.3.1.
1.

High Resolution Melting (HRM) markers

Design a PCR primer set producing ideally an 80-120 bp (base pair)
fragment (see Note 9).

Prepare a 10 pyL PCR reaction: 5.0 pyL MiIlliQ water, 2 uL Phire Reaction
Buffer, 0.4 uL 5 mM dNTPs, 0.25 uL of each 10 uM primer , 1 uL LC-Green®
Plus, 0.1 uL Phire Hot Start Il DNA Polymerase, and 1 pL of genomic DNA
(10-20 ng).

35



Chapter 2

3.3.2.
. Design a PCR primer set producing ideally a 500-1000 bp fragment.

Dispense the solution in white-wells PCR plates, and add 20 yL of mineral
oil.

Use the following PCR conditions: 98°C for 30 seconds followed by 40
cycles of PCR amplification (98°C for 5 seconds, Ta (annealing
temperature) for 10 seconds, and 72°C for 15 seconds) and terminated
by an incubation at 72°C for 60 seconds and 25°C for 30 seconds.

Run the samples in the LightScanner and perform the HRM analysis to
genotype the samples.

Cleaved amplified polymorphic sequence markers (CAPS)

Target informative SNPs or another region inside the mapping interval.
Prepare a 15 L reaction: 11.3 pyL MilliQ water, 1.5 uL Reaction Buffer, 0.6
ML 5 mM dNTPs, 0.3 uL of each 10 uM primer, 0.06 uL DreamTag DNA
Polymerase, and 1 uL of genomic DNA (10-20 ng). Dispense the solution in
standard PCR plates.

Use the following PCR conditions: 95°C for 3 minutes, followed by 35 cycles
of PCR amplification (95°C for 30 seconds, Ta for 30 seconds, and 72°C for
1 minute), and and terminated by an incubation at 72°C for 10 minutes.
Run 3 ulL of PCR product on a 1% agarose gel, and verify the presence of
single bands for the parents. Purify and sequence the PCR products of
both parents using the QIAquick PCR purification kit or any other.

Find the most suitable restriction enzymes using the CAPS Designer tool
(see Note 10).

Digest all the PCR products using the selected restriction enzyme, and run
5 uL of the digested sample on a 1% agarose gel

Determine the marker polymorphisms and genotype the plant samples.
For each marker, analyse the band pattern of the parents and score the
population accordingly.

3.4. High-throughput recombinant screening

To narrow down the mapping interval, the screening of a few thousand of plants
from the population is required. The plants are genotyped using the previously
identified flanking markers to find the plants with recombination events
(recombinants). This results in new flanking markers and therefore a smaller
mapping interval (Fig 2).
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Sampling and DNA isolation
in 96-well racks (Fig. 3)

Genotyping with flanking
markers (Fig. 4)
Phenotyping of
................ recombinants (Fig. 5)

Figure 2. Workflow for the high-throughput recombinants screening

In vitro sowing of seeds

. Rinse seeds three times with tap water.
. Socak seeds in 200 mL of 70% ethanol for 1 minute.

Inside a flow cabinet, remove ethanol and soak the seeds in 1.5% sodium
hypochlorite for 15 minutes (see Note 11).

Rinse seeds three times with sterile tap water to remove the sodium
hypochlorite.

. Sow the seeds on Murashige and Skoog [43] medium supplemented with

20 g/l sucrose (MS20) and 100 ppm GAs3 and incubate them in a climate
room in the dark for two weeks (see Note 12).

Transfer the first emerging seedlings to a new pot with fresh MS20 medium.
Place 24 plants in each pot and assign a unique number to each plant
(Fig. 3).

Incubate the plants in a climate room for two weeks.

DNA isolation in 96 tubes - racks

. Fill arack with 2 steel beads per well.

Inside a flow cabinet, take one leaf from the first plant of the first pot and
place in position Al of the rack, maintain the rack on ice during sampling.
Fill each position in the rack with the samples from four pots (Fig. 3) (see
Note 13).

Grind the samples using a TissuelLyser at 25 Hz for 90 seconds.

To add buffers, use a repeating pipette, and to transfer the aqueous
phase to new fubes use an 8-channel pipette.
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Figure 3. In vitro culture and sampling for the high-throughput recombinant screening. ()
Seedling are transferred to pots with MS20 medium and organized in groups of 24 plants fo grow
them synchronously. (b) Each plant is assigned a unique number to tfrack them along the
process. Every four pots will form a 96-well rack. (c) For each individual seedling, one leaf is
collected for DNA isolafion and transferred to a rack. The two last wells are filled with samples
from the two parents (R and NR).
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Add 250 uL of CTAB buffer to each sample and incubate at 65°C for 60
minutes (mix by inversion occasionally) and cool the samples down onice
for 15 minutes.

Add 250 pL of chloroform:isoamyl alcohol (24:1). Mix by inversion and
centrifuge at 4000 rcf for 15 minutes. In the meantime, prepare a new rack
with clean tubes and add 200 pL of isopropanol to each tube.

Transfer 200 pyL of the aqueous phase to the new tubes containing
isopropanol, mix by inversion and incubate at -20°C for 15 minutes.
Centrifuge for 15 minutes at 4000 rom, remove the supernatant and wash
the DNA pellets with 500 uL of 70% ethanol.

Remove the ethanol and dry the pellets (see Note 14).

.Add 100 uL of MilliQ water. To evaluate the purity and quantity of the DNA,

analyse some random samples using a spectrophotometer (see Note 15).
If needed, dilute the DNA fo a final concentration around 20 ng/uL.

Genotyping

. Analyse the entire rack with the two previously identified flanking markers

(section 3.3) to identify the recombinant plants (Fig. 4).

Desigh more molecular markers between the flanking markers.

Analyse the recombinants (see section 3.4.4) and identify new flanking
markers to narrow the mapping interval down.

If needed, return to section 3.4.1. This process should be iterated to fine-
map the immune receptor, until the mapping interval is small enough for
selecting candidate genes (see Note 16).

Phenotyping of recombinants plants

. Transfer the recombinant genotypes to pots containing fresh MS medium.

Micro-propagate and transfer two plants per genotype to the
greenhouse.

Phenotype the recombinant plants using the method of your choice (Fig.
5).

Combine the genotypic and phenotypic information to determine the
position of the recombination in relation to the flanking markers and target
locus (Fig. 6).
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Figure 4. Genotyping of the mapping population (plants 1-94 and parents). (a)
HRM marker showing two patterns of melting curves (red or grey). The two
different patterns indicate two groups with genotypes corresponding to the R or
NR parent. (b) Gel image of the same plants tested with a CAPS marker, showing
two different band patterns: three bands for the R parent (and progeny) and one
band for the NR parent (and progeny).
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Figure 5. Phenotyping of recombinant plants for response to an effector. Three
leaves from a recombinant are infilfrated with the effector in duplicate. A
negative control is included. (a) Responsive recombinant that shows a clear
hypersensitive response (HR) to the effector. (b) Non-responsive recombinant,
unable to recognize the effector and no HR is observed.

4. Notes

1.

2.

The required restriction enzymes entirely depend on the sequence of the target.
Commonly used enzymes are: ECoRI, BamHI, Hindlll, Rsal, Dral, among others.
To obtain the mapping population, sow around 100 seed from the F1 in the
greenhouse and phenotype them for the response to the effector or pathogen.
If the F1 segregation is compatible with a 1:1 ratio, it indicates that the R parent
has the immune receptor and that it is in heterozygous state. If the F1 does not
show segregation, a backcross population (BC1) is required, a R genotype from
the progeny should be crossed with the NR parent and the segregation ratio
should be determined. If the segregation is indeed 1:1 in the BC1, continue with
this population.
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Figure é. Fine-mapping. The markers M1 and M2 are used as flanking markers to identify
recombination events and sixrecombinant plants (1-6) are identified. Then, new markers (M3,
M4 and M5) are designed between the flanking markers and tested on the é recombinants
and the parents. In parallel, the recombinants are phenotyped. Now, new flanking markers
(M4 and M5) are identified and the mapping interval is narrowed down.

3. The size of the mapping interval obtained from the BSR-Seq depends on the
number of individuals per bulk, the sequencing depth, and the density of
polymorphisms of the mapping population. For each parameter, more is better
[35]. In our hands the BSR-Seq worked well using between 15 and 34 individuals
per bulk.

4. RNA purity is determined measuring the OD ratios 260/280 and 260/230, which
should be above 2.0. The RNA integrity can be determined on an agarose gel,
by evaluating the 28S and 18S rRNA bands.

5. For RNA isolation, it is possible to mix all the samples that form a bulk and then
isolate the RNA from one sample. However, we consider it more appropriate to
isolate the RNA from each sample, and then mix equal amounts of each to form
the bulk RNA sample.

6. Generally, around 2 ug of RNA is required for sequencing. The depth of the
sequencing will depend on the number of individuals used per bulk. For 30
individuals per bulk, we used around 40 million paired-end reads (150 bp) per
sample, corresponding to 12 Gbp of raw sequencing data.
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7. The number of required molecular markers varies between experiments. The aim
is to obtain markers that cover the complete mapping interval.

8. Before analysing the entire population, test the markers in the parents and
progeny with a known phenotype (use a subset of the plants included in the
bulks). The selected markers are those that discriminate between R and NR
plants. This fest also gives information about the marker linkage phase.

9. Forthe HRM analysis, it is possible to genotype SNPs in bigger amplicons, however
small amplicons allow for a better differentiation between variants. With bigger
amplicons it is possible to detect additional mutations, which can result in more
complex melting patterns that make it difficult to distinguish the variants [44].

10. Select the restriction enzyme that leads to clear differences in size between the
cleaved and uncleaved PCR products.

11. After sterilizing the seeds of the mapping population, all the subsequent steps
should be performed under sterile conditions.

12. Potato seeds are dormant directly after harvest, but will usually germinate rapidly
after a period of cold-storage for 6 months. The use of gibberellin hastens the
onset of germination and can obviate the need for storing the seeds before
sowing [45]. The timing and rate of germination depends on the population. In
our hands, the required time for germination after GA tfreatment varies between
2 weeks and a few months, and the germination percentage is between 30-90%.

13. Once the leaf sampling is done, keep the pots in a cold climate room (18 °C)
until the recombinants are identified. In this way, the plants grow slowly, and it
will be easier to keep them separated.

14.Dry the DNA pellet leaving the tubes open inside a fume hood, until residual
ethanol has evaporated.

15.The DNA purity is determined by measuring the OD ratios 260/280 and 260/230,
which should preferably (but not necessarily) be around 2.0.

16.The final mapping interval should be small enough to end up with a manageable
number of candidate genes for the next cloning steps.
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Chapter 3

Abstract

Plants employ cell surface-localized pattern recognition receptors (PRRs) to recognize
pathogen-associated molecular pattern (PAMPs) and mediate pattern-triggered
immunity (PTl). PAMPs are typically considered conserved molecules or peptides,
however recent studies have shown that they can occur as polymorphic patterns.
Pep-13/25is a PAMP derived from Phytophthora transglutaminases and reported to
be conserved. In this study, we screened public databases and detected
polymorphism of Pep-13/25 within Phytophthora infestans as well as across
transglutaminases from diverse oomycete genera. In addition, we detected similar
sequences to Pep-13/25 in some fungal species. We tested Pep-25-sensitive wild
Solanum genotypes that are host species of P. infestans with four natural polymorphic
versions of Pep-25 and we found a diverse profile of responses, which suggests the
presence of diverse alleles of the Pep-25 receptor in these plants. Further, we
genetically fine-mapped the Pep-25 receptor gene in Solanum microdontum subsp.
gigantophyllum to a 0.081 cM region on the top of chromosome 3. Three BAC clones
in this region were isolated and sequenced, and the putative Pep-25 receptor gene
was localized to a complex receptor-like kinase (RLK) locus. This study is an important
step toward the identification of the Pep-13/25 receptor, and the understanding of
its dynamic interaction with this polymorphic PAMP.
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Infroduction

Plants employ cell surface and intracellular immune receptors to detect invasive
microbes and activate immunity. The cell surface-localized pattern recognition
receptors (PRRs) so far include receptor-like kinases (RLKs) or receptor-like proteins
(RLPs), that recognize pathogen associated molecular patterns (PAMPs) and initiate
pattern-triggered immunity (PTl) [1]. PTl confers protection to host non-adapted
pathogens and partial immunity to host-adapted pathogens [2]. These adapted
pathogens have evolved effectors to suppress PTI and manipulate the host system; in
turn, plants deploy intracellular nucleotide-binding leucine-rich repeat receptors
(NLRs) to recognize the effectors and initiate effector-triggered immunity (ETI), which
provides a more robust immunity [3]. Historically, PTI and ETI were considered as two
separated layers of plant immunity, yet they converge on downstream responses that
include influx of Ca?*, reactive oxygen species (ROS) production, mitogen-activated
protein kinases (MAPK) cascades, induction of defense-related genes, and
production of phytohormones [4]. Besides, recent studies showed that mutual
potentiation of PTI and ETI are required for an effective immune response, PRRs are
required for an effective ETI, which in tfurn enhances PTI responses by inducing the
upregulation of its signalling components [5, 6].

PTI has always been considered ancient and stable, while ETl is considered very
dynamic because of the continuous arms-race between R genes and effectors. The
perception of flg22 (22 amino acids epitope contained by flagellin) is the best studied
example of PTI. Many studies about flg22 indicate that pathogens modify their PAMPs
to evade host recognition [7-9], which implies that PAMP diversification occurs as an
effective pathogen virulence strategy [10]. In furn, some plants have developed
polymorphic versions of FLS2 to detect this new version of flg22 [11, 12]. Besides, a
recent study has reported a concerted expansion and/or contraction of NLRs and
PRRs across plant species [13]. So, PTl is not as permanent as it was thought, instead,
PAMPs and PRRs are under constant competition driven by their allelic diversification
[10].

Phytophthora species are an important threat to agriculture and natural ecosystems
since they cause some of the most destructive plant diseases in the world.
Phytophthora infestans, infamous for causing the Irish potato famine, has remained a
main threat for world agriculture. This oomycete pathogen causes late blight, the
most devastating disease of potatoes that generates costs and losses close to € 9.4
billion each year [14]. Other Phytophthora species like P. ramorum, P. sojae, P. capsici,
P. cinnamomi and P. parasitica are considered in the top 10 oomycete pathogens
based on their economic and scientific relevance [15].
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Plants sense several Phytophthora MAMPs using PRRs. For example, INF1, a major
secreted elicitin from P. infestans is recognized by the LRR-RLP ELR isolated from
Solanum microdontum [16, 17]. The conserved peptide nlp20 from NLPs present in
many microbes, including P. parasitica, is recognized by RLP23 from Arabidopsis
thaliana [18, 19]. The glycoside hydrolase 12 protein XEG1, produced by P. sojae is
recognized by the LRR-RLP RXEG1 from Nicotiana benthamiana [20, 21]. Recently, it
was shown that the ceramide Pi-Cer D from P. infestans activates defense responses
in Arabidopsis and potato, Pi-Cer D is cleaved by the apoplastic ceramidase NCER2,
and the resulting 9-methyl-branched sphingoid base is recognized by the lectin
receptor-ike kinase, RDA2 [22]. Despite the fact that several PRRs have been
identified so far, many PAMPs remain orphans, like Pep-13, CBEL, PcF, SCR74, SCR96,
OPEL, among others [23-28], from which the matching immune receptor has not been
identified to date.

A cell wall-located 42 kDa glycoprotein (GP42) isolated from P. sojae culture filtrate,
showed elicitor activity in cultured parsley cells and protoplasts [29]. The treatment of
this glycoprotein with endo- and exopeptidases lead to the identification of a
oligopeptide of 13 amino acids, Pep-13, as necessary and sufficient to trigger defense
responses in parsley cells [23]. Pep-25 is a longer version of this peptide, that exhibited
same elicitor activity as Pep-13 [23]. Pep-13, Pep-25, GP42 and P. sojae crude exiract
are able to tfrigger the same responses like influxes of H* and Ca?*, effluxes of K* and
ClI, oxidative burst, expression of defense-related genes and phytoalexin formation
[23]. Besides, a high affinity binding site for Pep-13 was found in parsley microsomall
membranes and protoplasts. By Alanine substitution scanning, two single amino acid
residues, W-2 and P-5, (numbering according fo position in Pep-13) were found
important for both elicitor activity and binding, which indicated a link between the
signal perception and the plant responses [23]. By chemical cross-linking, a 100 kDa
protein from the parsley plasma membrane was identified as the putative receptor
of Pep-13 or as a part of it [30, 31].

Later, GP42 was identified as a fransglutaminase (TGase) present in Phytophthora
species (including P. infestans), with Pep-13 as an exposed fragment within [32]. Other
transglutaminases related to GP42 were found present in other Peronosporales
(Hyaloperonospora and Pythium spp.) and marine Vibrio bacteria [33]. The Pep-13
sequence was found conserved among Phytophthora TGases, and mutational
analysis revealed that the same amino acids from Pep-13 were important for both
elicitor and enzyme activity, indicating the PAMP nature of this peptide [32]. Since
Pep-13 was found present in P. infestans, it became important to study the interaction
of Pep-13 with potato. Treatment of potato cells with Pep-13 resulted in ROS bursts
and activation of defense-related genes, and Pep-13 infilfration of potato leaves
produced accumulation of hydrogen peroxide, production of jasmonic and salicylic
acids and hypersensitive response [34]. The Pep-13-triggered immune responses were
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reported to be SERK3A/B-dependent in potato [35]. However, the Pep-13/25 receptor
has remained elusive so far.

The analysis of the mating-induced gene M81 in P. infestans lead to the identification
of a family of five genes with elicitor activities (M81, M81B, M81C, M81D and M81E)
[36]. It was found that M81 lacked elicitor activity and was the most divergent
compared to GP42. M81B was considered a pseudogene as no gene expression was
detected, and the paralogous M81C, M81D and M81E showed conserved elicitor
activity and were more similar to GP42 (63% to 71% of amino acid identity) [36]. The
Pep-13 sequence from GP42 was found completely conserved in M81C, M81D and
MB8IE, but differed by 3 amino acids in M81B and 6 amino acids in M81 [34].

In this study, we performed an in silico analysis of fransglutaminases and their epitope
Pep-13/25. We found putative fransglutaminase sequences in several oomycete
species (including Albugiales), and in three zoosporic fungal species. Besides, we
found that Pep-13/25 shows polymorphism, even within the tfransglutaminase family
of P. infestans. Wild Pep-25-sensitive Solanum genotypes were explored for their
response to natural variants of Pep-25 and our findings suggest diversification of the
Pep-13/25 receptor through evolution. Finally, the Pep-25 receptor was fine-mapped
to a 0.081 cM LRR-RLK gene locus on the top of chromosome 3, which promises to
lead to the identification of the Pep-13/25 receptor.

Results

Polymorphism of Pep-13/25 in Phytophthora infestans

Pep-13/25 are conserved plant immunogenic fragments from cell wall
transglutaminases (TGases) present in several plant-pathogenic Phytophthora
species [32]. BLAST searches of public databases using the TGase from P. sojae as
query, refrieved a total of 285 sequences (excluding bacterial sequences). As
expected, most of these sequences belonged to oomycetes, and specifically to the
Peronosporales (Phytopththora species with the highest number of predicted
proteins, Hyaloperonospora arabidopsidis, Nothophytophthora sp., Bremia lactuace
and Peronospora effusa), Albugiales (Albugo candida and A. laibachi) and Pythiales
(Globisporangium splendens and Pythium oligandrum). Besides, we also found a few
predicted TGases in fungal species like Catenaria anguillulae, Rozella allomycis and
Spizellomyces punctatus, interestingly these species represent zoosporic fungi that
belong to Cryptomycota or Chytridiomycota, phyla that are specially diverse in
aqguatic environments [37]. Representative Pep-13 and Pep-25 sequences from these
TGases are shown in Fig 1a. These results indicated that Pep-13/25 presence is broadly
distributed in oomycetes, and possibly in some fungal species. However, whether
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these fransglutaminases with polymorphic Pep-13 motifs retain elicitor and enzyme
activity requires further experiments.

The transglutaminases from Phytophthora infestans were further explored. A total of
48 predicted protein sequences (from strains T30-4, 88069 and KR_2_A2) were
retrieved from public databases, 8 incomplete and small sequences were excluded
(Fig. S1). The sequences alignment and phylogenetic analysis show the formation of
two main clades that separate the sequences related to M81C, M81D and M81E from
the sequences more related to M81, and M81B (Fig. S2). Interestingly, the tfree showed
the formation of a sub clade (in pink) separated from M81C, D and E, which may
represent a new fransglutaminase gene not known previously. Based on the Pep-
13/25 fragments of the 40 sequences analyzed, 15 unique Pep-13/25 sequences were
selected (Fig 1b). The sequence alignment showed that the amino acids D-1 (first
amino acid of Pep-25), V-8, W-9, Q-11, P-12 (first amino acids of Pep-13) are fully
conserved within this transglutaminase family, while A-4, E-7, N-10, F-16 and V-18 are
highly conserved, and higher polymorphism was observed in the rest of amino acids,
including those inside Pep-13 (Fig 1b).
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Figure 1. PAMP Pep-13/25 polymorphism in oomycetes and transglutaminase family from P.
infestans a. Representative Pep-13 and Pep-25 sequences from transglutaminases sequences
retrieved from public databases from comycetes (light blue) and fungi (pink). b. Fifteen unique
sequences for the epitope Pep-13/25 from tfransglutaminases sequences from P. infestans and
the original Pep-25 reference from P. sojae [23]. For both cases, sequence logos representing
conserved amino acids among the sequences are shown. Conserved amino acids are shaded
in black, and semi-conserved residues are shaded in grey. Red asterisks indicate amino acid
residues found under positive selection by PAML.
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The expression level of 8 genes that encode for fransglutaminases based on the
Nimblegen microarray data from Haas et al. (2009) [38] was explored. It was found
that the gene expression of all fransglutaminases (except XP_002899072, from M81
/M81B cluster), is clearly induced early during infection (Fig. 2), which indicates an
important function of these proteins during the interaction with the host plant. Besides,
expression polymorphism between the 7 fransglutaminases was noted, and by
comparing specific transglutaminases among the 3 different strains as well (Fig. 2).
These findings together suggest that diverse transglutaminases with different Pep-
13/25 motifs function as enzymes in P. infestans. Based on the amino acid sequence
alignment and gene expression profiles, we selected two natural variants with varying
sequences on the Pep-13 region (NV1 and NV2), and two natural variants with
conserved Pep-13 region but with varying sequences outside the Pep-13 region (NV3
and NV4) for further study (Fig. 1b).
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Figure 2. Expression data of 8 transglutaminase genes from P. infestans. a. Expression profile of
fransglutaminase genes family in P. infestans and infected potato. Gene expression is based on
microarray data after Log2 normalization. The results were obtained from total RNA from
mycelium grown on Rye medium (M1) or V8 medium (M2), and from Désirée infected leaves at
48h, 72h and 96h after inoculation with three P. infestans isolates T30-4, NLO7434 and UK3928A.
b. Protein encoded by the genes with expression data showed in a. Sequences of the Pep-13/25
motif are shown to visualize their diversity, and P. sojae is used as reference sequence.
Conserved amino acids are shaded in black, and semi-conserved residues are shaded in grey.

