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Propositions

1. Durable disease resistance is unreachable, we just need "more durable"
resistance.
(this thesis)

2. The fertilization system of flowering plants might be evolved from plant immune
system.
(this thesis)

3. GMO is the most "organic" technology one can think of.

4. The breakthrough of modern science is purely build on money.

5. 'Wet lab works will be replaced by Atrtificial Intelligence (AI) and robots in the

near future.
6. Basic bioinformatics and genomics need to be mastered by all biologists.

7. A PhD journey is similar to rock climbing, falling makes you stronger.
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Chapter 1

General Introduction
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Chapter 1

World population growth and crop loss due to plant
pathogens

'The world population is expected to reach 9-10 billion in 2050 (Alexandratos and Bruinsma,
2012). How to feed all these people will be a huge challenge, and the increase of crop yield
will be crucial. However, many factors can cause yield loss. These include abiotic stresses like
drought, salinity, cold, nutrient deficiencies influencing the yield, as well as many biotic factors
like herbivores, pests, weeds and plant pathogens, such as bacteria, fungi, oomycetes, viruses
and nematodes. More than 30% of the crops are lost due to plant pathogens or pests (Oerke,
2006). In traditional agriculture, chemicals are used to deal with those biotic stress factors. It
is efficient, but it might cause environmental damage and food safety problems. Meanwhile,
the pests and pathogens might start to build up resistance to some chemicals due to natural
selection. Therefore, plant breeders are looking for resistance sources from wild relatives of the
crops and introduce them into the modern cultivars by introgression breeding. The
development of plant transformation technologies and genetic modification technologies
(GM) since the 1980s, and additional technologies emerging in recent years like marker
assisted selection (MAS), next and third generation sequencing and gene editing. They are
expected to help mankind to deal with these plant pathogens and solve the food demand in
2050 (Boyd e al., 2013).

Potato late blight and resistance breeding

Potato (Solanum tuberosum) is an important food crop worldwide. They are clonally
propagated by the vegetative tubers, because of their highly heterozygous nature and
inbreeding depression. Wild relatives of potato are tuber-bearing Solanum species of section
Petota and include more than 200 species, originated from South, Central and North America
(Spooner et al., 2014). The ploidy level of these wild potatoes varies from diploid to hexaploid
(Machida-Hirano, 2015). Cultivated tetraploid potato was domesticated from the diploid wild
relatives in South America (Spooner ¢ al., 2005).

'The most notorious disease in potato is late blight, which is caused by the devastating
oomycete Phytophthora infestans (Mont.) de Bary (Figure 1). This disease triggered the Irish
famine in 1840, when more than a million people died due to starvation and another million
people mostly emigrated to the USA (Bourke, 1989). Today, the late blight still hampers the

worldwide potato production, “oomicides” (chemicals needed to control the oomycetes) need to



General Introduction

Figure 1. Field trial of potato late blight (Wageningen, 2013)
A. Day 10 after inoculation of the field trial; B. Day 31 after inoculation of the field trial; C. Close up of late blight

symptoms

be sprayed many times to control the disease (Govers, 2001). In the beginning of the 20t
century, a hexaploid (2n=72) wild potato Solanum demissum was found to be resistant to late
blight (Salaman, 1937), since then, attempts have been made by breeders in the Netherlands,
UK, Germany and Russia to transfer these resistance traits to cultivated potatoes by
introgression breeding (Toxopeus, 1956). During the same period, the “gene-for-gene”
hypothesis had been proposed by Flor (Flor, 1942), and it was found that the potato-
Phytophthora interaction fits well with this model (Toxopeus, 1956). Eleven dominant R
genes: R7-R11 had been identified from S. demissum (Malcolmson and Black, 1966; Skidmore
and Shattock, 1985). RI was the first R gene cloned from potato against P, infestans (Ballvora
et al., 2002), since then, many resistance genes against P infestans (Rpi) genes from .
demissum and other wild Solanum species have been cloned, like R34, RS, Rpi-vntl, Rpi-blb1,
Rpi-blb2, Rpi-amr1 (Huang et al., 2005; van der Vossen e al., 2003; Vossen ez al., 2005; Foster
et al., 2009; Pel ez al., 2009; Song et al., 2003; Witek ez al., 2016). Many of them have already
been commercially used in modern cultivars, for example, the Rpi-vnz1 in the 20d generation

of the Innate® potatoes from the Simplot company.
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The R gene based immunity is typical effector triggered immunity (ETT), however, P, infestans
can fast evolve to avoid the surveillance. For example, the Avr genes in the virulence P
infestans isolates can be absent, mutated or silenced (Vleeshouwers and Oliver, 2014), so late
blight is called plant and (R gene) destroyer (Fry, 2008). Therefore, the R genes might be
quickly defeated by P, infestans in the field. So far, most of the identified R genes have been
overcome by different P, infestans isolates, and resistant varieties need an additionally R gene

management system. How to achieve more durable resistance remains a challenge.

Except R genes, susceptibility (S) genes have also been applied in crops (van Schie and
Takken, 2012), silencing the § genes in potato can lead to enhanced resistance to late blight
(Sun ez al., 2016). This knowledge can now be combined efficiently with CRISPR-Cas9
technology to engineer foreign DNA free resistant crops (Langner ez al., 2018).

Plant immunity system

Unlike animals, plants are immobile and lack of mobile immunity cells. Apart from the
barriers on the surface of plant cells like waxes, trichomes and stomata, plants evolved an
innate immunity system to protect them against pathogens. This innate immunity system was
summarized by a “zigzag” model (Jones and Dangl, 2006). In this model, plants perceive
microbial- or pathogen-associated molecular patterns (MAMPs/PAMPs) by pattern
recognition receptors (PRRs), and mount PAMP-triggered immunity (PTI) responses. To
successfully colonize the host, the pathogens evolved cytoplasmic effectors that can inhibit the
plant PTT, which is leading to effector-triggered susceptibility (ETS). For counter-acting this
ETS, intercellular nucleotide-binding domain and leucine-rich repeat containing (NLR)
receptors have evolved to recognize the cytoplasmic effectors, and mount a hypersensitive cell
death response (HR) that delimits pathogen growth. This is called effector-triggered
immunity (ETT) (Dodds and Rathjen, 2010; Jones and Dangl, 2006).

In previous reviews, the surface immune receptors are called PRRs (Dodds and Rathjen,
2010), however, with the increasing knowledge of the effector biology, the ligands of plant
surface immune receptors can be both MAMPs/PAMPs or apoplastic effectors (Win ez a/.,
2013). In this thesis, to avoid ambiguity, we use the term ‘surface immune receptor’, regardless
whether the ligands are MAMPs/PAMPs or apoplastic effectors.

10



General Introduction

Pathogen encoded MAMPs and MAMP receptors in plants

Up to now, many MAMPs/PAMPs from pathogens have been identified (Table 1), like flg22
(flagellin), flglI-28 (flagellin), elf18 (EF-Tu), csp22 (cold-shock protein), peptidoglycans
(PGN) and lipopolysaccharides (LPS) from bacteria (Felix ez al, 1999; Clarke e al., 2013;
Kunze, 2004; Bohm ef al., 2014; Oome ef al., 2014; Gust et al., 2007; Dow e al., 2000; Felix

and Boller, 2003), chitin and B-glucan from fungi (Yamaguchi e a/., 2000; Bohm ez al., 2014),
and nlp20 (NLP) from bacteria, fungi and oomycetes (Bohm ez a/., 2014). In the meantime,
some of the MAMPs/PAMPs receptors have been found as well (Table 1). These include
FLS2 (flg22), FLS3 (figll-28), EFR (EF-Tu) , RLP23 (nlp20), LysM proteins (PGNi),
LORE (LPS), CORE (csp22), LYsM RLK1/CERK1 (Chitin) (Gémez-Gémez and Boller,
2000; Hind ez al., 2016; Zipftel ez al., 2006; Albert ez al., 2015; B., Liu ez al., 2012; Ranf ez al.,
2015; Wang et al., 2016; Miya ez al., 2007; Wan ez al., 2008) (Figure 2).
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Figure 2. An overview of plant surface immune receptors and the corresponding

pathogen MAMPs or apoplastic effectors (adapted from Boutrot and Zipfel, 2017).

The surface immune receptors consist of cytoplastic kinase domains (RLKs only), transmembrane domain and an
extracellular domain. The types of extracellular domains include leucine-rich repeat (LRR) domains, epidermal
growth factor (EGF)-like domains, Lysin motif (LysM) domains, Lectin domains and glycosyl-phosphatidylinositol
(GPI) domains (a). Cloned receptor-like kinases (RLKs). (b). Cloned receptor-like proteins (RLPs).

11
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In oomycetes, MAMPs/PAMPs include INF1 (Elicitin), XEG1, Pep-13/25 (GP42), CBEL
and NPP1 (Kamoun ez al, 1993; Ma et al., 2015; Brunner et al., 2002; Mateos ez al., 1997

Fellbrich e# al., 2002). Till now, only three surface immune receptors have been cloned that

recognize oomycetes MAMPs/PAMPs: ELR was the first potato surface immune receptor
cloned from wild Solanum, it recognizes the conserved elicitins from oomycetes (Du ez al,
2015), and RXEG1 and RLP23 were cloned from N. benthamiana and Arabidopsis thaliana,
they can recognize XEG1 and NLPs (nlp20) respectively (Wang ef al., 2018; Albert ez al.,
2015). In addition, a L-type LecRK gene LecRK-1.9 from Arabidopsis enhances resistance to P
infestans in potato and V. benthamiana (Bouwmeester ez al., 2014). Whereas the other surface

immune receptors remain unknown, like the Pep-13/25 and CBEL receptors.

Table 1. Examples of MAMPs/PAMPs and apoplastic effectors from fungi, bacteria and

oomycetes and their surface immune receptors cloned from plants.

MAMPs/ apoplastic effectors Molecular patterns Reference Surface immune Cloned from Reference
receptors
Flagellin flg22 (Lelix, 1999) FLS2 Arabidopsis (Gémez-Gomez, 2000)
flgll-28 (Clarke, 2013) FLS3 Tomato (Hind, 2016)
EF-Tu elf18 (Kunze, 2004) EFR Arabidopsis (Zipfel, 2006)
NLP nlp20 (Bohm, 2014; Oomy, 2014) RLP23 Arabidopsis (Albert, 2015)
Bacterial ~ Peptidoglycans (PGNs) PGNs (Gust, 2007) LysM proteins Rice (Liu, 2012)
Lipopolysaccharides (LPSs) LPSs (Dow, 2000) LORE Arabidopsis (Ranf, 2015)
Cold shock protein csp22 (Felix, 2003) CORE Tomato (Wang, 2016)
Cipl (Shindo, 2016) unknown
Chp7 (Lu, 2015) unknown
Chitin (Felix, 1993) LysM RLK1/ CERK1 Arabidopsis (Miya, 2007; Wan, 2008)
p-glucan (Yamaguchi, 2000) unknown
NLP nlp20 (Bohm, 2014; Oomy, 2014) RLP23 Arabidopsis (Albert, 2015)
. Avr2 (Luderer, 2002) Cf-2 tomato (Dixon, 1996)
Fungi Avr4 (Joosten, 1994) Cf-4 tomato (Joosten, 1994)
Avr9 (Jones, 1994) Cf-9 tomato (Jones, 1994)
Ecp6 (Bolton, 2008) unknown
Avel (deJonge, 2012) Vel tomato (Kawchuk, 2001)
INF1 (Elicitins) (Kamoun, 1993) ELR potato (Du, 2015)
XEG1 (Ma, 2015) RXEG1 N. benthamiana ~ (Wang, 2018)
Transglutaminase (GP42) Pep-13/25 (Brunner, 2002) unknown
CBEL (Mateos, 1997) unknown
Oomycete NPP1 (Mateos, 1997)
PcF (Orsomando, 2001) unknown
SCR74 (Liu, 2005) unknown
EPI1 and EPI10 (Tian, 2005; Tian, 2004) unknown
EPICI and EPIC2 (Tian, 2007) unknown

12
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Pathogen apoplastic effectors and surface immune
receptors in plants

Except the classical MAMPs/PAMPs, pathogens can secrete apoplastic effectors in order to
manipulate the host to facilitate their colonization. For example, the tomato leaf mold agent
Cladosporium fulvum is a biotrophic fungus, for which the host colonization is limited on the
intercellular spaces. The molecular interaction between tomato and C. filvum has been a
classical model to study the plant surface immunity (de Wit, 2016). Many apoplastic effectors
from C. fulvum have been characterized like AVR2, AVR4 and AVRY, as well as their
matching surface immune receptors CF-2, CF-4 and CF-9 (Luderer ez al., 2002; Joosten ef
al., 1994; Dixon et al., 1996). Other extracellular proteins (ECP1-ECP6) were also found
from C. fulvum (Laugé et al., 2000; Bolton ez al., 2008), and the LysM motif containing
effector Ecp6 was found to disturb chitin-triggered immunity in plants (de Jonge ez a/., 2010).

In oomycetes, many apoplastic effectors have been characterized, like the small-cysteine rich
(SCR) proteins PcF, SCR74 and SCR91 (Orsomando ez al., 2001; Liu e# al., 2005; Bos e# al.,
2003); the enzyme inhibitors EPI1, EPI10, EPIC1 and EPIC2 (Tian ez a/., 2005; Tian ¢ al.,
2004; Tian ez al., 2007). It is noteworthy that, unlike the MAMPs, SCR74 proteins are highly
diverse in different P infestans isolates and they are under positive selection. However, the

receptors for these oomycete apoplastic effectors have yet to be discovered.

Effectoromics, from cytoplasmic effectors to apoplastic
effectors

In Phytophthora, most identified Avr genes contain an RXLR motif (Rehmany ez al, 2005).
With the sequencing of P, infestans genome, 563 RXLR effectors have been predicted from
the P infestans genome (Haas ez al,, 2009). This enabled “Effectoromics”, a high-throughput
functional screening method to detect R genes in different potato sources. The RXLR
effectors were cloned into a plant expression system and screened for cell death responses by
PVX agro-infection or agro-infiltration (Vleeshouwers ez a/., 2008; Du ez al., 2015; Takken ez
al., 2000). The Effectoromics methodology enables to rapidly identify the R genes from wild
or cultivated Solanum species in complex genetic backgrounds (Rietman ez a/., 2012), and it
can also be used to identify novel Aur genes (Vleeshouwers ef al., 2011). However, previous
Effectoromics studies in potato were mainly restricted to the RXLR effectors. Applying the
Effectoromics strategy on the MAMPs/PAMPs and apoplastic effectors will help to identify

the surface immune receptors in plants (Domazakis ez al., 2017).

13
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Late blight resistance breeding in the genomics era

In 2011, a homozygous doubled-monoploid §. tuberosum group Phureja DM1-3 516 R44
(DM) was sequenced, and it has been widely used as the potato reference genome (Xu e# aZ,
2011). Recently, the genome of another diploid and inbred Solanum chacoense clone M6 was
released, which is a wild relative of modern cultivated potato (Leisner ez al., 2018). To assess
the genetic variation of the tuber-bearing Solanum, large-scale genomic re-sequencing was
performed on a diversity panel of wild potatoes, landraces and cultivars. This study suggests
that some cultivated traits, for example the potato’s maturity locus in long-day adapted

cultivars was introgressed from wild species like 8. microdontum (Hardigan ez al., 2017).

'The genomic sequencing of potato allows genome-wide studies of the NLR and RLP/ RLK
genes (Andolfo ef al, 2014). Furthermore, resistance gene enrichment sequencing (RenSeq)
was developed for fast mapping potato Rpi genes and re-annotating of the NLR genes (Jupe
et al., 2013). In combination with long-reads PacBio sequencing, an improved RenSeq can
capture the full-length NLR repertoires from wild Solanum species and help to clone Rpi
genes more quickly (Witek ez al., 2016). However, the first layer of defense mediated by the
RLP/RLK genes were ignored in previous RenSeq studies.

Obijectives of this thesis

To fill the knowledge gap and deepen our knowledge about plant surface immunity, which is
believed to be more durable and broad-spectrum, in Chapter 2, the PcF/SCR74 family from
the oomycete is studied. Sequence analysis and phylogenetic analysis are used to study these
apoplastic effectors. A large-scale Effectoromics screening on Solanaceous species is
performed to explore the recognition specificity of these Pck/SCR74 effectors, and we try to
explain our findings in the light of (co-)evolution with host plants. In Chapter 3, we propose
a novel pipeline to fast identify and clone the plant surface immune receptors, by combining
Effectoromics screening and RLP/RLK enrichment sequencing (RLP/KSeq) method. A
previous identified INF1 response gene ELR is used as proof of concept and an undiscovered
SCR74 receptor is studied. In Chapter 4, we expand the mapping population and fine-map
the SCR74 receptor to a G-LecRK locus. A bacterial artificial chromosome (BAC) library
from Solanum microdontum spp. gigantophyllum GIG362-6 that responds to SCR74 is
generated. Three BAC clones spanning the mapping interval were isolated and sequenced. The
candidate genes are functionally studied. In Chapter 5, we study the Phyrophthora MAMP
Pep-13/25. We perform a functional screening and identify several Pep-13/25 responsive wild

14
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potatoes. A population that segregates to the Pep-25 response was generated, and we
developed a BSA-RNAseq method to accelerate mapping of the Pep-25 receptor. Ultimately,
the putative Pep-25 receptor is mapped to a small interval and the BAC clone within the
mapping interval is isolated, sequenced and characterized. The findings in this thesis will
expand our current knowledge about the effector biology of oomycete and plant surface
immunity. The new methodology developed in this thesis will facilitate the identification of
novel R genes in crops, and our work should lead to the identification and isolation of at least

two novel surface immune receptors in potato.
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Chapter 2

Abstract

In the first phase of colonizing the host plant, pathogens secrete effectors into the apoplast.
These apoplastic proteins often represent small-cysteine rich (SCR) proteins, and can be
perceived by surface immune receptors of the hosts to trigger immune responses. Some
apoplastic effectors have features of microbe-associated molecular patterns (MAMPs), but the
function and evolution of most of the SCR proteins remain unclear. Here we report on the
evolution of a family of oomycete apoplastic effector proteins, that includes PcF from
Phytophthora cactorum and the SCR74 family from Phytophthora infestans. We found that PcF
is highly conserved in P cactorum isolates and under balancing selection. The PcF' orthologs
from different Phytophthora species share a co-linear genomic architecture and PcF is widely
recognized by various Solanaceae species and even strawberry. In contrast, the SCR74 family
from P, infestans is highly diverse, and scr74 genes reside in a gene-sparse and transposon-rich
region of the P infestans genome. SCR74 variants are specifically recognized by diverse
genotypes of Solanum section Petota, and single amino acid changes of SCR74 show altered
recognition specificity. Our results demonstrate that a family of oomycete effectors appears to
contain typical MAMPs as well as effectors under diversifying selection. This suggests that
some members may have retained their ancestral function, whereas other members have
started co-evolving with host genes. This finding provides new insights in the evolution of

effectors in relation to their host plants.
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Introduction

The plant apoplast is the battlefront of the plant-pathogen interaction. Plants deploy
antimicrobial proteins, proteases, protease inhibitors and surface immune receptors to perceive
pathogen proteins and protect themselves against disease (Jashni e# a/, 2015). Conversely,
pathogens secrete an arsenal of effector proteins, including proteases and protease inhibitors
for facilitating their infection and manipulating the plant immune system. In oomycetes, a
wide diversity of apoplastic proteins have been characterized, for example XEG1 (Ma ez a/,
2015), elicitins (Kamoun e al, 1997), necrosis- and ethylene-inducing proteins (Nepl)
proteins (NLPs), Nep1-like proteins NPP1 and PsojNIP (Fellbrich ez o/, 2002; Qutob ez al.,
2002; Oome et al., 2014), serine and cysteine enzyme inhibitors EPI1, EPI10, EPIC1 and
EPIC2B (Tian ez al., 2004; Tian ez al., 2005; Tian e# al., 2007), and small cysteine-rich (SCR)
proteins PcF, SCR74 and SCR91 (Orsomando e al., 2001; Bos e al., 2003; Liu e al., 2005).
Some of the secreted oomycete proteins represent typical microbe-associated molecular
patterns (MAMPs), which are generally conserved, widespread, abundant and essential
molecules from pathogens that contribute to the general fitness of pathogens (Pel and
Pieterse, 2013). In contrast, other apoplastic proteins are species- or strain-specific fast
evolving molecules that help to manipulate the host immune system to facilitate their
infection, according to the concept of effectors (Kamoun, 2007). However, with the growing
evidence, the dichotomy of MAMPs and effectors is getting obscured (Thomma ez a/., 2011,
Cook et al., 2014).

PcF (Phytophthora cactorum-fragaria) is a 5.6-kDa small cysteine-rich protein of 73-amino-
acids, which forms 3 disulfide bridges by 6 cysteines on the mature protein. It was isolated
from culture filtrate of Phytophthora cactorum, which triggers a defense-related response on
strawberry and tomato (Orsomando e# al., 2001; Orsomando e# al., 2003). Up to date, only
two PcF homologs from P cactorum isolates have been isolated, with only one single
nucleotide polymorphism (SNP) on the signal peptide (Orsomando e# a/., 2001; Chen ez al.,
2016). The NMR structure of PcF was solved and a novel helix-loop-helix motif was
identified. The structure has a good fold match with the plant pollen allergenic protein Ole-
e-6, therefore, a molecular mimicry hypothesis was proposed (Nicastro ez a/., 2009). More PcF
domain-containing (Pfam: 09461) SCR proteins have been identified afterwards. For
example, SCR74 and SCR91 were identified from expressed sequence tags (EST) of multiple
P, infestans strains (Bos ez al., 2003; Liu ez al., 2005). Scr74 belongs to a highly polymorphic
gene family in P infestans. So far, 21 Scr74 genes have been sequenced from different P
infestans strains. The sequences are highly diverse and they were shown to be under strong

positive selection pressure. The expression of Scr74 is up-regulated after infection of tomato
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(Liu e al, 2005). These findings suggest that SCR74 variants are important effectors in P
infestans and we hypothesize that they may have co-evolved with host factors, notably receptor
genes. SCR96 is also from P, cactorum and related to PcF, but without a typical PcF domain,
and triggers cell death responses in some Solanaceae species, including Nicotiana benthamiana

and tomato (Chen ez al., 2016).

In this study, we retrieved all known members of the PcF/SCR family from public databases.
We studied the phylogeny, sequence polymorphism and genomic architecture of the PcF/SCR
family to determine whether they are conserved or diverse. Using mutagenesis, we determined
the role of cysteine residues in the SCR74 protein. Sub-cellular localization was used to
visualize the secretion of SCR74-mRFP in stable P, infestans transformants. Disease tests were
used to evaluate whether the SCR74 protein contributes to the virulence of P, infestans in N.
benthamiana and potato. To study the recognition of PcF/SCR proteins at plant family level,
we performed a large scale effectoromics screening on Solanaceae species, including potato,
tomato, eggplant, pepper and Nicotiana genotypes. Our finding provides a new insight in how

apoplastic effectors can co-evolve with their host.

Results

PcF/SCR effectors from oomycetes

To study the PcF/SCR family from oomycetes, 57 PcF domain (PF09461) containing
proteins were obtained from InterPro, by searching for the keyword "PcF", or Pfam domain
ID PF09461. The PcF/SCR proteins were only detected in oomycetes, including
Hyaloperonospora  arabidopsidis (2), Phytophthora cactorum (2), Phytophthora capsici (1),
Phytophthora parasitica (16), Phytophthora ramorum (1), Phytophthora sojae (4) and Phytophthora
infestans (31). 11 redundant PcF-like proteins were removed. The remaining 46 PcF/SCR
proteins were renamed by the species abbreviation and the number of amino acids of the full-

length protein (Supplementary table S1).

The PcF domains of the 46 PcF/SCR proteins were subjected to sequence alignment by
MAFFT and a NJ tree was generated (Figure 1). Due to reticulate sequence exchange events
that might have happened in this family (Liu ez a/, 2005), a network analysis was also made
to reflect the phylogeny of this family (Figure 2). SCR96 from P, cactorum was included as an

outgr oup.
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Figure 1. Alignment of the PcF domain (PF09461) of 46 PcF/SCR proteins.

The 46 PcF/SCR proteins are classified into 4 clades, i.e. a PcF-like clade, PcE/SCR cladel, PcF/SCR clade2 and
SCR74 clade. The majority of the consensus amino acids and the sequence logo are shown on the top. In addition to
the six conserved cysteines, other conserved motifs include YSx(A/S)N and (V/I)SK. A highly variable motif
between position 31-43 aa in the PcF domain seems diagnostic for the four clades.

QQL———K AD - [EI@A - VE-ELVCA\—N DP————VAIHDSW—SINTI
YQAM---QSGQ- VP—RGEMKCR p- AT EGI@D P G F K[@D KId
PQYM---Q-GD-[ldP - P LMC EENN | Q KG ASIEK T - - KIMG
PQYM---Q-GD- P-PLMCEMNIQ KG AEEK T - - K[MG
PLYM---Q-AT -SLMPEENL A VG TIEMTD - - KWG E
PLYME Q-Al P-TLNVASERNNL Al LG RIGIEE E - - Q@GS T
PLYME Q-AT-[IdP - T LS EENL Al .
PLYM---Q-Al -[c@pP - TLMSEEN | A VG se@s 7 - - k@ca  PcF-like
PP NFST - T LVASEL SG IN--KEGST Clade
PPYME DLST Q- P LNP EFNNL ANEEY TG | [E@VE - - K[EGV
PP DLST Q- P LA EFNNL ANAEY TG I[edVE - - KEGV
PP DLST Q- P LA EFNNL ANAES TG I[e@V E - - KEGV
PP NFST Q- T LMSEANL AVERS SG TlEd | N - - KIMGS'T
NV S K} S| S[EEV K - - N[«
NV S K} S HH SEEV K - - N

PQYMVPTE-EN-[E@P - S LMT EFS | DAY KG RIEEE S - - TMGK

-PS-TL-[EdAVN SMASP SN L RIEXe] RG AEF S - - S[ER TIE

M--PS-TL-[EE@AVN SFSPENL RIEXe] RG HAAEEA A - - S[ES SIE PcF/SCR

[M--PR-TL-[EEG-NEMSESN | EMIGN RG HAAEEAA - - S[ESTIE

P - AldG - E KN Y KN | DINAT QG EHD KedA S - - SMSTIE clade 1

QPr@ T-AK-[EEALN |IMSPIN | E THIE -QP HD SE@s K - - SEN E[E
QP Fd T-AP -[[@AP N TMSD HN | K WVASEE =@ @Y QE[ds D - - SMNKE
QP Y T-VELMEALSTFEDHNL KN -Qp EN Vields £ - - S[EL K
QQLE S-AP-SHA-YRMSESNTE THIE -RS ENE[EER O - - S[ES
QQLE S-DS-[E@A- Y VISESNL K TEIE -Qs ENE[dR v - - SEN
QQLME T-AQ-[E@A- YVNEQV | SETHH -Qs EANCEER L - - S[EN L6 PcF/SCR
QP L@- - - P -AQ-[EI@A - Y L ASQHINF E TINEIC[MElK - - - - QN ENE [edK A - - S[d clade 2
Q G*AQ*G*APFA\QSC.SR****QP 77777 NEANEEER T - - SEN L6
QQ T-AQ-[ddA-GVSHAEN | ATHA
QQ R-AD -[€[@A - Y EM L HINK V D AERHD[EES K - - S[ENT
QQ R -/AD - [€ldA - Y EEEHENK V D AEY D[EIES K - - SENTIE
QQ R -/AD - [€ldA - Y ENAS L EANIK V D - VARYDEIER | - - SIENNVIE
QQ R -/AD -[€l@A - Y EEEHEANK V D - VARYDEER | - - SENVE
QQ R -/AD - [€ldA - Y EEEHENK V DP----VAHEYDEEGK - - SENTIE
QQ R -/AD - [€ldA - Y EEEHENK V D AEHDEEG K - - SENTIE
QQ R -/AD -[€ldA - Y ENES L FXNID VIVAES D ARHD[EES K - - S[ENT!
QQ K -AD A - Y ENAS L ENID V D AEHDEES K - - SENTIE
QQ K - AD A - Y ENASIL ENID V D AEHDEIES K - - SENTE SCR74
QQ K -AA-[EldA - Y ENES L IAND V/ D AERHD[EES K - - S[ENT!
QQ K -AV -[EIEA - Y ENESHEWND V E AENDIOES « - - S[NTE Clade
QQ K - AA A - Y EEN S EWIG V E AEND(EIES K - - SN TIE
QQ K-AV A - Y ENMESHEWNID V D AERHD[EES K - - SENTIE
QQ K -AV A - Y ENESHIEMNID V D AEHDEIES K - - SENTIE
QQL K -AV A - Y E NS HEID Vv D AEHDEIEG K - - SN TIE
QQLE K-AvV A - Y ENESHENND V D AEHD[EMEG K - - SENTIE
QQLE K -AV -[€IdA - Y EMSHEND VIVATICIEEIA | D AEHDEEGK - - SENTIE

Based on the alignment and network analysis, the PcF/SCR proteins were classified into 4
clades, i.e. a PcF clade, a SCR74 clade and PcF/SCR clade 1 and 2, respectively. (Figure 1 and
Figure 2). The two PcF/SCR proteins from H. arabidopsidis only have a partial PcF domain,
but we also classified them into the PcF-like clade. Except SCR96, all the full length PcF/
SCR proteins contain 6-8 highly conserved cysteines. Proteins of the SCR74 clade and PcF/

SCR clade 1 and 2, have an extra cysteine residue at amino acid position 28, which

differentiates them from the members of the PcF-like clade. Besides the cysteine residues, the
PcF/SCR protein family shares some other conserved motifs, like Y/HSxS/ANXXI/VSQ/K
motif of 18-27 aa. Furthermore a highly variable region from amino acid position 31 to 43
can also diagnostic for the four clades, for example, the SCR74 clade shares an AINA/PDPV/

IA motif in this variable region, which is more diverse compared to the other clades (Figure

1).
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Our data also shows that the PcF-like clade contains proteins from many oomycete species.
PcF/SCR Clade 1 only contains proteins from P, infestans, P. sojae and P parasitica, and PcF/
SCR Clade 2 only from P, infestans and P, sojae. Noteworthy, the SCR74 clade consists only of
SCR74 variants from P infestans. This finding suggests that SCR74 proteins are specifically

evolving in P, infestans.
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Figure 2. Phylogenetic network of PcF/SCR proteins.