Additionally, to study whether any positions in within Pep-25 may have been subject
to diversifying selection, we wused 17 nucleotide coding sequences of
transglutaminases from P. infestans (isolates T30-4 and 88069) that were available in
the NCBI, aligned the sequences and analyzed them using codeml from PAML [39].
Depending on the model used, different numbers of amino acids were found o be
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under diversifying selection. The model M3 identified 45 amino acids under positive
selection, these amino acids were distributed along the protein sequence, in the
transglutaminase domain, but not in the signal peptide. Interestingly, three residues
located to the Pep-13/25 motif (Fig. S3a). The model M8 detected 7 amino acids, and
one of them was located in the Pep-25 motif (Fig. S3b). The selected natural variants
showed polymorphism in the 3 amino acids found under positive selection by PAML
(Fig 1b). These results suggest that diversifying selection has acted on some region
within the fransglutaminases from P. infestans, however, the Pep13/25 pattern is
relatively conserved. Still, some significant diversifying selection was noted also within
Pep13/25 and we decided to further explore the recognition of the natural variants
of Pep-13/25.

Wild and cultivated potatoes show a diverse response to natural variants of Pep-25
In previous studies, we screened a collection of wild Solanum species and cultivated
potatoes for HR induction upon infiltration with Pep-13 or its structural derivative Pep-
25 [40]. We extended this screening and selected 29 responsive genotypes to test four
natural variants from Pep-25 (NV1-4) (Table S1). We found that the screened
genotypes show diverse response profiles, and four classes were distinguished (Fig.
3a). The class 1 includes genotypes from S. demissum and S. bukasovii species, that
are sensitive to NV1 and NV4, but not to NV2 or NV3. Class 2 includes two genotypes
from S. tuberosum Group Phureja and S. microdontum subsp. gigantophyllum, that
are sensitive to all variants except NV2. Class 3 includes genotypes from .
chacoense, S, berthaultii, S. hondelmanii, S. leptophyes, S. boliviense, that are
sensitive to NV3 and NV4, but not to NV1 or NV2. The maijor class 4 is represented by
the plants sensitive to all the variants evaluated, and includes genotypes from S.
edinense, S. berthaultii, S. tuberosum Group Phureja, S. tuberosum Group Andigenum,
and two cultivars. Representative leaves of these genotypes are shown in Fig. 3b. The
presence of 4 different recognition specificities, including quantitative variation within
a class, suggests the existence of diverse alleles of Pep-25 receptorin Solanum species
that might encode PRRs with different ligand specificities. Furthermore, compared to
the other natural variants, NV2 was recognized by less genotypes, perhaps related to
the lower expression level of its corresponding transglutaminase during infection,
compared to the NV1- and NV3-containing transglutaminases. The prevention of
PAMP production tfrough down regulation of gene expression is one pathogen
strategy to avoid recognition [41], and may indicate a potential co-evolution of these
PAMPs with their corresponding PRRs.

The observation of class 1 and 2 genotypes that recognize NV1 but not NV2, point to
one amino acid inside Pep-13, E20 (numbering based on the amino acid positions in
Pep-25), which change to K in NV2, may avoid recognition by these genotypes, but
the change to R does not affect its recognition in the same genotypes. Interestingly,
class 1 genotypes showing response to NV4, but not to NV3 indicate that amino acids
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outside Pep-13 may be important for the elicitor activity in these Solanum plants. Our
results indicated that the changes of the following amino acids T3D, G5A, E23A might
avoid Pep-25 recognition by DMS364-1, DMS585-1 and BUK512-3. Interestingly, E23 was
found under diversifying selection by PAML.

wT NVI NV2 NV3 NV4 b
M646-4 O

DMS364-1 BUK512-3 PHU200-4 GIG362-6
10 . !
B o
0 BER491-1 DDS144-3 BER483-1 cv. Altus

Figure 3. Solanum genotypes show a diverse response to Pep-25 and its natural variants a. Heat
map of the responses of Solanum genotypes to the Pep-25 (WT and natural variants). HR
induction was scored from 0 to 1 (0 indicates no symptoms, 1 indicates confluent cell death and
intfermediate values were also considered for chlorosis or increasing levels of patchy cell death).
Four classes (1 to 4) are distinguished based on the sensitivity profile to the peptides. b. Examples
of HR-induced by Pep-25 in some genotypes are shown.

GIG physical map and fine-mapping of the Pep-25 recognition

The genotype S. microdontum subsp. gigantfophylum GIG3626-6 (GIG) showed to be
sensitive to Pep-25, since a cell death response was produced upon Pep-25 infiltration
(no cell-death was observed when Pep-13 was infiltrated) (Fig. 4a). GIG was crossed
to S. verrucosum 3316-17 (Pep-25 non-sensitive), the F1 3341-15 was then crossed to
MCD360-1 (Pep-25 non-sensitive), and the segregating F2 population (3521) (ratio 1:1)
was used for a BSR-Seqg analysis combined with a high-throughput recombinant
screening approach [42]; this led to the mapping of Pep25-recognition to the top of
the chromosome 3, fine mapping of the Pep-25 receptor within a 330 kb intervall
based on the DM 1-3 516 R44 genome v3.4, and sequencing of one BAC clone
(isolated from a BAC library of GIG) [43]. In order to identify the candidate genes, we
explored this BAC clone further. The gene annotation revealed the presence of 9
partial or complete LRR-RLK genes, but only two contained a signal peptide (Fig. S4a).
Unfortunately, molecular markers designed across the BAC clone and tested on
recombinant plants indicated that the mapping interval was not closed (Fig. S4b),
which suggested that other candidate genes may be located outside this BAC clone.
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To close the mapping interval, more molecular markers were designed (Table S2),
1783 additional plants from the population 3521, and the GIG BAC library were
screened to find more recombinant plants, and increase the size of the physical map,
respectively. The BAC library screening led to the identification of two new BAC clones
(02 and 03) that overlapped BAC clones 01 on each side, and the assembly of the 3
clones led to the reconstruction of a 216 kb GIG physical (Fig. 4b). A new important
recombinant plant was identified (3521-1489), and the genotyping of all recombinant
plants narrowed the mapping interval, identifying HRM 1.429 and PCR S085 as flanking
markers (Fig. 4c) The marker PCR S085 mapped to the BAC clone 03, in the position
210,116 kb of the GIG contig, however HRM 1.429 mapped outside the GIG contig,
which indicated that the mapping interval includes the GIG contig plus an
unsequenced GIG genomic sequence (Fig. 4c). The genetic distance of this interval
was approximately 0.081 cM (3/3700).

BAC clone 01 (132 kb)

BAC clone 02 (127 kb) BAC clone 03 (129 kb)
f BAC clones

GIG contig

S —
DD EDD)) GEED <« D) PPIC @b O .“ 4 21610
LRR-RLK1 LRR-RLK2 LRR*LKJ LRR-RLK4 LHR-RI.KS
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g S P84t NR &
2 P21-80 R
P16-72 R

Figure 4. Fine mapping of the Pep-25 receptor. a. The Pep-25-sensitive genotype GIG362-6 (GIG)
is shown. GIG leaves show no HR upon Pep-13 infiltfration. b. The BAC screening led to the
identification of 3BAC clones (01, 02 and 03), which were assembled to generate the GIG contig
of 216 kb. The gene annotation revelated the presence of 15 partial or full-length LRR-RLK (in
blue), however only five of them contained signal peptide (LRR-RLK 1 to 5). €. The recombinants
screening led fo the identfification of two new flanking markers, HRM 1.429 and PCR S085, but
unfortunately one PCR S085 mapped inside the GIG contig. 3341-15 and MCD360-1 are the
population parents. R: responsive, NR: non-responsive.

Candidate genes encode LRR-RLKs

The genes in the BAC contig were annotated, 15 leucine-rich repeat receptor-like
kinase (LRR-RLK) genes located in this region (Fig. 4b), but only 5 were found to have
signal peptide, and were considered as candidate genes of Pep-25 receptor (Fig.
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S$5a). These five LRR-RLK were cloned into overexpression vectors with 35S promoter
and fransformed into Agrobacterium tumefaciens strain AGL1, and then transiently
expressed in N. benthamiana leaves followed by Pep-25 infiltfration. However, none
of the five tested candidate genes was responsible for Pep-25 recognition (Fig. S5b).
Therefore, we speculate that the Pep-25 receptor likely locates in the un-sequenced
region of the mapping interval.

Discussion

PAMPs are fraditionally considered highly conserved, since they are indispensable for
pathogen lifestyle [44]. However, many studies indicate that adapted pathogens can
avoid PTl by allelic diversification of PAMPs. Sun et al. (2007) reported within-species
variation of flagellin among Xanthomonas campestris pv. campestris strains to frigger
responses in Arabidopsis [7]. Also, a flagellin region, different from flg22, figll-28, was
identified as PAMP and shown to be under diversifying selection within the
Pseudomonas syringae pv. tomato strains [8]. Agrobacterium tumefaciens has
evolved another modified flg22, flg22Atvm, that cannot be detected by FLS2, but can
be recognized by FLS2XL from Vitis riparia, a different form of FLS2 with broader ligand
specificities [11]. Another polymorphic flg22, was identified in Ralstonia solanacearum
(flg22Rse) and has shown to evade perception by many plants, but was recognized
by GmFLS2 from soybean [12]. These examples illustrate that a dynamic coevolution
of PAMP and plant PRRs does exist.

Pep-13 was found conserved in cell wall transglutaminases from Phytophthora
species, and required amino acids for enzyme activity were also shown important for
the elicitor of the parent protein [32]. In this study we further explored
transglutaminase sequences from available sequence databases. We found
putative tfransglutaminases that were not reported previously in other comycete
species and three fungal species. Two of these fungi belong to the Chytridiomycota
phylum, and Rozella allomycis (previously assigned to Chytridiomycotas) belongs to
the Cryptomycota phylum that parasites chytrids [45]. Previously, since TGases were
found also in marine Vibrio bacteria, it was hypothesized that oomycete
transglutaminases were acquired from Vibrionales by horizontal gene transfer [33].
Curiously, here, we have found that fungi from Cryptomycotas and
Chytridiomycotas, phyla that are highly diverse in aquatic environments, also have
putative transglutaminases, and potentially could have been aquired by horizontal
gene fransfer from aqueous oomycetes as well. Furthermore, TGases from diverse
genera showed distinct Pep13/25 sequences, which suggests that Pep-13/25 is a
polymorphic PAMP with a broader distribution, beyond Phytophthora. To explore
whether these natural variants exhibit similar enzyme and elicitor activity in their
respective hosts, future work is needed.
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Chemical inhibition and iRNA silencing of transglutaminases showed that they are
important proteins for cell wall formation, stability and pathogenicity of P. infestans
[46]. We retrieved 48 predicted transglutaminases sequences corresponding to three
different strains of P. infestans, it was observed that the mofif Pep-13/25 was highly
polymorphic across the protein sequences analyzed (Fig. S2), and 15 unique Pep-
13/25 motifs were identified. This indicates that even at species level, diversification of
transglutaminases and particularly of Pep-13/25 is occurring, which is also supported
by the finding that various amino acids are under positive selection.

Leaves of wild Solanum species, cultivated potato species and cultivars, showed HR
upon infilfration of four natural variants of Pep-25, which indicated that they function
as PAMPs and have elicitor activity. Additionally, based on the profile of HR of the
sensitive genotypes freated with these variants, 4 classes of response were identified,
which suggests that diverse alleles of the Pep-13/25 receptor with different ligand
specificities occurs in Solanum species. Our results together suggest that allelic
diversification is acting on the PAMP Pep-13/25, and at the same time, functional
diversification might be occurring in the Pep-13/25 receptor to confers different
ligand specificities, which suggests that a co-evolution between Phytophthora and
Solanum hosts at the PAMP-PRR level. The cloning and characterization of the
receptor could help to clarify and study further this dynamic interaction.

A Solanum microdontum subsp. giganfophyllum (GIG) is sensitive to Pep-25. In our
attempt to clone the Pep-25 receptor, we identified a small interval (~0.081 cM) in the
top of the chromosome 3. We reconstructed the GIG physical map in that region and
assembled 3 BAC clones to a contig of 216 kb, which showed to be rich in RLKs, since
at least 15 full-length or partial RLK genes were annotated. Five of these contained
signal peptides and were considered as candidate genes, but none of them gave
cell death activity upon Pep-25 freatment. Unfortunately, we were unable to isolate
more BAC clones to cover the whole mapping interval, but nonetheless, this work lay
the groundwork for the cloning of the Pep-13/25 receptor from potato.

In summary, we showed that Pep-13/25 is a widely distributed PAMP in Phytophthora,
other oomycetes and in some fungi. We found polymorphic amino acid residues
within Pep-13/25 across oomycetes and fungi, and interestingly even within
transglutaminases of P. infestans. The polymorphic Pep-13/25 epitopes relate to
diverse recognition spectra from Solanum section Petota species. Finally, we fine-
mapped the Pep-25 receptor to an RLK locus, which represents an important step
towards the identification of a new receptor and of additional alleles with different
ligands specificities, that may help to understand the dynamic interaction of PRRs and
PAMPs.
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Materials and Methods

Peptide synthesis

Pep25 (DVTAGAEVWNQPVRGFKYEQTEMTE) and the four natural variants NV1, NV2,
NV3 and NV4 (DITAGNEVWNQPARSYEIRLSWTT, DVTAGAQVWNQPVRSYEVQKMELVD,
DVTAGSEVWNQPVRGFKVFEQTEMS and DVDAAAEVWNQPVRGFKVYEQTAMS,
respectively) were synthesized by GenScript (USA). The peptides were dissolved in
DMSO to a concentration of 1T mM, and in autoclaved tap water to a final
concentration of 1 uM for infilirations. The peptides were infilfrated into the abaxial
side of plant leaves by a needleless syringe, and the cell death phenotype was
scored 3 days after infiltration.

Plant materials

The genotypes were obtained from the wild Solanum collection of Plant Breeding,
Wageningen University and Research [47] (Table S1), that is maintained in vifro on
MS20 medium at 25 °C. Top shoots of plants were cut and clonally propagated and
grown in climate chamber at 25 °C for 2 weeks. Plants were transferred to a climate-
controlled greenhouse compartment at 22 °C/18 °C day/night temperature regime
under long-day conditions and grown during 3-4 weeks. In all cases, three leaves per
plant, and three plants per accession were used. To screen the segregating
population, seeds were sterilized before germination. They were rinsed in 70% ethanol
and soaked in a solution of 1.5% hypochlorite and Tween 20, then they were washed
3 times with autoclaved water to remove the hypochlorite. The seeds were sowed on
MS20 medium supplemented with 1000 ppm GAS3. After genotyping, the identified
recombinants were moved to a climate-controlled greenhouse compartment and
grown during 3-4 weeks for phenotyping.

In silico analysis

The protein sequences were obtained from Pfam (pfam.xfam.org). A total of 292
sequences belonging to the protein family PF16683 (Transglutaminase elicitor) were
analyzed. Alignments were performed with MUSCLE [48] in Geneious Prime, the
phylogenetic analysis was performed using W-IQ-Tree [49] and iTOL [50]. Protein
annotations were performed using the plugin InterProScan from Geneious Prime
(http://www.geneious.com). The diversifying selection analysis was performed with
CODELM from the PAML software. Six models were tested (Null models MO, M1, M7
and alternative models M3, M2, M8) to identify the amino acids under positive
selection.

BAC library screening

The BAC library of GIG362-6 was generated as described previously [51]. Primers were
designed based on the BAC clone 01. The BAC library was genotyped for the markers
1-BAC500, 2-BACS500, 3-BAC500 and 5-BAC500 (Fig. S2a, Table S2) to identify BAC
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clone 02 that overlap with BAC clone 01 on the left side; and with the markers BAC116,
BAC129 and BAC130 (Fig. S2a, Table S2) to identify BAC clone 03 that overlap with
BAC clone 01 on the right side.

Fine mapping

The seedlings were transferred to pots with MS20 medium and organized in groups of
24 plants to grow them synchronously, each plant was assigned a unique number to
track them along the process, and every four pots will form a 96-well rack. The
detailed protocols for DNA isolation, amplification of HRM and CAPS markers were
described previously [42]. The recombinant genotypes were fransferred to pofs
containing fresh MS medium, propagated, and transferred to the greenhouse for
phenotyping by Pep-25 infiltration.

Candidate gene cloning and agroinfiltration

The coding region of the candidate genes was PCR-amplified from cDNA from
GIG362-6 and firstly cloned into the Gateway entry vector pENTR, then shuffled into
destination vector pK7WG2 with 35S promoter by LR reaction. The constructs were
transformed into Agrobacterium tumefaciens strain  AGL1 for tfransiently
overexpression assay in plants. The agroinfiliration was performed in 4 -weeks-old N.
benthamiana leaves, Pep-25 (2 uM) were infilfrated into the same leaves two days
later, and the cell death responses were evaluated 3 to 5 days later.
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Supplementary figure 1. Alignment of 40 transglutaminase protein sequences from
P. infestans. Pep-13/25 sequences are shaded in red.
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Supplementary figure 2. Phylogenetic tree of transglutaminase protein sequences
retrieved from the NCBI.
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Supplementary figure 3. Diversifying selection analysis. a. Model used to identify amino acids
under positive selection. b. Protein sequence of the transglutaminase from P. sojae with signal
peptide, transglutaminase domain, and Pep-25 is shown. The amino acids found under
positive selection by the three models (M2, M3, M8) are indicated with red arrows, by two
models (M3, M8) are indicated with blue arrows, and by only one model (M3) are indicated
with green arrows.
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Supplementary figure 4. GIG BAC clone and screening of recombinants. a. BAC clone 01
from GIG of 132kb. Annotation showed the presence 9 partial or full-length LRR-RLKs (in
blue), only two genes contained signal peptide (are indicated with arrows as LRR-RLK). b.
The analysis of markers designed inside the BAC on the recombinant plants identified,
showed that they all co-segregate, which indicated that the mapping interval is not
closed.
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Supplementary figure 5. Protein annotation of candidate genes and functional analysis. a.
Predicted domain structure of the five candidate genes. They all showed the presence of signal
peptide (SP), a non-cytoplasmic domain that contain the LRRs, a transmembrane domain (TM)
and a cytoplasmic domain that contains the kinase domain. b. The five candidate genes (LRR-
RLK1, LRR-RLK2, LRR-RLK3, LRR-RLK4 and LRR-RLKS5) were transiently expressed in N. benthamiana
leaves through agroinfiltfration, OD600 = 1.0. Pep-25 peptide (2 uM) was infiltrated in the same
leaf 2 days after the agroinfilfration. The photos were taken 3 days after the peptide infiltration.
Co-expression of R3a and AVR3a were used as a positive control, empty vector and Pep-25
were used as negative controls.
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Supplementary table 1. List of Solanum genotypes. The genotypes, species and abbreviations
are shown in different columns.

Genotype Species Species abbreviation
585-1 S. demissum DMS
364-1 S. demissum DMS
512-03 S. bukasovii BUK
200-4 S. tuberosum Group Phureja PHU
362-6 S. microdontum subsp. gigantophyllum micrGIG
543-5 S. chacoense CHC
544-5 S. chacoense CHC
381-2 S. species SPEC
646-4 S. hondelmannii HDM
491-01 S. berthaultii BER
680-5 S. leptophyes LPH
144-3 S. doddsii DDS
144-5 S. doddsii DDS
496-01 boliviense BLV
240-2 S. tuberosum Group Andigenum ADG
222-5 S. tuberosum Group Andigenum SUB
372-8 S. tuberosum Group Phureja PHU
201-3 S. tuberosum Group Phureja PHU
150-4 S. edinense EDN
151-1 S. edinense EDN
151-3 S. edinense EDN
483-1 S. berthaultii BER
371-7 S. tuberosum Group Phureja PHU
128-1 S. tuberosum Group Chaucha CHA

Andigena S. tuberosum Group Andigenum
Clone V Solanum tuberosum
DM 1-3 516 R44 Solanum tuberosum
cv. Colomba Solanum tuberosum
cv. Altus Solanum tuberosum
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Supplementary table 2. Sequence of the primers used to amplify the molecular markers used in
this study. Type of markers and annealing temperature are given.

Primer Marker Restriction sequence Ta (° C)
type enzyme
PCR1.22-F TGCTGAAGAAAAGGACATGT
PCR-based NA 59
PCR1.22-R TAATTCTCAACTICACCGGT
CAPS1.23-F GGTICGAGTCCCTGATTTT
—————————  CAPS EcoRl 57
CAPS1.23-R TGAAGCGCGAGTAATIT
PCR1.37-F ATGGACAACACATICAGGTT
PCR-based NA 60
PCR1.37-R GTTATGCCTAGTTCAGCCAT
HRM1.429-F AAGGTGAGGAGICTIGGGAGG
———————— HRM NA 64
HRM1.429-R CTICAGCGTGTIGICTTIGCC
HRM1.431-F TCCTCATCCAGCAAGACGTT
———————— HRM NA 64
HRM1.431-R GACATCAGGCAGAGACTAAGCA
CAPS S047-F CAAGAGGAGGATAAGTACGC
————————— CAPS Bcll 60
CAPS S047-R AAGGGTAGGCTTAACGTATT
PCR S050-F CAACTICCAAAGGGCATAAC
———————— PCR-based NA 60
PCR S050-R ACTICTGCAACTICGACTAC
CAPS 2BAC-F GCCICTTTGGTACGGTTICAATAA
————————  CAPS Rsal 60
CAPS 2BAC-R GAGTAGATAGGACCCTGCACATA
PCR SO41-F GTGAAAGACAGIGITGAGAC
————————— PCR-based NA 60
PCR SO41-R ACAAGCAAGAGACTICATCA
PCR S085-F ATGGCGGAAGTTATGTICTT
————————— PCR-based NA 60
PCR S085-R ATCCAGCTTAATTIGTCCGT
PCR S086-F GGGATITCACTGGGTATGTT
———————— PCR-based NA 60
PCR S086-R AACTTTTACTGCGACTGAGT
HRM M63-F GTGAAACATAGCACTGCTAGA
————————— HRM NA 54
HRM M43-R CACTAGGATGATGGICTTIGA
HRM M66-F GTGAATCCCACTAATAGCAACA
———————— HRM NA 58
HRM M66-R CTITTCCAGGTATGGGAATCT
HRM1.548-F AGAATGTCAACTCTICATGCATACG
————————— HRM NA 64
HRM1.548-R CACTGGATATGTAGTTIGATGGACG
HRM1.56-F AAAGGGTCCATATITAACACCTCAC
———————— HRM NA 62
HRM1.56-R TITTATGGGGTIGGGGATTATCTIC
CAPS1.579-F CGTAACATCCTCACCCCAAG
——————— CAPS Bme 1390l 60
CAPS1.579-R AACGCCCAGAAAGAAATCGA
CAPS1.783-F GGITTGGAAGAGAGTGGCAA
————————  CAPS Hindll 58
CAPS1.783-R CTGTICTGGACCCAAGGTTC
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Supplementary table 2. (continued)

. Restriction °
Primer Marker type enzyme Sequence Ta (°C)
1-BACS500-F GGAAGCTICCAAATCCAAAGTTG
————  PCR-based NA 60
1-BAC500-R GATGGTGCTGAGAAAAAATCCA
3-BACS500-F TTIGGGGATICTATGATACACGTC
————  PCR-based NA 60
3-BACS500-R TGCAAGAGCACATGTTACACATG
4-BACS500-F ATAGGGGTCCATTAGATCATITCG
————  PCR-based NA 60
4-BACS500-R GGCATAGTTGAGTCTITTCCCTT
10-g5-seq-F GGATGATATCGACAACCACTACA
—————— PCR-based NA 60
10-g5-seg-R TGAATCCTGATAGGCTATICGTG
5-BACS500-F TAATTTTTGGTGGGTTGTGCAC
————  PCR-based NA 60
5-BACS500-R CATCATGGAAAGATGGGATATGTG
7-BAC500-F TAATTCTCAAACTCTCGGACCTG
————  PCR-based NA 60
7-BAC500-R CTGGAGACGTGATGGTTAATITC
BACS55-F AGTAGTGGGTTATAGATGGA
PCR-based NA 60
BACS55-R CCTCTTACTCCATACTTACC
BAC75-F TAGGACTAGTTICGTTIGCTA
PCR-based NA 60
BAC75-R CAACCTITCAGAACAGTC
BAC82-F GCAACAACACAATACACTAC
PCR-based NA 60
BAC82-R TACATAGAGACAACACCGTA
BACB86-F GTCTTAACAGAGGACAACAG
PCR-based NA 60
BAC86-R TGGGGAGAAAGTACTACTAC
BAC87-F CCTACCTITCTCATCTATGT
PCR-based NA 60
BAC87-R GTCTCTCTGTAAATGTCCAG
BAC89-F GGTAAGCTCTCACTAAGTTT
PCR-based NA 60
BAC89-R ATAGTTTCTGATACCTCGAC
BAC94-F CTTCATGCTIGTTAGGTAG
PCR-based NA 60
BAC94-R GGAGGAGAAGAAATATGAG
BACI116-F GACAGTGTTICCCTIGTATAC
PCR-based NA 60
BAC116-R CTTATGAGGAATTAGAGGAC
BAC120-F GCAGATTAAGAACACAGAAG
PCR-based NA 60
BACI120-R ACATCACGAGTCATCTAGTT
BAC124-F GGAGATCTTCAACATATCAC
PCR-based NA 60
BAC124-R TATGTCACAGCCTITATATG
BAC129-F AACAACAACACGTCTACC
PCR-based NA 60
BAC129-R AAAGGTTAGGTGTGTCTTAG
BAC130-F TCAATTAGCTCTICTCTCTT
PCR-based NA 60
BACI130-R CAGATAAAGAAGGAGATAGG
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Chapter 4

Functional diversification of a wild potato immune
receptor at its center of origin
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Chapter 4

Abstract

Plant cell surface pattern recognition receptors (PRRs) and intracellular immune
receptors cooperate to provide immunity to microbial infection. Both receptor
families have coevolved at an accelerated rate, but the evolution and diversification
of PRRs is poorly understood. We have isolated potato surface receptor Pep-13
receptor unit (PERU) that senses Pep-13, a conserved immunogenic peptide pattern
from plant pathogenic Phytophthora species. PERU, a leucine-rich repeat receptor
kinase, is a bona fide PRR that binds Pep-13 and enhances immunity to Phytophthora
infestans infection. Diversification in ligand binding specificities of PERU can be traced
to sympatric wild tuber-bearing Solanum populations in the Central Andes. Our study
reveals the evolution of cell surface immune receptor alleles in wild potato
populations that recognize ligand variants not recognized by others.
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Plant cell surface pattern recognition receptors (PRRs) and intracellular immune
receptors cooperate to provide robust resistance to microbial infection (1-3). The
synergistic activation of plant immunity by spatially separated plant immune
receptors suggests their co-evolution. A strong correlation in the number of genes
encoding surface and intracellular immune receptors observed across the plant
lineage supports the concept of mutual potentiation of immune responses initiated in
different plant cell compartments (4, 5).

It is assumed that pathogen pressure in ecological niches drives plant immune
receptor evolution (5, 6), but evidence for diversification of plant PRR sequences and
functions among natural plant populations is lacking. We hypothesized that a PRR
might recognize Pep-13, a conserved microbial immunogenic 13-amino-acid
fragment from a cell wall glycoprotein (GP42) with tfransglutaminase (TG) activity (7-
9). TGs are produced by several plant-pathogenic oomycete Phytophthora species,
including P. infestans, the causal agent of potato late blight disease and the Great
Irish Famine (10-12). Pep-13 triggers a hypersensitive response and other immunity-
associated responses in diverse plant species, including the solanaceous host plant,
potato (10).

Potato PERU senses oomycete-derived pattern Pep-13

We screened a collection of wild Solanum species and cultivated potato genotypes
for cell death induction when infiltrated with Pep-13 or its structural derivative, Pep-25
(7, 13). To identify the Pep-13-receptor by a map-based cloning approach, we
crossed genotype Solanum tuberosum Group Phureja DM 1-3 516 R44 (DM) and
genotype S. tuberosum RH89-039-16 (RH) (Fig. 1A). DM is a Pep-13/Pep-25 sensitive
genotype, which was previously used to establish the potato reference genome (14).
RH is a Pep-13/Pep-25-insensitive genotype. We back-crossed the F1 generation 3240-
4 to the RH parent, and used the resulting F2 population (3648) for genetic mapping
(15). Pattern sensitivity segregated in a 1:1 ratio, suggesting that a single, dominant
gene encodes the corresponding receptor (fig. STA). Pep-13/Pep-25 sensitivity was
previously mapped to the top of chromosome 3 (13), and subsequent marker-assisted
fine-mapping yielded a 55.2 kb fragment containing 7 open-reading frames, three of
which encode leucine-rich repeat receptor kinases (LRR-RKs a-c) (fig. S1B). LRR-RKs
consist of an extracellular LRR domain, a transmembrane-spanning domain and an
intracellular serine/threonine protein kinase domain, which is absent in LRR receptor
proteins (LRR-RPs). LRR ectodomain-containing receptors are the predominant type
of plant PRRs known to date and have evolved to recognize primarily proteinaceous
microbial patterns or phytocytokines (16-18).

To determine which LRR-RK candidate gene sequence confers Pep-13 sensitivity, we
performed transient expression assays in the solanaceous model plant, Nicotiana
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benthamiana. Agrobacterium infection-mediated expression of LRR-RK b, but not of
LRR-RK a or c-encoding cDNA sequences resulted in plant cell death after treatment
with either Pep-13 or GP42 (Fig. 1B). We thus designated LRR-RK b Pep-13 receptor
unit (PERU). PERU is a canonical plant LRR-RK that hosts an ectodomain composed of
27 LRRs linked by a transmembrane domain to an intracellular serine-threonine
protein kinase domain (fig. S2). Stable expression of PERU cDNA in Pep-13-insensitive
potato cultivar Atlantic resulted in Pep-13-inducible cell death, production of reactive
oxygen species (ROS) and accumulation of the plant stress hormone, ethylene (Fig.
1C-E, fig. S3). These responses were not observed in wild-type Aflantic or in control
lines tfransformed with empty vector only. Inactivation of the PERU locus in Pep-13-
sensitive DM by CRISPR-Cas? mutagenesis provided direct proof for a causal role of
PERU in Pep-13 pattern recognition. To abolish PERU gene expression, genotype DM
was stably transformed with CRISPR-Cas? and 4 sgRNA, CRISPR lines were genotyped,
and deletion and frameshift mutations were found, resulting in loss of Pep-13-induced
cell death, ROS burst and ethylene production (Fig. 1F-H). In sum, these resulfs
document a role for potato PERU in Pep-13 pattern recognition.

A PERU- SERK3 complex mediates Pep-13/Pep-25-induced defenses and
plant cell death

LRR-type PRRs recognize their cognate ligands by binding to their LRR ectodomains
(19). We investigated ligand-receptor binding in vitro and in planta. To test for physical
interaction of PERU and Pep-25 in vitro, we incubated recombinant hexa-histidine
(Hiss)-tagged PERU LRR ectodomain protein (PERUWRR-His¢) with biotinylated Pep-25
(Pep-25-bio) before freatment with the homo-bifunctional cross-linker ethylene glycol
bis (succinimidyl succinate) (EGS) to stabilize the ligand-receptor complex (8). Pep-
25-bio is as active as Pep-25 (fig. S4). Following PERUWRR-Hiss immunoprecipitation,
bound Pep-25-bio was visualized by streptavidine/anti-streptavidine antisera (fig. S5).
A large molar excess of free Pep-13 competitively abolished ligand-receptor complex
formation, which suggests direct and specific ligand binding by PERURR, The affinity
constant of the ligand/receptor interaction (Kp=88.9 nM) is close to ligand
concentrations required for immune activation in p35S::PERU-expressing Pep-13-
insensitive Solanum hjertingii or in Pep-13-sensitive potato DM (EC50=9.8 nM or 44 nM
respectively), indicating that the PERU ectodomain is sufficient for ligand binding (fig.
S5). To analyze the Pep-25-bio/PERU interaction in planta, we treated leaves of N.
benthamiana plants expressing Green Fluorescent Protein (GFP)-tagged PERU
(P35S::PERU-GFP) with ligand prior to EGS treatment. Precipitation of PERU-GFP protein
and subsequent detection of bound ligand corroborated ligand-receptor binding
observed in vitro (Fig. 2A). Again, excess of Pep-13 abolished ligand binding. We did
not observe an inhibitory effect when a biologically inactive Pep-13 mutant peptide,
Pep-13W231A (tryptophan residue 231 mutated to alanine, amino acid numbering
corresponds fo full-length GP42 sequence (10)), was used as competitor (Fig. 2A).
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Notably, a W231A mutant of GP42 did not only abolish its plant defense-eliciting
activity, but also reduced its TG activity by 98.5% (10). Altogether, these data
demonstrate specific binding of Pep-13 fo its high-affinity binding site, PERU.
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Figure 1. PERU confers response to Pep-13. (A) The genotype DM 1-3 516 R44 (DM) shows cell
death response upon infiliration of Pep-13 and Pep-25, while the genotype RH89-039-16 (RH)
does not. (B) Representative N. benthamiana leaves co-agroinfiltrated with the candidate
genes “a”, "b" or "c”, and Pep-13 or the full-length glycoprotein GP42, show that candidate “b”
confers cell death to Pep-13 (left leaf) and GP42 (right leaf), whereas candidates “a” and “c”
do not. Cell death was visualized by red light imaging system at 3 days post infiltfration (20). (C)
Potato culfivar Atlantic (WT) is non-sensitive to Pep-13/25, fransgenic Atlantic expressing PERU
(PERU#10 and PERU#11) show cell death after Pep-13/25 infiltration, cv. Atlantic tfransformed
with empty vector (EV) is included as negative control. (D) Total ROS production, and (E)
Ethylene accumulation after treatment with 1uM Pep-13, flg22 or water as control in potato cv.
Atflantic WT, EV, PERU #10 and #11. (F) CRISPR lines peru #29 and #32 are insensitive to Pep-
13/25. (G) Total ROS production, and (H) Ethylene accumulation after freatment with 1TuM Pep-
13, flg22 or water as control, in DM (WT) and lines peru #29 and peru #32. Data were analyzed
using one-way ANOVA with Tukey's test, (**** p-value <0.0001). All experiments were performed
three times with similar results, and representative experiments are shown.

The LRR-RK BAK1/SERK3 (BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED
KINASET/SOMATIC EMBRYOGENESIS RECEPTOR KINASE 3) forms ligand-induced
receptor/co-receptor complexes with plant LRR-RK-type PRRs (17, 18, 21). We found
Pep-13 pattern-induced complex formation of PERU and SERK3A after transient co-
expression of p35S::PERUPM-GFP and p35S::SERK3APM-Myc in N. benthamiana plants
(Fig. 2B). Virus-induced gene silencing of SERK3 (TRV::NbSERK3) in N. benthamiana
resulted in a massive reduction in Pep-13-induced hypersensitive cell death and ROS
production in TRV::NbSERK3 plants (Fig. 2C, fig. Sé), suggesting that PERU recruits SERK3
in a pattern-dependent manner. Silencing of SOBIR1T (SUPPRESSOR OF BAKI-
INTERACTING KINASE1) (TRV::NbSOBIR1/-like), which is exclusively required for the
function of LRR-RP-type PRRs, did not affect Pep-13-induced cell death formation. In
contrast, Phytophthora infestans elicitin INF1-induced cell death mediated by
activation of LRR-RP-type ELR (ELICITIN RESPONSE) (22), is reduced in both
TRV::NbSERK3 and TRV::NbSOBIR1/-like plants (Fig. 2C).

In solanaceous N. benthamiana, activation of plant immunity and cell death by LRR-
RP-type PRRs requires lipase-like ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) (23) and
helper NUCLEOTIDE-BINDING LRR (hNLR) REQUIRED FOR HYPERSENSITIVE RESPONSE-
ASSOCIATED CELL DEATH 2, 3 and 4 (NRC2, NRC3, NRC4) (24, 25). Since LRR-RK-type
PRRs have not previously been implicated in activating plant cell death in any plant
system, we tested whether these proteins are required for PERU signalling. N.
benthamiana plants fransiently expressing p35S::PERUPM developed cell death
symptoms upon infiltration of Pep-13 or GP42 (Fig. 1B), and produced ethylene upon
treatment with Pep-25 (fig. S4). Transient expression of p35S::PERUPM-GFP in N.
benthamiana mutants lacking EDS1 and related PHYTOALEXIN-DEFICIENT 4 (PAD4)
(26, 27) or ANLRs NRC2/3/4 (24) had no reducing effect on elicitor-induced cell death
and ethylene production (fig S7). Altogether, we find substantial differences in the
molecular mechanisms confroling plant immune responses upon activation of
different classes of LRR-type PRRs in this plant.
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Figure 2. PERU recognizes Pep-13, is dependent on SERK3 and confers enhanced resistance to
Phytophthora infestans. (A) Binding of biotinylated Pep-25 to PERU. PERU-GFP tfransiently
expressed in N. benthamiana served as receptor, Pep-25-bio peptide as ligand, and unlabeled
Pep-13 and Pep-13W231A peptides as competitors. Streptavidin-AP (strep) was used to detect
ligand binding fo receptor. (B) PERU-GFP and SERK3APM-Myc were transiently expressed in N.
benthamiana and treated with Pep-13 or water as control. Proteins were subjected to
coimmunoprecipitation with GFP trap beads and immunoblotting with tag-specific antibodies.
This experiment was performed in duplicate with similar results. (C) Cell death induced by Pep-
13 peptide and INF1 protein (as control) in TRV2:NbSERK3 N. benthamiana leaves was
significantly reduced compared with TRV2::GUS. Pep-13-induced cell death was not reduced
in leaves treated with TRV2:NbSOBIR1/-like. Representative leaves are shown at the bottom.
Data were analyzed using one-way ANOVA with Tukey's test, (****P-value < 0.0001, ***P-value <
0.001, **P-value <0.01). (D) Leaves of cv. Atlantic WT, and fransgenic EV (negative control), PERU
#1, #8, #10, and #11 intact plants were spot-inoculated with P. infestans strain Dinteloord, and
lesion sizes measured at 4 dpi. All fransgenic lines expressing PERU showed smaller lesions than
WT or EV. (E) DM (WT) and CRISPR lines peru #29 and #32 were spot-inoculated with P. infestans
strain Dinfeloord. Lesion sizes were measured at 4 dpi. Larger lesions were observed in the CRISPR
lines peru #29 and #32. Data were analyzed using one-way ANOVA with Tukey's test (P-value <
0.05), different letters indicate significant differences. All experiments were performed 3 times
with similar results and representative results are shown.

PERU confers enhanced resistance to P. infestans

Potato varieties used in agricultural production are often susceptible to major plant
pathogens, including species of the genus Phytophthora (28). Genetic engineering
provides one way of increasing plant resistance in crop plants. Ectopic expression of
plant PRRs is known to confer novel microbial pattern recognition specificities and
enhanced pathogen resistance to crop plants (16, 22, 29, 30). For infection assays
with the virulent P. infestans isolate, Dinteloord, we obtained four potato cultivar
Atlantic lines stably expressing p35S::PERU, and two DM lines stably fransformed with
CRISPR-Cas? and 4 sgRNA to disable PERU gene expression. By scoring disease lesions
four days post infection we found that PERU-fransgenic lines were significantly less
damaged when compared to wild-type plants or to lines fransformed with vector only
(Fig. 2D). Likewise, CRISPR-Cas?-generated peru mutant lines were significantly more
susceptible to infection when compared to wild-type DM (Fig. 2E). Hence, PERU
confers quantitative resistance against the pervasive potato late blight pathogen.

Diversification of PERU ligand specificities in wild potato populations

Pep-13/25-induced plant defenses have been studied in parsley and potato cell
suspensions, as well as in leaves of a cultivated potato clone, Désirée (7, 10). Alanine
scanning mutagenesis of Pep-13 sequences revealed that mutant Pep-13W231A
abolished elicitor activity, mutation of proline 234 (Pep-13P234A) reduced it, and
replacement of the remaining amino acid residues (including tyrosine 241, Pep-
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13Y241A) did not significantly affect activities of the mutant peptides (7, 8, 10). We
found the same pattern of ligand responses in the Pep-25-sensitive genotype DM,
which was used for PERU identification (Fig. 1 and 3A, data S1). To determine the
frequency of biologically active PERU alleles in Solanum sect. Petota (31), we
analyzed 476 genotypes corresponding to 98 species (97 wild, and 1 cultivated
potato species) for cell death triggered by Pep-25 and its described mutant variants
(data S1). 350 (74 %) of these genotypes did not develop cell death in response to
Pep-25, indicating that most wild Solanum genotypes in this collection lack an active
PERU allele (data S1). Pep-25 and its mutants were tested for cell death induction on
all 126 Pep-25-sensitive genotypes (Fig. 3A). Overall, we observed at least five
different recognition specificities, including substantial qualitative and quantitative
variations in their abilities to respond to Pep-25 and its mutants. Wild potato genotypes
grouped in class 1 include DM and exhibit the same ligand response patterns as
described for cultivated potato cultivar Désirée previously (7, 8, 10) (Fig. 3A). These
accounted for 25% of all Pep-25-sensitive genotypes (Fig. 3A). Other genotypes
showed responsiveness to Pep-13W231A, but failed to respond to Pep-13P234A (class
2), others failed to respond to both Pep-13P234A and Pep-13W241A (class 3), and
some genotypes failed to respond to all mutant peptides of Pep13 (class 4). Some
Solanum genotypes, such as Solanum leptophyes (LPH) 680-5, exhibit sensitivities to all
Pep-25 variants tested and were categorized as class 5 genotypes (Fig. 3A).
Altogether, our findings reveal that wild Solanum species bear diverse PERU alleles
that differ from PERUPM and, thus encode PRRs with distinct ligand specificities.

We assessed plant defense and cell death-inducing activities of Pep-25 wild-type and
mutant peptides in potato genotypes expressing PERUPM (class 1 genotype) or PERULPH
(class 5 genotype) (Fig. 3B) in greater detail. We found that PERULPH-expressing plants
recognized all Pep-25 variants, whereas PERUPM did not mount cell death in response
to Pep-25W231A. To corroborate these findings and to rule out that potato genotype-
specific properties account for altered PERU ligand binding specificities, we transiently
expressed PERUPM or PERULPH-encoding sequences in Pep-13-insensitive S. hjertingii.
Again, infiltration of Pep-25 wild-type and mutant peptides yielded the same
response pattern as observed before (Fig. 3B), with all Pep-25 mutants inducing cell
death in PERUPH plants only (Fig. 3C). Thus, differences in ligand specificities of PERU
proteins from PERUPM or PERULPH-expressing plants are features of the receptor proteins
themselves rather than of co-receptors or other auxiliary factors.
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Figure 3. Functional diversification of PERU in Solanum section Petota. (A) Heat map of cell death
responses of Solanum accessions to Pep-25 (WT) and Pep-25W231A, Pep-25P234A, Pep-25Y241A
mutants reveals five different classes (1-5) of recognition specificities. DM 1-3 516 R44 (class 1)
and LPH680-5 (class 5) are marked with arrows. (B) Cell death induction by Pep-13, Pep-25, and
mutants in DM and LPH plants. In DM, Pep-25W231 induces no cell death, and Pep-25P234A
induces weaker cell death; while in LPH, Pep-25W231A and Pep-25-P234A-induced cell deathis
similar to that caused by Pep-25. (C) PERUPM or PERULPH were transiently expressed in Pep-13-
insensitive S. hjertingii by agroinfiltration. Infiltfration of Pep-13/25 and Pep-25 mutant peptides
yielded the same response pattern as observed in DM and LPH plants. (D) ECso values were
determined by quantification of elicitor-induced production of ethylene in DM or LPH plants,
and in S. hjertingii plants transiently transformed with either PERUPM or PERULPH; nd, not
determined. (E) Receptor/ligand binding assays show that PERULPH specifically bound both Pep-
25-bio and Pep-25W231A-bio as ligands, and Pep-13W231A efficiently competes for ligand
binding to PERULPH, All experiments were performed 3 times with similar results, and representative
experiments are shown.

We further analyzed biological activities of Pep-25 and its mutants by quantifying
elicitor-induced production of the stress hormone ethylene in PERUPM or PERULPH
potato plants and in S. hjertingii plants transiently tfransformed with either PERU allele
(Fig. 3D, E). Determination of elicitor concentrations required to induce half-maximall
ethylene production (ECso) corroborated qualitative data from cell death assays (Fig.
3B, C). Pep-25W231A proved as active as Pep-25 only when tested on PERULPH-
expressing plants. We found substantially reduced or no activity of this peptide in
plants expressing PERUPM (Fig. 3D, E). In agreement with that, PERULPH plants bound
both Pep-25-bio and Pep-25W231A-bio in receptor-igand binding assays (Fig. 3E).
Likewise, Pep-13W231A efficiently blocked ligand binding to PERUH (Fig. 3E), but not
to PERUPM (Fig. 2A). Altogether, our data obtained from ligand binding assays and
from plant defense activation studies confirm that PERUPM and PERULPH encode
related LRR-RK immune receptors that have diversified in ligand specificities. Our
findings further suggest that functional diversification has occurred within this immune
receptor family during evolution, resulting in PERU alleles that recognize Pep-13
variants not recognized by others.