PcF domain of these proteins were aligned by MAFFT v7.309, the phylogeny network was made by SplitTree4,
computed by the NeighborNet method and the tree was displayed using the EqualAngle algorithm. The proportion
of different positions between two sequences was computed by UncorrectedP method. 46 PcF/SCR proteins are

shown from 6 Phytophthora species and Hyaloperonospora arabidopsidis. They are marked by different colors that are
representative of the species (indicated in the box at the left corner). The four clades are marked by circles. PcF
orthologs are marked with black dots (see Figure 4). 13 variants from the SCR74 clade, and 3 PcF/SCR variants
(PsSCR68, PcSCR96 and PcF, marked by arrows) were used in effectoromics screening (Figure 7).
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PcF is conserved in P. cactorum and PcF loci are conserved
in oomycetes

To study if PcF genes are similar to Scr74 family, PcF genes from 9 P cactorum isolates,
originating from USA or Europe, were amplified by PCR, cloned into pGEM-T Easy vector
and sequenced (Material and Methods). The sequence alignments indicate that PcF genes are
highly conserved in P, cactorum isolates from different geographic locations (Figure 3A).
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Figure 3. PcF loci are conserved in different oomycetes and PcF genes are conserved in

different P. cactorum isolates.

A. Alignment of PcF genes of nine P, cactorum isolates from USA and Europe.

B. 500kb PcF flanking sequences from P infestans and 200kb PcF flanking sequences from P sojae, P ramorum, P
capsici and a short contig from P cactorum were aligned by Mauve. Regions of significant synteny are displayed as
colored locally collinear blocks (LCBs) based on Mauve’s progressive algorithm. The LCBs are connected by colored
lines among the species. The PcF orthologs (PiSCR70, PsSCR77, PrSCR74, PiapSCR82 and PcF) from the 5
Phytophthora species are shown with black arrows.
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Only one nonsynonymous mutation was found in the predicted signal peptide of PcF-
AF354650, and another synonymous mutation was found in the effector domain of
NL2003-3. The amino acid sequence of the effector domain was fully conserved for all
identified PcF homologs. Our results indicate that, unlike the Scr74 family, PcF genes are
highly conserved and under balancing selection in P, cactorum strains from different locations

(USA and Europe), which fits the characteristics of MAMPs/PAMPs.

To further study whether PcF loci are conserved in diverse Phytophthora species, we extracted
the PcF loci and the flanking 250kb region from the genome of P infestans, 100kb flanking
sequence from P sgjae, P ramorum, P capsici and a short contig containing PcF from P
cactorum. Mauve (v2.4.0) was used to align the PcF loci (Figure 3B). This result shows a
colinear structure of PcF loci in Phytophthora species, which is also in line with characteristics
of MAMPs/PAMPs. Considering that these Phyfophthora species cover the breadth of
diversity of the genus, we postulate that the PcF” gene is an ancient and fairly conserved gene
in Phytophthora.

SCR74 is highly diverse in P. infestans and located in
repeat-rich regions of the genome

Unlike PcF, SCR74 proteins were reported to be highly diverse and under strong positive
selection pressure, based on 21 scr74 variants from 8 P infestans strains (Liu ez al., 2005). With
the increased amount of NGS data, we re-evaluated the sequence diversity of 51 P, infestans
isolates present in the public sequence databases and 2 P, infestans isolates sequenced in this
study (Supplementary Table S2). Our observation supports previous findings, that: 1) Scr74
genes are present in all sequenced P, infestans isolates; 2) the sequence of scr74 genes are highly
diverse and some amino acids are under strong selection pressure; 3) the cysteine residues are

conserved in all tested SCR74 proteins (Figure 4).

To test whether the cysteine residues are important for the PcF/SCR proteins, we synthesized
two SCR74-B3b mutants: SCR74-synB3b-27A and -47A, the cysteines were replaced by
alanine in position 27 and 47, respectively. The codons were optimized for in planta
expression, and we also included a synthesized SCR74-synB3Db as positive control. We cloned
them into PVX vector PGWC-PVX and transformed them to Agrobacterium strain GV3101.
The constructs were tested on SCR74-B3b responding genotype Solanum microdontum spp.
gigantophyllum (G1G362-6) by PVX agro-infection. The wild-type SCR74-B3b, pGR106-
CRN2 and empty pGR106 vector were used as positive and negative controls. Our result
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shows that both wild type and synthesized SCR74-B3b triggered cell death response in
GIG362-6, but the two mutants caused no symptoms (Supplementary Figure S1). This
observation indicates that these cysteines are important in these PcEF/SCR proteins for
recognition by the plant, likely because of lower stability or misfolding of the mutated SCR74

protein.

To study the genomic architecture of scr74 genes in P infestans reference genome, we extracted
three scr74 containing supercontigs 1.36,1.73 and 1.4 (Figure 5A) from the P infestans
reference genome. There are 3 scr74 homologs, including a pseudogene in supercontig 1.4. By

comparing the flanking region of these scr74 loci, we found the scr74 genes and the flanking
regions (=2kb) from supercontigs 1.73 and 1.4 with a high level of identity. This observation

indicates that there was a translocation event of the scr74 loci, which might be driven by gypsy

transposons surrounding these scr74 genes.
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Figure 4. Polymorphism of SCR74 genes from 53 sequenced P. infestans isolates.

The sequencing reads from 53 P infestans isolates were mapped to SCR74-B3b sequence, the SNPs are shown as
black dots. The protein consists of a 21 amino-acid signal peptide (SP, blue bar), and a 53 amino-acids mature protein
(black bar). The cysteine residues are highlighted in yellow, they are conserved in most of the variants. Other
conserved amino-acids with no change or only synonymous mutation are highlighted in blue. The highly diverse
amino-acids with nonsynonymous mutations are highlighted in red.
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Based on the “two speed genome” model, rapidly evolving effectors tend to be located in
gene-sparse repeat-rich regions (GSR) of the pathogen genome (Dong ef al., 2015). In order
to test if scr74 genes are located in GSR, 2 scr74 homologs (PITG_14645 and PITG_18592)
from the P, infestans reference genome (T30-4) were mapped to the flanking intergenic region
heatmap, as in Haas et al (Haas ez al.,, 2009). As expected, the 2 scr74 genes are located in gene
sparse regions (Figure 5B).

In summary, different clades of the PcF/SCR74 family have opposite evolutionary patterns.
Our results support the previous finding that the SCR74 clade is highly diverse and under
strong positive selection pressure. We also found that the scr74 genes are located in the fast
evolving GSR parts of the genome surrounded by gypsy transposons, which may enable
accelerated evolution of scr74 genes. Thus, the SCR74 clade seems to contain fast-evolving

apoplastic effectors in P, infestans, whereas the PcF clade seems more conserved and similar to

MAMPs/PAMPs.
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Figure 5. Physical position of SCR74 homologs in the genome of P. infestans strain T30-4

A. 3 scr74 homologs (PITG_14645, PITG_18592 and a pseudogene are from supercontigs 1.36, 1.73 and 1.4
respectively, marked by red arrows. 15kb regions from supercontig 1.73 and supercontig 1.4 were extracted for
alignment. The sc774 genes and the flanking 3kb show co-linearity in these two supercontigs. Scr74 homologs are
surrounded by gypsy retrotransposons.

B. The distance between flanking genes were plotted in a heatmap, the Y axis represents the 5 intergenic distances
and X axis the 3’ intergenic distances. The gene density is shown by different colors. Two scr74 homologs
(PITG_14645 and PITG_18592) are located on fast evolving gene sparse regions (GSR).
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SCR74-B3b is secreted into infected host apoplastic space
at P. infestans haustoria

To investigate the site of secretion of SCR74-B3b in planta, P infestans transformants were
generated with constitutively expressed free GFP in the cytoplasm, and stably expressed either
SCR74-B3b-monomeric red fluorescent protein (mRFP) or SCR74-B3b-27A-mRFP fusion
proteins under control of the constitutive Ham34 promoter. The stability of fusion proteins
was tested using immunoblotting of mycelium (M) and culture filtrate (CF) fraction. Western
blots show that both fusion proteins were secreted into CF (Figure 6). GFP as a cellular

indicator was detected only in
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Figure 6. Phytophthora infestans apoplastic effector SCR74-B3b and cysteine mutant
SCR74-B3b-27A are secreted from haustoria.
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A. The expression of SCR74-B3b-mRFP and SCR74-B3b-27A-mRFP were confirmed in the mycelium (M) and in

the culture filtrate (CF) using immunoblotting with amRFP antibody, oGFP primary antibody was used to detect
intercellular GFP protein to show there was no leakage in the CF with cellular proteins. Ponceau stain (PS) was used
as protein loading. Protein size markers are indicated in kDa.

B. Confocal projections reveal that both fusion proteins of SCR74-B3b-mRFP and SCR74-B3b-27A-mRFP are
secreted from haustoria (H) in infected tissues by P infestans transformants expressing SCR74-B3b-mRFP and
SCR74-B3b-27A-mRFP, respectively.

mycelium, suggesting that there was no detectable contamination in the CF (Figure 6A). The
transformed P infestans strains were used to infect N. benthamiana leaves. Confocal
microscopy revealed that both SCR74-B3b-mRFP and SCR74-B3b-27A-mRFP fusion
proteins clearly accumulated at haustoria and in the host apoplastic space (Figure 6B). This

indicates that haustoria are the main secretion sites for this apoplastic effector.

Functional screening of PcF, SCR68, SCR96 and SCR74 in
Nicotiana, potato, tomato pepper and eggplant

To bridge the gap between the sequence analysis and the function of these PcF/SCR proteins,
we performed an effectoromics screening in Solanaceae plants. Tested plants included 245
genotypes of wild Solanaceae species, i.e. 206 wild Solanum section Petota, 23 tomato, 7
eggplant, 10 pepper and 8 Nicotiana genotypes. The effectors PcF and SCR96 from P
cactorum, SCR68 from P sgjae and 13 SCR74 variants from P, infestans were selected for the
functional screening (Figure 2, Supplementary Table S3). Effectors were synthesized or
cloned into PVX vector pPGWC-PVX or pGR106, and transformed into Agrobacterium
tumefaciens strain GV3101 for transient expression (Materials and Methods). The
Agrobacterium clones carrying single PcF/SCR genes were infected by toothpick inoculation.
pGR106-CRN2 was used as positive control and the empty pGR106 vector was used as
negative control. At least 6 leaves from 3 plants were PVX-agroinfected per genotype. The
symptoms were scored 12-14 days after infection, in the range of 0 to 10, reflecting no visible
response up to strong response in all replicates, respectively. After removing genotypes that
showed cell death to pGR106 treatment, or failed to show cell death to pGR106-CRIN2
(Materials and Methods), in the end, 4 Nicotiana, 1 pepper, 2 eggplant, 16 tomato and 136
potato genotypes were presented for their response to the effectors (Figure 7 and
Supplementary Table S4).

34



PcF/SCR effectors

=
o © © © 9 © © ®© © © © © ® v UV O O m
& & & & & & & g g @ @ @ 4 @ o 4 3 <
3 3 N N 3 N 3 ] ] ] ] ] 3 8 n @ K4
I - S & 8
6 W © © v > 6 6 ®@ W © > © 3
2 2 R 8 & % @ 2 &8 8§ 2 2 R %
s 3 g 3 ¥ g 2
Nootns @) e
Capsioum |~ —— o o
Melongena : E——— _ 3
—t
£ — — —
| £ r— — —
o — — — ;
= ] —
R =
E —
(6] b
= LY
. —— W
L] — —
— _— —
——— —
—
— — —
.
Solanum sectio|
Petota —
- (4) =
£ . — :
e — s -
n — — -
: = ——
= — ;
E — . :
= — — T —— —
= — — ———— _,,,,,,,,,, N

Figure 7. Recognition pattern of PcF, SCR68, SCR96 and 13 SCR74 variants in wild

Solanaceae species.

The Bayesian tree of Solanum section Pefota was generated based on previously produced AFLP data (Jacobs ez al.,
2008). The phylogeny of other Solanaceae species is an illustration based on classical taxonomy (Bohs and Olmstead,
1997). For the PcF/SCR effectors, a NJ tree was made based on the PcF domain, SCR96 was used as outgroup. The
intensity of cell-death response after PVX agro-infection of apoplastic effectors in leaves is represented by a heat map
that ranges from dark red (strong response, score >8), dark orange (score 7-8), light orange (score 5-6) to beige (score
0-4). CRN2 and empty pGR106 vector were used as positive and negative control, respectively. The grey blocks are
the spacer. The numbers and arrows are examples of specific responses, which are explained below.
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Our data shows that cell death response to PcF and SCR96 from P, cactorum is widely present
in Solanaceae species. Recognition was found in various species in Solanum section Petota
(Figure 7 ©), s well as tomato and some Nicotiana accessions (Figure 7 @, black arrow).
Especially SCR96 triggers strong cell death in many tomato accessions. Unlike PcF and
SCR96, SCR74 recognition is restricted to Solanum section Petota, and no response was noted
in any other Solanaceae (Figure 7). The pattern of responses does not seem to show any
correlation to clade, species, or geographic origin, but the noted responses are highly specific.
For example, in Figure 7 @), most genotypes from Solanum microdontum (MCD) and
Solanum microdontum spp. gigantophyllum (GIG) do not recognize any SCR74 variants, except
GIG362-6, which can specifically recognize SCR74-B3b and SCR74-B7. In contrast, some
genotypes show response to all tested SCR74 variants, like Solanum chacoense CHC338-1
(Figure 7 0O black arrow on the top, Supplementary Figure S2), CHC338-1 also shows
weak response to PcF and SCR96, but not to SCR68. SCR68 is not recognized by most

Solanaceae species, we only found one specific response in S. stoloniferum genotype STO389-4

(Figure 7 (5)}

Collectively, our results indicate highly diverse recognition specificities to these PcF/SCR
effectors in Solanum plants, and the recognition to the SCR74 clade seems to be restricted to
wild potatoes. To further explore the specificity of SCR74 recognition in wild potato, the
phylogenic relation of the diverse SCR74 members was related to the heat map of responses
in potatoes. Some of the SCR74 variants are in a same cluster, like SCR74-C10, -B10-1 and -
D4; SCR74-D6, -D5-1 and -A10; SCR74-C3a and -G1; SCR74-B7 and -B3b; SCR74-D1,
-A11 and -D2 (Figure 7). First of all, for all individual SCR74 variants, at least one
responding wild potato was identified. In most cases, the close SCR74 variants share a similar
recognition pattern. For example, SCR74-C10, -B10-1 and -D4 that are highly similar
(Figure 1) are specifically recognized by the same set of genotypes, e.g. CHC338-1,

PLT789-6, PTA369-7, PTA370-2 (Figure 7@)). Another example is SCR74-B3b and
SCR74-B7, which only have one polymorphic amino acid (Figure 1), share specific
recognition of another set of Solanum genotypes that include PLT378-1, PTA369-2,
PTA369-7, GIG362-6, HOU271-1, HOU654-2, VNT250-2, VNT896-2, AST114-5,
DMS299-2, DMS582-1 (Figure 7).

To check if one single amino acid can lead to an altered recognition specificity, SCR74-D4, -
B4 and -C10 were used as example. These effectors are highly similar, with only one amino
acid (L or F) difference on the signal peptide between SCR74-D4 and SCR74-B4, or one (K
or R) at position 28 of the mature protein between SCR74-C10 and SCR74-B4 (Figure 8A).
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The structure of the mature protein of SCR74 was homology modeled and visualized based
on the solution structure of PcF (2BIC) by SWISS-MODEL (Bienert ¢f al., 2017). The
polymorphic amino acid resides on the loop of the protein (Figure 8B). The effectoromics
screening (Figure 7@), PTA767-1 and PLT378-2 showed a distinct recognition pattern to
SCR74-D4, -B4 and -C10, and results were confirmed with an independent PVX agro-
infection experiment for this subset of treatments. PTA767-1 shows a clear cell death
response to all three SCR74 variants, but PLT378-2 can only respond to SCR74-C10
(Figure 8C). These data show that one amino-acid change of the SCR74 variants may cause
altered recognition in potato genotypes, which supports the hypothesis that SCR74 may have

co-evolved with the plant receptor.
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Figure 8. Single amino acid change of SCR74 leads to altered recognition specificity.
A. Protein alignment of SCR74-D4, -B4 and -C10. The S-S bridges are indicated by yellow bars and the predicted

a-helix are shown by green bars.

B. Predicted structure of the mature SCR74 protein. The polymorphic amino acid between SCR74-D4, -B4 and -
C10 at position 28 is shown.

C.PTA767-1 recognizes SCR74-D4, -B4 and -C10, whereas PLT378-2 can only recognize SCR74-C10.
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Late blight resistance does not co-segregate with the
SCR74 response

To test if the putative SCR74 receptor contributes to late blight resistance, we performed
disease tests on a population that segregates to SCR74-B3b response. The F1 population 7026
generated by crossing GIG362-6 which responds to SCR74-B3b with the non-
responsiveness genotype MCD360-1. The population was found to segregate to SCR74-B3b
response in a 1: 1 ratio (Chapter 3). To identify the P, infestans isolates carrying SCR74-B3b
variant, we cloned and sequenced the SCR74 variants from 12 P infestans isolates, and we
found 4 P, infestans isolates IPO-C, P1IC99177, PIC99183 and UK3928-A that carry SCR74-
B3b (Supplementary Table S5). Therefore, these isolates are suitable for testing if the SCR74

recognition is correlated with late blight resistance.

In this study, IPO-C was inoculated on the parents and 40 F1 progenies from population
7026. Of these, 20 respond to SCR74-B3b and 20 do not. Our results showed that the lesion
size of GIG362-6 is slightly smaller than MCD360-1 (Figure 9A), but the difference is not
statistically significant (Tukey’s multiple comparisons test, data not shown). The resistance to
IPO-C in the F1 population segregated quantitatively (Figure 9A). To test whether the
SCR74-responsive progenies are more resistant, we grouped the data based on SCR74
responsiveness. The SCR74-B3b responsive group showed on average a slightly larger lesion
size than the SCR74-B3b non-responsive group, which was statistic significant (Figure 9B).
However, in an independently repeated experiment there was no significant difference in
lesion size between the groups (data not shown). These results do not support that SCR74-
B3b responsiveness would correlate with the late blight resistance to P, infestans strain IPO-C.
However, since the SCR74-B3b responsive and non-responsive parents also did not show a
significant difference in the lesion size, additional P infestans strains like PIC99177 and
PIC99183 should be tested in the future.

To test if the SCR74-B3b will increase the virulence of P, infestans by transient expression, we
expressed SCR74-B3b by agro infiltration and inoculated P, infestans zoospores on leaves of
N. benthamiana and potato cultivar Bintje on day after inoculation. However, our result
indicated that SCR74-B3b did not enhance the virulence of P infestans (data not shown). We
also tested the SCR74-B3b stable transformed P infestans isolate UK3928A, by using a
SCR74-B3b-27C1 transformed isolate and the wild type isolate as control. It was observed
that isolate UK3928A transformed with SCR74-B3b did not increase the virulence in our

disease test (data not shown).
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Figure 9. Disease test of plants from population 7026, obtained by crossing GIG362-6

with MCD360-1, after inoculation with P. infestans isolate IPO-C.

A. SCR74-responsive genotype GIG362-6 (dark red), non-responding genotype MCD360-1 (dark blue), 20 SCR74
responsive progenies (light red) and 20 SCR74 non-responsive progenies (light blue) were tested by detached leaf
assay. 12 inoculation points were measured for each genotype. The lesion size is plotted by box chart, all the data
points are shown, the whiskers of boxes indicate the minimum and maximum point. The genotypes are sorted based
on the mean lesion size.

B. The lesion size of responsive (R) progenies are compared to the non-responsive (NR) progenies by T- test. The
whiskers of boxes indicate the minimum and maximum point. The double asterisk indicate P<0.01.

In summary, current data do not support the hypothesis that SCR74 effectors increase the
virulence of the pathogen. Also, SCR74 recognition was not found to correlate with enhanced

late blight resistance.

Discussion

Here, we studied the evolution and function of the PcF/SCR protein family, which is only
present in the oomycete plant pathogen Phytophthora and Hyaloperonospora species. We
performed sequence analysis, phylogenetic analysis, mutagenesis, subcelullar localization and
effectoromics-based in-planta functional screenings in Solanaceae plants. Sequence analysis of
all the family members point to six highly conserved cysteines and a number of highly
polymorphic amino acids. The disulfide bridges formed by the cysteines are considered to be
important for the stabilization of these proteins (Orsomando e# a/., 2011). Indeed, we found
that SCR74-B3b cysteine mutants failed to induce cell-death response on the SCR74-B3b
responsive plant GIG362-6, which supports the significance of the cysteines for protein

stabilization in the harsh environment in the apoplast.
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Based on further sequence and network analysis, PcF was found to fit most characteristics of
MAMPs/PAMPs. PcF orthologs are wide-spread among Phytophthora species, have conserved
genomic architectures and gene sequences, and they are under balancing selection. Altogether,
this suggests a conserved function of PcF for the pathogen’s fitness. In contrast, SCR74 is
rather a fast evolving effector, exclusively present and expanded in P inféstans. By retrieving
SCR74 sequencing reads from the sequence read archive (SRA), we found that SCR74
homologs are present in all sequenced P infestans strains, and many amino acids are under
strong positive selection pressure, in line with previous studies (Liu e al., 2005). By plotting
the flanking intergenic distance of SCR74 genes in the P, infestans reference genome FIR heat
map, we found that scr74 homologs are located in the gene sparse regions (GSR), similar to
the RXLR effectors. Based on the “two speed genome” model (Dong ef al., 2015), the GSR is
full of transposons and able to facilitate accelerated evolution (Raffacle and Kamoun, 2012;
Dong et al., 2015; Oliva ef al., 2015). Additionally, after analysis of the flanking sequences of
scr74 loci, we found a translocation event of this gene in one scaffold of P, infestans reference
genomes. This translocation might be driven by the gypsy transposable elements surrounding
these scr74 genes, that can enable fast evolution. In sum, the apoplastic effector SCR74 seems
to be a fast-evolving effector and displaying features that are typical of AVR proteins, whereas
PcF seems to have retained a function resembling a MAMP/PAMP.

Our effectoromics screens further support this hypothesis, PcF is recognized by a wide
diversity of plant species including many wild potatoes, tomatoes as well as strawberry
(Orsomando ez al, 2001). On the other hand, SCR74 recognition is restricted in Solanum
section Petota, and the diversity of recognition pattern suggests an arm-race with the
corresponding host receptors. These data suggest that there are multiple different receptors
present in the diverse genotypes, which can recognize different SCR74 variants. In addition,
we found that even single amino acid changes lead to altered recognition. All data suggests
that SCR74 is under strong positive selection pressure, which could be explained by a tight

co-evolution with the host.

Taken together, our findings show that an apoplastic effector family may contain members
that have characteristics of MAIMPs/PAMPs as well as members that resemble fast-evolving
effectors. The effectors might evolved from the conserved molecules upon co-evolution with
their host, leading to blurring of the boundary between MAMPs/PAMPs and effectors
(Thomma ez al., 2011) and fitting with the invasion model of plant immunity (Cook ez aZ,
2015) (Figure 10). Cloning and functional characterizing the PcF receptor and multiple
SCR74 receptors will help us to have a better understanding of this system.
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Figure 10. The invasion model for the PcF/SCR effectors. (Modified from Cook ef a/., 2015)

Unlike the Zig-zag model (Jones and Dangl, 2006), which defined the MAMP and effectors strictly, the invasion
model describe the plant immune system as a continuum. From yellow to red: conserved molecules from pathogens
and broadly recognized in plants to lineage specific effectors and specifically recognized in some plant species. PcF
lands on the conserved region and SCR74 variants lands on the fast-evolving and lineage specific region.

So far, the biological function of the PcF/SCR effectors remain unclear. In addition to cell
death, PcF can induce the expression of pathogenesis-related (PR) genes and defence-related
enzyme PAL21 in tomato (Orsomando e al, 2001; Orsomando ez a/., 2003). The structure of
PcF was found to have similarity with a pollen allergenic protein Ole e 6, and therefore, a
molecular mimic function was hypothesized (Nicastro ez a/., 2009). Intriguingly, we also found
that SCR74 shares many common features with a small cysteine-rich protein SCR/SP11 in
the self-incompatibility (SI) system in Brassica species, which is acting as ligand of the pistil
receptor SRK. The interaction between SCR/SP11 and SRK will culminate in a defense
response, which is leading to self-incompatibility (Kachroo e a/Z., 2001). Similar to scr74 genes
in P, infestans, SCR/SP11 are highly diverse and under strong positive selection pressure in
plants. To see if the SCR74 can enhance the virulence of P infestans, like some RXLR
effectors such as AVR2 (Turnbull e# a4/, 2017), several attempts were made in this study.
However, our pilot experiments do not support this feature for SCR74, but it would be

interesting to explore this further.
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Materials and Methods

Phylogenetic analysis of PcF/SCR proteins

All the 46 PcF domain containing proteins (InterPro: IPR018570) were obtained from
InterPro (https://www.ebi.ac.uk/interpro/). The protein sequences were aligned by MAFFT
v7.309 (Katoh and Standley, 2013) and Geneious R10 (http:/. .geneious.com) (Kearse ez
al., 2012). The redundant sequences were removed manually based on the alignment outputs,
the Neighbor-Joining tree was performed by Geneious R10, using Jukes-Cantor model. The
phylogeny network was made by SplitTree4 (Huson and Bryant, 2006), computed by the
NeighborNet method and the tree was displayed using the EqualAngle algorithm. The
proportion of different positions between two sequences were computed by UncorrectedP

method.