Evolutionary history of PERU

To obtain information about the origin of PERU alleles, we studied their geographic
distribution and genetic variation (Fig. 4). We developed a computational pipeline to
extract PERU sequences from 6,630,292 predicted proteins from 124 Solanacece
genome assemblies and for comparison extracted sequences of FLS2 (FLAGELLIN-
SENSING 2), a conserved LRR-RK that detects bacterial flagellin (fig. S8; data S2) (3).
Both PERU and FLS2 clustered in well-supported clades within the LRR-RK subgroup XII
indicating a monophyletic origin within the Solanaceae (fig. S9) (5). All plant LRR-RK-
type PRRs currently known fall into this clade, including Arabidopsis FLS2 and EF-TU
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RECEPTOR (EFR), orrice Xa21 (16, 32). This pipeline yielded 114 PERU clade sequences
from 17 species and 180 FLS2 clade sequences from 33 species with the PERU clade
sequences exhibiting markedly more diversity than FLS2 clade (fig. S9, data S3, S4, S5).
The same primers employed fo isolate PERU (DM) facilitated the isolation of 26
responsive homologs and 25 non-responsive homologs (data Sé). The amplified and
genome extracted sequence datasets were then combined for phylogenomic
analyses, which revealed that the PERU sequences encoding Pep-13-responsive PERU
dlleles fall info one clade whereas the non-responsive homologs are scattered
throughout the tree (Fig. 4A, fig. ST0A-B). The PERUYH sequences are embedded
within a tighter PERUPM clade indicating that evolution of a new ligand specificity and,
hence, functional diversification has occurred within the PERU receptor family of
Solanum (Fig. 4A, fig. ST0A). Our phylogenomics analyses of PERU sequences further
suggest that potato PERUPM and the PEP-13 receptor in parsley are distinct proteins,
although they share similar ligand specificities (Fig. 3) (7, 10).

Metazoan and plant immune receptors have been targeted by positive, diversifying
selection, which accelerates the divergence between homologous proteins (33, 34).
To identify amino acids under diversifying selection in the proteins encoded by PERU
alleles, we applied maximum likelihood models of codon substitution using the
program codeml from PAML (35, 36). We found a total of 11 residues (S118, E172, L194,
Q198, R245, E339, E391, L392, A416, Q489, R590) to be under positive selection
according to the three models tested (table S1). We further used AlphaFold2 to
predict the tertiary structure of the PERUPM ectodomain (fig. S11). All residues, but one
(S118) found to be under positive selection are located on the concave side of the
LRR structure, consistent with observations made for binding of the bacterial flagellin
epitope flg22 to the Arabidopsis LRR-RK FLS2 (37). As observed for other immune
receptors, diversifying selection may have driven functional diversification of PERU
receptors in wild potato populations. We further observed that Pep-25-insensitive
genotypes were found across the American continent ranging from the United States
to Chile and Argentina (Fig. 4B). In contrast, Pep-25 sensitivity clustered among
species that belong to species of the section Tuberosa or Piurana which thrive
predominantly in the Andean region of Bolivia and Peru (Fig. 4C), suggesting that the
PERU receptor family arose in this region. Wild potatoes carrying PERULPH alleles also
cluster in this region, suggesting that functional diversification of PERU alleles in wild
potato populations has occurred at its center of origin. PERU alleles from multiple
potato cultivars used today for crop production all cluster with PERUPM (Fig. 4A, fig.
S10A), suggesting that PERU has been maintained during domestication (13).
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Figure 4 (continued).

Discussion

In this study, we characterize potato PERU as a bona fide plant PRR conferring P.
infestans recognition. PERU binds Pep-13/25 patterns that are conserved among
species of the genus Phytophthora, hetero-dimerizes with BAK1 in a ligand-
dependent manner, mediates activation of plant immunity, and increases resistance
to a devastating potato disease.

Different ligand response specificities observed among wild Solanum accessions
indicate that functional diversification within this PRR family has occurred at the site
of origin of the predominant allele, PERUPM, The explicit use of wild potato populations
instead of plant materials that have undergone substantial genetic rearrangements
during crop breeding implies that natural forces have been major drivers of immune
receptor diversification. The Pep-13 pattern is widespread and highly conserved
among plant-associated oomycetes (10), a trait that has likely facilitated the
evolution of plant PRRs that recognize it. Although residue W231 is invariant in known
sequences of Phytophthora TGs, polymorphisms affecting the elicitor activity of wild-
type Pep-13 might occur, since pathogen pressure in defined ecological niches is
assumed to shape immune receptor reservoirs in metazoans and plants (5). It is thus
conceivable that functional diversification of PERU was driven by escape mutations
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within Phytophthora Pep-13 patterns that enable Pep-13-producing pathogen strains
to elude recognition by the predominant allele, PERUPM, Microbial evasion strategies
to avoid plant immune activation encompass alterations within immunogenic
patterns, thus disabling their recognition by plant PRRs (39, 40). In turn, individual plant
species have evolved to perceive polymorphic patterns or, alternatively, structurally
unrelated immunogenic molecules (41-45). Likewise, phylogenetically distinct PRRs
have evolved in different plant species to recognize structurally unrelated epitopes
within individual microbial patterns (46, 47).

We report here the identification of a potato cell surface PRR from the Central Andes

and its natural origin in wild potatoes. Our analysis highlights PRR diversification in
sympatric, natural potato populations.
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Supplementary information

Materials and Methods

Plant material

Potato plants were maintained and clonally propagated in vitro on MS medium (49)
supplemented with 20% sucrose at 25 °C. For experiments, 2 weeks old plantlets were
transferred to sterilized soil and grown in regulated greenhouse compartments at 18-
22 °C, 16h/8h day/night regime and 70% relative humidity. Nicotiana benthamiana
plants were generated from seeds and grown under the same greenhouse
conditions.

Peptides and protein

Peptides were synthesized by Genscript USA Inc, prepared as 1 mM stock solutions in
(DMSQO), and diluted in MilliQ water or sterile tap water before use. INF1 was produced
as described previously (50).

Peptide infiltrations

Peptides were infilirated at 1 uM concentrations into the abaxial side of leaves of at
least 3 plants per genotype (three leaves per plant were used), using needleless
syringes. The cell death intensity was scored 3-4 days after infiltration as previously
described (51). A scale from 0 to 1 was used, based on the cell death percentage of
the infiltrated area. 0 indicates no symptoms, 1 indicates confluent cell death and
intermediate values were also considered for chlorosis or increasing levels of patchy
cell death. Average scores < 0.2 were considered as non-responsive and excluded
from further analysis. The classification of potato genotypes into classes 1-5 is based
on their ability to develop cell death after freatment with Pep-25 and the mutant
peptides Pep-25W231A, Pep-25P234A and P-25Y241A.

Genetic mapping of PERU

An F1 population (named 3240) was generated by crossing the double monoploid
Solanum tuberosum group Phureja DM 1-3 516 R44 as female parent with the diploid
Solanum tuberosum RH89-039-16 as male parent. To generate a segregating
population, one individual from F1 (3240-4) was backcrossed with RH89-039-16. To
confirm the previous mapping of the receptor a small set of the population (30
individuals) and the parents were genotyped with 20 molecular markers.

For the fine-mapping a high-throughput recombinant screening was followed (52).
Briefly, seeds were sown in vitro, the emerging seedlings were transferred to new pots
containing MS20 medium. DNA of the individual seedlings was isolated and
genotyped with two flanking markers. The recombinant plants were transferred to the
greenhouse and phenotyped for Pep-13-induced cell death. This process was
iterated until a small mapping interval was obtained. Molecular markers like HRM
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(High resolution melting), CAPS (Cleaved amplified polymorphic sequence) and PCR-
absence/presence were developed based on DM genome sequence (14). In the first
round of fine-mapping 12 markers spanning 1.3 Mb of the top of chromosome 3 were
used and 1,918 plants were genotyped, and in the second round of fine-mapping,
additional 15 markers were developed to genotype 289 plants. The primers used to
genotype the plants are listed in table S2.

Cloning of candidate genes and homologs

Leaves from DM and Pep-25-responding wild Solanum spp. were infilfrated with 1 uM
Pep-25 and harvested after 5 hours. RNA was isolated using the RNeasy Plant Mini Kit
(Qiagen) and converted to cDNA using the Maxima H minus reverse franscriptase kit
(Thermo Scientific). Specific primers (table S2) were designed and sequences
encoding candidate Pep-13 receptors were cloned into pENTR™/D-TOPQO® vector
and then transferred to the destination vector pK7WG2, under 35S promoter.

Transient expression of Pep-13 receptor candidate-encoding genes in  N.
benthamiana.

Cells of Agrobacterium tumefaciens strain AGL1 were fransformed with Pep-13
receptor candidate-encoding gene constructs and agroinfiliration assays were
performed as described (21). Leaf infiliration with Pep-13 with GP42 were performed
2 days upon infections with A. fumefaciens. Three days after the peptide infiltration,
the leaves were scanned in a ChemiDoc MP imaging system, model Universal Hood
Il (Bio-Rad), and cell death images were acquired with filters capturing the light
emitted in the red visible spectrum (filter 605/50) (46).

Stable transformation of potato cultivar Atlantic

Stable tfransformation of potato cultivar Atlantic with a 35S::PERU construct in plasmid
pPK7WG2 was carried out using routine potato fransformation protocols (53). Fourteen
independent fransgenic lines were tested for the presence of PERU-encoding
sequences using gene-specific primers. All but one line tested positive and responded
to Pep-13. Lines PERU#10 and PERU#11 were selected for further experiments.

Ethylene production

Leaves of 4-week old potato plants were cut in round pieces (6.0 mm diameter) and
floated in MilliQ water overnight. Four leaf pieces were incubated in sealed 10 ml vials
containing 0.6 mL 20mM MES buffer, pH5.7 and the indicated elicitor. Ethylene
accumulation was measured after 4 hours of incubation by gas chromatographic
analysis (TraceGC1300 (InterScience, Breda, NL) coupled with a flame ionization
detector (FID, Temperature = 260°C, cycle time = 3 min, columns: Agilent J&W GS-
GasPro 10m 0.32 mm ID coupled with Agilent J&W GS-GasPro 20m 0.32 mm ID to
assure backflush, injection volume: 250 pL)) of 3.5 mL of the air drawn from the closed
vial with a syringe. At least three measurements were performed for each treatment.
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ROS production

Leaves of 4-week-old potato plants were cut in round pieces (6.0 mm diameter),
placed in 96 well white plate containing 50 pyL of MiIlliQ water, and incubated
overnight. Water was removed and replaced with 50 uL of fresh MilliQ water. After
that, 50 yL of a solution containing 10 ug horseradish peroxidase, 50 uM luminol L-012,
and elicitor was added. Luminescence was determined using a CLARIOstar plate
reader (BMG LABTECH) over a period of 3 hours.

Generation of PERU knockout DM plants

Golden Gate cloning was used to generate the constructs as described previously
(54, 55). Four sgRNAs that target the LRR domain were designed using CRISPOR
(http://crispor.tefor.net/), and synthesized as sense and antisense primers (Biolegio
BV, The Netherlands). The four sgRNAs were fused to U6-26 promoter and terminator
from Arabidopsis thaliana, and cloned into the level 1 acceptors plCH47761,
pICH47772, pICH47781, and plCH4491 respectively. Then, they were assembled into
the Level 2 acceptor plCSL4723 together with NPTIl, Cas? and turbo RFP. Stable
transformation of DM 1-3 516 R44 was performed using routine potato fransformation
protocols (53). Gene-specific primers (CC-238-fw & CC-1440-rv and CC-4225-fw &
CC-5129-rv) were used to amplify and sequence PERU fragments of the
fransformants. CC-238-fw & CC-1440-rv product showed the occurrence of 2
deletions (15 and 72 bp) and 1 big deletion (418 bp) in the CRISPR lines peru #29 and
#32 respectively. Pep-13 infilirations and ROS assays were performed to confirm the
phenotype. The primers used for cloning the gRNAs and for genotyping the
transformants are listed in table S2.

Virus-induced gene silencing assays

Cotyledons of 2 week-old tobacco seedlings were infiltrated with 1:1 mixtures of
PTRV1 and pTRV2::NbSERK3, pTRV2::NbSOBIR1/-like, pTRV2::PDS, or pTRV2::GUS, at a
final ODsoo of 1.0. TRV:PDS and TRV:GUS were used as controls. After two weeks, Pep-
13 or INF1 protein were infilirated, and the leaves were scanned in a ChemiDoc MP
imaging system (Universal Hood lll, Bio-Rad) and cell death images were acquired
with filters capturing the light emitted in the red visible spectrum (filter 605/50) (46).

Quantitative reverse-transcription PCR

Leaf discs were sampled and stored at -80 °C. RNA isolation was performed using
RNeasy Plant Mini Kit (Qiagen) and following the manufacturer instructions. The
iScript™ cDNA Synthesis Kit (Bio-rad) and iScript Reverse transcription supermix (Bio-
rad) were used for cDNA synthesis and RT-gPCR. NbUbe35 and NbNQO were used as
reference genes (56).
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Phytophthora infestans infection assay

Disease tests were performed on whole plants as previously described (27). The P.
infestans isolate Dinteloord was grown at 18 °C in the dark on rye agar medium (57)
supplemented with 20g/L sucrose. To obtain zoospores, the mycelium was flooded
with cold water (4 °C), the suspension was transferred to a new tube and incubated
at 4 °C for 2 hours. The number of zoospores was counted and adjusted to 5x104
zoospores/mL for inoculation. Intact, four weeks-old potato plants were spot-
inoculated with zoospore suspensions. Lesion diameters were measured at 3, 4 and 5
dpi.

In vivo cross-linking and immunoprecipitation assays

A. tumefaciens (strain GV3101) harboring the corresponding constructs were grown
in LB medium with appropriate antibiofics at 28 oC overnight, harvested and
resuspended in 10 MM MgClz, 10 mM MES pH 5.7, 200 uM acetosyringone to desired
ODso. The cultures carrying appropriate constructs were mixed to final ODeoo = 0.1
construct!, incubated at room temperature for 1-2 hours, and infiltrated into 5-6-
week-old N. benthamiana plants. Leaves were harvested 48 hours after infiltration of
bacteria for the following assays.

For in vivo cross-linking, leaves of N. benthamiana expressing PERU-GFP were
infilfrated with Pep-25-bio or Pep-25W231A-bio with or without unlabeled Pep-13 or
Pep-13W231A peptides as competitor. For cross-linking of peptides to the receptor, 2
mM ethylene glycol bis (succinimidyl succinate) (EGS) was co-infiltrated into the
leaves. After 20 minutes, the leaves were harvested and frozen in liquid nitrogen. For
immunoprecipitations, membrane proteins of infiltrated N. benthamiana leaves were
exfracted using extraction buffer (150 mM NaCl, 50 mM Tris HCI pH 8.0, 1% NP-40,
protease inhibitor cocktail (RoChe)), adjusted to a final concentration of 1 mg ml!
and immuno-adsorbed by means of their GFP-tags on GFP-Trap agarose beads
(ChromoTek). Immunoblots were developed either directly with Streptavidin-alkaline
phosphatase conjugate (Roche), with anti-GFP antibodies (Torrey Pines Biolalbs) or
anti-myc antibodies (Sigma-Aldrich), followed by staining with secondary antibodies
coupled to alkaline phosphatase and CDP-Star (Roche) as substrates.

Protein expression and purification in insect cells

The sequence encoding ectodomain of PERU2477? with an N-terminal gpé7 secretion
signal peptide was amplified by nested PCR and cloned into pOET1C transfer vector
(Apal-Sacll sites) with C-terminal é6xHis-fusion (Oxford Expression Technologies). The
resulting plasmids were fransfected info Sf9 cells by using flashBAC GOLD kit (Oxford
Expression Technologies). High Five cells (Invitrogen) were infected with 3% (vol/vol)
virus at a density of 1x10¢ cells mI'' and incubated at 27 oC for 48 hours. The secreted
proteins were purified from the supernatant by a HisTrap excel column (GE
Healthcare). Bound proteins were eluted in a buffer containing 50 mM Tris-HCI pH 8.0,
200 mM NaCl, 500 mM imidazole and further purified by size-exclusion
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chromatography (Superdex 200 Increase 10/300, GE Healthcare) in a buffer
containing 20 mM NaAc pH 5.0, 200 mM NaCl.

In vitro ligand binding assays

The purified His¢-tagged PERU LRR ectodomain protein (PERUNRR-Hiss) was mixed with
2 mM EGS and Pep-25-bio, with or without unlabeled Pep-13 peptide in binding buffer
(20 mM NaAc pH 5.0, 200 mM NaCl). After incubation af room temperature for 30
minutes, streptavidin agarose resin (Thermo Scientific) was added and further
incubated on a rotor at 4 oC for 1 hour. The resin was washed with binding buffer for
3 times. PERULRR-His¢ bound Pep-25-bio peptides were detected by immunoblots as
described above. The band intensities of streptavidin were measured
using ImageJ.

Phylogenomic analyses

A database of 6,630,292 protein sequences was assembled from 124 Solanaceae
genomes (data S4). Receptor kinases (RKs) were then exfracted from the compiled
protein dataset using hmmsearch (HMMER v3.3.2) [--max], utilizing the PFO0069 Pfam
HMM profile, with only sequences bearing a single protfein kinase (PK) domain
retained (58). These RK sequences were then subjected to a search for leucine-rich
repeat (LRR) domains using the Pfam PFO0560, PF13855, PF08263, and PF13516 HMM
profiles, with sequences identified by any of these profiles considered to possess an
LRR domain. The PK domain sequences were then exiracted using the domain
boundaries within the domain table output from hmmsearch for alignment and
phylogenetic analysis. A phylogenetic tree was constructed using MAFFT v7.520 [--
anysymbol] and FastTree v2.1.11 [default options], involving 42,697 sequences from
the previous step and 33 reference sequences, including PERUPM, LRR-RK subgroups
were annotated based on their representatives (data S7, S8) (59, 60).

LRR-RK Subgroup XII, which contained FLS2 and PERUPM, was extracted and the PK
domains were realigned to generate a new phylogenetic free (data $9). Major
branches close to PERUPM and FLS2 were identified and extracted. While FLS2 clade
was easy to identify, PERUPM clade required multiple iterations of zooming, filtering,
and readlignment to improve resolution and identify the best branch defining the
PERUPM clade. Sequences with potential fruncated PK domains were excluded using
Geneious prime software (https://www.geneious.com/), based on the length
distribution graph.

PERUPM and FLS2 clades were then subjected to additional refining steps: the N-
terminally truncated sequences without the LRRNT cap (PF08263) were removed, as
were sequences with additional domains to PK and LRR. Sequences with incorrect
gene models were frimmed, specifically those with incorrect start codons (N-terminal
extension). PERU sequences were checked to determine whether the first infron was
miscalled in the alignment. Lastly, sequences without a signal peptide, as determined
by SignalP 6.0, were filtered out (61). Next, potentially fruncated FLS2 sequences were
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Functional diversification of PERU

removed by setfting a length threshold of 1150 amino acids and over based on FLS2
clade sequence length distribution (data S5, S10). Finally, the full-length sequences of
refined PERUPM and FLS2 clades were used to make the final phylogenetic frees in the
same way as described before. The phylogenetic trees were visualized by iTOL and
annotated manually (62). The species free was adapted from (47). All datasets, scripts
and instructions for these analyses are available in the GitHub repository on Zenodo
(48).

Positive selection analysis

36 full-length nucleotide sequences were used, that form the PERU clade (Fig. 4A), to
generate a codon alignment using MUSCLE from MEGA software package (63). To
identify which PERU amino acids have been affected by diversifying selection, we
used maximum likelihood models of codon substitution. Analyses were performed
with the program CODEML from the PAML package (34). The six models
recommended were tested (Null models MO, M1, M7 and alternative models M3, M2,
M8, respectively) Statistical significance was tested by comparing the null models with
their respective alternative models. Twice the difference in log likelihood ratio
between a null model and an alternative model was compared with a chi-squared
(x3) distribution. The degrees of freedom were determined by the difference in the
numbers of parameters estimated from the pair of models. The likelihood ratios of the
two models test whether an alternative model fits the data better than the null model.
Positively selected sites were identified using the Bayes Empirical Bayes analysis
implemented in CODEML (64).

Structural analysis using AlphaFold2 and LRR prediction

The ectodomain of PERUPM (PERUPM-ECD) which comprises residues 39-768 was
modelled using AlphaFold2 (AF2) through ColabFold v1.5.2 (65, 66), following
guidelines on the document
(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/batch
/AlphaFold2_batch.ipynb). Twelve iterative recycles and an AMBER relaxation step
were incorporated in the modelling. From the 5 independent models generated by
AF2, we selected the highest-ranking model based on the average per-residue
confidence metric, pLDDT. The number of LRRs were checked manually and
confirmed by AF2.
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Fig. $1. Map-based cloning of PERU from DM 1-3 516 R44. (A) The F2 segregating population 3648
was phenotyped for a cell death response (R, responsive; NR, non-responsive) to Pep-13/25 and
segregatedin a 1:1 ratio. (B) Two flanking markers PCR_AP2 and CAPS4 were identified after the
high throughput screening of 1918 individuals from the mapping population, narrowing the
mapping inferval to 243 kb. To further fine-map the region, 15 molecular markers were
developed and 289 additional individuals were genotyped to find new recombination events.
As aresult, a final mapping interval of 55.2 kb was obtained, which contains 7 genes, 3 of which
("a”, "b" and "“c") encode LRR-RKs. Other genes (grey arrows, from left to right) include
sequences encoding SOS3-interacting protein, seed dormancy control domain containing
protein, neutral/alkaline non-lysosomal ceramidase and homeodomain-like superfamily protein.
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Fig. S2. Schematic
representation of PERU and
its encoded LRR-RK. (A)
Infron/exon structure of the
PERU gene. (B) Schematic
representation of the PERU
protein consisting of 1,125
amino acid residues. (C)
Primary structure of the PERU
protein, containing a signal
peptide for secretion; an
extracellular LRR domain
that consists of 27 repeats of
the consensus sequence
LXXLXLXXNXGXIPXXJGNLXX
(highlighted in grey), and is
flanked by two cysteine
pairs (highlighted in dark

grey); a single
fransmembrane domain; an
infracellular juxta-
membrane domain that
contains the putative
endocytosis motif  YXXJ;
and a Ser/Thr  kinase
domain.
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Fig. $3. ROS production in potato. Cultivar Atlantic (WT), Atlantic transformants stably expressing
empty vector (EV) or p35S::PERU (lines #10 and #11) were treated with water (mock), or 1 uM
Pep-13 (A) or with water, or 1 uM flg22 (B). Mean values * standard error of eight replicates are
shown. Assays were performed in triplicate with similar results.
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Fig. $4. Ethylene-inducing activity of biotinylated Pep-25 peptide in N. benthamiana. Ethylene
accumulation in N. benthamiana leaves transiently expressing p35S::PERU-GFP was measured 4
hours after treatment with Pep-25 or biotinylated Pep-25 (Pep-25-bio). Bars represent means +
standard deviation of two or three replicates. Assays were performed in triplicate with similar
results.
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Fig. $5. In vitro binding of PERU'RR-Hiss to Pep-25-bio. (A) Recombinant Hiss-fagged PERU LRR
ectodomain protein (PERUWRR-Hiss, 10 nM) was incubated with increasing concentrations of
biotinylated Pep-25 (Pep-25-bio) as ligand. Ligand-receptor complexes were precipitated with
streptavidin agarose and visualized on protein blots using Streptavidin-Alkaline Phosphatase
(strep). Band intensities of strep were measured by ImageJ. The average of the affinity constants
determined from five independent experiments is Ko=88.9 nM. (B), Ligand binding competition
experiments were conducted asin (A) using 100 mM Pep-13 as competitor. This experiment was
repeated four times.
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Fig. S$é. Silencing of NbSERK3 reduces the ROS burst induced by Pep-13. (A) Total photon count
and (B) kinetics of ROS burst induced by 1 uM Pep-13 or 1 uM fIg22 (as positive control) in N.
benthamiana leaves expressing constructs NbTRV2:NbSERK3, NbTRV2:NbSOBIRI1/-like or
TRV2::GUS as control for virus-induced gene silencing. Data from (A) were analyzed using Welch
ANOVA and Dunnett's T3 multiple comparison test, (*p-value 0.05, **p-value<0.01, ns non-
significant). Mean values + standard error of eight replicates are shown. Assays were performed
in friplicate with similar results and representative results are shown.
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Fig S7. Pep-13-induced defenses are not impaired in N. benthamiana mutant genotypes
transiently expressing PERUPM, (A) Ethylene accumulation 3 hours after tfreatment with water
(mock) or 1 uM Pep-13 in N. benthamiana wild-type (WT) and CRISPR mutants (eds1, pad4, and
edsl/pad4) leaves transiently transformed with PERUPM-GFP. Data points (grey dots) from three
independent experiments are shown (n with exact numbers are indicated in the box plots) and
plotted as box plots (center line: median, bounds of box: the first and third quartiles, whiskers:
1.5x the interquartile range, error bar: minima and maximal). (B) Representative WT and nrc2/3/4
mutants N. benthamiana leaves co-agroinfiltrated with PERUPM, and Pep-13 (at 3 different
concentrations) or the full-length glycoprotein GP42. Cell death was visualized at 3 days post
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Fig $8. Bioinformatics pipeline to exiract PERU and FLS2 clades. From a database containing
6,630,292 predicted sequences from 124 Solanaceae genomes, 42,697 LRR-RK proteins were
obtained (table S4). These proteins were categorized based on known LRR-RK subgroups. FLS2
and PERU sequences from subgroup Xl were then exfracted and iteratively refined.
Phylogenetic analyses were ultimately conducted using a final selection of 114 PERU and 180

FLS2 sequences.
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Fig $9. PERU and FLS2 formed distinct, well-supported clades within the LRR-RK subgroup XII. A. A
phylogenetic tfree showing the LRR-RK classification for 42,697 LRR-RK proteins. Both PERU and
FLS2 are located within the Xl subgroup and have monophyletic origin. B. LRR-RK subgroup Xl
phylogenetic tree showing PERU and FLS2 are located in distinct and well-supported
phylogenetic clades. The numerical values presented correspond to the bootstrap values for
major branches for the clades that contain PERU and FLS2.
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Fig $10. Heatmap representation of presence/absence of PERU phylogenetic clade ac
Solanum species. A. The PERUPM, PERUYH, and the Pep-13 responsive homologs cluste
together in a single clade, while the non-responsive homologs were scattered throughout

phylogenetic tree. B. FLS2 clade demonstrated uniformity in distribution and little variation ac
the Solanum genus, with most species possessing at least one copy. The bootstrap values f

branches are illustrated with triangles.
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Fig $10. (Continued)
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Fig S11. AlphaFold2 model of PERUPM-ectodomain with residues found under positive selection.
A. AlphaFold2 model for the ectodomain of PERUPM, which closely resembles the experimentally
validated structure of FLS2. The 11 residues found to be under positive selection after performing
PAML analysis are marked in red. B. Schematic representation of the LRR domain of PERUPM
(residues 96-751) including secondary structures and the residues highlighted in (A)
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Table S1. Diversifying selection analysis using PAML. CODELM from the PAML software was used, six models were tested (Null models MO, M1, M7
and alternative models M2, M3, M8).

Model of selection Estimates of Positively selected sitest Model . 2ALe
parameters comparison
MO (one-ratio) -7990.55 ®=0.547 Not allowed
M1 (nearly neutral) -7864.81 P0=0.702 Not allowed
M2 (positive selection) -7805.74 P0=0.676, 1188, 172E, 194,198 Q, 245R, 339 E 391 E 3921, 416 A, M1 vs. M2 118.14 2 0.0
©1=0.280, 489 Q, 590 R
p2=0.044,
®2=6.959
M3 (discrete) -7799.84 P0=0.760, 4A 5F 6T, 7F 121,161,22Q,26T,31 A, 46Y,48N, 525, MO vs. M3 381.42 4 0.0
01=0.225, 54 A, 56 N,59R, 63V, 65C,66G,67S,68R, 71R, 79D, 81T,
p2=0.015, 85T,90L,99L,102G,103S, 115A,116 R, 1188, 119R, 124
®0=0.008 D, 127 F, 129K, 130F, 131 R, 142 E, 143 R, 145 Q, 146 V, 150
@1=2.032 R, 151 8,157 F, 172E, 180 G, 193N, 194 L, 196 §,1971, 198 Q,
@2=12.91 199 H,201K,2158,217E, 218V, 223N, 225§, 241 L, 243 E,

245 R, 248 V, 252 H, 257 K, 267 K, 272 G, 291 1,296 A, 315K,
317 A, 3258, 339 E, 344K, 348K, 382,387 E, 388 L, 389 N,
390L,391E 3921, 4111,412M,413S,416 A, 4721,479Y,
484 H,485Y,489 Q, 510N, 512T, 513§, 515 Y, 534K, 562 D,
564D, 566§, 579 H, 581 M, 587 L, 588 D, 590 R, 591 N, 607 H,
621 A, 6291, 634 F, 6351, 636 H,, 658K, 660H, 676 G, 681V,
693S,697 S, 698V, 702V,703 G, 705E, 706 F, 713D, 7141,
717 8,722 M, 727 N, 738 L, 745 G, 749 K, 758 D, 764 G, 765
S, 774 A, 778K, 785K, 788V, 791 L, 792V, 803T, 805 V,820
R, 8258, 827 A, 844 |, 845G, 862V, 864 R, 893 R, 901V, 926
D, 927 K, 961 S, 1000 Y, 1059 L, 1066 V, 1078 R, 1079 L, 1087
A, 1098 A, 11027, 1118 K, 1123 A

M7 (beta) -7872.88 ©=0.006, Not allowed
q=0.009
M8 (beta&o) -7808.25 P0=0.937, 1188, 142FE,172E 1941,198Q,245R, 339 E, 391 E 3921, M7 vs. M8 129.26 2 0.0
p=0.025, 416 A, 489 Q, 590 R
g=0.066,
@=5.70

alnL = log likelihood value.

bAmino acid sites inferred to be under diversifying selection with a probability >95% are shown, >99% are shown in bold, sites predicted by the three models are
underlined.

cLikelihood ratio test: 2AL= 2(InL alternative hypothesis - INL null hypothesis
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Table $2. Sequence of primers used in this study.

Primer name

PCR_AP1-fw
PCR_AP1-rv
PCR_AP2-fw
PCR_AP2-rv
PCR_AP3-fw
PCR_AP3-rv
PCR_AP4-fw
PCR_AP4-rv
PCR_APS-fw
PCR_AP5-rv
PCR_APé6-fw
PCR_AP6-rv
PCR_AP7-fw
PCR_AP7-rv
PCR_AP8-fw
PCR_AP8-rv
HRM-1-fw
HRM-1-rv
HRM-2-fw
HRM-2-rv
HRM-3-fw
HRM-3-rv
HRM-4-fw
HRM-4-rv
HRM-5-fw
HRM-5-rv
HRM-6-fw
HRM-6-rv
HRM-7-fw
HRM-7-rv
HRM-8-fw
HRM-8-rv
HRM-9-fw
HRM-9-rv

Sequence

ATGACCAAATATCCGCCTTT
CCAAGGTACATITGCCAAAG
CACCCCTTACCACTTITCTT
ATAAAGCATIGGGTCGAACT
GTIGTTATITGAGTIGCAGG
AGAAGTGGTIGGCATITGG
AGGAGGGGAAAAGATATCGA
CAAGGACGGGAACTITCTTA
ATGTCACTAGCCTAGAATTT
GTGCTITATCTAACAACGTA
GGATCTICTTGAAGGCATIG
TIMTGGATGATCTGGCACG
TATACAACTGACCCCTACTT
TCCCCACAACTAGTACTATT
AGCCTTGGAGCAACGGTAAA
GGCICGITTGGTGTGAGAGA
AATTTIGTGTTITGGGCTTICC
AACGCTAGAGGAAGAATGTT
GACCACAAACAGTAGACAGT
AAACTCCGITCCAAGTCAAA
GTIGAAACATAGCACTGCTAGA
CACTAGGATGATGGTCTITGA
ACTCAGTCGTCAGTAAAAGT
CATGATGGGTACAATGTAT
ATACGATATGTATGCATCCT
CCAAACTTTTAGTAGTAACG
GAGTTCCAATATACCAACAG
CATATATGTCACAGCCTITA
CATAAAGCTGTAATATGTGC
AGTTICCATCAAGTAGCTATC
CAAGAGACTTACAACATGTG
GTATTICTGATCCAAATGG
AGCTTATCTGTTTITCTAGC
CTCTACTCTGTATGGTCCAC
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Table $2. (Continued)

Primer name
HRM-10-fw
HRM-10-rv
HRM-11-fw
HRM-11-rv
HRM-12-fw
HRM-12-rv
HRM-13-fw
HRM-13-rv
CAPS1-fw
CAPS1-rv
CAPS2-fw
CAPS2-rv
CAPS3-fw
CAPS3-rv
CAPS4-fw
CAPS4-rv
a-start-fw
a-stop-rv
b-start-fw
b-stop-rv
b-start-fw2
b-start-fw3
c-start-fw
c-stop-rv
SQRNA-1-fw
SgRNA-2-fw
SQRNA-3-fw
SgRNA-4-fw
SORNA-1-rv
SgRNA-2-rv
SQRNA-3-rv
SORNA-4-rv
CC-238-fw
CC-1440-rv
CC-4225-fw
CC-5129-rv

Functional diversification of PERU

Sequence
GACCACAAACAGTAGACAGT
AAACTCCGITCCAAGTCAAA
ACACTICACCATTACACTIC
CACAGAAACTATACAGAAGACA
CTAAGCTTATCAATTACGAG
ACGTGGTAAAACTGATAA
AATICTAGCTCCGCCACTGG
GGITACGGAGAAGGGTIGCA
GCTTIGTCTCTGTGTTATIGC
ACTAGGAGAAGCAGTAGGAG
TGCTTTAGTTTGATCGGTIGA
TGGAGAGAGAGTTCAGTAGG
CTTAGTCTCTGCCTGATGTC
AAAGGCTGCGATACTGATAG
GCTATCCTACAAAGACCGTC
GCAAATAAACTCTCAAAGGGA
CACCATGGAGAAGGCCITGAGAT
CTAATTACTITGAGCCGAGGT
CACCATGGAGAAAGCCTTICACAT
TCAGCATGCAAGAAGTTIG
CACCCACATGTTACTAGCGATATC
CACCACATGTITACTAGCGATATCA
CACCATGATGGAGAAAACAGAGG
CTGGATCACGCTIGCCTICG
ATTGAGAAATAGCACGCTIGTCT
ATTGGTGCCTIGTAAGAGTCATGT
ATTGAGTGAAACTICTIGCAATG
ATTGAATITGATGAAGTTAGCCG
AAACAGACAAGCGTGCTATITCT
AAACACATGACTCTTACAGGCAC
AAACCATIGCAAGAAGTTTCACT
AAACCGGCTAACTICATCAAATT
TGCAGCGICTCTTCCTCGAT
GATGACCACACACGTGTCCT
TIGATGAAGITAGCCGTIGGAGA
TITCTCAAGTCCAGGCGCTG
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The following datasets are available at Zenodo (48)

Data $1. Pep-25 and the three peptide mutants were tested for HR induction on 477 genotypes.
HR was scored from 0 to 1, and only genotypes with HR value higher than. 0.2 were considered
for further analysis. @ Unique ID for Centre for Genetic Resources, the Netherlands (CGN)
(https://cgngenis.wur.nl/), and SolR gene database
(https://www.plantbreeding.wur.nl/SolRgenes/). b Species name (Spooner et al. 2014). < Cladistic
relationships are based on plastid or nuclear investigations (Spooner et al. 2014).

Data $2. Genome metadata used in the phylogenomic analysis.

Data $3. Per species statistics of LRR-RK distribution.

Data $4. Per genome statistics of LRR-RK distribution.

Data $5. PERU clade sequence and metadata.

Data $é. List of responsive and non-responsive homologs sequence and metadata.

Data $7. Reference LRR-RK sequence and metadata.

Data $8. LRR-RK sequence and metadata.

Data §9. LRR-RK Subgroup Xl sequence and metadata.

Data $10. FLS2 clade sequence and metadata.
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Abstract

Plants employ pattern recognition receptors (PRRs) to sense pathogen-associated
molecular patterns (PAMPs) or apoplastic effectors at the plant cell surface, as well
as nucleotide-binding domain leucine-rich-repeat-containing receptors (NLRs) to
sense effectors inside the plant cell. Breeding for potato resistance to P. infestans has
focused on the use of NLRs, however, these genes are typically quickly overcome
since the matching avirulence genes evolve exceptionally quickly. Here, we stacked
two PRRs, PERU and RLP23, that recognize the rather conserved Phytophthora PAMPs
Pep-13/25 and nlp20, respectively, in the potato cultivar Atlantic, and evaluated their
effect on P. infestans resistance. We found that PERU and RLP23 cooperate for the
early immune responses like the accumulation of reactive oxygen species (ROS) and
production of ethylene by recognizing their corresponding PAMPs. Furthermore, we
show that potato plants overexpressing these two PRRs are slightly less affected by P.
infestans compared to the single fransformants. Together, our data suggest that
pyramiding of surface receptors can provide additional enhanced resistance against
pathogens, however, more effective or synergistic combinations that may include
intracellular NLR receptors should be explored.
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Potato (Solanum tuberosum L.) is one of the most important food crops worldwide
with a production of more than 359 million tons in 2020 [1]. However, potato is severely
affected by the late blight disease with yield losses estimated at 15-20% globally [2].
Phytophthora infestans, the causal agent of late blight, is a very destructive
oomycete that can dismantle a complete potato field within days [3]. P. infestans has
remained the most important threat for potato production, mainly because of its
elevated virulence and distinctive genome architecture that underpins ifs
evolutionary potential and ability to rapidly adapt to resistant plants [4, 5].

Breeding for resistance against P. infestans in potato has been focused on the use of
infracellular nucleotide-binding domain leucine-rich-repeat-containing receptors
(NLRs) encoded by resistance (R) genes. NLRs activate immune responses upon
recognition of effector proteins secreted by pathogens, leading to effector-triggered
immunity (ETI) [6]. Aimost 50 R genes have been identified from wild tuber-bearing
relatives of potato [7]; however, most, if not all, R genes have been overcome by P.
infestans because of the rapid evolution of the matching avirulence (Avr) effectors,
by diverse mechanisms such as mutation, gene loss, suppression and gene silencing
that leads to loss of recognition [4]. Some recently identified genes including RB/Rpi-
blbl1, Rpi-vnt1, Rpi-Smira2/R8, Rpi-blb2 confer broad-spectrum resistance to most of
the tested P. infestans strains, according to long term field assays [8, 9]. Also Rpi-amrl
from Solanum americanum was found to confer resistance to all 19 tested P. infestans
isolates in fransgenic potato [10]. However, the durability of these newer Rpi genes
remains tfo be evaluated after prolonged deployment at larger acreages.

Despite the quick evolution of virulent races, stacking of R genes is considered an
effective strategy to obtain a more durable resistance against P. infestans in potato.
Three resistance genes to P. infestans (Rpi), Rpi-sto 1, Rpi-vntl.1 and Rpi-blb3 from the
potato wild relatives S. stoloniferum, S. venturii and S. bulbocastanum, respectively,
were placed into a single binary vector PBINPLUS and fransformed to the cultivar
Désirée, which led to a broad resistance spectrum, with no silencing effects observed
under laboratory conditions [11]. These transgenic plants (and plants with single R
gene) were evaluated in field trials in The Netherlands and Belgium for two years. Only
the plants with the stacked genes remained healthy unfil the end of the season, while
plants with single R genes showed disease symptoms [12]. In another study, the NLR
genes Rpi-bib1, Rpi-blb2 from S. bulbocastanum and Rpi-vntl.1 from S. venturii were
cloned in one transcriptional unit and fransformed into the cultivars Désirée and
Victoria. The transgenic events showed complete resistance to P. infestans in field
trials in Uganda during three consecutive seasons [13]. Still, the durability of the
resistance obtained by gene stacking should be carefully evaluated over years,
especially if virulence to the individual R genes occurs in the local pathogen
populations. For example, old potato cultivars such as ‘Pentland Dell’ (R1R2R3) and
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‘Escort’ (R1R2R3R10) nowadays succumb to late blight since virulent races have
evolved [14]. In bread wheat, infroduction of a fransgene cassette of five resistance
gene initially led to resistance to aggressive and highly virulent Puccinia graminis f. sp.
fritici (Pgt) isolates, however a new Pgt isolate that can overcome several genes from
this cassette has already emerged [15]. A similar scenario can be predicted for the R
gene destroyer, P. infestans [3], and its favorite host, potato; it is only dependent on
the passage of time.

Unlike ETI, the pattern-triggered immunity (PTl) has not been extensively explored in
potato yet. PTI employs the pattern recognition receptors (PRR) to detect pathogen-
associated molecular patterns (PAMPs) and trigger immunity [6]. PRRs can be
receptor-like kinases (RLKs) or receptor-ike proteins (RLPs), depending on the
presence or absence of the kinase domain, respectively [16]. PRR-mediated immunity
is thought to be more durable, since PAMPs are conserved structures or patterns
essential for microbial viability or lifestyle, and shared by distinct groups of
microorganisms [17, 18]. PAMPs are less likely to change and PRR are therefore
considered to confer a more stable and broad-spectrum resistance compared to
NLR [19, 20]. Resistance activity based on PRR can even be obtained beyond host
plant families. The transfer of the PRR EFR from Arabidopsis thaliana to Nicotiana
benthamiana and Solanum lycopersicum, based on the recognition of the
conserved elf18 peptide, led to increased resistance to diverse plant pathogenic
bacteria including Pseudomonas, Agrobacterium, Xanthomonas and Ralstonia [21].
Recently, we have cloned and characterized a new PRR, called PERU (Pep-13
receptor unit) from the Solanum tuberosum Group Phureja DM 1-3 516 R44, whichis a
receptor-like kinase that binds the PAMP Pep-13. Pep-13 is an oligopeptide of 13
amino acids, identified within a cell wall-associated transglutaminase (TGase), that
showed to be necessary and sufficient to frigger defense responses in parsley and is
conserved among different Phytophthora species [22, 23]. In potato, Pep-13 friggers
oxidative burst and hypersensitive-like cell death, induces the accumulation of
salicylic acid, jasmonic acid and the expression of defense-related genes [24, 25].
PERU interacts physically with Pep-13 and forms a complex with BAK1 upon Pep-13
treatment to frigger defense responses; furthermore, the overexpression and knock-
out of PERU results in an enhanced resistance and increased susceptibility
respectively, which indicates that PERU contributes to the resistance in potato against
P. infestans [26].

The PRR RLP23 from Arabidopsis thaliana recognizes nlp20, a conserved peptide of 20
amino acids in Necrosis and Ethylene-inducing Peptide 1 (NEP1)-like proteins (NLPs)
produced by bacteria, fungi, and ocomycetes [27, 28]. This peptide is sufficient to
trigger immune responses in Arabidopsis and other Brassicaceae species [28, 29], and
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it was shown that ectopic expression of RLP23 in potato enhances immunity to
Phytophthora infestans [29].

Whereas NLRs typically provide complete, or high levels of resistance to P. infestans,
PERU and RLP provide lower levels of quantitative resistance [4, 26, 29]. We
hypothesize that the combination of various PRRs may generate a more adequate
level of resistance. In this study we stacked the newly found receptor PERU and RLP23,
and investigated if the presence of two PRRs strengthens the immune responses in
potato upon PAMP treatment, and generates a more robust resistance to P. infestans.

Potato cultivar Atlantic plants were fransformed with pK7WG2::PERU and the lines
PERU#10 and PERU#11 were obtained and characterized in a previous study [26]. In
addition, cv. Aflantic explants were fransformed with pB7WG2::RLP23, and
transformants were obtained. Potato plants were maintained and clonally
propagated in vitro on MS medium supplemented with 20% sucrose at 25 °C. Seven
transformants were evaluated by PCR using different primer combinations (Table S1),
and six events tfurned out to be positive for the transgene. For phenotyping, leaves of
4-week-old plants were treated with nlp20 and the ROS production was measured.
Five lines tested positive, namely RLP23 #1, #2, #4, #5, and #7 (fig. S1a). Double
transformants were generated by co-transformation of cv. Atlantic explants with
PK7WG2::PERU and pB7WG2::RLP23. A total of nine double fransformants were
obtained and subjected to PCR analysis to verify the presence of both genes. The
PCR results confirmed the presence of PERU and RLP23 in all nine lines. Subsequently,
six lines were randomly selected for phenotyping. ROS production upon nip20 (fig.
S1b) or Pep-13 (fig. S1c) treatment was measured in these six PCR-positive lines, and
5 of them tested positive for both genes, namely PERU/RLP23 #1, #4, #10, #27, #29
(fig. S1b, c).

To avoid the use of saturating doses, we determined ECso by quantifying the ethylene
accumulation using increasing concentrations of the peptides nlp20 and Pep-13. We
found that Pep-13 triggers ethylene production in potato plants at nanomolar
concentration (ECs0=2.40 nM) (Fig. 1A), while nlp20 triggers responses at micromolar
concentration (ECs0=1.76 uM) (Fig. 1B). Indeed, the double fransformants treated with
both peptides showed no increase in ROS production (fig S2a), nor ethylene
accumulation (fig. $2b), compared with the responses upon Pep-13 treatment alone,
which indicated a saturation of the system. Therefore, based on the ECsp results, we
decided to use 10 nM Pep-13 and 1uM nlp20 for the following experiments.
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Figure 1. ECso determination of Pep-13 and nlp20 in cv. Atlantic potato plants. Seven different
concenfrations of Pep-13 (A) and nlp20 (B) were used to measure the ethylene accumulation
in leaves of 4-week-old plants. The plants were much more sensitive to Pep-13 compared to
nlp20. The curves and ECso values were obtained in AAT Bioquest.