Genome data and sequence analysis

The oomycete genomes were obtained from Ensemb!Protists (http://protists.ensembl.org/) or
JGI genome portal (https://genome.jgi.doe.gov), including P, infestans (ASM14294v1) (Haas
et al., 2009), P, sojae (P, sgjae V3.0), P ramorum (ASM14973v1) (Tyler et al., 2006), P. capsici
(LT1534 v11.0) (Lamour ez al, 2012). The draft genome of P cactorum strain LV007 was
obtained from GenBank (NBIJ01000000) (Grenville-Briggs ez a/, 2017). All genomes,
genomic annotations, predicted genes, cDNAs and proteins were imported into Geneious
R10 for local Blast (Blast+ v2.6.0) or genome visualization. The genome alignment was
performed by Mauve with progressive Mauve algorithm, with match seed weight 15 and
minimum LCB score 30,000 (Darling e a/., 2004).

57 publicly available sequencing data of P infestans were used for studying the genetic
diversity of SCR74 in P infestans (Supplementary Table S2). These data include some
historical samples like Pi1845A, Pi1845B, Pi1882, Pi1876, Pi1889 (Martin e# a/., 2013) and
some hybrids P andiana EC3394, PaX and P13803 (Martin ez a/, 2016). SCR74-B3b
(GenBank: AY723717.1) was used as query for obtaining the reads based on each sequence
read archive (SRA) database from NCBI. The SAM format outputs were imported into
Geneious R10, SCR74-B3b was used as reference sequence. Then the Find Variation/SNPs

function from Geneious R10 was used for detecting the SNPs from each individual isolates.
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Isolates and DNA isolation of Phytophthora cactorum

Phytophthora cactorum isolates (Supplementary Table S6) from USA or Europe were used in
this study. The isolates were routinely cultured on V8 medium and stored at 20° C in the dark.
One liter of V8 medium contains 200 mL of V8-vegetable juice, 800 mL tap water, 20 g of
agarose (n°3) and 3 g of CaCO3. Genomic DNA was extracted from Phytophthora cactorum
mycelia by DNeasy Plant Mini Kit (QIAGEN). The PcF genes were amplified by primer PcF-
F: ATGAACTTCAAGACTTGCC and PcF-R: AAACAGTCTACGCGGAAG with
Phusion PCR high-fidelity DNA polymerase. After A-tailing by DreamTaq DNA
polymerase, the PcF genes were ligated into pGEM-T Easy Vector system (Promega) and

transformed to E. co/i DH50 competent cells. The plasmid of positive clones were isolated by

QIAprep Spin Miniprep Kit (QIAprep® QIAGEN), then sent for sequencing (GATC). The

sequence analysis and alignment were performed by Geneious R10.

Plant materials

Seeds of 24 tomato accessions belonging to 12 species and 1 hybrid (Lycopersicum x
cheesmaniae), 10 pepper accessions of 9 species and 7 eggplant accessions of 7 species were
obtained from the Centre for Genetic Resources, Wageningen, the Netherlands (CGN). The
potato genotypes were from the in vitro Solanum collection of Plant Breeding at Wageningen
Univeristy & Reserch. The potatoes were propagated in vitro, they were grown for 2 weeks in
a climate room at 22°C before moving to the greenhouse. They were further grown for 4-6

weeks in the greenhouse before the PVX agroinfection.

PVX agro-infection

The 13 SCR74 homologs (Liu e# al., 2005) were cloned into PVX vector pGR106, PcF,
PsSCR68 and PcSCR96 were synthesized by Genewiz (https://www.genewiz.com/) and
cloned into a modified gateway compatible pPGWC-PVX vector. The effectors were then
transformed into Agrobacterium tumefaciens strain GV3101. Before PVX agro-infection, the
Agrobacterium carrying the target effectors were grown 2 days in liquid LB medium, then 2
days in solid LB medium. The Agrobacterium were collected by sterilized spreading rod and
toothpicks were used for the agro-infection (Du e# al., 2014).
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Mutagenesis

Two SCR74-B3b cysteine mutations (SCR74-B3b-27A and SCR74-B3b-47A) together
with the wild type SCR74-B3b were codon optimized and synthesized by Genewiz, and
cloned into pPGWC-PVX. They were transformed into Agrobacterium and used for the PVX

agro-infection.

Immunoblotting

Phytophthora infestans transformants expressing either SCR74-B3b-mRFP or SCR74-
B3b-27C-mRFP were cultured in amended lima bean (ALB) liquid medium (Bruck ez af,
1981). In witro grown mycelium was harvested by centrifugation at 2 dpi, then transferred into
1 ml of ALB liquid medium. The culture filtrate (CF) was retained separately after 24 h
incubation, four times the sample volume of cold (-20°C) acetone (Thermo Fisher Scientific,
Loughborough, UK) was used to precipitate proteins overnight. Protein was precipitated at
10,000 g for 10 min (Wang ez al, 2017). P, infestans mycelium and resuspended CF were
mixed in 2x SDS PAGE loading buffer (100 mM Tris-HCI (pH 6.8), 200 mM DT'T; 4 % (w/
v) SDS, 0.2 %(w/v) Bromophenol Blue, 20 % (v/v) glycerol). Samples (10 pl) were loaded
onto a 10 % Bis-Tris SDS PAGE gel. 'The gel was run with 1X MES SDS running buffer
(Invitrogen) for 30min at 80 V, then at 110 V for another 1 h. Gel blotting and membrane
blocking were carried out as described by (McLellan e a/Z, 2013). amRFP and aGFP primary
antibodies (Sigma-Aldrich) were used at 1 : 4000 and 1 : 2000 dilution, respectively.
Secondary antibodies anti-rat immunoglobulin G (IgG) horseradish peroxidase (HRP) or
anti-rabbit IgG HRP (Sigma-Aldrich) were used at 1: 5000 dilutions. Protein bands imaged
with Amersham Hyperfilm™ ECL, were processed by Xograph imaging system

Confocal imaging

Nicotiana benthamiana leaf tissues were mounted on slides and imaged on Nikon AI1R
confocal microscope. GFP was imaged with 488 nm excitation and emissions collected
between 500 and 530 nm, respectively. mRFP fluorescent proteins were excited with 561 nm
light and fluorophores emission detected between 600 and 630 nm. Pinhole was set to 1 Airy
unit for the longest wavelength of fluorophore. Cells expressing low levels of fluorescence
were imaged to minimize over-expression artefacts. Projections were collected from leaf tissue
infected by P infestans transformants. The leaf tissue was not heavily inoculated for

minimizing auto-fluorescence from the cell damage and death. Images were processed with
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propriety confocal software. Figures were analyzed with Adobe Photoshop and Adobe

Ilustrator.

Disease test

A detached leaf test was performed as previously described (Vleeshouwers ez a/., 1999), and
lesion sizes were measured by digital caliper. The data were analyzed and visualized by Prism?7
for the T-test, ANOVA and post-hoc Tukey’s test.
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Supplementary Figure S1. SCR74-B3b cysteine mutations do not trigger cell death response on GIG362-6 by PVX
agro-infection.
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Supplementary Figure S2. CHC338-1 respond to all the tested SCR74 variants by PVX agro-infection.
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Supplementary Table S1. List of PcF/SCR effectors from oomycete

UniProtKB Protein  Sequence .
Lab-ID Accession Length Species
HaSCR217  M4BIM8 217 Hyaloperonospora arabidopsidis (strain Emoy2) (Downy mildew agent)
HaSCR236 F6MEX8 236 Hyaloperonospora arabidopsidis
PcaSCR82  AOAOM3Q8U4 82 Phytophthora capsici
PcSCR73 Q94FS7 73 Phytophthora cactorum
PiSCR101 DONEI9 101 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR111 DONDE4 111 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR121 DOND98 121 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR132 DONEI3 132 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR147 DONQSH1 147 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR70 DOMV82 70 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR70 DONU29 70 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR75 DON5R9 75 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR76 DONEI4 76 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR89 DONEI6 89 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCRO1 Q2M413 91 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR91-2  Q2M443 91 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PiSCR95 DONPI3 95 Phytophthora infestans (strain T30-4) (Potato late blight fungus)
PpSCR105 W2NBA3 105 Phytophthora parasitica (Potato buckeye rot agent)
PpSCR106  W2IWX0 106 Phytophthora parasitica (Potato buckeye rot agent)
PpSCR124  W2K3T3 124 Phytophthora parasitica (Potato buckeye rot agent)
PpSCR76 W2RAA9 76 Phytophthora parasitica (strain INRA-310)
PpSCR82 W2QWJ9 82 Phytophthora parasitica (strain INRA-310)
PpSCR82-2 AOA080Z4E3 82 Phytophthora parasitica P1976
PpSCR87 W2J3R9 87 Phytophthora parasitica (Potato buckeye rot agent)
PrSCR73 H3G5T2 73 Phytophthora ramorum (Sudden oak death agent)
PsSCR71 G4ZGN4 71 Phytophthora sojae (strain P6497) (Soybean stem and root rot agent)
PsSCR68 G4ZGN3 68 Phytophthora sojae (strain P6497) (Soybean stem and root rot agent)
PsSCR69 G4ZGN1 69 Phytophthora sojae (strain P6497) (Soybean stem and root rot agent)
PsSCR71 G4ZGN2 71 Phytophthora sojae (strain P6497) (Soybean stem and root rot agent)
SCR74-E5  Q646U3 74 Phytophthora infestans (Potato late blight fungus)
SCR74-C10 Q646U4 74 Phytophthora infestans (Potato late blight fungus)
SCR74-C3  Q646U5 74 Phytophthora infestans (Potato late blight fungus)
SCR74-G1  Q646U7 74 Phytophthora infestans (Potato late blight fungus)
SCR74-F12  Q646U8 74 Phytophthora infestans (Potato late blight fungus)
SCR74-D2  Q646U9 74 Phytophthora infestans (Potato late blight fungus)
SCR74-Cu6 Q646V1 74 Phytophthora infestans (Potato late blight fungus)
SCR74-B7  Q646V3 74 Phytophthora infestans (Potato late blight fungus)
SCR74-C9  Q646V4 74 Phytophthora infestans (Potato late blight fungus)
SCR74-A11  Q646V5 74 Phytophthora infestans (Potato late blight fungus)
SCR74-D6  Q646V6 74 Phytophthora infestans (Potato late blight fungus)
SCR74-D5  Q646V8 74 Phytophthora infestans (Potato late blight fungus)
SCR74-A10 Q646W0 74 Phytophthora infestans (Potato late blight fungus)
SCR74-D1  Q646W1 74 Phytophthora infestans (Potato late blight fungus)
SCR74-E11  Q646W2 74 Phytophthora infestans (Potato late blight fungus)
SCR74-D4  Q646W3 74 Phytophthora infestans (Potato late blight fungus)
SCR74-B10  Q646W6 74 Phytophthora infestans (Potato late blight fungus)
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Supplementary Table S2. List of P, infestans sequencing data from public database

Project number Isolate Type of data SRA ID
PRJNA299503 EC-1 RNA-Seq SRX1382496
PRJNA275926 Kew126 RNA-Seq SRX889647
PRJNA275926 Kew123 RNA-Seq SRX889645
PRJNA275926 Kew122 RNA-Seq SRX889643
PRJNA275926 P. andina EC3394 RNA-Seq SRX889641
PRJNA275926 P. andina PaX RNA-Seq SRX889640
PRJNA275926 P. andina P13803 RNA-Seq SRX889639
PRJNA275926 PIC98372 RNA-Seq SRX889638
PRJNA275926 P6636 RNA-Seq SRX889637
PRJNA275926 P3873 RNA-Seq SRX889636
PRJNA275926 P13346 RNA-Seq SRX889635
PRJNA275926 P13198 RNA-Seq SRX889634
PRJNA275926 P10650 RNA-Seq SRX889633
PRJNA275926 PIC97630 RNA-Seq SRX889632
PRJNA275926 PIC97605 RNA-Seq SRX889631
PRJNA275926 PIC97207 RNA-Seq SRX889630
PRJNA275926 PCZ098 RNA-Seq SRX889629
PRJNA275926 PCZ050 RNA-Seq SRX889628
PRJNA275926 PCZ033 RNA-Seq SRX889627
PRJNA275926 PCZ026 RNA-Seq SRX889626
PRJNA275926 PCO038 RNA-Seq SRX889625
PRJNA275926 PHUO006 RNA-Seq SRX889624
PRJNA275926 P6570 RNA-Seq SRX889623
PRJNA275926 P6515 RNA-Seq SRX889622
PRJNA275926 P8144 RNA-Seq SRX889621
PRJNA275926 P8143 RNA-Seq SRX889620
PRJNA275926 P8141 RNA-Seq SRX889619
PRJNA275926 P8140 RNA-Seq SRX889618
PRJNA275926 P7036 RNA-Seq SRX889617
PRJNA275926 P6635 RNA-Seq SRX889616
PRJNA275926 P6634 RNA-Seq SRX889615
PRJNA275926 P6629 RNA-Seq SRX889614
PRJNA275926 P3685 RNA-Seq SRX889613
PRJNA275926 P3683 RNA-Seq SRX889612
PRJNA275926 P3681 RNA-Seq SRX889611
PRJNA275926 P8844 RNA-Seq SRX889610
PRJNA415282 80029 RNAseq SRX3330543
PRJNA415282 F48 RNAseq SRX3330544
PRJNA415282 Pd21410 RNAseq SRX3330541
PRJNA415282 Pc51265 RNAseq SRX3330542
PRJNA415282 Pa21106 RNAseq SRX3330545
PRJNA361417 1306 RNAseq SRX2495351
PRJNA353657 XA-4 RNAseq SRX2355392
PRJNA329480 11/10 RNAseq SRR3990754
PRJNA323952 Pi GBS Plate 1 WGS SRX2169699
PRJNA323952 Pi GBS Plate 2 WGS SRX2169700
PRJNA323952 Pi GBS Plate 3 WGS SRX2169701
PRJEB4015 Pi1889 WGS ERX272905
PRJEB4015 Pi1882 WGS ERX272923
PRJEB4015 Pi1876 WGS ERX272917
PRJEB4015 Pi1845B WGS ERX272917
PRJEB4015 Pi1845A WGS ERX272909
PRJEB4015 BL2009P4_US-23 WGS ERX272899
PRJEB4015 IN2009T1_US-22 WGS ERX272898
PRJEB4015 RS2009P1_US-8 WGS ERX272897
PRJEB20998 P1C99189 WGS ERR1990236
PRJEB20998 88069 WGS ERR1990235
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Supplementary Table S3. Effectors used for Effectoromics screening

Agrobacterium

Protein sequence Vector strain Notes
PcF yg;:ggég‘éﬂfg‘géﬁn’sgﬁ%;z%ggﬁ.ﬁgg;LYSEANLA pGWC-PVX Gv3101 Synthesized by GenWiz
MKFSTVFTAAAVAVVCLLQPSVAEEQASVHLRVHTVEQSN
SCR96 NGAICYQACQSGQYCPRGENKCRAPTGNQCFNPATSLFR  pGWC-PVX Gv3101 Synthesized by GenWiz
EGCDPGFKCDKGKCVYK
SCRé8 gglégg\é:\lgsgx éﬁ'g%l.(\)/:}/;}éﬁfgggggQGCGAP FSASNI pGWC-PVX Gv3101 Synthesized by GenWiz
scmmecro MO SOSCAESUNDY g
somearor INITAIVATIOSCOCO00CAEISNDY o
sommeps  INEAVATVLTETAGOOOLGDGENEYSLANDY S e
I owion o
somreps1  INLADAVALIVATAGOOOL GGACCAESHANDY oo
somreat INFKANATVPIAOOOLGMCCERSIANDY oo e
scmmear ALK T TIOCUGNECNESINDY 00
somegy MMM ATTACO0G CRADCCREISLANC
somsan  MEQATALTCOOLCOCNEANY g
Somreon  INEKTANAIAATIACG00 GRAGCEYSHNDY oo oo wos
sormran IMSMANUIOSCOCACNTINY o, oo
SCR74-D2 MNFKIYAIVALTAVLATPITAQQQQLCRADGCAYEHSHANKY pGR106 GQV3101 (Liu, 2005)

ISKCCQAINPDPVAFHDCCGKSCNTGIPCKSV

Supplementary Table S4. Effectoromics screening on Solanaceae genotypes

For convenience, this supplementary table is deposited in 4TU.Centre:
https://data.4tu.nl/repository/uuid:9032af40-6cd0-409d-be0d-76fe0f4ed576

Supplementary Table S5. SCR74 homologs from different isolates

P. infestans
isolates

SCR74 variants

C3a B11 C4 C10 E6 C4 B10 B3b D6 D5 E5 H1 C3a D6

90128

89148-09

EC1 X

H30PO4 X

IPO-0 X X X
IPO-C X

Katshaar

PIC99177 X
P1C99183

PI1C99189 X
UK3928-A X
UK7824 X

X
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Supplementary Table S6. List of P, cactorum isolates. The geographic origin, year of collection, sampled tissue and
disease are indicated.

Isolate Place Year Tissue Disease

NL 2003-3 Netherlands n.a. n.a. n.a.

10531-3 Netherlands n.a. n.a. n.a.
PD_04764040 Norway 2013 n.a. n.a.

7932 Florida 2017 Crown P cactorum rot
1726 Florida 2017 Crown P cactorum rot
16-24 Florida 2016 Crown P, cactorum rot
16-353 Florida 2016 Crown P cactorum rot
16-351 Florida 2016 Crown P cactorum rot
7924 Florida 2017 Crown P, cactorum rot
02-202 Florida 2002 Crown P, cactorum rot
9754 Florida 1997 Fruit Leather rot
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Abstract

The identification of plant immune receptors in crop plants is a challenging and time-
consuming process. In recent years, resistance (R) gene enrichment sequencing (RenSeq) has
been developed to accelerate the mapping and cloning of nucleotide-binding domain and
leucine-rich repeat containing (NLR) genes. However, the first layer of defense that is
mediated by receptor-like proteins (RLPs) or receptor-like kinases (RLKs) has remained
elusive. Here, we developed a new methodology for the identification of RLP and RLK-like
genes in plants. We combine effectoromics with RLP/K enrichment sequencing (RLP/KSeq).
An RLP/RLK bait library was designed based on the potato DM genome. INF1 and SCR74
of the Irish famine pathogen Phytophthora infestans were functionally screened on segregating
populations of wild Solanum species. Solanum microdontum accessions responsive and non-
responsive to INF1 and SCR74, respectively, together with the bulked segregating population
were sequenced after RLP/RLK gene enrichment. This resulted in the accelerated mapping of
the immune receptors of SCR74 on potato linkage group 9 and confirmed the position of
previously cloned INF1 receptor ELR on linkage group 12.These results demonstrate that the
combination of the RLP/KSeq with effectoromics provides a new and effective tool for the

accelerated identification of cell surface immune receptors in plants.
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Introduction

To protect themselves against pathogens, plants have evolved two layers of defense (Jones and
Dangl, 2006). The first layer of defense is formed by extracellular receptors on the plant cell
surface that are often referred to as pattern recognition receptors (PRRs). These surface
receptors typically represent receptor-like proteins (RLPs) and receptor-like kinases (RLKs),
which can recognize apoplastic effectors, microbial/pathogen-associated molecular patterns
(MAMPs/PAMPs) from plant pathogens and danger-associated plant breakdown products
(DAMPs). The second layer of defense is mounted upon recognition of cytoplasmic effectors
by internal immune receptors that typically encoded by resistance (R) genes of the nucleotide-
binding domain and leucine-rich repeat (NLR) class. Stacking and pyramiding R genes and
surface immune receptors is believed to contribute to more durable plant disease resistance

(Dangl ¢z al., 2013).

Potato is an important food crop. However, the global yield of potato is threatened by potato
late blight, which is caused by the oomycete pathogen Phytophthora infestans that led to the
great Irish famine in the mid 1840s (Haverkort ez al, 2008). Traditionally, breeding for late
blight resistance in potato has relied on introducing R genes from wild So/anum species into
potato cultivars (Vleeshouwers ez al., 2011; Jo et al., 2014). However, these NLRs are often
quickly defeated by fast-evolving P infestans isolates in the field (Wastie, 1991; Fry, 2008).
Another, currently largely unexploited layer of immunity occurs at the surface of plant cells.
This apoplastic immunity is believed to provide a broader spectrum of resistance and is based
on RLP/RLK-mediated recognition of MAMPs/PAMPs or apoplastic effectors. Examples of
MAMPs are flagellin and elicitins, of bacteria and oomycetes, respectively (Felix ez al., 1999;
Derevnina ez al., 2016). INF1 is a well-studied elicitin from Phyzophthora that triggers defense
responses upon recognition by ELR, an RLP from Solanum microdontum residing on
chromosome 12 (Du ez al., 2015). Other types of apoplastic effectors are extremely diverse and
include the small cysteine-rich protein SCR74 of P, infestans (Liu et al., 2005). Cloning and
characterizing additional plant surface immune receptors, such as the receptor of SCR74, will
deepen our understanding of plant immunity and help to engineer crops with more durable

disease resistance.

Recent advances in sequencing technologies have facilitated whole genome sequencing and
enabled genotyping by sequencing (GBS). This development has led to the emergence of
several novel approaches for map-based cloning, such as genomic re-sequencing (Zou et al.,
2012; Zhu et al., 2017), bulked segregant RNA-seq (Ramirez-Gonzalez ef al., 2015), Indel-
seq (Singh ez al, 2017), and QTL-seq (Takagi e# al, 2013). In addition, when targeting
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certain types of gene families (e.g., R genes), target enrichment sequencing significantly
reduces the complexity of the genome prior to sequencing (Hodges ez 4/, 2007). In 2013, R
gene enrichment sequencing (RenSeq) was described to aid the re-annotation and mapping of
NLR genes in potato. All NLR genes from the potato reference genome DM, v4.03 (doubled
monoploid §. tuberosum group Phureja clone) were predicted and an RNA bait library was
generated to represent these NLRs (Jupe e# 4., 2013). This work led to the accelerated genetic
mapping of late blight R genes Rpi-ber2, Rpi-rzcl, Rpi-verl from §. berthaultii, S. ruiz-
ceballosii and S. verrucosum respectively (Jupe ef al., 2013; Chen e# al., 2018). When combined
with single-molecule real-time (SMRT) PacBio sequencing, an advanced RenSeq resulted in
true sequence representation of full-length NLR genes, and the late blight R gene Rpi-amr3i
from §. americanum was cloned directly (Witek ez al, 2016). RenSeq has also been
successfully applied to other crops and has led to the cloning of two stem rust resistance genes
8722 and §745 from hexaploid bread wheat (Steuernagel ez al., 2016). Furthermore, used as a
diagnostic tool and referred to as dRenSeq, the methodology enables the identification of
known functional NLRs in potatoes (Van Weymers ez al., 2016; Jiang ez al., 2018). These
successful advances in enrichment sequencing indicate that, with adaption and optimization,

the sequence capture technology can be applied to other types of immune receptors, such as

RLPs and RLKs. Consistent with RenSeq, we refer to this adaptation as RLP/KSeq.

In this study, we established a pipeline to accelerate the identification of surface receptors that
perceive apoplastic effectors, by using the potato — P, infestans pathosystem as an example. We
developed a pipeline (Figure 1) that consists of two steps: 1) effectoromics: screening wild
Solanum species to identify plants that recognize apoplastic effectors, 2) RLP/RLK
enrichment sequencing (RLP/KSeq) to accelerate the genetic mapping of the underlying
immune receptors through bulked segregant analysis (BSA).
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Results

A wide range of wild Solanum species respond to
apoplastic effectors of P. infestans
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Figure 1. Overview of the effectoromics and RLP/KSeq pipeline for fast identification and

mapping of surface immune receptors.

A. Predicted P. infestans apoplastic effectors were cloned into the binary potato virus X (PVX) vector pGR106 and
transformed into Agrobacterium tumefaciens for functional screening by PVX agroinfection. Agroinfected leaves are
scored at 10-14 dpi for occurrence of cell death phenotype. Responsive and non-responsive genotypes are crossed for
creating a segregating F1 populations.

B. Prediction of the RLP and RLK genes from the reference genome, then design and synthesis of the RLP/ RLK
bait library in the target species.

C. The F1 population was screened for segregation and pooled, based on their response pattern. Building the
sequencing library for enrichment of RLP and RLK genes by the bait library. Sequencing of enriched samples and
the reads were mapped to the reference genome, performing SNP calling and filtering for potential linkage markers.
The candidate markers are tested on the segregating population by SNP genotyping technologies like LightScanner.
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_________________

Solanum species Genotype Ploidy (EBN) Country
S. brachistotrichum BST325-1 2x (1EBN) MEX 2
S. lesteri LES358-2 2x MEX
S. demissum DMS585-1 6x (4EBN)  MEX
S. demissum DMS582-1 6x (4EBN)  MEX
S. edinense EDN150-4 5x MEX
S. edinense EDN151-1 5x MEX
S. semidemissum SEM295-1 6x MEX
S. hougasii HOU271-1 6x (4EBN)  MEX
S. hougasii HOU654-1 6x (4EBN)  MEX
S. hougasii HOU655-1 6x (4EBN)  MEX
S. papita PTA370-1 4x (2EBN)  MEX
S. papita PTA370-2 4x (2EBN)  MEX
S. papita PTA370-5 4x (2EBN)  MEX
S. papita PTA767-1 4x (2EBN)  MEX
S. papita PTA767-8 4x (2EBN)  MEX
S. polytrichon PLT378-2 4x (2EBN)  MEX
S. polytrichon PLT378-4 4x (2EBN)  MEX
S. stoloniferum STO389-4 4x (2EBN)  MEX
S. stoloniferum STO607-1 4x (2EBN)  MEX
S. chacoense CHC262-4 2x (2EBN) BOL
S. chacoense CHC543-5 2x (2EBN) BOL
S. astleyi AST114-5 2x (2EBN) BOL
S. megistacrolobum toralapanum TOR704-4 2x (2EBN) BOL
S. huancabambense HCB353-8 2x (2EBN) PER
S. huancabambense HCB354-1 2x (2EBN) PER
S. mochiquense MCQ186-2 2x (1EBN) PER
S. microdontum MCD360-1 2x (2EBN) ARG
S. microdontum gigantophyllum  GIG362-6 2x (2EBN) ARG
S. microdontum gigantophyllum  GIG712-6 2x (2EBN) BOL
S. okadae/ venturi OKA366-2 2x (2EBN) ARG
S. okadae/ venturi OKA367-1 2x (2EBN) ARG
S. okadae/ venturi OKA741-1 2x (2EBN) ARG
S. okadae/ venturi VNT250-2 2x (2EBN) ARG
S. tuquerrense TUQ299-4 4x (4EBN) ECU
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o
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Figure 2. Solanum species showed specific response to INF1 and SCR74 after PVX agro-

infection.

'The Solanum genotypes show response to either INF1, SCR74 or both are indicated. The empty pGR106 vector and
pGR106-CRN2 were included as negative and positive controls, respectively. The response was scored from 0-10.
Scores are presented as heat plot, as no (0-2, blank), weak (3-4 yellow, 5-6 orange), strong (7-10, red) responses.
Experiments were repeated at least 3 times. The ploidy level and endosperm balance number (EBN) are shown. The
country are shown by abbreviation: MEX=Mexico, BOL=Bolivia, PER=Peru, ARG=Argentina, ECU=Ecuador.
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To explore the recognition spectra of apoplastic effectors of Phytophthora infestans, transient
effectoromics screens with INF1 elicitin and SCR74 were performed on a wide range of wild
Solanum genotypes (Figure 1a). In total, 105 Solanum genotypes were screened for response to
INF1 and SCR74 by PVX agro-infection. An empty vector and the general cell death
inducing crinkling and necrosis-inducing protein (CRN2) were included as negative and
positive controls, respectively. An overview of all tested plants, including responsive as well as
non-responsive plants, is presented in Supplementary Table S1. A set of 34 Solanum
genotypes showed specific cell death responses to INF1, and/or SCR74 two weeks after agro-
infection (Figure 2). These responsive plants belong to 17 different wild Solanum species and
vary in ploidy levels as well as endosperm balance numbers (EBN), and originate from
different geographic origins (Figure 2). In most cases, the specific effector responses were
clear and highly reproducible (i.e., clear cell death phenotypes scores >7, n>10). In some cases,
we observed more variability (cell death phenotypes scores ranging from 4 to 6, n>10), but
these variations were also observed for the positive control, CRN2 which suggest that these
plant accessions were less amenable to the PVX-based transient expression system. As
expected, response to INF1 elicitin was confirmed in Solanum microdontum genotype
MCD360-1 (Figure 2), which is the source of the elicitin receptor ELR (Du ez al, 2015). In
addition, other Solanum genotypes were also found to respond to INF1 (Supplementary
Table S1). Similarly, SCR74 was recognized in various plants including Solanum microdontum
ssp. gigantophyllum G1G362-6 (Figure 2). In conclusion, responses to INF1 and SCR74 are
widely distributed in wild Solanum species, which suggests that surface receptors that

recognize these effectors are present in these plants.