To test if the presence of two stacked PRRs in potato has an additive effect on the PTI
responses to the corresponding molecular patterns, we freated the double
transformants with 10 nM Pep-13 and 1 uM nip20 separately and together, and
measured ROS production and ethylene biosynthesis [31]. We observed that in all 4
lines tested, the ROS burst upon Pep-13 freatment is stronger than upon nlp20
treatment, even when Pep-13 is used at nanomolar concentrations (Fig. 2A). This
shows that potato cultivar Atlantic is much more sensitive to Pep-13 than nlp20,
perhaps because PERU can operate in its native background potato, unlike RLP23
that is from Arabidopsis. The treatment of lines expressing PERU and RLP23, with Pep-
13 and nlp20 together, showed a trend of additive effect of PRR stacking on ROS
production, which however was not statistically significant (Fig. 2A). We observed this
trend in PERU/RLP23 #10, #27, #29, but not in PERU/RLP23 #1. In terms of ethylene
accumulation, we found an additive effect upon treatment of combined Pep-13 and
nlp20 (Fig. 2B), which was statistically significant for PERU/RLP23 #1, but not significant
for PERU/RLP23 #10, #27, #29.
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Figure 2. Early immune responses in PERU/RLP23 double transformants treated with Pep-13, nlp20,
and Pep-13+nlp20. Leaf discs from four PERU/RLP23 double transformants were selected and
freated with 10 nM Pep-13, 1 uM nlp20 and 10 nM Pep-13 + 1 yM nlp20 at the same time. A. ROS
burst was measured, and the total photon count is shown. An additive effect was observed in
the PERU/RLP23 transformants #10, #27 and #29. B. The ethylene production was measured, and
a significantly higher production was found in PERU/RLP23 #1 in presence of 10 nM Pep-13 and
TUM nlp20 compared to the treatment with single peptides. One-way ANOVA was performed
fo analyze significant differences between treatments (“P<0.01).

Furthermore, we noticed that the freatment of the double transformants with both
peptides produced a change in the shape of the ROS burst curve, it showed two
phases instead of one, that resembiles the junction of curves produced by Pep-13 and
nlp20 individually (Fig. 3). To verify that the additive effect is result of the specific
recognition of the peptides by their respective receptor, we used the single
transformants as controls and treated them with 10 nM Pep-13 and 1 yM nip20,
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separately and together. In general, we found that the freatment of single
transformants with both peptides, produces no accumulative effect on ROS burst (fig.
$3), as expected. Only for PERU #11, we found a minor, not significant increase in ROS
when the leaf discs were freated with Pep-13 and nlp20, possibly attributable to
variations in the sampled leaves. Besides, the single transformants treated with both
Pep-13 and nip20, showed a normal ROS curve, with only one phase and no changes
in shape were observed (fig. S4). Altogether, these results indicate that the stacking
of PERU and RLP23 have a small additive but not synergistic effect on the early
immune responses like ROS burst and ethylene accumulation.

150001 —~ 10 nM Pep-13

—— 1 uM nip20
—— 10nM Pep-13 + 1uM nip20

mock
10000+

5000

Relative luminescence units (RLU)

Time (hours)

Figure 3. Biphasic ROS curves in PERU/RLP23 double transformant plants. ROS production in
fransformant PERU/RLP23 #27 treated with Pep-13, nlp20, Pep-13+nlp20, and water (mock). A
biphasic curve is produced upon treatment with both Pep-13+nlp20 peptides.

Transformation of individual PRRs has been successfully applied to generate more
resistant crops to diseases, although a rather modest level of quantitative resistance
is achieved against late blight in potato [21, 29, 32]. We investigated if the stacking
of the PRRs PERU and RLP23 in potato can provide a stronger resistance to P. infestans.
An infection assay was performed as previously described [33], using the WT potato
cultivar Atlantic, two single transformant lines per gene (PERU #10, #11, RLP #1, #4),
and two double transformant lines (PERU/RLP23 #27, #29). Five plants per genotype,
and three compound leaves per plant were spot-inoculated with the highly
aggressive P. infestans isolate Dinteloord under controlled conditions, and the lesion
sizes were measured at 3, 4 and 5 dpi. We observed that PERU and RLP23 contribute
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to the resistance against P. infestans, in line with previously reported findings [26, 29].
The lines overexpressing one PRR or both PRRs are less susceptible to P. infestans
compared to the WT line, and they showed significant smaller lesion sizes at the three
time-points of evaluation (3, 4 and 5 dpi) (P<0.05) (Fig. 4A). The double transformants
showed smaller lesions compared to the single fransformants at 3dpi, which may
indicate that the stacking of the PRRs has a small additive effect on the resistance
against P. infestans (Fig. 4A). Representative leaves displaying this effect are shown in
Fig 4B. At 3 dpi, PERU/RLP23 #29 showed significant smaller lesions, and PERU/RLP23
#27 also showed significant smaller lesions than the single tfransformants, except for
RLP23 #4. At 4dpi, PERU/RLP23 #29 sfill showed significant differences when
compared to the single fransformants except for to RLP23 #4, while PERU/RLP23 #27
showed significant smaller lesions compared to PERU #11 and RLP #1. Finally, at 5dpi
PERU/RLP23 #29 showed significant smaller lesions compared to PERU #11 and RLP23
#1 only, and PERU/RLP23 #27 showed significant smaller lesions compared to PERU
#10,11 and RLP #1. These results suggest a potential role of PRRs stacking o increase
resistance to Phytophthora infestans.

In this study, we hypothesized that the stacking of PRRs could provide more robust
resistance to potato against P. infestans, an approach that has not been reported so
far. We observed that PERU and RLP23 cooperate during early PTl responses like ROS
burst and ethylene accumulation upon oomycete patterns freatment (Pep-13 and
nlp20), to ultimately slightly enhance the resistance to P. infestans infection. Increasing
the number of replicates is likely to strengthen the statistical support for our findings.

Additive effects of other PAMPs, elf18 and flg22, on the exiracellular alkalinization,
were reported previously for Arabidopsis cells, when the peptides were used at non-
saturating doses (0.03 nM or 0.06 nM), but not at saturating doses (100 NM or 200 nM)
[34]. Additive effect of 1 nM fIg22 and 10 nM €elf18 on the plasma membrane
depolarization was reported as well [35]. In another study, the combined use of
different PAMPs showed that certain combinations have additive effect or synergistic
effect, while other combinations mutually suppress [36]. The combination of flg22 +
elf18, flg22 + LOS (lipo-oligosaccharides from Xanthomonas campestris pv.
campestris), flg22 + core oligosaccharides (also from X. campestris pv. campestris),
and LOS + core oligosaccharides showed a significant increase of calcium ion influx
compared to the individual PAMPs, and remarkably flg22 + LOS combination seemed
to be synergistic [36]. However, combination of flg22 and oligogalacturonan (OGA)
showed a reduced calcium ion influx and ROS burst, compared to the response to
flg22 alone. Therefore, for an effective use of PRRs, different combinations of their
corresponding PAMPs should be evaluated, to determine if they have an additive,
synergistic or antagonistic effect.
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Figure 4. Stacked PRRs have a positive effect on Phytophthora infestans resistance. A. Leaves of
intact potato plants were spot-inoculated with the oomycete P. infestans, strain Dinteloord, and
lesion sizes (mm?2) were determined at 3, 4 and 5 dpi B. Representative leaves at 4 dpi are shown
for Atlantic control (WT), Atlantic-PERU #10, Atlantic-RLP23 #1 and Atlantic PERU/RLP23 #27.
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Various stacking strategies involving PRRs can be deployed in crops to increase
resistance against pathogens. For example, in potato, a PRR and a QTL have been
stacked; EFR from A. thaliana were transferred info a commercial potato line, in which
quantitative resistance has been infrogressed from S. commersoni, showing that EFR
expression and quantitative resistance have a significant additive effect on the
resistance to bacterial wilt caused by Ralstonia solanacearum [37]. Secondly, the
stacking of PRRs and NLRs, transgenic tfomato lines were generated using Bs2, an NLR
from Capsicum annuum for resistance to Xanthomonas spp., and EFR. As a result, the
expression of both genes significantly reduced bacterial incidence and increased the
yield [38]. Remarkably, recent studies have shown that PRRs are required by NLR-
mediated immunity, NLR-signaling components are required by PRR-mediated
immunity, and that these two layers of immunity potentiate mutually [39-42]. Besides
this functional relationship, an evolutionary correlation of the number of PRRs and
NLRs across plants was revealed [43], which likely implies that PRRs and NLRs are
interdependent and that operate synergistically to provide strong immune responses
against pathogens. These findings suggests that the transfer of PRRs combined with
NLRs is a promising strategy to combat diseases.

Other known PRRs involved in oomycetes recognition could be useful in future
experiments, like ELICITIN RECEPTOR (ELR) (from the wild potato species Solanum
microdontum) or RESPONSE TO ELICITIN (REL) (from Nicotiana benthamiana) that
mediate the recognition of various elicitins from Phytophthora species [32, 44], like
RXEG (from Nicotiana benthamiana) that recognizes XEG1 of P. sojae [45], or RDA2
(from A. thaliana) that recognizes 9-methyl sphingoid base from P. infestans [46].
Furthermore, several well-known MAMPs and apoplastic effectors from Phytophthora
remain orphan and their corresponding PRRs are yet unknown, such as CBEL, PcF,
SCR74, SCR9?1, among others [47, 48]. Despite the need of further research, our results
are promising and suggest that PRR stacking could be a valuable tool in the battle
against Phytophthora infestans and other plant pathogens.
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Supplementary information

Materials and Methods

Plant materials. Potato plants were maintained and clonally propagated in vitro on
MS medium supplemented with 20% sucrose at 25 °C. For experiments, 2 weeks old
plantlets were fransferred to sterilized soil and grown in regulated greenhouse
compartments at 18-22 °C, 16h/8h day/night regime and 70% relative humidity.

Peptides and protein. Peptides were synthesized by Genscript USA Inc, prepared as
ImM stock solutions in (DMSQO), and diluted in MilliQ water or sterile tap water before
use. We used nlp20 from Phytophthora parasitica (AIMYSWYFPKDSPVTGLGHR) and
Pep-13 from P. sojae (VWNQPVRGFKVYE).

Constructs and stable transformation. PERU was cloned in pK7WG2 under the 35S
promotor, and RLP23 was cloned in pB7WG2 [29]. Stable transformation of potato
cultivar Atlantic was carried out using routine potato fransformation protocols [49]. To
generate the single fransformants, potato internodes were co-cultivated with
Agrobacterium tumefaciens AGL1 contained the specific construct. The explants
were fransferred to a regeneration medium with 100 mg/L kanamycin or 2mg/L
phosphinothricin (PPT, glufosinate ammonium) as selection agent. To obtain the
double transgenic lines, potato infernodes were co-transformed with the two A.
tfumefaciens cultures, and the explants were transferred to a regeneration medium
with 100 mg/L kanamycin and 2mg/L PPT. The regenerants were genotyped using
specific primers targeting virG, selection marker, 35S, PERU and RLP23. Subsequently,
the plants were phenotyped by ROS to test the response conferred by PERU or RLP23.

Measurement of ethylene accumulation. Leaves of 4-week old potato plants were
cutin round pieces (6.0 mm diameter) and floated in MilliQ water overnight. Four leaf
pieces were incubated in sealed 10 ml vials containing 0.6 mL 20 mM MES buffer,
pH5.6 and the indicated elicitor. Ethylene accumulation was measured after 4 hours
of incubation by gas chromatographic analysis (TraceGC1300 (InterScience, Breda,
NL) coupled with a flame ionization detector) of 3.5 mL of the air drawn from the
closed vial with a syringe. At least, three replicates were measured for each
freatment.

Measurement of ROS production. Leaves of 4-week-old potato plants were cut in
round pieces (6.0 mm diameter), placed in 96 well white plate containing 50 pL of
MilliQ water, and incubated overnight. Water was removed and replaced with 50 L
of new MiIlliQ water. After that, 50 uL of a solution containing 10 ug horseradish
peroxidase, 50 uM luminol L-012, and the desired elicitor. Luminescence was
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measured using a CLARIOstar plate reader (BMG LABTECH) over a period of at least
3 hours.

Phytophthora infestans infection assay. Disease tests were performed as previously
described [32]. In brief, P. infestans isolate Dinteloord from our in-house collection was
grown on rye agar medium supplemented with 20 g/L sucrose at 18 °C in the dark. To
obtain zoospores, the mycelium was flooded with cold water (4 °C), the suspension
was fransferred to a new tube and incubated at 4 °C for approximately 2 hours. The
number of zoospores was counted and adjusted to 5x104 zoospores/mL for
inoculation. Intact, four-weeks-old plants of potato cv. Aflantic WT along with two
single transformants expressing PERU, two single transformants expressing RLP23, two
double fransformants expressing PERU and RLP23 were spot-inoculated with zoospore
suspensions. Five plants per genotype, and third to fifth fully developed leaves
(counted from the top) were used. Three leaflets per compound leaf were inoculated
(three spots per main leaflet, and one spot per other smalll leaflets) by pipetting 10
droplets on the abaxial side. Lesion diameters were measured at 3, 4 and 5 dpi. The
experiment was performed twice.
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Supplementary figure 1. Stacking of PERU and RLP23 in potato. a. ROS production for single
fransformants of potato cultivar Atlantic treated with nlp20. Six transgenic lines were treated with
1 UM nIp20, the line RLP23 #3 was genotyped negative by PCR and included here as a control.
Five transgenic lines positives for RLP23 presence were identified: RLP23 #1, #2, #4, #5, #7.b. ROS
production in double tfransformants of potato cultivar Atlantic treated with Pep-13.  Six
fransgenic lines were treated with 1 uM Pep-13, and all resulted positive. €. ROS production for
double transformants of potato cultivar Atlantic tfreated with nlp20. Lines were treated with 1 uM
nlp20, all lines except PERU/RLP23 #20 resulted positive.
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Supplementary figure 2. Early immune responses to saturating doses of PAMPs in PERU/RLP23
double transformants. a. ROS production and b. ethylene accumulation in the double
fransformants PERU/RLP23 #10, #27 and #29 treated with saturating concentration of patterns (1
UM Pep-13, 1 uM nlp20, and a combination of 1 uM Pep-13 and 1 uM nlp20).
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Supplementary figure 3. ROS production in the single transformants. Total photon count in PERU
#10, PERU #11, RLP23 #1 and RLP23 #4 plants treated with 10 nM Pep13, 1 uM nlp20, or a
combination of 10 nM Pep-13 and 1 uM nlp20.
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Supplementary figure 4. Curves of ROS burst in the single transformants. a. PERU #10, PERU #11,
and b. RLP23 #1, RLP23 #4 plants were treated with 10 nM Pep-13, 1 uM nlp20, or a combination

of 10 nM Pep-13 and 1 uM nlp20. The measurement of ROS production was conducted over a
period of 4 hours.
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Supplementary table 1. Sequence of primers used in this study.

Primer name

Sequence 5'® 3'

Target

pK7-F CTATTCTAGTCGACCTGCAG pK7WG2 vector
PK7-R GAGACTGGTGATTTTIGCGG PK7WG2 vector
358-F TGCTGACCCACAGATGGITTA CaMyV 35§ promotor
35S-R CGGCGAGITCTGTTAGATCC CaMV 35S promotor
NPTII-F GCGITCAAAAGTCGCCTAAG nptll (kanamycin resistance)
NPTII-R AGTGACAACGTCGAGCACAG nptll (kanamycin resistance)
VirG-F1 GCCGACAGCACCCAGTICAC virG virulence gene
virG-R1 CCTGCCGTAAGTITCACCTCACC virG virulence gene
bar-F GAGACGTACACGGICGACTC Bar gene
bar-R ACGTTGAAGGAGCCACTGAG Bar gene
RLP23-F CATCCCGTTGACCCTGGAAA RLP23 gene
RLP23-R AAGAGGCACCATCACAGAGC RLP23 gene
PERU-F GGCTCTGTCTACAAAGGCGT PERU gene
attR-R CCGCGGGATATCACCACTTT PERU gene
Supplementary table 2. Constructs used in this study.
Construct Binary vector A. tumefasciens strains Reference
PERU PK7WG2 AGLI Torres Ascurra et al. 2023
RLP23 PB7WG2 AGLI Alberts et al. 2015
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As generally known, potato is suscepftible to many pathogens (including fungi,
bacteria, viruses, oomycetes and nematodes) that can affect all parts of the plant,
leading to compromised quality and diminished vyields [1]. Among these, the
oomycete Phytophthora infestans is the major threat for potato worldwide, causing
annual losses of € 9.4 billion [2, 3]. Potato breeding for resistance to P. infestans has
focused mainly on the use of Resistance to P. infestans (Rpi) genes, which encode
intracellular nucleotide-binding leucine-rich repeat receptors (NLRs) that specifically
recognize pathogen effectors and trigger immunity. While Rpi genes have shown to
confer arobust resistance, their effectiveness has been compromised due to the high
evolutionary potential of the pathogen, that results in evasion of recognition [4].
Therefore, it is crucial to explore alternative sources of resistance or even immunity.

Another class of receptors, the pattern recognition receptors (PRRs), that are located
at the plant cell surface, typically recognize more conserved pathogen-associated
molecular patterns (PAMPs) to initiate the immune response. Notably, unlike NLRs, the
PRRs have not been extensively studied nor exploited for potato breeding,
emphasizing the need to explore the potential of PRR-mediated immunity in
enhancing resistance not only in potato but also in other crops. In this thesis, our
primary objective was to clone the elusive receptor of the orphan PAMP, known as
Pep-13, which has remained mysterious for almost three decades, and subsequently
conduct a comprehensive characterization of this new receptor.

The challenge of cloning immune receptors in potato

To study and exploit a gene in a plant breeding program, it must be identified first.
Traditionally, the isolation of new potato Rpi genes has followed the map-based
cloning strategy, which involves the generation of mapping populations,
development of a high number of molecular markers, screening of thousands of
recombinant plants and generation of a physical map for the region of interest [5].
Employing this approach, our research group previously cloned various NLRs [6] and
the first potato PRR, Elicitin response (ELR) from Solanum microdontum MDC360-1 [7].
Despite its effectiveness, the whole process requires several years.

However, recent advancements of new sequencing tfechnologies resulting in a high
quality reference potato genome [8], and other potato genomes available to date,
are greatly accelerating gene cloning [9. 10]. The combination of bulked segregant
analysis (BSA) and RNA-Seq has resulted in an efficient mapping strategy, the so-
called bulked segregant RNA-Seq (BSR-Seq) [11]. This strategy not only provides the
genetic position for a gene of interest, but it produces a high number of single
nucleotide polymorphisms (SNPs) that can be used as molecular markers for further
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fine-mapping, and gene expression data that can help to prioritize the candidate
genes. BSR-Seq was first applied in maize, to map and clone the glossy3 (gl3) gene
[11], and afterwards, it has been applied to other crops. In wheat, it allowed the
mapping of a major disease resistance gene, Yri5, to a 0.77 cM interval, and the
development of molecular markers for breeding programs [12]. In Chinese cabbage,
BSR-Seq was applied to map the gene responsible for male sterility, and the region of
interest was mapped to a 1.7 Mb region [13].

In potato, the BSR-Seq approach was effectively applied to map the gene
responsible for the recognition of the PAMP Pep-13/25 to the top of the chromosome
3 of Solanum microdontum subsp. gigantfophyllum GIG362-6 [14]. The further fine-
mapping of the region was facilitated by a high throughput recombinant screening
that combines the genotyping of seedlings grown under in vifro conditions, and the
phenotyping of only the recombinant plants (Chapters 2 and 3). However, the lack
of a high-quality genome of the wild potato GIG362-6 that carried the Pep-13/25
receptor, impeded the narrowing down of the mapping interval and the final
identification of the receptor from this genotype.

Besides BSR-Seq, other approaches have emerged to accelerate gene cloning. The
R gene enrichment and sequencing (RenSeq) method reduces the genome
complexity, enables the capture and sequencing of NB-LRR genes, and was used in
potato to increase the number of identified NB-LRRs, from 438 to 755 [15]. The
combination of RenSeq and single-molecule real-time (SMRT) sequencing (SMRT
RenSeq) allowed the cloning of Rpi-amr3i, resistance gene against P. infestans from
Solanum americanum; showing its potential for rapid cloning of R genes [16]. RenSeq
was also combined with EMS mutagenesis and association genetics to develop
MutRenSeq and AgRenSeq respectively. MutRenSeq approach is independent of fine
mapping, and led to the rapid cloning of the resistance genes $r22 and Sr45 from
hexaploid bread wheat against the stem rust Puccinia graminis f.sp. fritici [17]; and
AgRenSeq used natural genomic variation of a panel of 174 Aegilops tauschii lines to
clone the stem rust resistance genes Sr33, Sr45 (previously identified by MutRenSeq).
Sr46 and SITA 1662 [18]. Lastly, the RLP/RLK enrichment sequencing (RLP/KSeq), and
adaption of RenSeq to identify PRRs, successfully fine-mapped the SCR74 receptor to
a 43-kb interval, in a wild potato [19]. These examples demonstrate the versatility and
broad applications of the enrichment sequencing technology. However, it should be
noted that this biased approach relies on known gene sequences to develop bait
lioraries, which may fail to detect atypical immune receptors and other types of
resistance that do not rely on receptors [20].
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Two functionally linked immunity layers

Plant immunity is traditionally viewed as a two-layers system [21]. The cell surface-
located PRRs recognize PAMPs and provide basal immunity to non-adapted
pathogens, known as pattern-triggered immunity  (PTl) [21]. However, adapted
pathogens are able to evade PTl by means of secreted effectors, and in turn plants
have evolved intracellular NLRs to recognize the effectors and activate a more robust
immunity, the so-called effector-triggered immunity (ETI) [21]. Remarkably, two
complementary studies have shown that PRRs are required by NLR-mediated
immunity, NLR-signaling components are required by PRR-mediated immunity [22, 23],
depicting plant immunity as a unified system, composed of functional
interdependent branches that mutually potentiate to provide robust resistance
against pathogens [24]. These findings might indicate that combining PRRs and NLRs
is a promising strategy for enhancing disease resistance in plants. Furthermore, while
the qualitative distinction between PTI/ETI, PRR/NLR, and PAMP/EFFECTOR does aid in
conceptudlizing plant immunity, these terms should be refined. PTI and ETI appear to
function as a unit or exist as a blurred dichotomy, with no clear differences that can
be strictly assigned to each [25].

The non-steady pair PAMP-PRR

PAMPs were originally defined as highly conserved molecules within a class of
microbes that have an essential function for the organism and therefore difficult to
change or mutate [26-28]. PAMPs are recognized by two types of PRRs, receptor-like
kinases (RLKs) or receptor-like proteins (RLPs) that lack a kinase domain [29]. It has
been shown that some PAMPs evolve undetectable epitopes to avoid host
recognition and in turn plant PRRs have diversified to sense these non-steady patterns
[30, 31].