Response to INF1 and SCR74 segregates independently in
Solanum microdontum

To genetically map the gene encoding the immune receptor that recognizes SCR74, and to
confirm the location of the INF1 receptor (ELR), a mapping population was developed
(Figure 1a). We crossed the INF1- but not SCR74-responsive genotype MCD360-1 with
the SCR74- but not INF1-responsive genotype GIG362-6 and generated the F1 population
7026 (Figure 3). From this population, 55 progenies were tested for responses to INF1 and
SCR74 by PVX agroinfection. The population segregated for responses to INF1, with 31
responsive versus 24 non-responsive offspring clones, which is close to a 1:1 segregation

(x2=3.311, P=0.068). Segregation for responses to SCR74 was also observed at a near 1:1

ratio (%2=2.778 P= 0.095), as 25 responsive versus 30 non-responsive offspring genotypes
were identified. Importantly, the responses to SCR74 were independent of the responses to
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INF1. Both segregation ratios are consistent with single dominant genes that mediate the

responses to INF1 and SCR74, respectively.

INF1
X SCR74
CRN2
EV
GlG362-6 * MCD360-1
SCR74 SCR74
responding non-responding
(25 progenies) (25 progenies)
2 i ) S INFA
SCR74
INF1
responding CRN?
(24 progenies)
EV
INF1
INF1 SCR74
non-responding
(24 progenies) CRN2
EV

F1 population 7026

Figure 3. Independent segregation of responses to SCR74 and INF1 in F1 population

7026 of S. microdontum.

8. microdontum ssp. gigantophyllum GI1G362-6 (SCR74 responsive) was crossed with MCD360-1 (INF1 responsive)
and 54 progeny plants were PVX agroinfected with pPGR106-INF1 and pGR106-SCR74. The empty pGR106 vector
and pGR106-CRN2 were included as negative and positive controls, respectively. Four classes of response to the
effectors are represented. Photographs display representatives of the phenotypes for each class, at 14 days post
infection (dpi).
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Designing the RLP/RLK bait library for target enrichment
sequencing

For mapping the gene that confers recognition of SCR74, we developed an RLP/KSeq
approach, based on adapting previously described RenSeq (Jupe ez a/., 2013) (Figure 1b).
Since the INF1 receptor ELR was originally cloned from MCD360-1, we used this genotype
and the segregating progeny as a positive control throughout this study (Du ez a/., 2015).

To design a comprehensive bait library for Solanaceae RLPs and RLKs, we combined 301
RLK and 404 RLP genes previously predicted in potato (Andolfo ez a/., 2013) with de novo
identified genes. A combination of BLASTp, MEME and Pfam searches was utilized to
predicted 349 LRR-RLK genes and 450 LRR-RLP genes from the potato reference genome
DM, v4.03 (Supplementary Dataset S1 and S2). The localization of these predicted LRR-
RLK and LRR-RLP genes on the 12 potato chromosomes is visualized in Supplementary
Figure S1. Additionally, 15 known RLP/ RLK genes from Solanaceae species were included
(Supplementary Dataset S3) alongside the RLP/RLK homologs predicted from 42 potato
cultivars (unpublished data). In total, our reference set for the RLP/KSeq-specific bait library
design featured 359 individual LRR-RLP and 455 distinct LRR-RLK genes.

A customized target enrichment RNA bait library with 2x coverage comprising 55,970 120-
mer biotinylated RNA oligo probes was synthesized (SureSelectXT, Agilent Technologies
Inc., Santa Clara, CA, USA) to represent 4.499 Mb targeted genome space (Supplementary
Dataset 54). The long RNA baits can tolerate mismatches like SNPs and indels (Clark ez al,
2011) and were used for the mapping of the INF1 and SCR74 receptors (Figure 1a and 1b).

Bulk segregant analysis and RLP/K enrichment

To map the genes that mediate response to INF1 and SCR74 using RLP/KSeq, we used a
BSA approach. Normally, for mapping one gene, it would require two pools, i.e. responsive
and non-responsive, plus two parents (Figure 1c). In this case, since we multiplex for two
target genes, we composed four bulked pools. These comprised response to INF1 (INF-R), no
response to INF1 (INF1-NR), response to SCR74 (SCR74-R), no response to SCR74
(SCR74-NR), consisting of 24, 24, 25 and 25 progeny individuals, respectively (Figure 3,
Supplementary Figure S2). DNA was isolated from each progeny and then pooled. DNA
from the parents GIG362-6 and MCD360-1 were included in the enrichment as well
(Materials and methods). The quality of the enrichment was checked by subjecting samples
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of enriched and non-enriched DNA to gPCR utilizing two primer pairs specifically designed

for ELR. The results indicate significant enrichment for both amplicons with approximately

70 and 83-fold (ACT of 6.133 and 6.382) (Supplementary Table S2).

Mapping reads to the reference genome and SNP calling

Table 1. RLP/KSeq reads mapped to DM genome v4.03 or RLP/ RLK genes at 5%, 10%

and 20% mismatch rates

Sample Raw reads Mismatch%  Mapped reads
Coverage to Coverage to
Andolfo new andknown
total % Mapped On target % On target
otal % Mapped n targe % On targel RLK/RLP gencs RTK/RIP genes
x) (x)
GIG362-6 6946620 5 3812996 5489 2677269 7021 123 10238
10 5280676 76.02 3668681 6947 156.87 139.7
parent 20 5983818 86.14 4084436 6826 17031 15533
aren
MCD360-1 6797696 5 3696826 5438 2581490 69.83 12581 10338
10 5209584 76.64 3617967 6945 164.62 145
20 5972014 87.85 4086740 6843 180.67 16375
Non-
responsive 6619040 5 3399574 5136 2335512 687 109.11 8931
bulk
10 4667260 70.51 3174685 68.02 138.63 12132
INF1 20 5295008 80 3533629 66.74 15022 134.76
Responsive
b:;f“""“ 5192274 5 2753730 53.04 1893944 68.78 89.82 74.28
10 3858046 743 2627109 68.09 116.76 103.18
20 4414266 85.02 2952107 66.88 12771 11591
Non-
responsive 4104188 5 2033698 4955 1414158 69.54 6734 5521
bulk
10 2833640 69.04 1952277 689 8721 76.41
SCR74 20 2052094 79.1 2197327 67.69 95.6 86.02
Ee;lf""s“’c 5267716 5 2789252 5295 1889301 6774 90.72 74.78
u
10 3884278 73.74 2604040 67.04 116.87 10303
20 4428630 84.07 2914742 6582 127.26 11511

'The RLP/RLK genes enriched DNA library from the bulks and parents were sequenced with
Ilumina 2x300 bp chemistry on a MiSeq platform (Figure 1c). The number of raw reads that
passed quality control ranged from 4,404,188 to 6,946,620 in different samples/pools (Table
1). High-quality paired-end reads were mapped to the potato reference genome (DM v4.03)
using Bowtie2. To compensate for differences between the potato reference DM and §.
microdontum, three mismatch rates, 5%, 10% and 20%, were used for the reads mapping
(Materials and methods, Table 1). The mapping rates ranged from 50% to 85%, with reads on
target accounting for 66% to 70%, depending on the mismatch rate (Table 1). The resulting
coverage of known RLP/ RLK genes was calculated and ranged from 67.34x to 180.67x. To
enable the identification of informative SNPs whilst ensuring sufficient accuracy, a 10%

mismatch rate was used for further analysis. SNPs were called by SAMtools and VarScan
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from different samples, and the output SNPs were filtered by a custom java script (Materials
and methods, Supplementary Dataset S5; Chen ez al., 2018).

Proof of concept, response to INF1 mapped to ELR locus

As a proof of concept, we first tested if the RLP/KSeq approach could correctly identify the
known mapping position for ELR, the gene conferring INF1 response. The SNPs from INF1
non-responsive and responsive bulks were called and filtered for the expected ratios of
heterozygosity as described by Chen ez al., 2018. For a dominant gene segregating in a diploid
population, the allele frequencies were set at 0-10% or 90-100% for the INF1 non-responsive
bulk and 40-60% for INF1 responsive bulk. The SNPs were compared to the parental SNPs,
and only the accordant SNPs were maintained as informative SNPs (Materials and methods,

Supplementary Table S3).

Allowing for a 10% mismatch rate of RLP/KSeq enriched §. microdontum reads against the
DM reference genome, 269 SNPs passed the filter criteria in the bulks and 10,697 SNPs in
the parents. Among those, 157 SNPs were shared in both bulks and parents (Supplementary
Table S3), 12 of them cannot be assigned to any chromosome (Chr0). The number of
informative genic SNPs per 1 Mb interval was placed on the 12 chromosomes of potato.
With the exception of 1 significant SNP on chromosome 6, the remaining 144 SNPs were
positioned on Chrl2. The SNPs were found to localize in two major locations on
chromosome 12, one near the bottom and one at the top of chromosome 12 where ELR
resides (Figure 4a). The majority of SNPs were localized in two RLP/RLK loci that
correspond to 25 polymorphic genes, 3 of these 25 genes could not be assigned to any
chromosome, 1 gene is on chromosome 6, and 21 of 24 genes are on chromosome 12 (Figure
4b, Supplementary Table S3). Amongst these genes identified with significant SNPs linked
to the INF1 receptor, PGSC0003DMG401002888 is one of the closest homolog of ELR in
DM and shares 86.40% pairwise identity (Figure 4c). 20 SNPs (orange and pink) were called
by VarScan, but only 3 SNP (pink) were filtered based on our criteria (Figure 4c,
Supplementary Table S3). These results agree well with the known position of ELR near the
top of chromosome 12 (Du ef al., 2015), and provide the proof of concept for RLP/KSeq as a

powerful tool for efficient mapping of plant surface immune receptors.
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Figure 4. ELR was mapped to chromosome 12 by RLP/KSeq

A. The background color and the dots represent the number of annotated RLP/RLKSs and the number of SNP per 1
Mb bin, respectively. X-axis, physical location on individual chromosomes; Y-axis, number of SNPs per 1 Mb bin. The
peak in chromosome 12 indicates various SNPs that are linked with ELR, which confers response to INF1.

B. Name and position of linkage SNPs containing genes on chromosome 12 of the reference genome.
PGSC0003DMG401002888 (highlighted by red) is the closest homolog of ELR in DM.

C. Many SNPs (orange) on PGSC0003DMG401002888 were called by VarScan, but only 3 SNPs (pink) are filtered
based on our criterion, these 3 SNPs located on 2,912,133 bp, 2,912,166 bp and 2,912,186 bp of chromosome 12,
based on the reference genome, which are T->A, G->A and A->G in the INF1 responsive pool and the allele
frequency are 52.3%, 46.67% and 49.13% respectively.

RLP/KSeq accelerates mapping of the SCR74 response
gene on Chromosome 9

To map the gene that confers response to SCR74, the same SNP filtering approach was
performed as shown for ELR above. The SNPs that meet 0-10% or 90-100% allele frequency
in the SCR74 non-responsive bulk and 40-60% allele frequency in the SCR74 responsive
bulk were identified and corroborated in the parental material. This resulted in the
identification of 20 informative SNPs of which 15 could be placed on the short arm of

chromosome 9. The SNPs correspond to 10 polymorphic genes (Figure 5a. Supplementary
Table S3).
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Figure 5. The gene conferring response to SCR74 was mapped to chromosome 9 by RLP/
KSeq

A. The background color and the dots represent the number of annotated RLP/RLK genes and the number of SNPs
per 1 Mb bin, respectively. X-axis, physical location on individual chromosomes; Y-axis, number of SNPs per 1Mb
bin. The peak in chromosome 9 indicate the linkage SNPs with the SCR74 response gene.

B. A polygalacturonase inhibiting protein (PGIP, PGSC0003DMG400006492) contains 2 SNPs (marked in pink)
which shows a nearly 1:1 frequency in the SCR74-B3b responsive pool, is linked with the SCR74 receptor. These
SNPs are A->T and T->C, respectively. Two primers flanking the first SNP were designed (green arrow) for
genotyping. The other polymorphic SNPs between the genome or two pools were marked in orange.

C. A SSR marker STM1051 on chromosome 9 is linked with the SCR74 response, the mapping parents GIG362-6,
MCD360-1, responsive progenies and non-responsive progenies were tested by STM1051, and 3 recombination
events (arrow) were found.

D. The SNP1.1 marker obtained by RLP/KSeq was tested on the mapping parents and progenies. The melting curve
was detected by LightScanner for genotyping.

'The identified SNPs were converted to high resolution melting (HRM) markers and used for
recombinant screening. RLP/KSeq-snpl.1 (A->T), which corresponds to
PGSC0003DMG400008492, a polygalacturonase inhibiting protein (PGIP), located to
position 0.16Mb on Chromosome 9, was used to identify recombinants (Figure 5b). This
SNP displayed a 59% frequency in the responsive bulk and 0% or 100% frequency in the non-
responsive bulk and was tested in the mapping parents and F1 population (56 progenies) via
HRM (Figure 5d). In this population, three recombination events between the RLP/KSeq-
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snpl.1 and the SCR74 response were detected, which indicates that the SCR74 receptor is

likely located on chromosome 9.

To further confirm our RLP/KSeq methods, 78 SSR markers dispersed over all 12 potato
chromosomes were tested on 56 offspring F1 progeny of population 7026 (Materials and
methods, Supplementary Table S4). The strongest correlation between SSR marker genotype
and the responsive phenotype to SCR74 was achieved for SSR marker STM1051. This
marker resides on position 6.15 Mb of DM chromosome 9 and confirms the RLP/KSeq
analysis for the SCR74 response (Figure 5c). Consequently, the SCR74 response gene was
mapped rapidly to a 10.7 <M region on potato chromosome 9 between RLP/KSeq-snp1.1
and STM1051 (Supplementary Figure S3). This region spans a 5.99 Mb physical distance on

chromosome 9 based on the DM genome.

Discussion

In this paper, we present a workflow that combines RLP/KSeq with effectoromics of
apoplastic effectors, to rapidly map plant surface immune receptors (Figure 1). We used
potato and P, infestans as a model system. We screened for wild potato species that mount
specific cell death response to the apoplastic effectors INF1 and/or SCR74 of P infestans. S.
microdontum MCD360-1, which responds to INF1, and GIG362-6, which responds to
SCR74, were crossed in order to generate a population that segregates for both responses
independently. In parallel, we designed bait libraries based on predicted RLP and RLK genes
from the potato genome. We then subjected pools of genomic DNA derived from responding
versus non-responding genotypes to a BSA RLP/K enrichment sequencing, using the bait
libraries to enrich for genomic DNA covering these types of genes. This approach quickly led
to identification of SNPs that are used as molecular markers to genetically map the genes

encoding the putative RLP/RLK genes.

With continuous advances of sequencing technology, genotyping by sequencing has already
been applied to clone plant genes in multiple crops (Huang e a/., 2009; Austin ef al., 2011,
Mascher et al., 2014; Pandey ez al., 2017). However, when the genome size is large, or when
certain types of genes are expected, targeted enrichment sequencing becomes a preferential
option, as it can dramatically reduce the genome complexity (Hodges ez al., 2007). RenSeq
and its descendants like dRenSeq, MutRenSeq, SMRT RenSeq and AgRenSeq have been
demonstrated to be powerful tools to clone plant disease resistance genes (Steuernagel ez al,
2016; Van Weymers ez al., 2016; Witek ez al., 2016; Arora et al., 2018), however, they all target
NLR genes. RLP/KSeq can complement the RenSeq toolbox to target a broader range of
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plant immune receptors, including RLPs/RLKs that also function as effective immune

receptors (Boutrot and Zipfel, 2017).

Effectoromics has proven a high throughput approach to identify the plants carrying R genes
as well as surface immune receptors (Vleeshouwers ez al., 2011; Du ez al., 2015; Domazakis ez
al., 2017). The accurate specificity and robustness of effector responses enables identifying
multiple receptors in a single segregating population (Figure 3). Another advantage of
combining the enrichment sequencing with effectoromics is that targeted libraries can be used
for surface immune receptors or NLRs, depending on the matching effector. Effectoromics
was pioneered for the potato — late blight pathosystem, and has been successfully applied in
various other Solanaceae, such as N. benthamiana, tomato and pepper (Takken ez a/., 2000; Oh
et al., 2009; Lee et al., 2014). Beyond Solanaceae, the approach has been used in other plants
such as sunflower (Gascuel ez al.,, 2016), as well as in various plant pathogens such as fungi,
nematodes and insects (Catanzariti ez al., 2006; Sacco ez al., 2009; Hogenhout and Bos, 2011).
'This demonstrates the wide application of the effectoromics strategy for pathogens with well-

characterized genomes.

To summarize, our newly developed pipeline enables the rapid identification of plants
carrying novel immune receptors and mapping them. This strategy is complementing the
current RenSeq toolbox and will help to understand the first layer of the plant immune

system, to ultimately achieve more durable disease resistance in plants.

Materials and methods

Plant material

Solanum genotypes used in this study are listed in Table 1 and Table S1 (Vleeshouwers ez a.,
2011). These plants were maintained iz vifro on MS20 medium at 25 °C, as described in (Du
et al., 2014). Top shoots of plants were cut and clonally propagated in vifro 2 weeks before
transfer to the soil in a climate controlled greenhouse compartment at 22 °C/18 °C day/night
regime under long day conditions. The F1 population 7026 was generated by crossing Solanum
microdontum subsp. gigantophyllum (G1G362-6) with Solanum microdontum (MCD360-1). The
plants were grown in a crossing greenhouse until flowering. Flowers from GIG362-6 were
emasculated before they were fully opened and pollinated with pollen that was collected from
MCD360-1. After 4-5 weeks, the ripe berries were removed from the plants. The seeds were
collected and cleaned by water and dried on filter paper. The seeds were sown on MS20
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medium or were soaked on filter paper after 3-4 months dormancy. Gibberellic acid (GA3)
was used for breaking dormancy if necessary. 56 progenies of 7026 population were tested in

the greenhouse by PVX infection, and each experiment was repeated at least 3 times.

Cloning of effectors for PVX agroinfection

Inf1 (XM_002900382.1) and Scr74-B3b (AY723717.1) were cloned into potato virus X
(PVX) vector pGR106, and electro-transformed to A. tumefaciens strain GV3101.
Recombinant 4. tumefaciens strain GV3101 carrying the effector constructs were grown for 2
days in LB medium at 28 °C with kanamycin (50 pg/ml). 1 ml of Agrobacterium culture was
plated out onto LBA plates supplemented with kanamycin (50 pg/ml) and incubated at 28 °C
for 2 more days. The Agrobacterium culture was collected from the Petri dishes with a plate
spreader and used to inoculate 3-4 week-old plants through toothpick inoculation (Takken ez
al.,2000; Du ez al., 2014). 2 spots were inoculated per leaf for each construct and 3 leaves were
used per plant. 3 replicated plants were used for each genotype. 2 weeks after infection, cell

death responses were scored on a range from 0 (no response) to 10 (strong response).

Design of customized RLP/ RLK enrichment library

The RLP/RLK genes were predicted from the DM genome by HMM, BLASTp, and
InterPro, from both PGSC and iTAG annotation (the FASTA file of predicted RLK and
RLP genes from DM are in (Supplementary Dataset S1 and S2). All the homologs of the
349 RLKs and 450 RLPs from 42 potato cultivars were extracted from the BAM file,
including 14658 RLKs and 18900 RLPs (data not shown). All RLP and RLK genes were split
into 120 bp fragments with 2 times coverage, and the duplicated oligonucleotides were
removed. The unique RNA oligonucleotides were synthesized for customized Agilent
SureSelect Target Enrichment kit (Agilent Technologies Inc., Santa Clara, CA, USA). In
total, 55970 probes were synthesized with the size of 4.499 Mb (Supplementary dataset S4).
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Preparation of sequencing library and target capture

Genomic DNA was isolated from GIG362-6, MCD360-1 and the F1 progenies using the
DNeasy Plant Mini Kit (Qiagen, Valencia, CA). Equal amounts of DNA were pooled from
25 responsive and 25 non-responsive progenies, for INF1 response and SCR74 response,
respectively. The pooled DNA was fragmented by using a Covaris sonicator and then purified
using AMPure XP Beads (Beckman Coulter, Inc.). The DNA concentrations were measured
using a Qubit fluorometer (Thermofisher, Dubuque, IA, USA). The NEBNext Ultra™ DNA
Library Prep Kit (New England Biolabs) was used for adaptor ligation and to add indexes.
'The Bioanalyzer with a Bioanalyzer high sensitivity DNA chip was used for detecting the size
of DNA after fragmentation. The pooled DNA was enriched for RLPs and RLKs with the
customized Agilent SureSelect Target Enrichment kit (Agilent Technologies Inc., Santa
Clara, CA, USA), following a hybridization period of 24 hours. Post enrichment PCR was
performed, and the products were quantified by Qubit in order to check the enrichment
efficiency. A gPCR analysis was performed by amplifying two fragments from ELR from the
enriched samples, as well as the sample before enrichment. The primers used in this study are
in Supplementary Table S5. Paired-end sequencing was performed for the 8 samples on the

Illumina MiSeq platform using one flowcell.

Read mapping and SNP calling

Paired-end Illumina MiSeq reads were first checked with FastQC (v0.10.0; http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and then quality and adapter trimmed
with fastq-mef (v1.04.676; https://expressionanalysis.github.io/ea-utils/) to a minimum base
quality of 20. The trimmed reads were then mapped to the DM (v4.03) reference genome
using Bowtie2 (v2.2.1) (Langmead and Salzberg, 2012) in very-sensitive end-to-end mode.
Discordant and mixed mappings were disabled and the maximum insert was set to 1000 bp.
Three score-min parameters were used in different mapping runs: “L,-1.2,-1.2”, “L,-0.6,-0.6”
and “L,-0.3,-0.3”, approximately equal to 20%, 10% and 5% mismatch rate respectively. The
BAM files for the bulks were sorted, merged and indexed using SAMtools (v0.1.18; (Li e# al,
2009)), as were the BAM files for the parents. Pileup files were generated for the bulk and
parents using SAMtools mpileup with default settings and piped into VarScan mpileup2snp
(v2.3.7; (Koboldt ez a/., 2012)) with --strand-filter 0 and --output-vcf 1 for variant calling.
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Read coverage and on target estimation

The percentage of reads on target was calculated as the proportion of reads mapping to a
targeted RLP/RLK region in the DM reference (bait homology and alignment length
>=80%). Intersecting these regions (+/- 1000 bp) against the mapped reads using BEDTools
gave the number of on-target reads. Mean read coverage to RLP/RLK genes was calculated
from the previously generated BAM files using BEDTools coverage.

SNP filtering

SNPs were filtered using custom Java code (Supplementary Dataset S5) to retain informative
SNPs present in both bulks and parents. SNPs were filtered based on expected allele ratios for
responsive/non-responsive (responsive: Rr; non-responsive: rr). To be retained each SNP had
a minimum read depth of 50 and alternate allele ratios reflecting the expected genotype:
0-10% or 90-100% alternate allele for non-responsive and 40-60% alternate allele for
responsive. BEDTools intersect (v2.20.1; (Quinlan and Hall, 2010)) was used to extract SNPs
present in both bulks and parents (informative SNPs) and to relate the informative SNP
locations to annotated RLP/RLK genes (Andolfo ez al., 2013). The number of parental, bulk
and informative SNPs and variant genes were plotted in 1 Mb bins over each chromosome

and visualized using R.

High resolution melt (HRM) marker development and SSR
markers

'The BAM file and VCF file for the filtered informative SNPs was visualized using Geneious
R10 (Kearse ef al., 2012) (http://www.geneious.com). The primers were designed in Geneious
R10, the PCR product should contain the informative SNP and have a size between 80-150
bp. Primers flanking the informative SNPs were manually selected on the conserved
sequences of both parents, R and NR bulks. The HRM markers were tested on the parents
and the F1 progenies with the following protocol for a 10 pL reaction mixture: (1 pL
template (20 ng gDNA), 1 pL ANTP (5mM), 0.25 pl forward primer and 0.25 pl reverse
primer (10 mM), 1 pL LCGreen® Plus+ (BioFire), 2 uL 5x Phire Buffer, 0.06 uL Phire taq,
4.44 pL. MQ_water). Black 96-well microtiter PCR plates with white wells were used and 20
pl mineral oil was added to prevent evaporation. The protocol for PCR cycling is: 95 °C for 3
min, (95 °C for 10 s, 60°C for 15 s, 72 °C for 30 s) with 40 cycles, then 72 °C for 2 min
followed by 94 °C for 40s. The LightScanner® System (Biofire) was then used for measuring
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and analyzing the melting curve. The primers used in this study are listed in Supplementary
Table S5. 78 SSR markers as described in (Milbourne e# al., 1998) were used in this study
(Supplementary Table S4).