The PAMP flg22, a conserved epitope from bacterial flagellin, is detected in
Arabidopsis by the receptor-like kinase FLAGELLIN SENSING 2 (FLS2) [32, 33]. However,
some bacterial species like Agrobacterium, Rhizobium and Xanthomonas have
flagellins with divergent flg22 sequences and as a consequence they cannot be
recognized as PAMP [34]. For instance, the flg22 epitope of Agrobacterium
tumefaciens is highly different from standard flg22, and consequently, flg22Atum
evades recognition by FLS2 of Arabidopsis. Remarkably, the flg22Atvm epitope is
sensed in the wild grape species Vitis riparia by FLS2XL, which provides sensitivity to
typical flg22 as well [35]. Additionally, it has been reported that plant species have
evolved to detect other peptides within the bacterial flagellin. For instance, a
population genomics analysis of a large collection of Pseudomonas syringae pv.
tomato revealed a second flagellin epitope, flgll-28 [36], which triggers immune
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responses in several Solanaceae, including tomato, potato and pepper [37]. A map-
based cloning strategy using natural variation in tomato identified the gene
encoding an RLK named FLAGELLIN-SENSING 3 (FLS3) as the receptor of flgll-28 [38].
Lastly, a third epitope in the C-terminal region of flagellin, termed CD2-1, from
Acidovorax avenae is recognized by an unknown receptor in rice [39]. These studies
together show the capacity of adapted pathogens to overcome PTl through PAMP
diversification, and how hosts evolve novel immunoreceptors to detect them.

The Pep-13 receptor

The PAMP Pep-13, first identified within the glycoprotein GP42 of Phytophthora sojae
[40]. was considered a highly conserved PAMP only encountered in oomycetes [41].
In Chapter 3, we screened public databases and interestingly detected
polymorphism in the PAMP Pep-13/25 within transglutaminases from P. infestans as
well as across other oomycetes and fungi species. To study the plant side, Pep-25-
sensitive wild Solanum genotypes were tested with natural polymorphic versions of
Pep-25 and a diverse profile of responses was found, which indicates that these
genotypes harbor yet unknown Pep-25 receptors with different ligand specificity.
These results indicate on the one hand, that Pep-13/25 is more polymorphic and is
present in other kingdoms, such as fungi. On the other hand, they suggest that the
Pep-13/25 receptor has also diversified in Solanum genotypes. However, it is important
to note that these results are preliminary and only provide a glimpse of the overall
scenario. To ascertain the actual extent of diversification in Pep-13, a more extensive
and meticulous search should be conducted. Similarly, additional representative
genotypes from the Solanum section Petota should be tested. Furthermore, it is worth
exploring the immunogenic characteristics of other regions within Phytophthora
GP42-related proteins, as these aspects remain unexplored.

In Chapter 4, we aimed to identify and study the Pep-13 receptor. Fortunately, the
doubled monoploid and de novo sequenced potato S. tuberosum Group Phureja
DM 1-3 516 R44 (DM) showed responsive to Pep-13, indicating the presence of the
Pep-13 receptor. Consequently, we opted to switch the mapping population, design
a high number of new molecular markers to cover the region, and utilize the recently
developed long-read chromosome-scale genome assembly (vé.1) of DM [8]. This
updated genome assembly revealed the sequence of the previous unannotated
fragments in the region, filing in the gaps. Through these steps, we successfully
narrowed the mapping interval to 55.2 kb, and identified three candidate LRR-RLKs.
Transient expression assays of the candidate genes pinpointed the specific receptor
of Pep-13, designated as the Pep-13 Receptor Unit (PERU). Stable expression of PERU
in Pep-13-insensitive potato cultivar Atlantic and inactivation of the PERU locus in Pep-
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13-sensitive DM by CRISPR-Cas? mutagenesis corroborated the role of PERU for the
recognition of Pep-13.

The PERU protein contains a signal peptide for secretion, an extracellular LRR domain,
that consists of 27 repeats, and an intracellular Ser/Thr kinase domain. The in vifro
ligand binding assays indicated that the PERU ectodomain is sufficient for ligand
binding. The use of Pep-13 and a biologically inactive Pep-13 mutant peptide, Pep-
13W231A [41], as competitor, in planta assays, demonstrated the specific binding of
Pep-13 to its high-affinity receptor, PERU. Besides, we demonstrated that PERU and
SERKA form a complex upon Pep-13 binding, and as expected SOBIR1 is not required
by this complex (Fig 1A). The sites on PERU required for interaction with its ligand Pep-
13 or to SERK3A remain to be identified.
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Figure 1. Overview of the findings of this thesis. A. (1) Pep-13is recognized by the potato LRR-RLK.
PERU. The PERU-BAK1 receptor complex formation upon Pep-13 binding activates the signaling
cascade resulting in PRR-based immunity. (2) PTl responses includes ROS burst, (3) ethylene
accumulation and (4) hypersensitive cell death. B. Solanum leptophyes (LPH) 680-5, showed
sensitivity to all Pep-25 variants tested, including the inactive Pep-13W231A. DM in confrast
showed insensitive to Pep-13W231A. The geographical information of the genotypes indicates
that the functional diversification of this related PRRs has occurred in the Andes region. C. PERU
fransfer to a Pep-13-insensitive potato cultivar increased its resistance against P. infestans. The
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stacking of PERU and RLP23 improved early immune responses, and slightly enhances the
resistance against P. infestans. This figure was created with Biorender.

Functional diversification of PRRs

Previous studies in parsley and in leaves of the potato cultivar Désirée, revealed that
mutant Pep-13W231A abolished elicitor activity, mutation of proline 234 (Pep-
13P234A) reduced it, and replacement of the remaining amino acid residues
(including tyrosine 241, Pep-13Y241A) did not significantly affect activities of the
mutant peptides [40, 41]. In Chapter 4, we found the same pattern of ligand responses
in the Pep-25-sensitive genotype DM, which was used for PERU identification. To
explore the pattern of ligand responses in the Solanum tuber-bearing species, 476
genotypes corresponding to 98 species (97 wild, and 1 cultivated potato species)
were tested for cell death friggered by Pep-25 and its three described mutant variants
[41]. Most genotypes showed no response to the tested peptide, indicating a lack of
responsive PERU alleles. These non-responsive genotypes belong to species classified
in nuclear clades 1 and 3 [42]. On the other hand, the 126 Pep-25-sensitive genotypes
mainly correspond to species classified in the nuclear clade 4 or "*complex”, with the
exception of S. acroglossum which belongs to clade 3 [42]. Interestingly, at least five
different recognition specificities were detected within the Pep-25-sensitive
genotypes, indicating that Solanum tuber-bearing species bear diverse PERU alleles
encoding PRRs with distinct ligand specificities (Chapter 4).

Remarkably, some genotypes, such as Solanum leptophyes (LPH) 680-5, showed
sensitivity to all Pep-25 variants tested. So, the defense responses (i.e., cell death upon
peptide infiltrations and ethylene accumulation) were explored furtherin DM and LPH
plants, confirming that effectively LPH harbors different sensitivity compared to DM.
To exclude background effects on the ligand specificity, we cloned the LPH allele
(PERULPH) . The transient expression of PERUPM and PERULPH in an amenable genotype
for agroinfiltration, Solanum hjertingii HJT349-3, corroborated the previous findings.
Additionally, the receptor-ligand binding assays showed that PERULPH binds both Pep-
25-bio and Pep-25W231A-bio, and likewise, an excess of Pep-13W231A efficiently
blocks ligand binding to PERUPH. These results clearly demonstrated that these two
related PERU receptors have diversified in ligand specificities within closely related
species (Fig. 1B).

While the residue W231 is found conserved in known Phytophthora transglutaminase
sequences (Chapter 3), the possibility of a mutation occurring at this residue cannot
be ruled out. Consequently, we can presume that functional diversification of PERU
was driven by escape mutations within Phytophthora Pep-13 patterns that enable
Pep-13-producing pathogen strains to elude recognition by the predominant allele,
PERUPM, and some Solanum species have evolved diverse alleles, like PERULPH, to
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recognize evasive patterns. However, to clearly understand the co-evolution of the
Solanum PERU and Phytophthora Pep-13, a screening of Solanum tuber-bearing
species for sensitivity to natural variants of Pep-13 (Chapter 3) should be further
expanded. High-throughput genome sequencing or LRR-RLKs-enriched sequencing
of responsive genotypes, and non-responsive genotypes, and the subsequent
bioinformatic analysis would facilitate the isolation of more PERU alleles, crucial
information for a deeper understanding of the PERU evolutionary history.

To disclose the evolutionary history of PERU, in Chapter 4, we performed a
phylogenomic analysis. A computational pipeline allowed the extraction of PERU
sequences from a huge number of proteins predicted from 124 Solanaceae genome
assemblies. FLS2 sequences were also obtained for comparison purposes. The
phylogenomic analysis identified 114 PERU homologs from 17 species, clustered the
PERU and FLS2 clades in the LRR-RK subgroup XII, and indicated a monophyletic origin
of PERU within the Solanaceae. Additionally, we observed that the PERU receptor
sequences are clearly much more diverse than the FLS2 receptor sequences.
Subsequently, the obtained PERU sequences were combined with responsive and 25
non-responsive cloned homologs sequences, and subjected to phylogenetic
analysis. Interestingly, the responsive PERU alleles fall into one clade whereas the non-
responsive alleles are dispersed along the tree.

The phylogenomic results corroborated the findings of our previously mentioned big
screening. For instance, sequences from and more related to the responsive’ clade
originate mainly from species of the Tuberosa series but also from the Piurana series,
which have now been assigned to clades 3 and 4, respectively, but not from Mexican
diploids, non-tuber bearing Solanum nor tomato species. These findings are consistent
with the results obtained from the screening, in which we found no recognition in the
S. bulbocastanum , S. cardiophyllum, S. lesteri, S. michoacanum, S. morelliforme, S.
pinnatisectum, S. polyadenium, S. tarnii or S. ehrenbergii species, and with previous
findings in our research group, in which tomato, eggplant, pepper and Nicofiana
accessions were tested and none of them showed sensitivity to Pep-13/Pep-25 [14].
These results together indicate that the PERU receptor family has emerged in the
Solanum tuber-bearing species. Furthermore, the only genotype identified as Pep-
13/25 sensitive, but outside the clade 4, belongs to S. acroglossum from the Piurana
series. Unfortunately, we were not able to clone the homolog from S. acroglossum,
but we presume that this genotype may contain the ancestral PERU receptor.

The geographical origin information of genotypes employed in our big screening [43],
traced the origin of the PERU receptor to the central Andes of Peru and Bolivia. Wild
genotypes that exhibit sensitivity to all tested peptides, such as LPH or from S. acaule,
S. acroglossum, S. megistacrolobum species are native to Peru and Bolivia, suggesting
that the functional diversification of PERU has occurred at its place of origin.
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The phylogenetic analysis also showed that the PERULPH sequences are clustered in a
very well supported clade close to the PERUPM clade, which indicate that the new
ligand specificity has emerged within the PERU receptor family of Solanum. To
understand what is behind the functional diversification, we used the program
codeml from PAML [44], to identify residues under positive selection. Remarkably,
from the 11 residues found under positive selection, prediction of the PERUPM
ectodomain based on AlphaFold2 revealed that 10 residues are located on the inner
surface of the LRR domain, the region expected to bind Pep-13. This observation is
consistent with the solved crystal structure of the FLS2LRR-flg22-BAK1LRR complex,
where flg22 binds to the concave surface of FLS2LRR [45]. This indicates that positive
selection is driving the functional diversification of the PERU receptor family.

Evolution of PRRs has shown to be dynamic and maybe comparable to evolution of
NLRs. In accordance with the functional interdependence of PRRs and NLRs, recently
it was found an evolutionary correlation between the numbers of these two receptor
types. Protfeomes from 350 publicly available genomes were studied and a strong
positive linear correlation was found for % NB-ARC - % LRR-RLPs, and % NB-ARC - %
LRR-RLKs involved in recognition (subgroup Xll), indicating that PRRs involved in
pathogen recognition and NLRs gene families expand or contract together [46]. The
study of the level of polymorphism of LRR-RP-, LRR-RLK- and NLR- encoding genes in
80 Arabidopsis accessions showed that LRR-RP and NLR genes exhibit similar
sequence diversity, whereas LRR-RK genes showed lower variation [47]. However,
other species might have experienced divergent outcomes based on the specific
pathogen pressures they encounter, so generalization should be avoided, since each
receptor has a particular history. The NLR ZAR1 exemplified this point. NLRs are
recognized by their rapid evolution even at the intraspecific level [48], however ZAR]
is conserved in a wide range of angiosperm species, which origin was fraced to the
Jurassic era [49]. We believe that PERU represent a unique kind of LRR-RLK, with a
highly dynamic evolutionary trajectory. The new insights from PERU and ZAR1 suggest
that the simple and straightforward distinction of conserved vs dynamic evolutionary
features of PRRs vs NLRs should be nuanced.

In Chapter 4, we have observed that PERU sequences, in contrast to more conserved
FLS2 sequences that are present across angiosperms, show high amino acid
seguence polymorphism and are restricted to few related species. Distinctively, we
have demonstrated the evolution of new ligand specificities for PERU in closely
related species that share geographical habitats and are subjected presumably to
same pathogen pressures, pointing to a dynamic evolution of this peculiar receptor,
driven likely by natural forces. Alternatively, FLS2XL able to recognize the evasive
epitope flg22atvm was found in Vitis vinifera [35], distant species to Arabidopsis
thaliana.
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In other cases, plant species can evolve different PRRs to recognize distinct epitopes
within a single microbial pattern. FLS3 from tomato recognizes flagellin epitope flgll-
28 that is distinct from flg22 [38]. The A. thaliana receptor-like protein 42 (RLP42)
recognizes a conserved 9-amino-acid fragment pg? within  fungal
endopolygalacturonases (PGs), and sfill unknow receptors from A. arenosa and
Brassica rapa recognize the structurally distinct fragments pg20 and pg3é,
respectively, within PGs [50]. Convergent evolution was found for elicitins recognition
as well. The sensor ELR, isolated from Solanum microdontum [7], and the
phylogenetically divergent N. benthamiana RESPONSE TO ELICITIN (REL) are able to
recognize the elicitin INF1 [51]. The receptor-like protein RLP30 binds a small cysteine-
rich protein (SCP) that occurs in many fungi and oomycetes, which is also recognized
by the unrelated Nicofiana benthamiana RLP REO2, and other Brassicaceae [52].
These studies illustrate the complex and dynamic evolution of plant PRRs to face the
evasive polymorphic pathogen patterns.

Despite the same ligand specificities of PERU and the still unknown Pep-13 receptor
from parsley, our phylogenomic analysis suggests these two receptors are
phylogenetically divergent. Hence, it can be assumed that convergent evolution of
Pep-13 recognition by tuber bearing Solanum species and parsley have occurred. In
potato, we have found that the recognition of Pep-13 by PERU induces a
hypersensitive cell death, something unusual for RLKs, and that has not been reported
in parsley leaves. There is limited knowledge about PRRs and the hypersensitive cell
death trigger by some of them. Recently, it was found that the RLP Cf-4-triggered cell
death upon recognition of Avr4 requires of the N. benthamiana NRC3 [53]. However,
we found that the PERU-triggered hypersensitive cell death is not affected in mutants
of EDS1/PAD4 nor NRC2/3/4. So, the mechanisms behind the RLK-triggered
hypersensitive cell death need further investigation.

PRRs for breeding resistance

PRRs can be used to confer new sensitivity to previously unrecognized PAMPs and
enhance resistance. The interfamily tfransfer of A. thaliana EFR increases resistance to
Ralstonia solanacearum in tomato [54]. The ectopic expression of Arabidopsis RLP23
in potato enhances resistance to the oomycete P. infestans and to the fungus
Sclerotinia sclerotiorum [55]. Transgenic Cifrus sinensis expressing NbFLS2 showed
enhanced disease resistance to Xanthomonas citri [56]. The interespecies transfer of
S. microdontum ELR to S. tuberosum exhibited a significant contribution to the
resistance against P. infestans [7].

The expression of PERU improves resistance against P. infestans, while its knock-out
renders potato more susceptible to this pathogen (Fig. 1C) (Chapter 4). However, we
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observed that most potato cultivars showed Pep-13-responsive, indicating that these
cultivars harbor PERU or other PERU allele, which suggests that PERU has been
maintained during domestication [14]. Despite that, these cultivars are susceptible to
P. infestans, indicating that this pathogen has adapted to overcome the PERU-based
immunity. We have found two effectors that are able to suppress the Pep-13-
mediated hypersensitive cell death (data not shown), and their roles need to be
studied further. The identification or engineering and subsequent deployment of PRR
alleles with different ligand specificities (found in wild species) are expected to confer
a better level of resistance.

We also explored the combined effect of PERU and RLP23 transfer against P. infestans
(Fig. 1C) (Chapter 5). We found that PERU and RLP23 cooperate during early PTI
responses like ROS burst and ethylene accumulation upon oomycete patterns
treatment (Pep-13 and nlp20), responses that ultimate slightly enhance the resistance
to P. infestans infection. Although the results showed an improvement in resistance,
to optimize the utilization of PRRs, different combinations of their corresponding
PAMPs should be evaluated first, to determine if they confer an additive, synergistic
or antagonistic effect, as it was reported previously in Arabidopsis [57]. Alternatively,
the recently demonstrated interdependency of PRRs and NLRs [22, 23, 47] suggests
that the stacking of these two kinds of receptors may offer a logical approach to
achieving robust resistance to pathogens.

Many aspects about the deployment of PERU for breeding resistance remain
unexplored. For instance, the contribution of PERU fo resistance in soybean, pepper
or strawberry against other Phytophthora species like P. sojae, P. capsici, or P.
cactorum, respectively. Similarly, the level of resistance that PERU might confer
against non-Phytophthora pathogens that also harbor the epitope Pep-13, for
instance Hyaloperonospora arabidopsidis, Bremia lactucae, Peronospora effuse,
Albugo species or Phytium species. In those cases, a more adequate level of
resistance conferred by PERU can be anticipated, since those pathogens might have
not evolved the specific effectors to suppress PERU-mediated immunity, or to target
and manipulate proteins in other plants different to Solanum tuber-bearing species.

Non-host resistance can be considered as the result of pathogen effectors unable to
suppress PTl [58]. Some studies indicate that effectors may be aligned to some hosts
and not to others [59]. For instance, the P. infestans apoplastic effector EPIC1 that
effectively targets Solanum RCR3 protease, does not inhibit protease activity of MRP2,
the RCR3 homolog in the nonhost plant Mirabilis jalapa; and reciprocally, PmEPIC]
from P. mirabilis, pathogen of M. jalapa, effectively targets MRP2, but not RCR3 from
potato [60]. Another study found that RxLR effectors from P. infestans do not enhance
susceptibility in the nonhost Arabidopsis, or do not interact with their ortholog targets
in Arabidopsis [61]. A new study has shown that pepper owns multiple NLRs
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recognizing P. infestans effectors, for instance CaRpi-blb2a, a homolog of Rpi-blb?2,
that is not suppressed by the P. infestans effector PITG_15278 [62]. The study
postulates that these NLRs confribute to non-host resistance of pepper against P.
infestans [62]. Altogether, these studies demonstrate that pathogen effectors need
to evolve hand in hand with their targets to appropriately suppress them.

Recently, the engineering of the helper NLR protein NRC2 led fto evasion of
suppression by the potato cyst Globodera rostochiensis effector, SPRYSEC15 (SS15),
and to ultimately resurrection of NLR sensors like Rx, Pto and GPa2 [63]. A similar
engineering approach can be applied to restore PRR-mediate immunity, already
suppressed by effectors from adapted pathogens. The P. infestans effector AVR3a
interacts with and stabilizes host U-box E3 ligase CMPGI1, that is required for
hypersensitive cell death mediated by INF1 [64], while the PiSFI3 effector interacts with
StUBK, a positive regulator of specific PTI pathways in both potato and Nicofiana
benthamiana to suppress early immune transcriptional responses [65]. The P. infestans
effector PITG20303 targets and stabilizes StMKK1, a potato MAPK cascade protein,
suppressing PTl [66]. These are just few examples of candidate targets for engineering
and restoration of effective PTI.

The understanding of the plant-pathogen interface is essential to confer disease
resistance to crops. Recently, a groundbreaking artificial inteligence (Al)-based
structure prediction tool called AlphaFold-multimer has demonstrated remarkable
success in predicting interactions between proteins from pathogens and their host
plants [67, 68]. For instance, AlphaFold-multimer has been employed to predict novel
sequence motifs binding to the ATG8 autophagy protein family, with a 0% accuracy
in determining AIM/LIR motifs [69]. This tool was also effectively employed to screen
11,274 protein pairs, leading to the identification of 15 small secreted proteins (SSPs)
from plant pathogens that are predicted to obstruct chitinases and proteases,
including four experimentally validated novel pathogen-derived inhibitors that target
a tomato-secreted immune protease P49B [70]. Likely, Al-guided approaches will
accelerate the identification of new plant-pathogen interactions, and the
engineering of receptfors and pathogen targets, to ultimately achieve a more
durable and broader resistance.

Concluding remarks

In this thesis, my work was mainly focused on the identification and characterization
of the elusive Pep-13 receptor. The PAMP Pep-13 was found more polymorphic and
widespread than previously thought. The fine-mapping and complementation assays
revealed that an LRR-RLK conferred recognition of Pep-13 and was named PERU. We
demonstrate that PERU binds to Pep-13 in a specific manner, after which a complex
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with SERK3A is formed. PERU confers quantitative resistance against P. infestans, and
its stacking with RLP23 improves the resistance against this pathogen. Interestingly, we
demonstrated that functional diversification of the PERU receptor family has occurred
at its place of origin, reflecting a high evolutionary dynamic. Despite these findings,
many aspects remain to be studied. For instance, the PERU ligand binding sites, the
responsible residues or LRRs for the different ligand specificities, co-evolution of potato
PERU and Phytophthora Pep-13, contribution of PERU to resistance to other
pathogens. The full understanding of the interaction of PERU-Pep-13 will facilitate its
engineering and deployment, to ulfimately obtain more and more durable resistant
Crops.
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Summary

Potato (Solanum tuberosum L.) is the most important non-cereal food crop, serving
as a dietary staple for 1.3 billion people worldwide. Potato is susceptible to a wide
variety of pests and pathogens such as insects, nematodes, viruses, bacteria, fungi
and oomycetes. Late blight, caused by the oomycete Phytophthora infestans, is the
most destructive disease of potatoes. It contributed to the Irish Potato Famine in the
mid-19t century, and it remains the major threat for potato production to date.

Breeding for resistance to P. infestans in potato has historically centered on the use of
dominant resistance genes (Rpi genes). However, most of them have shown to be
not durable. Another line of defense in potato against P. infestans, that is less
explored, takes place atf the cell surface. This immune response is based on the
recognition of pathogen-associated molecular patterns (PAMPs) by pattern
recognition receptors (PRRs). In case of potato, only a single PRR was previously
identified, the receptor like protein ELR, which recognizes INF1 from P. infestans and
enhances resistance against this pathogen.

Nearly 30 years ago, a peptide motif, Pep-13, was identified within a glycoprotein
(GP42) from Phytophthora sojae. Pep-13 was found to be sufficient to elicit immune
responses in parsley cells. Subsequent studies revealed that GP42 is present in other
Phytophthora species and that the Pep-13 sequence is highly conserved among
them. Mutational analysis found that the amino acid residues that are required for the
elicitor activity of Pep-13 are also necessary for the fransglutaminase activity,
indicating that Pep-13 exhibits characteristics of PAMPs. While it was found that Pep-
13 shows activity in potato cells and leaves, the receptor of Pep-13 was not identified.
This thesis aimed to unveil and characterize the Pep-13 receptor in potatoes.

In Chapter 2, a detailed protocol to identify new PRRs is described. This method
consists, first, of the use of Bulked segregant RNA-Seq (BSR-Seq) to circumvent the
conventional genetic mapping that involves the development of a high number of
molecular markers. The bioinformatic analysis of the sequencing results leads to the
delineation of a mapping inferval. Furthermore, this analysis generates single
nucleotide polymorphism (SNP) markers, which will prove useful for the fine-mapping
process. The subsequent high-throughput recombinant screening of in vitro plants,
along with the phenotyping of only the recombinant plants, opfimizes the fine-
mapping process in terms of time, space and labor.

In Chapter 3, the previously described protocol was implemented to determine the
location of the potato receptor of Pep-13/25 (Pep-25is a slightly longer version of Pep-
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13 ). BSR-Seq of responsive and non-responsive bulks allowed the mapping of the Pep-
25 receptor to the top of chromosome 3 of the genotype GIG362-6 from the wild
species Solanum microdontum subsp. gigantophyllum. The further fine-mapping, BAC
library screening and BAC sequencing culminated in the reconstruction of the
GIG362-6 physical map, and determination of a reduced mapping interval, which
unfortunately was not completely covered by the BAC sequences. The candidate
genes in the mapping inferval tested negative in complementation assays of
agroinfiltration, suggesting that the Pep-13/25 receptor is most probably located
within the unsequenced segment of the mapping interval. Additionally, Pep-13/25
polymorphism among transglutaminase protein sequences of Phytophthora,
oomycetes and other filamentous pathogens was explored. This examination yielded
four Pep-13/25 variants, which are tested in wild Solanum tuber-bearing species,
revealing different recognition specificities.

The absence of a high-quality genome sequence of GIG362-6 hampered the
identification of the Pep-25 receptor. So, in Chapter 4, we decided to exploit the
reference potato genome genotype DM1-3 516 R44, which is Pep-13/25 responsive,
and has a high-quality genome sequence. A new mapping population was
generated, and the receptor was fine-mapped to another genomic region with
candidate genes, all encoding leucine-reach repeat receptor like kinases (LRR-RLKs).
The complementation assays revealed us the identity of the gene responsible for the
recognition of Pep-13, which was named PERU (Pep-13 Receptor Unit). A
multidisciplinary approach was taken to characterize this new PRR. Using ligand
binding assays, we demonstrate that PERU interacts specifically with Pep-13 and that
it forms a complex with BAK1 in a ligand dependent manner. Unlike SOBIR1 (which is
not required for RLK-mediated immunity), BAK1 is shown to be required for the Pep-
13-friggered responses. Disease assays using fransgenic lines overexpressing PERU or
knock-out plants for PERU indicate that PERU enhances immunity against P. infestans.

In Chapter 4, we delved further into the presence and distribution of Pep-13/25
recognition in the Solanum tuber-bearing species. Examination of 477 genotypes
reveals that, unlike DM1-3 516 R44, which is unable to recognize the inactive variant
Pep25-W231A, 10 genotypes show a strong hypersensitive response (HR) for Pep-25
and all its variants. For example, Solanum leptophyes LPH680-5, whose receptor,
PERULPH, was cloned and studied in more detail, showcases that two receptors have
diversified in function, resulting in different ligand specificities. Geographical data of
the genotypes employed for the screening indicated that Pep-25-sensitive genotypes
are mainly located in Peru and Bolivia, while insensitive genotypes are distributed
throughout the entire American continent, ranging from the United States fill Chile
and Argentina. Genotypes harboring PERUPM alleles or PERULPH alleles predominantly
occur in Peru and Bolivia. Together, these findings point to the Andes of Peru and
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Bolivia as the place of origin of this receptor family and of the functional
diversification.

In Chapter 4, a phylogenomic analysis allowed the mining of 114 PERU-like sequences
and FLS2 sequences for comparison, showing that the PERU sequences are highly
diverse when compared to FLS2. The PAML analysis of the responsive PERU sequences
reveals 11 amino acid residues under positive selection, and interestingly, a prediction
with AlphaFold located 10 of the 11 residues on the concave part of the LRR domain,
which fits with the expected site for Pep-13 binding. The phylogenetic free of the PERU
sequences suggests that the PERU receptor family has originated within the Solanum
tuber-bearing species. Altogether, our results unveil a distinctive receptor that, unlike
other RLKs, exhibits remarkable diversity. This receptor is restricted to species within the
Solanum section Pefota and showcases diversification even among closely related
species.

In Chapter 5, we attempted to enhance the potato immune response to P. infestans
by combining the RLK PERU with the RLP RLP23, both of which have individually been
demonstrated to increase the resistance to P. infestans. We observed that transgenic
potato plants from the cultivar Atlantic exhibit different sensitivity to Pep-13 and nlp20,
as demonstrated by EC50 determination. Additionally, stacking these two PRRs
showed an additive effect on potato immune responses, such as ROS and ethylene
accumulation, as well as a modest additive effect on protection against P. infestans.

In Chapter 6, the findings of this thesis are presented and discussed in a broader
perspective. Summing up, my thesis work has advanced the understanding of the first
line of defense against P. infestans in potatoes and can contribute to achieve a more
durable resistance to late blight.
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Aardappel (Solanum tuberosum L.) is het belangrijkste voedselgewas dat niet tot de
granen behoort, en dient als hoofdvoedsel voor 1,3 miljard mensen wereldwijd.
Aardappelplanten zijn vatbaar voor een breed scala aan ziekten en plagen, die
veroorzaakt worden door insecten, nematoden, virussen, bacterién, schimmels en
obmyceten. Phytophthora infestans is een obmyceet die de beruchte
aardappelziekte ‘Phytophthora’ veroorzacakt, de meest destructieve ziekte van
aardappels. Phytophthora leidde tot de lerse hongersnood halverwege de 19e eeuw
en vormt tot op heden een grote bedreiging voor de aardappelproductie.

Veredeling voor Phytophthora-resistentie is tot nu toe gefocust geweest op het
inkruisen van dominante resistentiegenen (Rpi-genen). Echter, de meeste van deze
genen geven geen duurzame resistentie. Een andere afweerreactie die minder
onderzocht is, vindt plaats als receptoren aan het opperviak van de plantencel
(PRRs) pathogeen-geassocieerde moleculaire patronen (PAMPs) herkennen. In het
geval van aardappels is slechts één enkele PRR eerder geidentificeerd, namelijk ELR,
een ‘receptor-like protein’ dat INF1 van P. infestans herkent en de resistentie tegen
Phytophthora versterkt.

Bijna 30 jaar geleden werd een peptide van 13 aminozuren (Pep-13) geidentificeerd
in een glycoproteine (GP42) van Phytophthora sojae. Pep-13 bleek voldoende te zijn
om afweerreacties op te wekken in peterseliecellen. Vervolgonderzoek toonde aan
dat GP42 aanwerzig is aan in andere Phytophthora-soorten, én dat de Pep-13-
sequentie zeer geconserveerd is tussen deze soorten. Mutatieanalyse liet zien dat de
aminozuurresiduen die nodig zijn voor de elicitor-activiteit van Pep-13 ook
noodzakelijk zijn voor de transglutaminase-activiteit, wat aangeeft dat Pep-13
kenmerken vertoont van een PAMP. Een reactie op Pep-13 werd ook gevonden in
aardappel, maar de receptor van Pep-13 bleek onbekend. Het doel van dit
proefschrift is het identificeren en karakteriseren van de Pep-13-receptor in
aardappel.

In Hoofdstuk 2 wordt een gedetailleerd protocol beschreven om nieuwe PRRs te
identificeren. Deze methode omvat het gebruik van Bulked Segregant RNA-Seq (BSR-
Seq) om de conventionele genetische mapping te omzeilen, waarbij de ontwikkeling
van een groot aantal moleculaire merkers nodig zou zijn. De bio-informatica-analyse
van de sequenties leidf tot de afbakening van een mapping-interval. Bovendien
genereert deze analyse enkele nucleotide-polymorfisme (SNP) merkers, die nuttig zijn
voor het fine-mapping proces. De daaropvolgende grootschalige recombinanten
screening van in vitro planten, samen met de fenotypering van de recombinanten,
optimaliseert het fine-mapping proces wat betreft tijd, ruimte en arbeid.
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In Hoofdstuk 3 wordt het eerder beschreven protocol geimplementeerd om de
locatie van de aardappelreceptor van Pep-13/25 te bepalen. (Pep-25 is een iefs
langere versie van Pep-13.) BSR-Seq van Pep-13/25-herkennende en niet-
herkennende bulks maakte het mogelik om de receptor van Pep-25 te lokaliseren
aan de top van chromosoom 3, in de wilde aardappel Solanum microdontum subsp.
gigantophyllum GIG362-6. De verdere fine-mapping, BAC-screening en -sequencing
resulteerden in de reconstructie van de fysieke kaart van GIG362-6, en een verkleind
mapping-interval. Dit werd helaas niet volledig gedekt door de BAC-sequenties. De
kandidaatgenen in het mapping-interval testten allemaal negatief in
complementatie-assays van agro-infiltratie, wat suggereerde dat de Pep-13/25-
receptor zich waarschijnlijk niet binnen dit segment van het mapping-interval
bevindt. Daarnaast werd het polymorfisme van Pep-13/25 onderzocht bijj
transglutaminase-eiwitsequenties van Phytophthora soorten, andere oémyceten, en
schimmels. Dit leverde vier natuurlijke varianten van Pep-13/25 op, die verschillende
specificiteit van herkenning lieten zien na infiltratie in bladeren van wilde
knoldragende Solanum-soorten.

De afwezigheid van een hoogwaardige genoomsequentie van GIG362-6
bemoeilikte de identificatie van de Pep-25-receptor. Daarom besloten we in
Hoofdstuk 4 gebruik te maken van het referentiegenoom van DM1-3 516 R44 (DM),
een plant die ook Pep-13/25 herkent. We genereerden een nieuwe
mappingpopulatie en de receptor werd gelokaliseerd in een ander genomisch
gebied met kandidaatgenen, die allemaal coderen voor LRR receptor-like kinasen
(LRR-RLKs). Complementatie-assays onthulden de identiteit van het gen
verantwoordelik voor de herkenning van Pep-13, dat PERU (Pep-13 Receptor Unit)
werd genoemd. De nieuwe PRR te werd gekarakteriseerd met een multidisciplinaire
aanpak. Met behulp van ligand-bindingsassays foonden we aan dat PERU specifiek
bindt met Pep-13 en daf het een (ligand-afhankelik) complex vormt met BAK1. In
tegenstelling tot SOBIR1 (dat niet nodig is voor door RLK-gebaseerde immuniteit), blijkt
BAK1 nodig te zijn voor de door Pep-13 geinduceerde responsen. Ziekteproeven met
transgene aardappelplanten waarin PERU tot expressie gebracht is, en met PERU
knock-out planten, gaven aan dat PERU de resistentie tegen P. infestans verhoogt.

In Hoofdstuk 4 zijn we dieper ingegaan op de aanwezigheid en verspreiding van de
Pep-13/25-herkenning in de knoldragende Solanum soorten. We infiltreerden 477
genotypen met mutanten van Pep-25. In tegenstelling fot DM, die niet in staat is om
de inactieve variant Pep25-W231A te herkennen, vonden we 10 wilde genotypen die
een sterke overgevoeligheidsreactie (HR) verfonen op Pep-25 en alle geteste
varianten. Bijvoorbeeld, Solanum leptophyes LPH680-5, waarvan we vervolgens ook
de receptor, PERULPH, kloneerden. We toonden aan dan PERUPM en PERULYPH een

160



Samenvatting

verschillende specificiteit hebben. Geografische gegevens van de genotypen uit de
screen gaven aan dat Pep25-gevoelige genotypen voornamelik voorkomen in Peru
en Bolivia, terwijl ongevoelige genotypen zijn verspreid over het hele Amerikaanse
continent, variérend van de Verenigde Staten tot Chili en Argentinié. Genotypen met
PERUPM-gllelen of PERUH-allelen komen vooral voor in Peru en Bolivia. Deze
bevindingen wijzen samen naar de Andes in Peru en Bolivia als de oorsprong van de

PERU-familie en de functionele diversificatie van deze receptoren.

Een fylogenomische analyse in Hoofdstuk 4 leidde tot 114 PERU-achtige sequenties.
Door deze te vergeliiken met FLS2-sequenties vonden we dat de PERU-sequenties
zeer divers zijn in vergelijking met FLS2. Een PAML-analyse van de responsieve PERU-
sequenties onthulde 11 aminozuurresiduen onder positieve selectie. Interessant
genoeg toonde een voorspelling met AlphaFold aan dat 10 van de 11 residuen zich
bevinden in het concave deel van het LRR-domein, wat overeenkomt met de
verwachte bindingsplaats voor Pep-13. De fylogenetische boom van de PERU-
sequenties suggereert dat de PERU-receptorfamilie is onfstaan binnen de
knoldragende Solanum-soorten die voorkomen in de Andes. Samengevat onthullen
onze resultaten dat PERU een opmerkelijke diversiteit vertoont, in tegenstelling tot
andere RLKs. Het voorkomen van PERU is beperkt tot knoldragende Solanum-soorten
en toont diversificatie zelfs tussen nauw verwante soorten.

In Hoofdstuk 5 hebben we geprobeerd de Phytophthora-resistentie van aardappel
te verhogen door PERU te combineren met RLP23, waarvan voor beide afzonderlijk is
aangetoond de resistentie tegen P. infestans te verhogen. We vonden dat fransgene
aardappelplanten van het ras Atlantic verschillende gevoeligheid vertonen voor
Pep-13 en nIp20, zoals aangetoond door EC50-bepalingen. Het stapelen van deze
twee PRRs liet een additief effect zien op afweerreactiereacties, zoals ROS- en
ethyleenaccumulatie, evenals een bescheiden verdere verhoging resistentie tegen
P. infestans.

In Hoofdstuk é worden de bevindingen van dit proefschrift besproken in een breder
perspectief. Samengevat heeft mijn proefschrift bijgedragen aan een beter begrip
van de eerste verdedigingslinie tegen P. infestans in aardappels en kan het bijdragen
aan het bereiken van een duurzamere resistentie tegen Phytophthora.
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La papa (Solanum tuberosum L.) es el cultivo alimenticio no cereal mds importante
del mundo. Aproximadamente 1.3 mil millones de personas consumen papad
regularmente. La papa es susceptible a una amplia variedad de plagas y
patdgenos, tales como insectos, nemdtodos, virus, bacterias, hongos y oomicetos. El
tizon tardio, causado por el oomiceto Phytophthora infestans, es la enfermedad mds
destructiva de la papa. Este patdgeno fue el causante la hambruna irlandesa a
mediados del siglo XIX y representa la principal amenaza para la produccion de
papa hasta la fecha.

El mejoramiento genético de la papa para obtener resistencia a P. infestans se ha
centfrado histéricamente en el uso de genes de resistencia dominantes (genes Rpi).
Sin embargo, se ha demostrado que la mayoria no son duraderos. Otra linea de
defensa de la papa contra P. infestans, menos estudiada, ocurre en la superficie
celular. Esta respuesta inmune se basa en el reconocimiento de patrones
moleculares asociados a patdgenos (PAMP) por receptores de reconocimiento de
patrones (PRR). En el caso de la papa, solo se habia identificado un PRR, el receptor
ELR, que reconoce INF1 de P. infestans y incrementa la resistencia de papa a este
patdgeno.

Hace casi 30 anos se identificd el péptido Pep-13, dentro de una glicoproteina
(GP42) de Phytophthora sojae. Se encontré que Pep-13 es suficiente para
desencadenar respuestas inmunes en células de perejil. Estudios posteriores
revelaron que la proteina GP42 estd presente en otras especies de Phytophthora y
que la secuencia de Pep-13 es altamente conservada entre ellas. Un andlisis
mutacional encontrd que los aminodcidos necesarios para la actividad elicitora de
Pep-13 también son necesarios para la actividad enzimdtica de GP42, indicando
que Pep-13 exhibe caracteristicas de PAMP. Si bien se descubrié que Pep-13 muestra
actividad en las células y hojas de la papa, su receptor no fue identificao. El objetivo
de esta tesis es identificar y caracterizar el receptor de Pep-13 en papas.

El Capitulo 2 describe un protocolo detallado para identificar nuevos PRRs. Este
método consiste, en primer lugar, en el uso de Bulked segregant RNA-Seq (BSR-Seq)
para prescindir del mapeo genético convencional que implica el desarrollo de un
elevado nUmero de marcadores moleculares. El andlisis bioinformdtico de los
resultados del secuenciamiento conduce a la delimitacion de un intervalo de
mapeo. Ademds, este andlisis genera marcadores single nucleotide polymorphism
(SNP), que resultardn Utiles para el proceso de mapeo fino. Posteriormente, el
cribado de alto redimiento de plantas in vitro para identificar las plantas
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recombinantes, junto con el fenotipado de Unicamente de las plantas
recombinantes, optimiza el proceso de mapeo fino en términos de tiempo, espacio
y trabagjo.

En el Capitulo 3, se implementd el protocolo descrito anteriormente para determinar
la ubicacién del receptor de Pep-13/25 en papa (Pep-25 es una versién ligeramente
mds larga de Pep-13). El andlisis BSR-Seq de los bulks sensibles y no sensibles permitid
mapear el receptor de Pep-25 en la parte superior del cromosoma 3 del genotipo
GIG362-6 de la especie silvestre Solanum microdontum subsp. gigantophyllum. El
mapeo fino posterior, la exploracidon de la libreria de BACs y la secuenciacion de
BACs culminaron en la reconstruccion del mapa fisico GIG362-6 y la reduccidn del
intervalo de mapeo, que desafortunadamente no fue cubierto completamente por
las secuencias de los BACs. Los genes candidatos en el intervalo de mapeo resultaron
negativos en los ensayos de complementacion de agroinfiliracién, lo que sugiere
que el receptor Pep-13/25 probablemente esté ubicado dentro del segmento no
secuenciado del intervalo de mapeo. Ademds, se explord el polimorfismo de Pep-
13/25 en secuencias de fransglutaminasas de Phytophthora, oomicetos y otros
patégenos flamentosos. Con este andlisis se encontraron cuatro variantes de Pep-
13/25, que fueron evaluadas en parientes silvestres de papa, revelando diferentes
especificidades de reconocimiento.

La ausencia de una secuencia del genoma de alta calidad de GIG362-6 dificultd la
identificacion del receptor Pep-25 en la capitulo anterior. En el Capitulo 4, decidimos
explotar el genotipo del genoma de la papa de referencia, DM1-3 516 R44, que
responde a Pep-13/25 y tiene una secuencia gendémica de alta calidad. Se generd
una nueva poblacidon de mapeo y el receptor fue mapeado en ofra regién
gendmica. Se econtraron fres genes candidatos que codifican para quinasas tipo
receptor con repeticiones ricas en leucina (LRR-RLKs). Los ensayos de
complementacion revelaron la identidad del gen responsable del reconocimiento
de Pep-13, el cual fue denominado PERU (del inglés Pep-13 Receptor Unit). Se siguid
un enfoque multidisciplinario para caracterizar este nuevo PRR. Utilizando ensayos de
unidn de ligando, demostramos que PERU interactUa especificamente con Pep-13y
que forma un complejo con BAK1 de manera dependiente de Pep-13. A diferencia
de SOBIR1 (que no es necesaria para la inmunidad mediada por RLKs), demostramos
que BAKT1 es necesaria para las respuestas desencadenadas por Pep-13. Los ensayos
de enfermedad empleando lineas fransgénicas que sobreexpresan PERU o plantas
knock-out para PERU indican que PERU contribuye a la inmunidad contra P. infestans.

En el Capitulo 4, profundizamos mds en la presencia y distribucion del
reconocimiento de Pep-13/25 en las especies tuberosas del género Solanum. El
andlisis de 477 genotipos reveld que, a diferencia del DM1-3 516 R44, que no
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reconoce la variante inactiva Pep-25-W231A, 10 genotipos muestran una fuerte
respuesta de hipersensibilidad (HR) a Pep-25 y todas sus variantes. Por ejemplo,
Solanum leptophyes LPH680-5, cuyo receptor, PERULPH, fue clonado y estudiado con
mds detalle, demuestra que dos receptores han diversificado su funcién, dando
como resultado diferentes especificidades de reconocimiento de ligando. Los datos
geogrdficos de los genotipos empleados en el andlisis indicaron que los genotipos
capaces de reconocer Pep-25 se encuentran principalmente en Per( y Bolivia,
mientras que los genotipos insensibles a Pep-25 y sus variants se distribuyen por todo
el contfinente americano, desde Estados Unidos hasta Chile y Argentina. Los
genotipos que albergan alelos PERUPM o alelos PERUPH se encuentran
predominantemente en Per( y Bolivia. En conjunto, estos hallazgos sefalan a los
Andes de Pery y Bolivia como el lugar de origen de esta familia de receptores y de
su diversificacion funcional.

En el Capitulo 4, un andlisis flogendmico permitié extraer 114 secuencias similares a
PERU y secuencias FLS2, mostrando que las secuencias de PERU son muy diversas en
comparacién con FLS2. El andlisis PAML de las secuencias sensibles de PERU revela
11 residuos de aminodcidos se encuentran bajo seleccién positiva y, curiosamente,
una prediccion con AlphaFold localizd 10 de los 11 residuos en la parte céncava del
dominio LRR, lugar esperado de unidn a Pep-13. El drbol filogenético de las
secuencias de PERU sugiere que la familia de receptores PERU se ha originado dentro
de las especies tuberosas del género Solanum. En conjunto, nuestros resultados
revelan que PERU es un receptor particular que, a diferencia de otfros RLKs, exhibe
una diversidad notable. Este receptor estd restringido a especies dentro de Solanum
section Petota y muestra diversificacion incluso entre especies estrechamente
relacionadas.

En el Capitulo 5 intentamos mejorar la respuesta inmune de la papa a P. infestans
combinando el RLK PERU y el RLP RLP23, los cuales han demostrado individualmente
aumentar la resistencia a P. infestans. Observamos que las plantas de papa
transgénicas del cultivar Atlantic exhiben diferente sensibilidad a Pep-13 y nlp20,
como lo demuestra la determinacién de EC50. Ademds, el stacking de estos dos PRRs
mostré un efecto aditivo sobre las respuestas inmunes de papa, como la produccion
de ROS vy etileno, asi como un modesto efecto aditivo sobre la proteccion contra P.
infestans.

En el Capitulo 6, los hallazgos de esta tesis se presentan y discuten desde una
perspectiva mdas amplia. En resumen, mi trabajo de tesis representq un aporte en la
comprensidon de la primera linea de defensa en papa contra P. infestans y puede
contribuir para lograr una resistencia mds duradera al tizdn tardio.
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