Accession numbers:

All RLP/RLK enriched Illumina MiSeq raw reads were deposited at NCBI Sequence Read
Archive (SRA) under accession PRJNA396439.
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Supplementary data

For convenience, Supplementary Dataset S1-S5, Supplementary Table S1, S3 and S4 are deposited in 4TU.Centre:
https://data.4tu.nl/repository/uuid:9032af40-6cd0-409d-be0d-76fe0f4ed576

Supplementary Dataset S1. Fasta file of the 349 LRR-RLK genes used for generating the RLP/KSeq enrichment
library

Supplementary Dataset S2. Fasta file of the 450 LRR-RLP genes used for generating the RLP/KSeq enrichment
library

Supplementary Dataset S3. 15 additional known RLP and RLK genes from Solanaceae species
Supplementary Dataset S4. The 2x bait library used in this study

Supplementary Dataset S5. Java script for calling the informative SNPs

Supplementary Table S1. All tested Solanum genotypes for INF1 and SCR74 response by PVX agro-infection
Supplementary Table S3. Summary of the SNP calling outputs under 10% mismatch criterial
Supplementary Table S4. SSR markers used in this study

Supplementary Figure S1. The position of predicted RLP/RLK genes on the reference genome
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Supplementary Figure S2. Population 7026 segregates to both INF1 and SCR74 response

SCR74 SCR74 INF1 INF1
response no response response no response

population SCR74 population SCR74 population INF1 population INF1
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7026-67 + 702663 o 7026.59 . 702668 :
7026-68 + 7026-64 5 702667 . 702660 )
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N
D
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Supplementary Table S2. qPCR for confirming the enrichment output

Primer pairs Pool mean ACT mean fold enrichment

ELR-primerl Pooll 6.133 70.196
ELR-primer2 Pooll  6.382 83.404
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Supplementary Table S5. Primers used in this study

Name Sequence (5'-> 3') Notes

ELR-gPCR-F1  AGCATGCTTCAAAAGCTAACCG 4ok after RLK/RLE
enrichment

ELR-QPCR-R1  GCAAAGGCAGGCTAAACACC qPCR after RLK/ RLP
enrichment

ELR-QPCR-F2 TCTGGTTCCATTCCTGATTCCA PR after RLK/RLP
enrichment

ELR-gPCR-R2  TCCAAACGTGTGAGGTGCTT qPCR after RLK/ RLP
enrichment

STM1051-F  TCCCCTTGGCATTTTCTTCTCC  SSR marker

STM1051-R  TTTAGGGTGGGGTGAGGTTGG  SSR marker

SNP1.1-F ATTCAGTATCCACAATGTACG RLK/ RLP RenSeq

SNP1.1-R ACGTTAAGCTTTTCAACTTAC RLIV RLPRenbeq

Supplementary Figure S3. The mapping interval of SCR74 receptor

PGSC0003DMG400008-

3/56 0.16Mb (RenSeq-snp1’.‘S1w)

10.7cM

3/56 6.15Mb 4 STM1051

6.30Mb J- rosc
6.57Mo - roso

CHR9
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Chapter 4

Abstract:

Potato late blight has led to great yield losses of global potato production in the past and at
present. The disease is caused by the oomycete pathogen Phyrophthora infestans. The resistance
(R) genes cloned so far from potato against late blight represent intracellular nucleotide-
binding, leucine-rich repeat (NLR) receptors, however, most NLR genes have been overcome
in the field. We argue that exploring surface immunity might help to achieve more durable
resistance to P infestans. SCR74 is a family of apoplastic effectors that can be found as one or
multiple copies in all strains of P, infestans. Here, we fine-mapped a putative SCR74 receptor
within a 73kb interval in an F1 segregating population of Solanum microdontum. The physical
map of the SCR74 responsive genotype GIG362-6 was constructed by isolating and
sequencing several BAC clones covering that region. We found that the identified region
contains several tandem G-type LecRK (G-LecRK) genes with copy number variation and
sequence exchanges. RNAseq data indicates that these G-LecRKs are up-regulated after P
infestans treatment. However, co-expression of these G-LecRKs with SCR74 did not recover
the cell death phenotype on SCR74 non-responsive plants. In summary, our findings will lead
to cloning a novel potato surface immune receptor recognizing apoplastic effectors from P
infestans. Furthermore the striking similarity between the sporophytic self-incompatibility

system (SI) in Brassica and the plant immunity system in So/anum is discussed.
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Introduction

Based on their subcellular localization, plant immune receptors can be classified into
cytoplasmic receptors, which normally belong to cytoplasmic resistance (R) genes with a
nucleotide-binding domain and leucine-rich repeats (INLR), or to surface immune receptors,
which are receptor-like proteins (RLPs) or receptor-like kinases (RLKs) (Win ez a/., 2013).
Surface immune receptors can represent pattern recognition receptors (PRRs) that recognize
conserved microbial- or pathogen-associated molecular patterns (MAMPs/PAMPs), for
example ELR, FLS2, EFR, CORE, and RLP23 which recognize elicitins, flg22, elf20, csp22
and nlp20, respectively (Kunze, 2004; Chinchilla, 2006; Zipfel ¢z al., 2006; Albert ez al., 2015;
Wang ez al., 2016; Gémez-Gémez ef al., Du et al., 2015). In addition, some surface immune
receptors can recognize apoplastic effectors, like the CF-9, CF-4, and VE1 from tomato,
which recognize AVR9, AVR4, and AVE1, respectively, of the fungal pathogens Cladosporium
Sfulvum and Verticilium daliae (Thomas ef al., 1997; Kawchuk ez a/., 2001). The surface immune
receptors form the first layer of the plant innate immune system are believed to confer broader

spectrum and more durable resistance than the NLR receptors (Lacombe ez a/., 2010).

Most identified surface immune receptors contain an extracellular leucine-rich repeat (eLRR),
however, some receptor-like kinases contain different extracellular domains, such as a lectin
domain or an EGF-like domain, e.g. TaWAK from wheat (Boutrot and Zipfel, 2017). Lectins
are carbohydrate-binding proteins (Lis and Sharon, 1998), the RLKs with an extracellular
lectin motif are called LecRKs. These can be classified into four types, based on the lectin
domain: 1) The G-type lectin domain (resembling the Galanthus nivalis agglutinin, GNA); 2)
L-type lectin (legume-like) 3) C-type lectin (calcium-dependent); 4) LysM LecRKs contain
lysin motifs, which are thought to bind bacterial peptidoglycan (PGN) and fungal chitins
(Lannoo and van Damme, 2014; Wang and Bouwmeester, 2017).

The G-LecRKs were previously called S-domain RLK (SRLK) or B-lectin receptor kinases,
derived from the Brassica oleracea well-characterized SRK gene. SRK is a stigma-specific
plasma membrane-localized protein (Stein ez a/., 1991; Stein ef al., 1996), and involved in the
sporophytic self-incompatibility system. SRK recognizes the S-haplotype-specific small-
cysteine rich protein SCR/SP11 from self-pollen. The recognition will lead to a self-
incompatibility response, a cell death response, that will lead to rejection of the self-pollen
(Takayama e# al., 2001; Chookajorn ef al., 2004). Various G-LecRKs have also been found to
be involved in plant immunity, for example I3 from tomato confers resistance to the tomato
wilt disease caused by Fusarium oxysporium; Pi-d2 that confers resistance to rice blast caused

by fungal pathogen Magnaporthe oryzae; OsLecRK1-3 conferring resistance to the most
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destructive pest of rice- the brown hopper, and LORE from Arabidopsis that can mediate
lipopolysaccharide (LPS) sensing (Chen ez a/., 2006; Catanzariti e a/., 2015; Liu ¢ al., 2015;
Ranf ez al., 2015). Therefore, the G-LecRKs are versatile cell surface receptors in plants, which

are important for sensing the self- or non-self- components from the apoplast.

Potato is an important food crop around the world, but the yield is threatened by pathogens
like the pathogenic oomycete Phytophthora infestans that causes late blight. For resistance
breeding, major R genes from wild potatoes have been introduced into modern cultivars, but
practically, they have always been quickly defeated by this fast-evolving oomycete. Exploring
another layer of the immunity system might help to achieve more durable resistance. So far,
only one surface immune receptor, called ELR, has been cloned which can recognize the
conserved elicitor INF1 from P infestans. Transformation of the cloned ELR gene into the
susceptible cultivar Désirée enhanced resistance to late blight under lab conditions (Du ez aZ,
2015). Cloning more surface immune receptors from potato and stacking them together with

major R genes is believed to help to achieve durable resistance.

Oomycetes can secrete different types of apoplastic effectors to facilitate their colonization in
the host. The PcF/ SCR effectors represent a family of small, cysteine-rich (SCR) proteins.
SCR74 variants are under strong positive selection pressure and are considered to co-evolve
with the receptors from the host (Liu e# al, 2005) (Chapter 2). To genetically map the

SCR74 receptor, in Chapter 3, we developed RLP/RLK enrichment sequencing (RLP/KSeq),
and successfully located the SCR74 receptor on the top of linkage group 9.

Here we fine mapped the putative SCR74 receptor in an extended population. We also
generated a BAC library of the responsive genotype GIG362-6, isolated and sequenced the
BAC clones covering the mapping interval. We found that the putative SCR74 receptor
locates in a G-LecRK gene cluster, which may reveal the links between plant immune system

and self-incompatibility system.

86



Mapping for SCR74 receptor

Results

Recombinants screening leads to a mapping interval of
8cM

A
0.16MB 6MB
: ' CHR9
SNP1.1 120/1500~8cM STM1051
B

Progeny ID SNP1.1 SCR74 Response STM1051

GIG362-6
MCD360-1

Figure 1: Recombinant screening of population 7026 by flanking markers SNP1.1 and

STM1051.

A. The top 6MB of chromosome 9 of the potato DM reference genome is shown by a black bar. Flanking markers
SNP1.1 (0.16Mb) and STM1051 (6MB) were used for recombinant screening. In total 120 recombinants were
found, the SCR74 receptor was mapped within a 6 MB (8cM) region. B. Example of flanking markers screening, 16
progenies of population 7026 are shown. For SSR marker STM1051, 0 or 1 indicates absence/ presence of a specific
band on the PAGE gel (Chapter 3, Figure 5C). For HRM marker SNP1.1 a, b, ¢ or d represent the pattern of the
melting curve. The SCR74 response of each progeny plant after PVX agro infection are indicated by 0 (non-
responsive) and 1 (responsive).

To identify the receptor of SCR74-B3b, we started a fine mapping strategy using population
7026, which was generated by crossing GIG326-2 (responsive) x MCD360-1 (non-
responsive). The putative SCR74 receptor was mapped to a 10.7cM region, on the
chromosome 9 of DM genome (Chapter 3). We extended the mapping population to 1500
progeny plants and genotyped them with two flanking markers: SNP1.1 and STM1051. As a
result, 120 recombinants were found between these two markers (Figure 1). Thus, the SCR74
receptor flanking region was reduced from 10.7cM to 8 <M (Figure 1).
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SNP markers development for fine mapping of the
putative SCR74 receptor

For further fine mapping of the putative SCR74 receptor, we designed additional markers
between snpl.1 and STM1051 by two rounds of PCR analysis (Figure 2). In brief, we
extracted all the exons within the target interval from the potato reference genome, filtered all
the exons larger than 1500 bp, and designed primers for 1200 bp amplicons (Figure 2B). The
primers were tested on the mapping parents GIG362-6 and MCD360-1, and the successfully
amplified PCR products were sent for sequencing from both directions. The sequencing
output (.abi) files were analyzed in Geneious R10, and the SNPs only present in GIG362-6,
but not in MCD360-1, were selected. A new primer pair, which is flanking the SNPs, were
designed for the following high resolution melting (HRM) SNP genotyping by LightScanner
(Figure 2C; and see Materials and Methods). Using this method, many new HRM markers

were designed and used for recombinant screening on the F1 progeny plants.

A 1.116Mb
0.16MB 1.075Ml{ 1.52Mb 2.94Mb  3.6Mb 6MB
] ] ] ] | |
| | | | | | CHR9
peLecRK
SNP1.1 Exon26 Exon3 STM1051
S
B
) 20 s 590 w00 1000 200 1400 1400 1400 2000 200
PGSC0003DMG400024269
s50-Ff 550-R-\

A

GIG362-6

LYo ok T o I TG C T CAAATACAGGCGGAGT TAGCHIAAGAAAGAGGTACAAAGT GATAAGAAGGT GAGAAT GAAGAGTAATAGAAAT GAGCAGAAAAR

Figure 2. SNP marker development for fine mapping of the SCR74 receptor.

A. The annotated exons between the flanking markers snpl.1 and STM1051 from the potato DM reference genome

were used for marker development.
B. An example of marker S50, S50-F and S50-R were designed on exonl of PGSC0003DMG400024269, which is

located on 1.116Mb of the DM reference genome.
C.The PCR products from both parents, GIG362-6 and MCD360-1, were aligned and a new marker, called
S50_snp1, was designed based on the SNPs present in the responsive parent GIG362-6.
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Fine mapping of the SCR74 receptor to a 355kb (0.13cM)
interval

0.16MB 1MB 2MB 3MB 4MB 5MB 6MB

l 1| B | | | | |

! L) 1 1 1 1 1 C H Rg
SNP1.1 STM1051

135kb (0.13cM)
1/1500 1/1500
P D snpi.1 S47 8§50 S55 SCR74 $105-snp2 exon19  LecRK1snp1 LecRK2snp2 STM1051
rogeny (0.16Mb)  (1.075Mb)  (1.165Mb)  (1.235Mb)  Response  (1.300Mb)  (1.376Mb)  (1.52Mb) (1.52Mb) (6Mb)

Figure 3. Fine mapping of the putative SCR74 receptor within a region of 135kb
(0.13cM)

The interval of 0.16Mb to 6Mb of chromosome 9 of potato DM reference genome is shown. The recombinants
between the markers SNP1.1 and STM1051 were selected for fine mapping. The new markers S47, S50, S55, S105-
snp2, exon19, LecRK1snp1, LecRK2snp2 were tested on the F1 progenies. The ID of the recombinants are shown in
the table. The genotyping output of HRM markers is shown by a, b , ¢ or d. The genotyping output of the SSR
markers is indicated by 0, 1. The SCR74 response of each recombinant after PVX agro infection is indicated by 0
(non-responsive) and 1 (responsive), the genotyping output are also visualized by blue (SCR74 non-responsive
haplotype) or red (SCR74 responsive haplotype). The grey box indicates the new mapping interval, between markers
M50 and S105-snp2, M55 is co-segregating with the SCR74 response.

After using the newly designed HRM markers among the 120 recombinant progenies
between the markers snpl.1 and STM1051, a new mapping interval was determined by the
markers S50 (1.165Mb) and S105-snp2 (1.520Mb) (Figure 3). Genotype 7026-204
recombines between marker S50 and the SCR74 response, determines the left boundary of
the mapping interval. Similarly, a recombination event between marker S105-snp2 and

SCR74 response was detected in genotype 7026-1573, which determines the right boundary.
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Therefore, based on the DM reference genome, the SCR74 receptor was mapped to a 135kb
interval with a genetic distance of around 0.13cM (2/1500) (Figure 3).

To further narrow down the mapping interval of the receptor to be able to clone it, 500 extra
seeds were sown for ultra-fine mapping of the receptor. A new recombinant event on the left
side was detected by marker M1.227-snp5. Hence, the mapping interval was further narrowed
down to a 73kb region based on the DM reference genome (Figure 4), between markers
1.227-snp5 (1.227Mb) and S105 (1.300Mb), the genetic distance is around 0.1 <M (2/2000)
(Figure 4).

73Kb
3/1500 1/2000 000
DM : = o e | e e e———e— = E— — :

ID Annotation Start End

PGSC0003DMG400024261 Putative reticulata-related 1-like 1.227.226 1.233.877
PGSC0003DMG400024260 G-type LecRK 1,235,025 1,237,340
PGSC0003DMG400024259 G-type LecRK 1,250,099 1,252,519
PGSC0003DMG400024258 G-type LecRK 1,261,565 1,262,491
PGSC0003DMG400008887 Serine/threonine-protein kinase ATG1c 1,273,335 1,280,882
PGSC0003DMG400008814 Prenylated rab acceptor family protein 1,282,266 1,289,115
PGSC0003DMG400008966 Gene of unknown function 1,287,639 1,288,530
PGSC0003DMG400008888 Uracil phosphoribosyltransferase 1,300,722 1,305,212

Figure 4. The SCR74 receptor is mapped to a 73kb interval of the DM genome for which

a list of candidate genes is presented.

The candidate SCR74 receptor is mapped between marker 1.227-snp5 and S105, which represents a 73kb interval
based on the DM reference genome. The genetic distance is 0.1cM (2/2000). 8 genes are annotated in DM, including
3 G-LecRK genes (green blocks). Other predicted candidate genes are shown by yellow blocks.

Identification of candidate genes on the potato DM
reference genome

To identify the candidate SCR74 receptor, we first checked the annotated genes on the DM

reference genome. We found that only 8 genes reside within the mapping interval, and it is
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noteworthy that 3 G-type LecRKs (G-LecRK) genes are located in this region (Figure 4).
These G-LecRKs are receptor-like kinases with a G-type lectin domain. The predicted G-
LecRK proteins have a N-terminal G-lectin domain, a PAN-apple domain, followed by a
transmembrane (TM) domain and a C-terminal serine/ threonine kinase domain (Figure 5).
Many previously cloned G-LecRK genes are involved in plant immunity or self-incompatibiity
(Figure 5). So we assumed the G-LecRK genes to be good candidates for the SCR74 receptor.

G-lectin glyi-:::ztsein aF:JI:)'IL ™ Protein kinase
GlecRK | | | | [T [ ] I
G-LecRK Species Pathogen/ Pollen Target Reference
13 Tomato Fusarium Six1 (AVR3)  (Catanzariti, 2015)
Pi-d2 Rice Magnaporthe grisea unknown (Chen, 2006)
LORE Arabidopsis Gram-negative bacteria LPS (Ranf, 2015)
OsLecRK1-3 Rice Brown planthopper (BPH) unknown (Liu, 2015)
SRLK Brassica Pollen SP11/SCR  (Kemp, 2007)

Figure 5. Structure of the candidate G-LecRK and some examples of functional G-

LecRK proteins from literature.

The predicted G-LecRK protein contains 5 domains, including the G-lectin domain (red), S-locus glycoprotein
domain (yellow), PAN-apple domain (blue), a transmembrane domain (cyan) and a protein kinase domain. A list of
five known G-LecRKs which are involved in plant immunity or sporophytic self-incompatibility are presented.

Besides, 5 other candidate genes are in the mapping interval. PGSC0003DMG400024261 is
annotated as “putative reticulate-related 1 like gene” and the gene ontology (GO) shows that
this gene may be involved in leaf development, photoperiodism and response to reactive
oxygen species. The function of the reticulate-related genes is not entirely clear but they seem
to be involved in interconnected photoperiodic growth, amino acid homeostasis, and reactive
oxygen species metabolism during Arabidopsis leaf growth, and they are located in the
chloroplast membrane (Pérez-Pérez er al., 2013). So far, no evidence is provideded that this
gene could be involved in plant immunity or effector recognition.
PGSC0003DMG400008887 belongs to the receptor-like kinase super family, which has a
serine/threonine-protein kinase domain which may be involved in ATP binding and in

protein kinase activity. The homologs of this gene were annotated as serine/threonine-protein
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kinase AT'G1 (Autophagy-related protein). The function of this gene is that it is involved in
the cytoplasm to vacuole transport (Cvt) and is found to be essential in autophagy.

Collectively, we consider the G-LecRK genes are the most likely candidates for the putative
SCR74 receptor, and we started to conduct further experiments with these candidates,

however, until we have more evidence, we cannot rule out the other candidate genes.

The SCR74 receptor resides on a highly diverse G-LecRK
locus

To obtain the physical map of genotype GI1G362-6, which recognizes SCR74-B3b, a bacterial
artificial chromosome (BAC) library was generated. New markers for 500 bp amplicons were
designed based on the DM reference genome and used for BAC screening (Materials and
Methods). Three BACs, covering the mapping interval were isolated, i.e. BAC03-H3,
BACO01-3A and BACO01-2B, from both haplotypes of GIG362-6. Based on our marker
analysis, the candidate SCR74 receptor is expected to be located on haplotype 1, represented
by BAC03-H3 and BACO01-3A (Figure 6).

To see if the G-LecRK loci is conserved in different Solanaceae species, we analyzed the G-
LecRK loci in different genomes of Solanaceae plants. As described previously, there are 3 G-
LecRKs in the DM reference genome potato. The G-LecRK loci were also extracted from the
genome of pepper (C. annuum v2.0), eggplant (8. melonggena Line 67/3’) and tomato (S.
lycopersicum v2.4). We found that there is only one copy of a G-LecRK homolog in pepper
(CaGlecRK) and tomato (Solyc09g011330.1), and two copies in eggplant (324080.1 and
324070.1) (Figure 6).

Surprisingly, there are 2 and 5 G-LecRK genes on the 2 haplotypes of GIG362-6, gigG-
LecRK 1 and 2 are on the haplotype 1, 2B-1, 2B-2, 2B-3, 2B-4 and 2B-5 are on haplotype 2
(Figure 6). To see whether this copy number variation (CNV) also exists in other wild potato
genomes, we analyzed this locus in 2 sequenced wild potato genomes, Solanum verrucosum
(personal communication with Dr. Glenn Bryan, James Hutton Institute, Dundee) and a
recently published Solanum chacoense M6 v4.1 (Leisner et al., 2018). We found 4 full-length or

partial G-LecRK genes to be present in the S. verrucosum genome, we

named them as wver-24260, ver-24259, ver-24258 and wver-partial. In the S. chacoense M6
genome, we detected 4 partial (che-1, che-2, che-3 and che-6) and 3 full length G-LecRK
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+— Mapping interval of putative SCR74 receptor —»
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Figure 6. The candidate SCR74 receptor is located on a highly diverse G-LecRK locus.

G-LecRK locus of chromosome 9 in pepper (C. annuum), eggplant (8. melongena), tomato (8. lycopersicum), DM potato
(8. tuberosum), S. verrucosum, 8. chacoense M6, and of 2 haploytypes from 8. microdontum spp. gigantophyllum (genotype
GIG362-6) are shown. The genes are shown by colored blocks, the mapping interval is shown by grey shade. The G-
LecRK genes are shown as blue blocks.

genes (che-4, che-5 and che-7). Our data indicates that the G-LecRK loci are highly diverse in

potatoes.

RNAseq data shows differential expression of the
candidate genes

To evaluate the gene expression level of the candidate genes during P infestans infection, we
performed an RNAseq experiment on the mapping parents GIG362-6 and MCD360-1. The
leaves of GIG362-6 and MCD360-1 plants were detached and spot-inoculated with P

infestans isolate UK3928A. A water inoculation was used as control. Leaf discs were sampled
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for RNA isolation 48 hours post inoculation (hpi). Four samples were included in this
experiment, namely GIG362-6 with water or UK3928A treatment, and MCD360-1 with
water and UK3928A treatment. The RNAseq reads from each sample were cleaned and
trimmed, then mapped to the BAC sequences to the 2 haplotypes of GIG362-6 (Materials
and Methods, Figure 7).

A Water
GIG362-6
(Haplotype 1) I l l j ‘
L NP L ba o Aed (LI L ¥ OO L U | D SO T TSP
UK3928A
GIG362-6 |
(Haplotype 1) m l
| L (i il
Gene
Putative retiouiata-related gigalechka gigGlecRK1 o ine-prot Yjater rab acceptor Uracil phosphoribosyltransferase
Putative Prenylated rab Uracil
Treatment Description reticulata gigG-LecRK2  gigG-LecRK1 ATG1c-like  acceptor family phosphoribosyl
related 1-like protein transferase
MCD_water Raw read count 1452.1 12.0 475 680.0 1566.1 1402.0
TPM 43502 949.2 37533 18172.8 73194.7 49340.1
MCD_UK3928A Raw read count 1753.7 146.8 2180 679.7 24715 117
TPM 28606.1 6295.7 9387.3 9890.3 62893.5 21304.2
GIG_water Raw read count 1268.5 1451 230.5 574.8 1006.2 1005.3
TPM 31691.7 9535.3 15203.4 12810.1 39217.0 29503.2
GIG_UK3928A Raw read count 889.5 516.4 704.7 595.0 1811.8 673.2
TPM 15306.6 23373.1 32019.0 9134.6 48639.8 13609.6
GIG_water vs GIG_UK3928A Differential 0.39 0.015 0.0056 1 0.12 0.27
‘expression p-value
Differential
‘expression ratio
MCD_UK3928A vs Differential 0.074 0.011 0.0018 0.97 0.15 0.25
GIG_UK3928A ‘expression p-value

Figure 7. Differential expression of candidate genes on haplotype 1 of GIG362-6.

A. The mapping interval on GIG362-6 with the RNAseq reads from GIG362-6, mapped to haplotype 1 (BAC03-
H3 and BACO01-3A). The blue peaks present the coverage of RNAseq reads. The samples of water treatment and
UK3928A inoculation are shown. The 2 G-LecRKs are up-regulated after UK3928A infection. B. Differential
expression of candidate genes in the mapping interval. The raw read counts and transcript per million (TPM) from
each sample as well as the differential expression ratio and the p-value are shown for the four treatments of
GIG_water vs GIG_UK3928A and MCD_UK3928A vs GIG_UK3928A. The up-regulated genes are highlighted
by red, the down-regulated genes are highlighted by blue. The significant (P<0.05) differential expression p-values are
shown in red font, otherwise in blue font.

The RNAseq data shows that the two G-LecRK genes are up-regulated after P infestans
infection compared to the water controls. The raw read counts of gigG-LecRK2 are 290
(water treatment) and 1029 (bluel3 treatment), the normalized transcripts per million (TPM)
are 2729.1 vs 10212.6. Transcripts of gigG-LecRKI are 460 (water treatment) and 1409
(bluel3 treatment), the normalized transcripts per million (TPM) are 4319.6 vs 13958.5. We
also mapped the RNAseq reads from MCD360-1 to the GIG362-6 BAC clone. The
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expression of G-LecRKs from GIG362-6 are much higher than those from MCD360-1, for
gigG-LecRK2, by comparing the expression after UK3928A infection, the raw read count
from MCD360-1 are only 293.5, which is much lower than the expression in GIG362-6,
with the raw read counts of 1029 (Normalized TPM is 2334 vs 9284).

Phylogenetic analysis of potato G-LecRK proteins
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Figure 8. A NJ tree of all predicted G-LecRKSs from potato, tomato and Arabidopsis

Complemented with the G-LecRKs from genotype GIG362-6 (earthy yellow). 6 well-characterized G-LecRKs
(ZmPK1, SRK6, Pi-d2, OsLecRK1, Lore and I3, Figure 5) were included in the tree (red). Two C-LecRKs from

tomato and Arabidopsis were used as outgroup (blue).
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In potato, no functional G-LecRK have been characterized so far. To have an overview of the
G-LecRK family in potato, we predicted all the G-LecRK proteins from the DM reference
genome (Materials and Methods). In total, 170 full-length or partial G-LecRK proteins were
predicted, which is much higher than the number of G-LecRK proteins in tomato (93)
(Teixeira ez al., 2018). This suggests that the G-LecRK proteins are expanded in potato.

To understand the phylogeny of the these G-LecRK proteins, We constructed a NJ tree of the
170 predicted G-LecRKs from DM, and added our 7 G-LecRK proteins from genotype
GIG362-6, 49 G-LecRKs from Arabidopsis, 93 G-LecRKs from tomato, as well as 6 well-
characterized G-LecRKs including ZmPK1, SRK6, Pi-d2, OsLecRK1, Lore and I3 from
various plants. Two C-LecRKs, AT1G52310.1 and Solyc02g068370.3.1 from Arabidopsis and

tomato, respectively, were used as outgroup (Figure 8).

Our results indicate that the candidate SCR74 receptors are clustering in a specific clade,
together with the homologs in the DM genome and the homolog (Solyc09g11130) in tomato

(Figure 6 and Figure 8). Surprisingly, ZmPK1 from maize clusters very close to our
candidate G-LecRKs.

Functional test of the candidate G-LecRK genes and SCR74

As described above, many evidences pointed towards the G-LecRK as the most promising

candidates for the SCR74 receptor.

To test this hypothesis, we firstly cloned the G-LecRK genes from gDNA of GIG362-6
(Table 1). We cloned 3 G-LecRK genes, and named them gigG-LecRK5-1, gigG-LecRK6-1
and gigG-LecRKS-1. 'The genes were cloned into the Gateway binary expression vector
pK7WG2, and agroco-infiltrated with SCR74-B3b-pK7WG2 on N. benthamiana, potato
cultivar Desiree, Bintje, and a wild potato Solanum hjertingii H'T349-3. Co-infiltration of
R3b with Avr3b, and the empty pK7WG2 vector were included as positive and negative
controls, respectively. However, no visible cell death were detected in any of the co-infiltrated
these gigG-LecRKs with SCR74-B3b (data not shown). Later, when the 2 haplotypes of
GIG362-6 covering the mapping interval were sequenced, we found that the 3 G-LecRK
genes are probably chimeric genes, that may be artificial products during the PCR.

It is noteworthy that the G-LecRK genes are very difficult to clone in the E. co/i system. We
suspect that they are toxic to E. co/i. Based on our observation, E. co/i tend to delete or mutate
the plasmid with these G-LecRK genes. When the BAC clones were sequenced, attempts were
made to clone the G-LecRK genes from the BAC DNA. The same issue occurred, some genes
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were found to be artificial chimeras and some were very difficult to handle in E.co/i. By
growing the E. co/i at room temperature to slow the plasmid replication, we got some gigG-
LecRK- pK7WG?2 constructs, which are with very low concentration but correct genes were
verified by sequencing (Table 1). These constructs were transformed to Agrobacterium strain
AGL1. Again, upon co-agroinfiltration with SCR74-B3b in different plants, no cell death
responses were detected (data not shown). However, we cannot rule out that the constructs
may not be suitable for the functional tests, due to their potential toxic nature in E.co/i cells

during cloning.

Table 1. Overview of G-LecRK from S. microdontum gigantophyllum G1G362-2

Gene ID

Cloned from

Notes

Vector

ATTA results

Tested plants

gigG-LecRK5-1

gigG-LecRK6-1

gigG-LecRK8-1

gigG-LecRK1

gigG-LecRK2

gigGlecRK-2B-4

gigGlecRK-2B-6-5

gigGlecRK-2B-6-7

gigGlecRK-2B-6-8

GIG362-6 gDNA

GIG362-6 gDNA

GIG362-6 gDNA

GIG362-6 BAC03-H3
(Haplotype 1)
GIG362-6 BAC03-H3
(Haplotype 1)
GIG362-6 BAC03-2B
(Haplotype 2)
GIG362-6 BAC03-2B
(Haplotype 2)
GIG362-6 BAC03-2B
(Haplotype 2)
GIG362-6 BAC03-2B
(Haplotype 2)

Artificial chimeric

Artificial chimeric

Artificial chimeric

Sequence confirmed

Sequence confirmed

Sequence confirmed

Artificial chimeric

Artificial chimeric

Artificial chimeric

PCR8, PKTWG2

PCR8, PKTWG2

PCR8, PKTWG2

PCR8, PKTWG2

PCR8, PKTWG2

PCR8, PKTWG2

PCR8, PKTWG2

PCR8, PKTWG2

PCR8, PKTWG2

No cell death when co-
express with SCR74-B3b

No cell death when co-
express with SCR74-B3b

No cell death when co-
express with SCR74-B3b

No cell death when co-
express with SCR74-B3b

No cell death when co-
express with SCR74-B3b

N. benthamiana, Bintje, Desiree,
HJT349-3

N. benthamiana, Bintje, Desiree,
HJT349-3

N. benthamiana, Bintje, Desiree,
HJT349-3

N. benthamiana, Bintje, Desiree,
HJT349-3, PTA767-1, PTA767-8

N. benthamiana, Bintje, Desiree,
HJT349-3, PTA767-1, PTA767-8

N. benthamiana, Bintje, Desiree,
HJT349-3, PTA767-1, PTA767-8

N. benthamiana, Bintje, Desiree,
HJT349-3, PTA767-1, PTA767-8

N. benthamiana, Bintje, Desiree,
HJT349-3, PTA767-1, PTA767-8

N. benthamiana, Bintje, Desiree,
HJT349-3, PTA767-1, PTA767-8

gigG-LecRK2 GIG362-6 gDNA With native promoter and PBINPASSA N. benthamiana, Bintje, Desiree,
terminator HJT349-3, PTA767-1, PTA767-8
gigG-LecRK1 Cloned from pENTR  No stop codon, eGFP tag pBIN-KS- No cell death when co- N. benthamiana, Bintje, Desiree,
clones GWY-35s-eGFP express with SCR74-B3b  HJT349-3, PTA767-1, PTA767-8
gigG-LecRK2 Cloned from pENTR  No stop codon, eGFP tag pBIN-KS- No cell death when co- N. benthamiana, Bintje, Desiree,
clones GWY-35s-eGFP express with SCR74-B3b  HJT349-3, PTA767-1, PTA767-8
Gene ID Synthsized Notes Vector ATTA results Tested plants
gigG-LecRK1 Mutate the Chi motif ~ Successfully synthesized PK7WG2 No cell death when co- Bintje, Desiree, HJT349-3,
express with SCR74-B3b PTA767-1, PTA767-8
gigG-LecRK2 Mutate the Chi motif ~ Success synthesized, but failto ~ PUC57
clone to PKTWG2
gigG-LecRK-2B-1 Mutate the Chi motif ~ Successfully synthesized PK7WG2 No cell death when co- Bintje, Desiree, HJT349-3,
express with SCR74-B3b PTA767-1, PTA767-8
gigG-LecRK-2B-2 Mutate the Chi motif =~ Successfully synthesized PK7WG2 No cell death when co- Bintje, Desiree, HJT349-3,
express with SCR74-B3b PTA767-1, PTA767-8
gigG-LecRK-2B-3 Mutate the Chi motif ~ Success synthesized, but can not Failed
get correct clone in PUC57
gigG-LecRK-2B-4 Mutate the Chi motif =~ Success synthesized, but can not Failed
get correct clone in PUC57
gigG-LecRK-2B-5 Mutate the Chi motif ~ Success synthesized, but can not Failed

get correct clone in PUC57

97



Chapter 4

5’-GCTGGTGG-3’

&@
[ATP] > [Mg)2+]/ WQZ*'] > [ATP]
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Figure 9. Chi site and RecBCD in E. coli (adapted from (Smith, 2012)

Alternative reaction (with excess Mg2+ or excess ATP) of purified RecBCD when the DNA is un-winded at the Chi
site.

The “Chi” motif (5-GCTGGTGG-3’) is a recombination hotspot in E.co/i, which can be
recognized by the RecBCD helicase-exonuclease and cut in E. co/i (Figure 9) (Smith, 2012).
We found that all our candidate G-LecRK genes contain a Chi-motif, and speculated that this
could be the nature of potential toxicity to the E.co/i during the cloning.

Therefore, we decided to synthesize all the 6 G-LecRK genes from both haplotypes of
GIG362-6, and generated a silent mutation at the Chi motif, from (5-GCTGGTGG-3’) to
(5-GATGGTGG-3), without changing the amino acid (Genewiz). Three G-LecRK genes:
syngigG-LecRK1, syngigG-LecRK2B-1 and syngigG-LecRK2B-2 were successfully synthesized
and cloned into pK7WG2, however, for syngigG-LecRK2, syngigG-LecRK2B-3, syngigG-
LecRK2B-4 and syngigG-LecRK2B-5, the cloning into the intermediate vector PUC57 or
destination vector pK7WG?2 failed. Based on the report from Genewiz, all of the G-LecRK
genes are very difficult to clone, therefore, the presence of the Chi motif might not be the only
reason to explain the technical cloning difficulties. To test if the three synthesized G-LecRK
genes recognize SCR74-B3b, Agrobacterium transient transformation assay (ATTA) with the
candidate genes and SCR74-B3b were performed on different plants which do not respond to
SCR74-B3b (Table 1). However, no cell death responses were found for any of these three
candidate genes, as well as previously cloned gig-G/ecRK genes in all tested plants (Table 2
and Figure 10). In addition to infiltration of single G-LecRK, also various combinations of
candidate genes were co-infiltrated with the effector, to assess whether heterodimerization of
combined G-LecRK would lead to cell death (Table 2 and Figure 10). However, also these
experiments did not lead to a complementation phenotype. In summary, many attempts have
been made to identify the candidate SCR74-B3b receptor but did not succeed. Other

strategies are most probably
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Combinati Candi gene Candidate gene ID Candidate gene ID SCR74-B3b Desiree HJT349-3 PTA767-1 PTA767-8
(PK7WG2, AGL1)  (PK7TWG2, AGL1) (PK7WG2, AGL1)  (PK7WG2/ pGR106)
1 syngigG-LecRK1 pPK7WG2
2 syngigG-LecRK2B1 pK7WG2
3 syngigG-LecRK2B2 PK7WG2
4 gigG-LecRK2 pK7WG2
5 syngigG-LecRK1 syngigG-LecRK2B1  syngigG-LecRK2B2 pK7WG2
6 syngigG-LecRK1 gigG-LecRK2 pK7WG2
7 syngigG-LecRK1 syngigG-LecRK2B1 pK7WG2
8 syngigG-LecRK1 syngigG-LecRK2B2 pK7WG2
9 gigG-LecRK2 syngigG-LecRK2B1 pK7WG2
10 gigG-LecRK2 syngigG-LecRK2B2 pPK7WG2
1 syngigG-LecRK2B1 syngigG-LecRK2B2 pK7WG2
12 syngigG-LecRK1 gigG-LecRK2 syngigG-LecRK2B1 pK7WG2
13 syngigG-LecRK1 gigG-LecRK2 syngigG-LecRK2B2 pK7WG2
14 gigG-LecRK2 syngigG-LecRK2B1 syngigG-LecRK2B2 pK7WG2
15 syngigG-LecRK1 pGR106
16 syngigG-LecRK2B1 pGR106
17 syngigG-LecRK2B2 pGR106
18 gigG-LecRK2 pGR106
19 syngigG-LecRK1 syngigG-LecRK2B1  syngigG-LecRK2B2 pGR106
20 syngigG-LecRK1 syngigG-LecRK2B1  syngigG-LecRK2B2 pGR106
21 syngigG-LecRK1 syngigG-LecRK2B1 pGR106
22 syngigG-LecRK1 syngigG-LecRK2B2 pGR106
23 gigG-LecRK2 syngigG-LecRK2B1 pGR106
24 gigG-LecRK2 syngigG-LecRK2B2 pGR106
25 syngigG-LecRK2B1 syngigG-LecRK2B2 pGR106
26 syngigG-LecRK1 gigG-LecRK2 syngigG-LecRK2B1 pGR106
27 syngigG-LecRK1 gigG-LecRK2 syngigG-LecRK2B2 pGR106
28 gigG-LecRK2 syngigG-LecRK2B1  syngigG-LecRK2B2 pGR106
+ R3b Avr3b
- PK7TWG2-EV

Table 2. Overview of co-expression of the candidate G-LecRKs and SCR74-B3b in
plants

« .

The OD used in this study is 0.5 for the agroinfiltration. Data were scored 5 days after infection, “+” indicates strong
cell death response, “-” indicates no visible cell death response. The number of combinations are related to Figure 9.
Desiree: potato cultivar; HJT: Solanum hjertingii ; PTA: Solanum papita.

required to successfully clone and functional characterize the G-LecRK genes, to clearly prove
their function as SCR74 receptor. Simultaneously, more efforts should be put in analyzing the
other candidate genes in the mapping interval as well because they cannot be ruled out as

candidates yet.
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Desiree

HJT349-3

PTA767-1

Figure 10. Agro-infiltrated leaves with co-expressed candidate genes and SCR74-B3b.

The agroinfiltration results in leaves of Desiree, H]T349-3 and PTA767-1, photographed at 4 days after infiltration.
The combination of candidate genes and effectors are marked on the leaves by numbers and are listed in (Table 2).
R3b and Avr3b are used as positive control, empty pK7WG2 vector is used as negative control.
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Discussion

In this study, we aimed to identify the receptor of SCR74-B3b of P infestans in a responsive
Solanum plant, G1G362-6. We fine-mapped the response to SCR74-B3b to a 73kb interval
based on the DM reference genome, containing only 8 predicted genes including three G-
LecRK genes. To construct the physical map of the SCR74 responding genotype GIG362-6,
three BAC clones covering the mapping interval from two haplotypes of this diploid plant
were isolated and sequenced. There we found 2 and 5 G-LecRK genes from the two
haplotypes, respectively. RNAseq data suggested that the 2 G-LecRK genes in haplotype 1 are
up-regulated after P infestans infection, but not any of the other genes in the interval.
Genomic analysis indicated that the G-LecRK locus is very diverse in different species, which
might be caused by copy number variation, duplication or intergenic recombination. This
observation fits well with our hypothesis, that SCR74 and the corresponding receptor are
coevolving . For complementation, we cloned and synthesized the candidate G-LecRK genes
into the expression vector pK7WG2. To test which gene is responsible for the SCR74
recognition, we co-infiltrated the candidate genes and SCR74-B3b in different plants,

however, we did not identify a combination that leads to cell death.

Hypothesis: the “missing link” between plant immunity
and self-incompatibility system

It has been proposed that, the plant self-incompatibility (SI) system shares similarities with
the plant-microbial interaction system (Hodgkin ez al,, 1988; Dickinson, 1994; Elleman and
Dickinson, 1999). SI can be found in about 40% of flowering plant species, and has
independently evolved in different plant families (Franklin-Tong, 2008; Igic ez a/., 2008). In
many plant species, self-incompatibility is controlled by multiple S-haplotypes of a single §-
locus. For example, in Solanaceae, SI is under gametophytic control (GSI), by S-RNase (Kao
and Tsukamoto, 2004). However, in Brassicaceae the SI system is determined by sporophytic
SI (SSI), the stigma membrane localized G-LecRK (SRK) receptor perceives a pollen ligand
called SCR/ SP11 (Takasaki e# al, 2000). Surprisingly, similar to the apoplastic small
cysteine-rich protein SCR74 in P infestans, the SCR/ SP11 is also a small-cysteine rich
protein. The SCR/ SP11 alleles are highly polymorphic except the eight cysteine residues. In
Brassica, the different SCR/ SP11 variants share only 35% protein identity (Schopfer e# al,

1999).
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In our study, the candidate SCR74 receptor was mapped to a G-LecRK locus. It is tempting to
speculate that there is similarity between the SRK-SCR/SP11 interaction and the candidate
gigG-LecRK-SCR74 interaction. For both systems: 1) they include the invading of the ‘host’
cell by a tubular cell, i.e. the plant pollen tube or Phytophthora hyphae, germinating from a
spore-like structure, i.e. pollen or Phytophthora cyst; 2) The outcome of the incompatible
response excludes undesirable cells or organisms i.e. self-pollen or pathogens; 3) Both
interactions are driven by highly diverse receptors and ligands i.e. SRK-SCR/ SP11 and
candidate G-LecRK-SCR74) (Figure 11).

A

Arabidopsis pollen tubes Phytophthora sporangia and zoospores

90-100um 20-200pm
B SCR, SCRy;

PCF SCR74-B10

SCR91 N‘% (
8.4-kDal } b 5-kDal

74aa 74aa
SCR/ SP11 PcF, SCR74 and SCR91
Grlectin_ 5100US  PAN qy b iein kinase Gilectin _ 5100US  PAN - p b iain kinase
glycoprotein apple glycoprotein apple
SRK6 Candidate SCR74 receptor

Figure 11. Similarity between pollen and Phytophthora zoospores, SCR/ SP11 and
SCR74.

A. The morphology of plant pollen is similar to Phytophthora sporangia and zoospores. Photos from (Dumont ez al.,
2015) and Elizabeth Bush.

B. Both SCR/ SP11 and SCR74 are small cysteine-rich proteins, and they share a similar size and molecular weight.
Pictures are from (Chookajorn ez al., 2004; Orsomando e# al., 2011)

C. The pollen SCR/ SP11 receptor is G-LecRK protein (SRK6), same as the candidate SCR74 receptor. They share

the same domain architecture.
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The SRK gene dependent SI system has exclusively evolved in Brassicaceae. From an
evolutionary point of view, we speculate that this SRK dependent SI system has evolved from
the plant immunity system, because the G-LecRK dependent immunity was present already
in monocots, like the PiD2 and OsLecRK1-3 genes in rice (Chen ef a/., 2006; Liu ef al., 2015).

If the function of the SCR74 receptor can be confirmed, it would provide evidence that plants
deploy similar receptors to recognize self- or non-self- molecules. For more discussion on this

topic, we refer to the general discussion of this PhD thesis (Chapter 6).

Difficulties to clone the candidate G-LecRK genes

Many technical challenge have been faced during cloning of the candidate G-LecRK genes.
Firstly, the 7 gigG-LecRKs are highly similar. The primers designed for the whole ORF might
anneal to several gigG-LecRK homologs, therefore, lots of chimeric genes were obtained. We
noticed this issue when we had the BAC sequences. When the flanking sequences are known,
this issue can be solved by two-steps PCR, firstly amplify the genes with flanking sequences
by specific primers, then perform another PCR for the full length ORF.

In addition, the G-LecRK genes are extremely difficult to clone in the E.co/i system. In
molecular cloning, it is known that some genes are difficult to clone, and then it is believed
that those genes/proteins are toxic to E. cofi (Saida ef al., 2006). Various tricks can deal with
this dilemma. For example, using commercially mutated E. co/i strains, growing E. coli at lower
temperature, or introducing artificial introns into the gene, etc. In our case, all the gigG-LecRK
genes contain a Chi motif (5-GCTGGTGG-3’), which can be recognized by the RecBCD
helicase-exonuclease and be cut in E. co/i (Figure 9) (Smith, 2012). Therefore, Chi sites are
recombination hot spots in E. co/i. In our cloning, we also found that the candidate genes
tended to be cut in E. co/i. To deal with this problem, we recovered the competent cells at
lower temperature (28°) after transformation, and raised the transformed E. co/i at room
temperature. Using these methods, we could obtain a few clones with the full-length G-
LecRK genes.

In the end, we decided to synthesize these candidate G-LecRK genes and generated a
nonsynonymous mutation at the chi site. However, based on the report of the company which
synthesized the genes, the mutated G-LecRK genes are still difficult to clone into expression
vectors, even by a specialized company. The constructs with the G-LecRK genes grow very

slow and many deletions have been observed in the constructs. This indicates that the Chi
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motif is likely not the only reason caused these issues. Surprisingly, other G-LecRK genes
faced similar issues during cloning, for example, LPS receptor LORE from Arabidopsis is also
a G-LecRK, it was solved when introduced an artificial intron into the gene (personal

communication with Dr. Stefanie Ranf, Technical University of Munich)

Another challenge was functional complementation testing of the candidate genes. The source
of the SCR74 receptor §. microdontum is not suitable for transient gene expression by agro-
infiltration or stable transformation. Therefore we had to test the candidates genes in other
plants, such as N. benthamiana, or potato genotypes that do not respond to SCR74-B3b.
However, if the SCR74-B3b recognition still requires an unknown component from the §.
microdontum background, the expected cell-death phenotype will not be recovered. For tomato
I-3, the same problem occurred, the I-3 transformed susceptible tomato confers resistance to
Fusarium oxysporum f. sp. lycopersici (Fol) carrying Avr3, however, no HR-like cell death could
be observed when co-expressed of I-3 and AVR3 in N. benthamiana or tomato. Furthermore,
Co-immunoprecipitation (Co-IP) experiment did not confirm the direct protein interaction

between the I-3 and AVR3 (Catanzariti ez a/., 2015).

Other candidate genes?

In this study, we aimed to identify the SCR74 receptor. Since SCR74 is a fast-evolving
effector under diversifying selection we hypothesized that the candidate receptor would be a
fast evolving surface immune receptor as well. The candidate genes of the RLP/ RLK type fit
these criteria and therefore we firstly focused on the G-LecRK genes. However, the cell death
phenotype might also be caused by other types of genes, for example, target of the effectors, or
other downstream components. Therefore, other candidate genes in the mapping interval
should also be tested by transient or stable transformation assay, and cloning of these genes is

ongoing.

In summary, in this study, we genetically fine-mapped the putative SCR74 receptor to a G-
LecRK locus. The physical map from the wild So/anum was generated by sequencing the BAC
clone spanning the mapping interval. We found the G-LecRK locus are variable in different
Solanum species, especially in wild potatoes. We found an intriguing similarity between the
plant SI system and the immunity system, and we discuss that the G-LecRK might be a
common receptor to recognize self- and non-self- components. However, The candidate G-

LecRK genes did not lead to complementation so far.
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Materials and Methods

Plant materials and genotyping

Population 7026 was generated by crossing the SCR74-B3b responsive genotype GIG362-6
with the non-responsive genotype MCD360-1 (Chapter 2). The seeds of population 7026
were sown in MS20 medium. A fast genotyping pipeline using in vitro plants was developed
(Figure 12).

For DNA isolation, 20 pL 0.5 M NaOH was added per well, the caps were closed and put in
the TissueLyser II (QIAGEN), grinded for 5 minutes at max speed. 20 uL. of 100 mM Tris
was added; After spin down, 1 PCR plate was filled with 200 pL. 100 mM Tris; 5 pL DNA
was added to the PCR plate. Then 1 pl samples was used for genotyping.

The HRM markers were tested on the parents and the F1 progenies using the following
protocol for a 10 pL reaction: (1 pL template (20 ng gDNA), 1 pL. ANTP (5 mM), 0.25 pl
forward primer and 0.25 pl reverse primer (10 mM), 1 uL. LCGreen® Plus+ (BioFire), 2 pL
5x Phire Buffer, 0.06 pL Phire taq, 4.44 uL. MQ_water). Black 96-well microtiter PCR plates
with white wells were used and 20 pl mineral oil was added to prevent evaporation. The
protocol for PCR cycling was: 95 °C for 3 min, (95 °C for 10 s, 60°C for 15 s, 72°C for 30 s)
with 40 cycles, then 72°C for 2 min followed by 94°C for 40s. The LightScanner® System

(Biofire) was used for measuring and analyze the melting curve.

For the SSR markers, a 20 pL reaction was used for the PCR reaction (5 uL. DNA (=10 ng), 2
pL Gold star buffer, 1.2 pL 25 mM MgCl, 0.4 pL 25 mM dNTP, 4 pL F+R primers (1
pmol/ pL each), 0.06 pL goldstar polymerase (EUROGENTEC SA, Seraing, Belgium), 7.34
pL MQ. The PCR cycling was : 94 °C for 2 min, (94 °C for 30 s, 56 °C for 30 s, 72 °C for 45
s) with 35 cycles, then 72 °C for 2 min. The PCR products were analyzed by 4300 DNA
analyzer (LI-COR, Lincoln, USA).
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Figure 12: The pipeline of high-throughput genotyping of in vitro plants.

A. The seedlings were transferred into round pots with MS20 medium. There were 22 plants in each pot, and the pots
were named: PlateX-A, B C or D, corresponding with the code in the 96 plates. The recombinants were transferred in
to new pots for iz vitro maintenance and phenotyping.

B. One leaf from each offspring plantlet was cut and collected into a deep well plate with 96 wells. A “quick and
dirty” DNA isolation was performed.

C.The flanking markers were tested after DNA isolation, and the recombinant plants were selected, propagated in-
vitro and phenotyped.

PVX agro-infection

'The recombinant plants from population 7026 were maintained in vifro and phenotyped at
least 3 times in the greenhouse. We used the same constructs (SCR74-B3b-pGR106) for
phenotyping as described in Chapter 2; CRN2 and empty pGR106 were used as positive and
negative controls. The cell death response was scored 14 days after the agro infection. The

details were described in Chapter 2.
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Markers used for fine mapping of the SCR74-B3b receptor

Markers used for fine mapping the SCR74-B3b responsive receptor are listed in Table 3.

Table 3. Markers used in this study

Markers Type F R

STM1051 SSR TCCCCTTGGCATTTITCTTCTCC TTTAGGGTGGGGTGAGGTTGG
RenSeq1.1 SNPs ATTCAGTATCCACAATGTACG ACGTTAAGCTTTTCAACTTAC
PRP1.1 SNPs AGCTTTCTCTTGTTCCTCT ACTCTAACCAGCTATCGAA
exon19 SNPs CCAGCATTGCAGCAGAGAAG GGTGTCCAACAGCCAGATCA
exon26 SNPs ACCCTACCACCACCACTTCA AAGTGGCTGCTGAAGGGTTT
exon3 SNPs TCTCTCCCAACGAGGTCCTT AGATTCACAGTCCTGCCGTC
S55-snp1 SNPs GAAGAATTTTGGGCAGAGAT CTTCAGAACAAAATCCCCACAT
S50-snp1 SNPs CAAATACAGGCGGAGTTA TTACTCTTCATTCTCACCTT
LecRK1-snp1 SNPs GTGTTCGCGATAAGGTCTGAT CAAAGACCCCTGAAGTCCT
S105-snp2 SNPs CTAGTGCCACGTGATACTA GCAGAAACGAAGAAACACT
S103-snp2 SNPs GTAGTTGTTTGTCTATGGTCCTT CTAGTAGTACCCCACAGAAAA
S47-snp SNPs TCGGGTAGTCAGATCAAA CTGGACTAATATGATGGGAA
1.211-snp1 SNPs GTGAGTACTTTATGACATAGCTTTGT TCAGAAAAGACTGCAACATGC
1.227-snp4 SNPs AGTCGACAAATATTCTGGGATTTCC TCCCCACCCTACACACTCTT
1.227-snp5 SNPs GTACGCCTTCACTTCATTCCT CCAGAAGATGGTCTCAGTGGA
1.273-snp5 SNPs CCTGCTGACCATGTCCAACA TACACAGTGGAGCGGTTGAC
S112 SNPs CAGGCTCTATATGTTTGGCAA CATCTTGATGCTAGTAACATT
S114-snp1 SNPs GTGTGAGCTGCAAAGAGA GCCAAATACTAAGCTCCTGTT
S108-snp1 SNP2 GGTGGTAAACGTGTTCTAT CGCATTTCAATCCACAATT

BAC library of the G1G362-6

The BAC library of GIG362-6 was generated by Bio S&T company (Canada). The BAC
clones are stored in three 96 deep well plates, with 490 clones in each well, the total number
of clones are 141, 120. The average insert size is 151 kb. The coverage is >11x (GIG362-6 is a
highly heterozygous diploid potato, The genome size is around 2 x 900 Mb). The BAC
construction vector is pCC1BAC (HindIII) and the E. co/i strain was DH 10B. The BAC
library is stored at -80 °C.

107



Chapter 4

The BAC DNA was isolated by QIAprep miniprep (Qiagen) kit with minor revision. After
adding the P3 step in the industrial instruction, the tubes were closed with caps and mixed by

inverting, and spin down for 10 minutes, the supernatant was transferred to fresh tubes and
0.6 V isopropanol was added, then mixed and centrifuged for 10 min. The pellets were washed
with 500 uL of 70% cold ethanol, centrifuged for 5 minutes. The pellets were air dried and re-
suspended in 50 uL. MQ.

For BAC clone isolation, the markers in the mapping interval were firstly tested on BAC
DNA and positive pools with 490 clones were detected. Then the selected pools were diluted
=1 x 106 — 1 x 10-8 times with sterilized water. The diluted cultures should contain around
1000 clones/mL. Then 1 mlL culture was plated on 1 square LB plate with 25 mg/L
chloromycetin and grown overnight at 37 °C. Next day, 1152-2304 single colonies were
picked up into 384 plates with liquid LB (25 mg/L chloromycetin) and grown overnight at
37°C. Then the 384 plates were pooled into 96 well plates for PCR. If a positive well was
found in the 96 well plates, another PCR was performed to obtain single BAC clones.

'The single BAC clone were further plated on solid LB plates, 5 single colonies were tested by
PCR. The BAC clones were sequenced by French Plant Genomic Resource Center (INRA-
CNRGYV) using PacBio technology. The BAC clones were firstly characterized by estimating
their insert size and sequencing the BAC ends by Sanger sequencing (BES). Finally, PacBio
RS libraries with 8-12 kb insert size (based on a minimum of 60 X with average reads length
up to 5 kb) were produced and sequenced.

Genomic and phylogenetic analysis

Potato reference genome DM (v4.03), C. annuum genome (v2.0), S. melonggena Line ‘67/3’, S.
lycopersicum (v2.4), S. verrucosum (personal communication with Dr. Glenn Bryan, James
Hutton Institute, Dundee) and §. chacoense M6 (v4.1) genomes were used in this study, the
genome was visualized by Geneious R10 (Kearse ez a/., 2012) (http://www.geneious.com). The
BAC sequences were imported into Geneious R10, and the annotation was made by Augustus
(v2.5.5) (Stanke and Morgenstern, 2005). Blastn and Blastx were used for further gene
annotation. InterPro (https://www.ebi.ac.uk/interpro/interproscan.html) was used for
predicting the protein domains. MAFFT (v7.309) was used for sequence alignment (Katoh
and Standley, 2013).

108


http://www.geneious.com)

Mapping for SCR74 receptor

The G-LecRK proteins from Arabidopsis and tomato were used as query to predict G-LecRKs
in potato (Teixeira e# al, 2018), all the G-LecRKs were blasted against predicted potato
proteins, the hits were annotated by InterProscan and visually checked in Geneious R10. The
G-LecRK proteins were aligned by MAFFT (v7.309), and a Neighbor-Joining (NJ) tree was
built by Geneious Tree Builder, with Jukes-Cantor model, 1000 replicates of bootstrap were

used for resampling.

RNAseq of the mapping parents GIG362-6 and MCD360-1

The mapping parents GIG362-6 and MCD360-1 were treated by water control and a
zoospore suspension of P infestans isolate UK3928A. After 48 hours, the leaf disks were
sampled into 2 mL RNase free tubes and frozen by liquid nitrogen. The 4 samples were
grinded by TissueLyser II (QIAGEN). Then 100mg samples were used for RNA isolation by
RNeasy Plus Mini Kit (QIAGEN) following industrial instructions. The gDNA eliminator
spin column from the kit can efficiently remove the gDNA. The 4 RNA samples were tested
by agarose electrophoresis and quantified by Nanodrop (ThermoFisher). The 4 RNA samples
were send to the Genome Analysis Centre (TGAC, UK) with dry ice for RNA sequencing.
'The samples were sequenced by HiSeq2000 with a 100bp paired end read metric.

'The raw reads were first checked with FastQC, the adapters were trimmed with trimmomatic
(v0.36) (Bolger et al., 2014). The trimmed reads were then mapped to the BAC sequences
using STAR (v2.5) (Dobin ez al., 2013). The output BAM files were imported to Geneious
R10, the RPKM (Reads Per Kilobase Million), FPKM (Fragments Per Kilobase Million) and
TPM (Transcripts Per Kilobase Million) were calculated in Geneious R10. The differential
expression levels were also calculated in Geneious R10, the transcripts were compared and

normalized by median of gene expression ratios.

Candidate gene cloning

The G-LecRK genes were amplified from the isolated BAC clone with Phusion High-fidelity
DNA polymerases (ThermoFisher), and A-tailing by DreadlTaq DNA polymerases
(ThermoFisher), then the PCR products were ligated to gateway entry vector PCRS, using

the pCR8/GW/TOPO TA cloning kit (ThermoFisher). Then the genes were shuffled to

pK7WG2 vector (Figure 13) for transient expression in plants. DH5a competent cells were

used for the cloning
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The 7 gigGlecRKs were synthesized by GeneWiz (UK), the chi site (5'-GCTGGTGG-3") was
replaced by (5'-GATGGTGG-3'), which does not change any amino-acid on the proteins.

7
gigGlecRK X
T35S

pK7WG2
11,975 bp

Figure 13: Vector map of pK7WG2 vector

Agro co-infiltration in plants

The protocol of agro co-infiltration were described previously (Du ef al., 2014). In brief, we
mixed the candidate genes and SCR74-B3b, and co-infiltrated them on plant leaves, we used
R3a and Avr3a as positive control and empty pK7WG2 vector as negative control. The

phenotype was measured 3-5 days after infiltration.
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Abstract

MAMPs/PAMPs-triggered immunity (MTI/PTI) is the first layer of the plant immune
system and is considered to confer durable disease resistance. Pep-13 and Pep-25 are peptides
of 13 and 25 amino acids, respectively, from the oomycete transglutaminase (TGase) GP42.
Pep-13/25 are recognized as typical MAMPs/PAMPs of oomycetes and they trigger defense
responses in parsley and cell death in potato. However, the receptor of Pep-13/25 remains
unknown. Here we screened the Pep-13/25 in various Solanaceae for their ability to mount
cell death response. The recognition spectrum was restricted to some members of the Solanum
section Petota. To understand the genetic basis and map the Pep-25 receptor, a mapping
population was generated and a bulked segregant analysis-RNAseq (BSA-RNAseq) approach
was applied. The candidate gene was mapped on chromosome 3. Fine mapping resulted in an
interval of about 330 kb (0.42 ¢cM) based on the potato reference genome. By isolating and
sequencing one BAC clone from the Pep-25 responsive genotype G1G362-6, we found that
the Pep-25 receptor is located in a cluster of receptor-like kinases (RLK) genes. Together with
expression data from BSA-RNAseq, we found 3 RLK genes up-regulated after P infestans
infection, and these are our top candidate genes. Our results show that BSA-RNAseq is a
powerful tool to accelerate map-based cloning. Our finding will lead to the cloning of a novel
surface immune receptor in potato which will ultimately contribute to understanding plant

durable resistance.
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Introduction

Microbial/pathogen-associated molecular patterns (MAMPs/PAMPs) are thought to be
widespread, conserved, abundant and essential in pathogens (Pel and Pieterse, 2013). Based on
the “zig-zag” model of the plant immune system (Jones and Dangl, 2006), these MAMPs/
PAMPs can be recognized by plant pattern recognition receptors (PRRs), which form the first
layer of the plant defense system. Many MAMP/PAMP molecules have been identified, like
fig22 (flagellin), elf18 (EF-tu), PGN (peptidoglycan), csp22 (Cold shock protein, CSP) and
lipopolysaccharides (LPS) from bacteria (Felix ez al., 1999; Dow ez al., 2003; Felix and Boller,
2003; Kunze, 2004; Gust ez al., 2007), and chitin, NLP and EIX (ethylene-inducing xylanase)
from fungi (Pearce and Ride, 1982; Bailey ez al, 1990; Gijzen and Nirnberger, 2006).
Oomycetes are a major class of plant pathogens, including Phytophthora infestans that causes
the notorious potato late blight disease. In oomycetes, elicitins (e.g. INF1) are the best studied
MAMPs/PAMPs (Derevnina e al, 2016). Other oomycete MAMPs/PAMPs include
glycoside hydrolase (XEG1), cellulose-binding elicitor lectin (CBEL), GP42 (Pep-13), and
the ethylene-inducing peptide 1-like protein (NLP, nlp20) (Séjalon ez al., 1995; Brunner e al.,
2002; Bohm ez al., 2014; Ma et al., 2015).

To protect plants against oomycetes, nucleotide-binding domain and leucine-rich repeat
containing (NVLR) genes based resistance breeding has been practiced for many years
(Haverkort ez al., 2016). However, due to the fast evolving nature of oomycetes, most NLR
genes have been quickly defeated in the field. Finding more plant surface immune receptors
and stacking them with VLR genes is thought to be a preferred way to achieve more durable
resistance (Dangl e al,, 2013). Some surface immune receptors confer interfamily broad-
spectrum resistance, for example, NLP receptor RLP23 from Arabidopsis enhances resistance
to P infestans in §. tuberosum (Albert et al., 2015). In potato, the INF1 receptor ELR is the
only MAMP/PAMP receptor which has been cloned so far (Du ez al, 2015). ELR was
identified from a wild potato Solanum microdontum (Verzaux et al., 2010), and when expressed
in cultivated potato, ELR reduced the growth rate of P infestans on detached leaves under
laboratory conditions (Du e a/., 2015).

GP42 is a 42kDa protein that was originally isolated from culture filtrates of Phytophthora
megasperma f. sp. glycinea and found to trigger plant defense responses in cell cultures of
parsley (Parker ez al, 1991). To find the minimal elicitor peptide that has GP42 elicitor
activity, several endo- and exopeptidases were used for digesting the protein. The obtained
peptides were purified by reverse-phase high pressure liquid chromatography (HPLC), and a
peptide of 13 amino acid residues (Pep-13) was found to be the smallest peptide with elicitor-
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activity in parsley. Pep-25 is a longer version containing Pep-13, which showed the same kind

of elicitor activity (Nurnberger e# al,, 1994). The motif of Pep-13 is highly conserved and
exclusively present in all tested Phytophthora species, including P infestans (Figure 1A). In
parsley, defense responses include ion fluxes (H+/Ca?* influxes, K+/Cl-effluxes), oxidative burst,
defense-related gene activation and phytoalexin formation (Nurnberger ez al, 1994).
Infiltration of Pep-13 and Pep-25 into potato (8. tuberosum cv. Désirée) leaves (Brunner ef o/,
2002) leads to visible hypersensitive responses like cell death, as well as up-regulation of
defense-related genes (Brunner ef a/, 2002). Another study, after using RNA interference
constructs targeting jasmonic acid (JA) biosynthesis genes in potato, demonstrated that
Pep-13 could also induce accumulation of salicylic acid (SA) (Halim e# al, 2009). So, the
Pep-13 response in potato requires both JA and SA pathways, induces hydrogen peroxide and

expression of defense genes, including HR-like cell death response.

In addition to plant defense-eliciting activity, Pep-13 was found to have calcium-dependent
cell wall transglutaminase (T'Gase) activity. TGases catalyze post-translational modification of
proteins by crosslinking between glutamine and lysine residues, therefore, it is also called
‘biological glue’ (Martin ez al, 2002). TGases are ubiquitous enzymes present in micro-
organisms, plants as well as animals. In oomycetes, TGases are involved in the cell wall
biogenesis and might protect cell walls against plant proteases (Meijer ez al, 2006;
Raaymakers and Van den Ackerveken, 2016). The TGase activity was found in all tested
Phytophthora species, including P infestans (Brunner ez al., 2002). GP42 does not have
homologs of other known T'Gases from plants or animals, but a database search indicated that
some T'Gase-like sequences from marine Vibrio bacteria did show similarity with GP42 from
oomycetes. Probably, evolutionary lateral gene transfer between bacteria and oomycetes may
have taken place (Reiss ez al., 2011).

Despite the fact that Pep-13/25 was found in 1994 (Nirnberger e¢f al., 1994), the receptor of
Pep-13 and Pep-25 has remained unidentified. Previous studies in the parsley cell induction
system showed that the high affinity binding site to Pep-13 is present on the plant plasma
membrane, indicating the presence of a surface receptor (Nirnberger ez al, 1994). By
chemical crosslinking and photo-afhinity labeling assays, it was found that the putative
receptor could be a monomeric 100 kDa protein on the plasma membrane of parsley
(Nennstiel ef al., 1998). In addition, a downstream component of Pep-13 response was found
to be a mitogen-activated protein (MAP) kinase, which is translocated into the nucleus after

Pep-13 treatment (Ligterink ez al., 1997).
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Map-based cloning is a powerful genetic approach to clone genes, and most potato resistance
genes against Phytophthora infestans (Rpi genes) were cloned by map-based cloning
(Haverkort ez al., 2016). Traditionally, map-based cloning in potato is a time-consuming work.
Approximately 80 available SSR markers that are wide spread on potato genome, could
potentially be used to map genes onto a particular chromosome (Domazakis e# a/., 2017), and
fine mapping could be performed using an extended segregating population. However, with
the fast development of sequencing technology, genotyping by sequencing is becoming a more
efficient and economical way to map genes in segregating populations (Liu e# a/, 2012).
Several genes have been reported to be mapped by bulked segregant RNA-Seq (BSA-
RNAseq) analysis (Zou ef al., 2016). In potato, enrichment sequencing technology has been
used for mapping resistance genes and the surface immune receptors (Jupe e al., 2013; Witek
et al., 2016) (Chapter 3), however, whether BSA-RNAseq could be used for mapping potato

genes is still unknown.

In this study, we investigate two research questions, 1) Whether Pep-13/25 can be recognized
by a wild-range of Solanaceae plants, and 2) What is the receptor of Pep-13 and Pep-25 in
potato? To address these questions, we used the effectoromics approach (Vleeshouwers ez al.,
2008) to study the Pep-13 and Pep-25 recognition pattern in Solanaceae family. Pep-13 and
Pep-25 peptides were infiltrated on wild and cultivated Solanaceae species, including 8
Nicotiana tabacum cultivars, Nicotiana benthamiana, 10 pepper accessions, 7 eggplant
accessions, 24 tomato accessions, 24 potato cultivars and 146 wild potato genotypes.
Furthermore, a potato population that is segregating for Pep-25 response was generated. In
combination with a BSA-RNAseq analysis approach, we fine mapped the candidate Pep25
receptor to a 330kb interval based on the DM potato genome. One bacterial artificial
chromosome (BAC) clone within the mapping interval from GIG362-6 was isolated and
sequenced, and RNAseq data indicates that 3 candidate RLK genes from the sequenced

region are up-regulated after P infestans infection.

Results

Recognition of Pep-13 and Pep-25 in plants of the
Solanaceae family

Pep-13 and Pep-25 are conserved motifs of the cell wall associated transglutaminase (GP42)

in many Phytophthora species (Brunner ez al, 2002). Pep-13 is completely conserved in 6
tested Phytophthora species and in 5 of these species Pep-25 was also completely conserved.
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Amino acid 23 in Pep-25 of P, cinnamomi and P, sojae were found to be different. Pep-13 was
entirely covered by the amino acid order of Pep-25 (Figure 1A).

Pep-13 can elicit defense response or cell death in parsley and potato (cultivar Désirée;
(Hahlbrock e al., 1995; Halim ez al., 2004). It is considered to be a MAMP/PAMP molecule.
However, whether both peptides could be universally recognized by more species belonging to
the Solanaceae family remains unknown. To answer this question, we used plants belonging to
the Solanaceae family to determine whether both peptides can be widely recognized in this
plant family. Both Pep-13 and Pep-25 peptides were synthesized by Genscript (USA),
dissolved by MQ_ water and diluted to a proper concentration by tap water for functional
screening (Materials and Methods) (Figure 1B).

310 320 330 340 350 360 370 380
Phytophthora cinnamomi GGTIE SV\I!K
Phytophthora nicotianae [PINCPVIRYNGVTEQPMDLKALVSSVYDGARVIITVE TGARYNGGIIEINTDEYGRHTNNAYRDLNPAYFHIANN L GKL N
Phytophthora parasitica DI
Phytophthora megakarya SSD
Phytophthora infestans T30-4 E[]S
Phytophthora sojae I}IKKLQTIE
390 400 410 420 430 440 450 460
Phytophthora cinnamomi BV I KKAARIGF Y GL OKYPWNAAAKISIVYVKSRLSWIMETYTDGGLVASGIS
Phytophthora nicotianae [S T YVADVIAGAEVWNQPVRGFKVYEQTKMSIEKKAAQIF YGLOKYPWNSAAKISTVYVKSRLSWIBETYTDGGLVS SGIS
Phytophthora parasitica [S TYVADVTAGAEVWNQPVRGEKVYEQTKMSIEKKAAQIFEYGLOKYPWNSAAKIS IVYVKSRLOWIEETYTDGGLVS SGIS
Phytophthora megakarya EA
Phytophthora infestans T30-4 ﬁmmm LEYGLOKYPWNSAAKSIIVYVKORLOWIBETYTDGGLVS SGl
Phytophthora sojae GQ
Pep25

<\
~
N
N

Figure 1. Sequence of Pep-13/ 25 and the workflow of Pep-13/25 peptide infiltration in

Solanaceae species.

A. Part of the GP42 proteins (309 aa to 462 aa) from 6 Phytophthora species are shown, the consensus amino acids
are highlighted in black or grey based on the similarity, the polymorphic amino acids are not highlighted. Pep-13 and
Pep-25 from P sojae, which are used in this study, are shown by purple arrows.

B. The peptides are dissolved in tap water, adjusted to a proper concentration, and infiltrated into leaves by needleless

syringe. The leaves are visually scored for occurrence of cell death responses 3 days after infiltration.

Peptide infiltration was performed in 146 wild potato genotypes belonging to 56 species
(Supplementary Table S1). Among the 146 genotypes, 14 genotypes that belong to at least 8
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different tuber-bearing Solanum species/ sub-species showed cell death after infiltration of
Pep-13 and/or Pep-25 (Table 1, Figure 2). These 8 wild potato species/ sub-species include
Solanum doddsii (DDS), Solanum demissum (DMS), Solanum edinense (EDN), Solanum
hondelmannii (HDM), Solanum leptophyes (LPH), Solanum microdontum (MCD), Solanum
microdontum subsp. gigantophyllum (GIG), Solanum chacoense (CHC), Solanum ebrenbergii
(EHR) and two unknown species (SPEC).

Table 1. 14 tuber-bearing Solanum genotypes recognize Pep-13 , Pep-25 or both.

Series Genotypes Species Contries Ploidy and EBN Pep-13  Pep-25  water
Tuberosa Il LPH 680-5 S. leptophyes Bolivia 2x (2EBN) - + -
Tuberosa lll DDS 144-3 S. doddsii Bolivia 2x (2EBN) + + -
Tuberosa Il HDM 646-4  S. hondelmannii Bolivia 2x (2EBN) + +
Tuberosa Il MCD 958-3  S. microdontum Bolivia 2x (2EBN) - + -
Tuberosa lll GIG 362-6 S. microdontum subsp. gigantophylium Bolivia 2x (2EBN) - + -
Tuberosa lll GIG 956-1 S. microdontum subsp. gigantophylium Bolivia 2x (2EBN) + + -
Demissa DMS 364-1 S. demissum Mexico 6x (4EBN) - + -
Demissa EDN 150-4 S. edinense Mexico 5x + + -
Demissa EDN 151-1 S. edinense Mexico 5x + + -
Demissa EDN 151-3 S. edinense Mexico 5x + + -
Yungasensa CHC 544-1 S. chacoense Bolivia 2x (2EBN) + + -
Pinnatisecta EHR 153-3 S. ehrenbergii Mexico 2x (1EBN) + + -
SPEC 165-2  Unknown species N/A N/A + + -
SPEC 381-2  Unknown species N/A N/A - + -

« »

The series (Spooner e al., 2014), genotypes and species/sub-species are shown in this table, “+”: cell death response;

: no cell death response; “N/A”: not applicable.

The results in Table 1 and Supplementary Table S1 show that Pep-13 and/or Pep-25
recognition is only found in 14 (out of 146) tested wild potato genotypes. All of the 14
genotypes responded to Pep-25, 9 genotypes responded to both Pep-13 and Pep-25. This
result indicates that both peptides do not have a broad recognition spectrum, which supports

the probable existence of a narrow spectrum MAMP/PAMP concept (Thomma ez a/., 2011).

The Pep-25 responding genotype Solanum microdontum subsp. gigantophyllum (G1G362-6)
(Figure 2) was earlier used for mapping the receptor of SCR74-B3b (Chapter 3 and Chapter
4). Therefore several populations were already made previously, they were used here to map

the Pep-25 receptor in potato.
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EHR153-3 EDN151-1 DDS144-3

%

Pep13

DMS364-1 GlG362-6 MCD958-3

Figure 2. Examples of the Pep-13 and/or Pep-25 responsive genotypes.

Leaves from 6 wild Solanum accessions are showing cell death responses after infiltrate Pep-13 and /or Pep-25
peptides. The genotypes EHR153-3, EDH151-1, DDS144-3 responded to both peptides, but other genotypes like
DMS364-1, GIG362-6 and MCD956-3 responded to Pep-25 only.

Pep-13/ Pep-25 recognition in cultivated potatoes

The results from the large screening show that recognition of Pep-13 and/or Pep-25 is found
in a rather limited number of wild potato genotypes, with most responding species being
related to S. tuberosum or S. demissum (i.e.. Series Tuberosa and Demissa). A previous report
showed that potato cultivar Désirée recognizes both Pep-13 and Pep-25 (Halim e# a/., 2004).
We speculated whether Pep-13/25 recognition would be relatively more common in §.
tuberosum related potato cultivars, cultivated landraces or proposed progenitors compared to

the wild Pefota germplasm.
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Group Species Genotype Pep13 Pep25 Water
. tuberosum Group Tuberosum ¢y, Aveka

. tuberosum Group Tuberosum  cv. Aventra AL2865

. tuberosum Group Tuberosum ¢y, Craigs Snowwhite
tuberosum Group Tuberosum  cv, Désirée
tuberosum Group Tuberosum  cv. Bintie
tuberosum Group Tuberosum ¢y, Impala

tuberosum Group Tuberosum  cv. Lady Rosetta

tuberosum Group Tuberosum ¢y, Monalisa

tuberosum Group Tuberosum ¢y, Rosset Burbank

> Cultivated potato

tuberosum Group Tuberosum  cv, Shepody
tuberosum Group Tuberosum  cy. Zhongshu3
tuberosum Group Tuberosum ¢y, Atlantic
tuberosum Group Tuberosum  cv. Carolus
tuberosum Group Tuberosum  cy, Kathadin
tuberosum Group Tuberosum  cv. Nicola
tuberosum Group Tuberosum ¢y, Premiere
tuberosum Group Tuberosum ¢y, Sarpo Mira

. tuberosum Group Tuberosum cv. Toluca

M LLuLhunuhhounuunnonunuounounon

. tuberosum Group Tuberosum  RHg89-039-16

Improvement and breeding

S. tuberosum Group andigena  tyb ADG 240-2

S. phureja DM (1-3 516 Ra4)
Cultivated landraces S. phureja PHU 372-8

. phureja PHU 200-4

S. stenotomum STN 829-3

—

Domestication

Proposed progenitor of s, candolleanum
cultivar potato

Wild species

Sol CN D531-3
olanum

ancestor

Figure 3. Pep-13/25 cause cell death in most potato cultivars, cultivated landraces and a

proposed progenitor of potato cultivars.

The flow chart on the left reflects the history of potato domestication (Hardigan e# a/., 2017). On the right side of the
Figure, the Solanum species are listed, as well as the response to Pep13/25 infiltration of each genotype. The clear cell
death responses are represented by “+” and highlighted in red, relatively weak cell death phenotype or variations
between repeats are shown by “+-” and highlighted in orange, absence of cell death is marked as “-”. All data points
are supported by at least 6 repeats.

To address this question, we deployed the same protein infiltration workflow (Figure 1) to
screen 19 potato cultivars, including the previous reported potato cultivar Désirée as a positive
control, 5 progenitor species of cultivated potato, i.e., S. fuberosum andigena (ADG240-2), S.
phureja (DM 1-3 516R44), PHU372-8 and PHU200-4, §. stenotomum (STN829-3), and the

most likely wild species thought to be a progenitor of cultivars §. candolleanum (CND531-3).

Our results show that 14 out of 19 potato cultivars did recognize both peptides and five did
not at all, or showed weaker cell death phenotype to Pep-25 (Figure 3). All 5 tested landraces
recognized both peptides, however, the proposed progenitor of cultivated potato .
candolleanum (CND531-3) did not.

Some examples of responses to both peptides in cultivated potatoes are shown in Figure 4.
The sequenced double monoploid potato DM 1-3 516R44 (Xu ef al, 2011) can recognize
both peptides. This indicates that the candidate receptor should be functionally present in the
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plant with a sequenced genome. This observation will greatly increase the speed of mapping

and cloning of the putative Pep-13/25 receptor gene.

PHU200-4 tub ADG 240-2

cv. Désirée Russet burbank Premiere

Figure 4. Examples of Pep-13/ 25 recognition in potato cultivars and cultivated

landraces. The photos were taken 3 days after the Pep-13/25 infiltration.

Pep-13/25 recognition is restricted to Solanum section
Petota

To further determine whether Pep-13 and Pep-25 are broad or narrow spectrum MAMP,
additional Solanaceae species, including 24 tomato accessions, 7 eggplant accessions, 10
pepper accessions and 8 Nicotiana accessions were tested for Pep-13 and Pep-25 recognition.
We infiltrated the Pep-13/25 peptides as described previously (Figure 1) , Pep-13/25

responsive potato cultivar Désirée was used as positive control.
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Pep-13 Pep-25 Water

Nicotiana
Pepper
Eggplant
Tomato
Cultivated potato _

_ | | ———

- Cultvated landraces [NNNNS

S. ehrenbergii

S. doddsii
S. hondelmannii

S. microdontum

Wild potato

S. demissum

S. edinense

S. chacoense
S. leptophyes

Figure 5. Heatmap of Pep-13/ 25 response in Solanaceae species. The taxonomy of these

Solanaceae species is reflected by the tree-like illustration on the left. The Pep- 13/ 25 responding genotypes are
shown in red in the heat map, otherwise are beige, some intermediate phenotype is shown by orange. The wild

potatoes are sorted based on a Bayesian tree generated by AFLP data (Chapter 3).
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However, it was found that none of the tested plants of tomato, eggplant, pepper or Nicotiana

can recognize either Pep-13 or Pep-25. This result indicates that both peptides are
representing a narrow spectrum MAMP/PAMP, which only triggers cell death responses in a
subset of Solanum species (Figure 5).

Figure 5 provides a comprehensive picture of our Pep-13/ 25 screening on Solanaceae species.
To sum up, Pep-13/ 25 recognition is mainly present in cultivated potatoes and a restricted

number of wild species from the So/anum section Perota.

Genetic basis of Pep-25 recognition

Although the responses of Pep-13 and Pep-25 in plants are well characterized, the
corresponding plant receptor is still unknown. As described above and illustrated in Figure 2,
Solanum microdontum subsp. gigantophyllum (G1G362-6) was found to recognize Pep-25, but
not Pep-13. To study the genetic basis of Pep-13/25 recognition, two mapping populations
(7026 and 3521) were tested for their segregation patterns after Pep-25 infiltration (Figure 6).

VER989-1 x VER988-1

}
3316 x GIG362-6 x MCD360-1

! |

MCD360-1 x 3341-15 7026

!
3521

Figure 6. Crossing scheme of Pep-25 segregating populations.

Population 7026 was crossed by GIG362-6 (Pep-25 responding) and MCD360-1 (Pep-25 non-responding).
3341-15 was crossed by 3316-12 x GIG362-6, and crossed to MCID360-1 to generate population 3521 (3341-15 x
MCD360-1).

By crossing with Solanum microdontum (MCD360-1), which does not respond to either
Pep-13 or Pep-25, population 7026 (GIG362-6 x MCD360-1) was generated. Upon testing
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this population for Pep-25 recognition, we found that all the 7026 progeny plants responded
to Pep25. This suggest that the Pep-25 receptor locus is homozygous in GIG362-6.

Then, another population 3521 (3341-15 x MCD360-1) was tested for segregating to Pep-25
response (Figure 6 and Figure 7). 110 progeny plants were tested and 49 of them responded

to Pep-25, but 61 did not. This segregating ratio is close to 1:1 (32 p=0.252), suggesting that

the response to Pep25 is a dominant trait and the receptor locus is heterozygous in the diploid
parent 3341-15.

A
X

GIG362-6

1

SR | T

l MCD360-1

o

NR progenies

1 : 1

Figure 7. Population 3521 (3341-15 x MCD360-1) segregates for the Pep-25 response.

A. Genetic model of Pep-25 receptor, the Pep-25 responsive (R) genotypes are highlighted in red, the Pep-25 non-
responsive (NR) genotypes are highlighted in blue. The Pep-25 receptor locus is represented by the red dots,
otherwise is blue. There are two functional Pep-25 receptor loci present in GIG362-6 (homozygous), all the F1
progenies (population 3341) are heterozygous for the Pep-25 receptor loci. 3341-15 was selected to be crossed with
the Pep-25 non-responsive genotype MCD360-1, population 3521 (3341-15 x MCD360-1) segregates in a 1: 1 ratio
for Pep-25 response;

B. Pep-25 recognition of 3341-15 (heterozygous), MCD360-1 and the F1 progenies of this population, R: Pep-25
responsive; NR: Pep-25 non-responsive.
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Fast mapping of the Pep-25 receptor by BSA-RNAseq

p25 raw reads
Watel Wat —

P25 FastQC l trimmomatic
(3) 3341-15 MCD360-1 clean reads
s |
5 Map to potato reference genome -
Q (DM v4.03) STAR
S~ S ~N_ <~ =
- 3
Pep25 R pool Pep25 NR pool SNP calling between =
N=34 N=34 1 1 Rand NR l l §
by samtools and
Aseq VarScan 3
(1]
B y-!
8 980,645 SNPs 904,480 SNPs 1,105,966 SNPs 1,030,613 SNPs -8
— 5
= SNP filtering FilterSNPs.jar o
allele frequency of NR: R
g 0%-=10% : 40%-60% or 90%-100% : 40%-60%
=
)Z> P\ infected Pv infected ospes | ermern e B ooem
— — _— Bedtools
g SNP filtering l Collect the SNPs shared by all 4 vf file
<L
= 2424 SNPs.
S Link the SNPs to gene or
> Bediools

129 SNPs on 75 transcripts

Figure 8. Pipeline of the BSA-RNAseq

A. Segregating population was generated for mapping the Pep-25 receptor, 34 Pep-25 responsive progenies and 34
Pep-25 non-responsive progenies were selected and pooled for RNA isolation.

B. Untreated samples and P, infestans infected samples are included for potential differential expression data. In total,
8 samples were included: 1. 3341-15 without infection; 2. 3341-15 with P infestans isolate Dinteloord infection; 3.
MCD360-1 without infection; 4. MCD360-1 with P infestans isolate UK3928A infection; 5. Pep-25 responding
pool without infection; 6. Pep-25 with P infestans isolate Dinteloord infection; 7. Pep-25 non-responding pool
without infection; 8. Pep-25 with P, infestans isolate Dinteloord infection.

C. Bioinformatics pipeline of the BSA-RNAseq, the raw reads are cleaned and mapped to potato reference (v4.03)
genome by STAR, then SNPs are called and filtered (Materials and Methods).

The segregating population 3521 (3341-15 x MCD360-1) is suitable for identifying the
Pep-25 receptor by map-based cloning. To accelerate the map-based cloning, a BSA-RNAseq

approach was used for fast mapping the Pep-25 receptor in population 3521 (3341-15 x
MCD360-1) (Figure 8).
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32

N
=

Number of SNPs per 1000 kb

Chr3

Figure 9. Pep-25 receptor is mapped to chromosome 3.

Chromosome 3 is shown on the X axis. The red dots present the number of SNPs per 1000 kb bin, most of SNPs are
located on chromosome 3.

Two pools were made of both 34 Pep-25 responding plants and 34 non-responding plants,
together with the responsive parent 3341-15 and the non-responsive parent MCD360-1. All
these samples were treated with water control as well as with zoospores of P, infestans isolate
Dinteloord or UK3928A, and sampling was done two days after inoculation (Figure 8A and
8B). We pooled, as earlier indicated, the samples before RNA isolation, hole punches were
used for sampling, the same amount of leaf discs were pooled based on Pep-25 response or
non-response. The RNA was sent to Novogene for quality control and sequencing (12GB raw
data, HiSeq, pair-end). The raw RNAseq reads were cleaned for mapping to reference
genome, the adapters and low quality reads were trimmed by trimmomatic (v0.36), the quality
of reads was test by FastQC (v0.10.0) and visualized by MultiQC (v1.4) (Figure 8C). Then
the reads from different samples were mapped to the potato reference genome DM v4.03 by
STAR (Materials and Methods). Eventually 129 SNPs were filtered, which are located on 75
transcripts, and 126 SNPs were located on chromosome 3 of the potato reference genome

(Figure 9) and 3 SNPs ending up on chromosome 1 (data not shown).

129



Chapter 5

Marker development based on the BSA-RNAseq

The BSA-RNAseq method provided a promising fast mapping pipeline. The putative Pep-25
receptor was mapped on the chromosome 3, and all these SNPs can be converted to HRM
markers. To test the reliability of the BSA-RNAseq methods, and develop markers for fine
mapping and positional cloning of the Pep-25 receptor (Figure 10).
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Figure 10. Conversion of BSA-RNAseq markers to HRM markers for application in the

lightscanner.

A. The genome and SNP information are visualized by Geneious R10. The SNPs and their positions are shown in
black (blocks), the SNPs are filtered based on our criterion, indicating that the SNPs are homozygous on the non-
responding progenies or parent, and the allele frequency is close to 1:1 in the responding progenies . Primers (forward
primer: green arrow, reverse primer: blue arrow) are designed and flanking the filtered SNPs.

B. This marker (M2) was tested in population 3521 (3341-15 x MCD360-1), and it can distinguish the Pep-25
responding progenies (grey) and Pep-25 non-responding progenies (red). Recombinants are not shown in this figure.
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Firstly, 22 markers based on the BSA-RNAseq were designed and tested on population 3521
(3341-15 x MCD360-1) and mapping parents. Among those, 6 markers could distinguish the
Pep-25 responding /non-responding progenies (Materials and Methods). To obtain flanking
markers for fast genotyping of a large population, a small population (n=176) was phenotyped
after Pep-25 infiltration and genotyped by the HRIM markers. Two flanking markers M2 and
M13 were obtained. This result indicates that the Pep-25 receptor is located between these
two flanking markers. The size of the mapping interval is 1.73 Mb, based on the physical map
of the potato DM reference genome (data not shown).

Fine mapping of the Pep-25 receptor within a 330kb
(0.42¢cM) interval

To fine-map the Pep-25 receptor in population 3521 (3341-15 x MCD360-1), additional
=1700 seeds were sown in the greenhouse, the DNA from 1550 progeny plants was isolated,
and the flanking HRM markers M2 and M13 were used for genotyping the progeny plants
(Materials and Methods). In total, 170 recombinants were selected, and additional markers
were tested on these plants to narrow down the mapping interval. By adding more markers
within the mapping interval, 19 recombinants were selected (Figure 11B) and tested by 12
selected HRM markers (Materials and Methods). Two new flanking markers M71and M80
are representing the new boundary of the Pep-25 receptor, and three co-segregating markers
with Pep-25 response were detected: M66, M4 and M63. The candidate gene should be

located very close to these co-segregating markers.

According to our genetic model (Figure 7), the Pep-25 receptor is inherited from GIG362-6,
It is noteworthy that the marker order in our mapping population is not exactly the same as in
the potato reference genome. This finding suggests an inversion event occurred in this region
(Figure 11A). Additionally, there are a few gaps in the reference genome which is present

within the mapping interval, therefore, the precise physical mapping interval is still unknown.
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Figure 11. Fine mapping of the Pep-25 receptor into a =330 kb (0.42 ¢cM) interval

A. Diagram of the physical map of the DM genome, and the predicted physical map of one of the GIG362-6
haplotypes. Based on the marker position, an inversion event (indicated by lines and gradient pink to blue block)
might be present on the GIG362-6 haplotype. A gap is present in the mapping interval of DM (black block). The

mapping interval is highlighted by red shading.

B. Diagram with recombinants, the lines are selected recombinant progeny genotypes from population 3521

«»

(3341-15 x MCD360-1), the columns are the markers. The genotyping results are marked by “a” or “b”, genotype “b”

«, »

linked with the Pep-25 receptor. The Pep-25 recognition is recorded by “+” (responsive) and “-” (non-responsive).

Number of recombinant events are shown in the bottom.
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Candidate genes in the mapping interval

Based on our genetic analysis, the Pep-25 receptor was mapped to a =330 kb interval. To have
more insight into the genes present in the mapping interval, the physical map of the potato
reference genome is visualized (Figure 12). The region contains less than 25 candidate genes
in the reference genome, including several receptor-like kinases with an LRR domain (LRR-

RLK) and proteases, which might represent candidate genes that mediate the response to
Pep-13/25.

To predict the candidate Pep-25 receptor, we also include our BSA-RNAseq data into this
analysis. It was hypothesized that: 1) The Pep-25 receptor is a RLP/RLK gene; 2) the Pep-25
receptor is up-regulated after P infestans infection; and 3) the informative SNPs from BSA-
RNAseq land on the Pep-25 receptor. By combining these criteria, only 3 RLK genes did fit
(pink arrows in Figure 12), based on the DM reference genome.
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Figurel2. The physical map of the target mapping interval on the potato reference
genome.

The flanking markers M71 and M80 are shown by green arrows. The black strips are the informative SNPs obtained
by BSA-RNAseq from different samples/ pools, under P infestans challenge or water treatment. The differential
expression between water inoculation and P, infestans challenge was calculated and visualized by Geneious R10, the
gene differential expression of 3341-15, between water control and Dinteloord (Din) challenge were shown. Three
genes are up-regulated (red arrows) or down-regulated (blue arrows) after Dinteloord (Din) infection.
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BAC screening to generate a physical map of GIG362-6

Based on our genetic analysis, the Pep-25 receptor in 3341-15 is inherited from GIG362-6
(Figure 7). The BAC library of GIG362-6 was already generated for cloning the SCR74-B3b
receptor (Chapter 4). According to our genetic model, GIG362-6 is homozygous for the
functional Pep-25 receptor (Figure 9).

To isolate the BAC clones covering the target mapping interval, several markers were
designed for the BAC screening (Materials and Methods). The markers were firstly tested on
the responsive parental lines GIG362-6 and 3341-15 and screened in the BAC library. One
clone from BACO01-10G was isolated from the GIG362-6 BAC library (Materials and
Methods) and sequenced. However, this BAC did not cover the whole mapping interval
(Figure 13).

The BAC clone was sequenced by PacBio (CNRGYV, INRA, France), it contains 131kb, 19
genes are predicted by the program Augustus (Materials and Methods), and the RNAseq
reads from 10 samples/ pools (Pep-25 responsive pool with water/ Pi treatment; Pep-25 non-
responsive pool with water/ Pi treatment, 3341-15 with water/ Pi treatment, and two previous
described samples of GIG-362-6 and MCD360-1 with water/ Pi treatment) were mapped to
gigBAC01-10G (Figure 13). The automatic annotation was corrected manually based on the
RNAseq data. The expression level and differential expression between samples/ pools were
calculated and visualized by Geneious R10 (Figure 13).

On gigBACO01-10G, there is a large region (=60 kb) with transposable elements related genes
like reverse transcriptase or gag-pol polyprotein, this region might be also represented in the
reference genome, which caused the “gaps” in the reference genome. In addition to this, this
region contains at least 9 full-length or partial receptor-like kinase (RLK) genes (g1, g2, g3,
gll, g12, gl14.1, gl4.2, g16, g17), which are normally involved in the MAMPs/PAMPs
recognition in the plant immunity system. By comparing the gene expression level between
the water treatment and P, infestans treatment samples, or the samples with or without Pep-25
recognition, we found that candidate genes g14.1, g14.2 and g16 are highly expressed after P
infestans treatment (Figure 12). Especially for g14.2, which is up-regulated 5.2 and 2.4 fold
after P, infestans infection, in 3341-15 and GIG362-6, respectively, and it is also up-regulated

in the Pep-25 responsive pool after P, infestans infection.
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Collectively, 3 RLK genes gl4.1, g14.2 and gl6 are the top candidate genes of Pep-25

receptor, cloning these candidate genes and functional testing on plants will be the next step.
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Figure 13. Diagram of BAC clone gigBAC01-10G

The 330 kb mapping interval from DM is shown, gigBAC01-10G was sequenced and is visualized. The 19 genes are
shown by green arrows, the types of genes are annotated by Blastx and marked above the genes. The RNAseq reads
from each sample/pool are mapped to gigBAC01-10G, and the expression levels are calculated in Geneious R10. The
blue arrows are genes with low expression, the red arrows are genes with high expression. The differential expressions
between samples are calculated, the fold of differential expression are shown by number if the P < 0.05. GIG:
GIG362-6, MCD: MCD360-1, 3341: 3341-15, PepNR: Pep-25 non-responsive pool; PepR: Pep-25 responsive pool.
Pi: P infestans treatment; water: water treatment.

Discussion

MAMPs/PAMPs are classical terms of plant-microbe interaction, and it refers to the
conserved molecular patterns from pathogens and microbes. They can be widely recognized by
plants from different families and are essential for the pathogens/microbes involved (Jones
and Dangl, 2006), like the flg22 (Felix e al., 1999). However, with the better knowledge on
plant-microbe interaction, it’s becoming difficult to make an easy definition of MAMPs/
PAMPs. The boundary between PAMPs/MAMPs and typical effectors is getting blurred
(Chapter 2, and Thomma ez a/., 2011).

In pathogens, Pep-13 and Pep-25 are showing a relatively narrow distribution spectrum
(Thomma ez al., 2011), because they are conserved in Phytophthora species but not in other
oomycetes. The TGase activity suggests that the proteins are important to the fitness of
Phytophthora. Attempts to knock-down/ out TGase in P infestans did not succeed (Parker,
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2003). On the other hand, the defense response was so far only found in parsley cell cultures
(Nurnberger ef al., 1994) and visible cell death in potato leaves (Brunner e a/., 2002; Halim ez
al., 2004). In our study, we tested several species from the Solanaceae family. Our findings
indicated that the cell death phenotype to Pep-13/25 recognition is restricted to potato and
not found in tomato, eggplant, pepper and Nicotiana species. However, the connection
between defense response and cell death is still under discussion (Coll ¢# a/, 2011), it is also
possible that Pep-13/25 can be recognized by multiple plant families but the cell death
phenotype is limited to potato. To address this question, more plant families need to be tested
for both occurrence of cell death and defense responses like expression of PR genes and ROS
after Pep-13/25 treatment. It is foreseen that the cloning of the Pep-13/25 receptor from

potato will help to answer this question.

From our screening, we have another intriguing finding. Generally, the responding potato
genotypes, including most potato cultivars, can recognize both Pep-13 and Pep-15. However,
36% of the responding wild potatoes, only recognize Pep-25 but not Pep-13 (Tablel). This
suggests that Pep-13 doesn’t always contain the minimal units for eliciting cell death response
in potato. This observation indicates that the receptor from these plants can only recognize
Pep-25, not Pep-13. On the other hand, the data from this large scale screen would benefit
from further confirmations, and observed differences might disappear by e.g. altering the
infiltrated protein concentrations. These questions can be answered after cloning the receptor
from GIG362-6, which seems to be Pep-25 specific, as well as from DM that responds to
both Pep-13/Pep-25.

Our Pep-13/25 screening raised another question, whether the Pep-13/Pep-25 receptor from
potato is the same gene as parsley? Previously, it was reported that the potential Pep-13
receptor in parsley might be a monomeric 100 kDa protein on the plasma membrane
(Nennstiel ef al., 1998). Based on our screening data, the recognition of Pep-13 and Pep-25
might have evolved independently in potatoes, but not on other Solanaceae. In line with this,
the Pep-13/25 receptor in parsley may also have evolved independently, or, the Pep-13/25
receptor might be the same, but the mechanism of the defense response eliciting and the HR-

like cell death may be different in potato and parsley.

Another observation from our Pep-13/25 screening is that most cultivars (8. zuberosum Group
Tuberosum) or cultivated landraces (8. fuberosum Group Andigena, S. phureja and .
stenotomum) responded to both peptides (Figure 3). Therefore, we specilate that the
Pep-13/25 receptor is expected to originate from wild species during domestication, however,

most potato cultivars are not resistant to P, infestans, so the question has to be answered why

136



Pep-13/25

active Pep-13/25 receptors are present in cultivars? It could either be that the Pep-13/25
receptor showed a strong resistance to P, infestans but that it was broken by the fast evolving P
infestans, potentially by evolving effectors which could inhibit or block the Pep13/25 receptor.
For example, a well-studied P, infestans RXLR effector Avr3aKl can inhibit cell death response
induced by INF1 from P infestans (Bos et al., 2006). Alternatively, the Pep-13/25 receptor

might be closely linked to some domestication traits which were preferred in potato cultivars.

To test if the Pep-25 receptor contributes to late blight resistance, we performed a detached
leaf analysis on the segregating population to Pep-25 response (data not shown). The Pep-25
responsive group was not more resistant than the Pep-25 non-responsive group, and our data
do not support that Pep-25 receptor would enhance late blight resistance. However, the
MAMPs/PAMPs triggered immunity acts in the early stage of pathogen invasion, so other
measurement methods might be needed to detect the role of Pep-25 receptor in immunity. It
is still worthwhile to test the disease resistance to late blight when the Pep-25 receptor is
cloned after stable transformation into non-responsive genotype. If Pep-25 receptor is
showing a minor effect on late blight, it can be stacked with other surface immune receptors,

and with VLR genes to achieve a more durable resistance.

In this study, we also developed a pipeline for fast mapping potato genes by BSA-RNAseq
(Figure 8). It’s the first time to apply BSA-RNAseq on potato, and our result demonstrated
that BSA-RNAseq can dramatically accelerate the speed of map-based cloning. Once the
segregating population is ready, the BSA-RNAseq can rapidly map the gene to a given
chromosome within two months. And it is noteworthy that all the markers needed for fine
mapping are ready to use (Figure 10). Meantime, with the infected and non-infected

treatment, the differential expression data would also facilitate to obtain the candidate gene.

In this study, the candidate gene has been mapped to a =330 kb of the potato reference
genome. However, there are some gaps on the reference genome, and they might be caused by
the presence of repetitive sequences. We sequenced a BAC clone from GIG362-6 (Figure
7A), and more BAC clones are needed to cover the whole mapping interval. Based on the
DM genome and the 1 sequenced BAC clone, our finding indicates that the Pep-25 receptor
is located in a RLK cluster that contains at least 9 RLK genes. By combining with the SNPs
information and the differential expression data from BSA-RNAseq, 3 RLK genes are our top
candidate Pep-25 receptors (Figure 13). The next step is to clone the candidate genes into
expression vector and transient express them in plants which do not respond to Pep-25, then

infiltrate Pep-25 peptides to see if the cell-death phenotype will be recovered.
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Materials and Methods

Synthesis of Pep-13 and Pep-25

Pep-13 (VWN QPV RGF KVY E) and Pep-25 (DVT AGA EVW NQP VRG FKY EQT
EMT E) were synthesized by GenScript, the peptides were dissolved by MQ_water, the stock
concentrations were 2.58 mmolar for Pepl3 and 1.68mmolar for Pep25. The working
concentration was 1000x dilution of the stock by tap water. For the protein infiltration, the
peptides Pep-13 and Pep-25 were infiltrated into abaxial side of plant leaves by needleless
syringe and then 3 days after infiltration, scored for symptom development (cell death).

Plant materials used in this study

The seeds of 24 tomato, 7 eggplant and 10 pepper accessions were obtained from the Centre
for Genetic Resources, the Netherlands (CGN; see Materials and Methods in Chapter 4).
'They were sown in the greenhouse, and the protein infiltration was performed 6 weeks after

germination. Three leaves per plant, and 3 plants per peptide were used.

In addition, Nicotiana benthamiana Nicotiana glutinosa and 6 cultivars of Nicotiana tabacum,
including cv. Rustica, cv. White burley, cv. Cleveland, cv. Samsun, cv. Xanthii and cv. SR1 were
also tested with the peptides Pep-13 and Pep-25 for response. The seeds were obtained from
Unifarm of Wageningen University and Research. Six weeks plants were used for protein

infiltration.

All the wild species and potato cultivars were from the in vitro collection of Plant Breeding,
Wageningen University and Research. These plants are maintained iz vifro on MS20 medium
at 25 °C. Top shoots of plants were cut and clonally propagated 2 weeks before transfer to the
soil in a climate controlled greenhouse compartment at 22 °C/18 °C day/night temperature

regime under long day conditions.

Generation of the mapping population

'The crossings between selected clones were made in different years and the seedlings obtained

were propagated and grown in wifro on MS20 medium for 2 weeks, before moving to
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seedlings into the greenhouse. When the plants were flowering, the mother plant was
emasculated before the flower opened, 3 days after, the pollen from the father plant were
collected on a small glass slide, then dipped on the pistil of the mother plant. Ripe berries
were collected, the seeds were collected and cleaned by water, then they air-dried on filter

paper before packaging.

The seeds needed to be sterilized before germinating, 70% ethanol was used for rinsing the
seeds, followed by treatment with a solution of 1.5% hypochlorite with one droplet of tween
for sterilization. Autoclaved water was used for washing to removing the hypochlorite. For
germination the seeds were placed on MS20 medium (with 1000 ppm GA3 if the seeds were
new for breaking the dormancy) and put in the dark.

Alternatively, the seeds could be sown in the greenhouse directly for large recombinant
screening. After genotyping, the selected recombinants were sterilized and moved into the in

wvitro collection for later analyses.

Sample preparation and RNA isolation for BSA-RNAseq

100 seeds from population 3521 (3341-15 x MCD360-1) were sown in the greenhouse.
When they were 6 weeks old, Pep-25 peptides and water were infiltrated for phenotyping. The
infiltration was performed on 3 leaves and was repeated at least for 3 times on the same plant.
When the phenotyping was clear, the leaves from 34 Pep-25 responsive and 34 Pep-25 non-
responsive progenies and the mapping parents 3341-15 and MCD360-1 were collected for
inoculation with P infestans. 'The RNAseq data from Pep-25 non-responsive parent
MCD360-1 were ready from previous studies in Chapter 4. 48 hours after inoculation, hole
punch with 1em diameter was used per leaf disc, 2 leaf discs from the same plant are collected
into 2ml tubes with 2 small metal beads and immediately frozen by liquid nitrogen. In the
end, 6 samples were collected, i.e., 34 Pep-25 responsive progenies with water inoculation or
inoculation with isolate Dinteloord , 34 Pep-25 non-responsive progenies with water
inoculation or inoculation with isolate Dinteloord and 3341-15 with water inoculation or

inoculation with isolate Dinteloord.

The 6 samples were grinded by TissueLyser II (QIAGEN). Then 100mg samples were used
for RNA isolation by RNeasy Plus Mini Kit from QIAGEN following industrial instructions.
The gDNA eliminator spin column from the kit could efficiently remove the gDNA. The 6
RNA samples were tested by agarose electrophoresis and quantified by Nanodrop
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(ThermoFisher). The 6 RNA samples were send to Novogene (Beijing, China) with dry ice for

RNA sequencing.

Bioinformatic analysis

Paired-end Illumina HiSeq reads were first checked with FastQC (v0.10.0; http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and the adapters were trimmed with
trimmomatic v0.36 (Bolger e# al., 2014). The trimmed reads were then mapped on the potato
DM genome (v4.03) using STAR v2.5 (Dobin e# a/., 2013). Pile up files were generated for
the bulk and parents using SAMtools mpileup with default settings and piped into VarScan
mpileup2snp (v2.3.7) (Koboldt ef a/., 2012)

SNPs were filtered using the custom Java code (Chapter 3) to retain informative SNPs
present in both bulks and both parents. SNPs were filtered based on expected allele ratios in
responsive/non-responsive (responsive: Rr; non-responsive: rr) samples. To be retained each
SNP had a minimum read depth of 50 and alternate allele ratios reflecting the expected
genotype: 0-10% or 90-100% alternate allele for non-responsive and 40-60% alternate allele
for responsive. BEDTools intersect (v2.20.1) (Quinlan and Hall, 2010) was used to extract
SNPs present in both bulks and parents (informative SNPs) and to relate the informative
SNP locations to transcripts of the reference genome. The number of parental, bulk and
informative SNPs and variant genes were plotted in 1 Mb bins across each chromosome and

visualized using R (Chapter 3).

High resolution melting (HRM) marker development and
analysis

The BAM file and VCEF file for the filtered informative SNPs were visualized by Geneious
R10 (Kearse ez al., 2012) (http://www.geneious.com). The primers were designed in Geneious
R10, ideally the PCR product should only contain 1 informative SNP and the size is between
80-150 bp. Primers flanking the informative SNPs were manually selected on the conserved
sequences of both parents, R and NR bulks. The protocol for DNA isolation and HRM

markers can be found in Chapter 4.
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The BAC library

The BAC library of GIG362-6 was generated as described in Chapter 4. PCR primers were
designed in the mapping interval based on the DM genome for detecting the positive BAC

clones.

Detached leaf assay

P infestans isolates were propagated on rye medium for 14 days in a 15°C climate chamber.
'The zoospores were collected in cold water, and 10 pl suspension (5 x 104 zoospores/ml) was
used to inoculate plants. The leaves were sampled from 10 weeks-old plants. Samples from
Pep-25 responsive progenies and Pep-25 non-responsive progenies from population 3521
(3341-15 x MCD360-1) were picked separately after phenotyping. The experimental

procedure was as mentioned previously (Chapter 2).

Acknowledgements

This work was supported by a NWO-VIDI grant 12378 (X.L., E.D., V.G.A.A.V.), China
Scholarship Council (CSC) (X.L). We thank Isolde Bertram-Pereira for culturing Solanum
plants, Henk Smid and Harm Wiegersma for help in the greenhouse. We thank the centre for
genetic resources, the Netherlands (CGN) for providing the seeds of Solanaceae plants used
in this study. We thank Dr. Helene Berges and Caroline Callot from the French Plant
Genomic Resource Center (INRA-CNRGV) for their help to sequence the BAC clone.

141



Chapter 5

References

Albert I, Bshm H, Albert M, Feiler CE, Imkampe J, Wallmeroth N, Brancato C,
Raaymakers TM, Oome S, Zhang H, et al (2015) An RLP23-SOBIR1-BAK1
complex mediates NLP-triggered immunity. NPLANTS 1: 15140

Bailey BA, Dean JFD, Anderson JD (1990) An Ethylene Biosynthesis-Inducing
Endoxylanase Elicits Electrolyte Leakage and Necrosis in Nicotiana tabacum cv Xanthi
Leaves. PLANT PHYSIOLOGY 94: 1849-1854

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30: 2114-2120

Bos JIB, Kanneganti T-D, Young C, Cakir C, Huitema E, Win J, Armstrong MR, Birch
PR]J, Kamoun S (2006) The C-terminal half of Phytophthora infestans RXLR effector
AVR3a is sufficient to trigger R3a-mediated hypersensitivity and suppress INF1-
induced cell death in Nicotiana benthamiana. The Plant Journal 48: 165-176

Bohm H, Albert I, Oome S, Raaymakers TM, Van den Ackerveken G, Niirnberger T

(2014) A conserved peptide pattern from a widespread microbial virulence factor triggers

pattern-induced immunity in Arabidopsis. PLoS Pathog 10: €1004491

Brunner F, Rosahl S, Lee J, Rudd JJ, Geiler C, Kauppinen S, Rasmussen G, Scheel D,
Niirnberger T' (2002) Pep-13, a plant defense-inducing pathogen-associated pattern
from Phytophthora transglutaminases. The EMBO Journal 21: 6681-6688

Coll NS, Epple P, Dangl JL (2011) Programmed cell death in the plant immune system. Cell
Death and Differentiation 18: 1247

Dangl JL, Horvath DM, Staskawicz BJ (2013) Pivoting the plant immune system from
dissection to deployment. Science 341: 746-751

Derevnina L, Dagdas YF, la Concepcion De JC, Bialas A, Kellner R, Petre B, Domazakis
E, DuJ, Wu C-H, Lin X, et al (2016) Nine things to know about elicitins. New Phytol
1-8

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M,
Gingeras TR (2013) STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29: 15—
21

Domazakis E, Lin X, Aguilera-Galvez C, Wouters D, Bijsterbosch G, Wolters PJ,
Vleeshouwers VGAA (2017) Effectoromics-Based Identification of Cell Surface

Receptors in Potato. In Plant Pattern Recognition Receptors. Humana Press, New York,
NY, pp 337-353

Du J, Verzaux E, Chaparro-Garcia A, Bijsterbosch G, Keizer LCP, Zhou J, Liebrand
TWH, Xie C, Govers F, Robatzek S, et al (2015) Elicitin recognition confers enhanced
resistance to Phytophthora infestans in potato. NPLANT'S 10.1038-nplants.2015.34

Felix G, Duran JD, Volko S, Boller T (1999) Plants have a sensitive perception system for
the most conserved domain of bacterial flagellin. The Plant Journal 18: 265-276

Gijzen M, Niirnberger T (2006) Nepl-like proteins from plant pathogens: recruitment and
diversification of the NPP1 domain across taxa. Phytochemistry 67: 1800-1807

142



Pep-13/25

Halim VA, Altmann S, Ellinger D, Eschen Lippold L, Miersch O, Scheel D, Rosahl S
(2009) PAMP-induced defense responses in potato require both salicylic acid and
jasmonic acid. The Plant Journal 57: 230-242

Halim VA, Hunger A, Macioszek V, Landgraf P, Niirnberger T, Scheel D, Rosahl S (2004)
The oligopeptide elicitor Pep-13 induces salicylic acid-dependent and -independent
defense reactions in potato. Physiological and Molecular Plant Pathology 64: 311-318

Hardigan MA, Laimbeer FPE, Newton L, Crisovan E, Hamilton JP, Vaillancourt B,
Wiegert-Rininger K, Wood JC, Douches DS, Farré EM, et al (2017) Genome
diversity of tuber-bearing Solanum uncovers complex evolutionary history and targets of
domestication in the cultivated potato. Proceedings of the National Academy of Sciences

114: E9999-E10008

Haverkort AJ, Boonekamp PM, Hutten R, Jacobsen E, Lotz LAP, Kessel GJT, Vossen JH,
Visser RGF (2016) Durable Late Blight Resistance in Potato Through Dynamic
Varieties Obtained by Cisgenesis: Scientific and Societal Advances in the DuRPh
Project. Potato Res 59: 35-66

Jones JDG, Dangl JL (2006) The plant immune system. Nature 444: 323-329

Jupe F, Witek K, Verweij W, Sliwka J, Pritchard L, Etherington GJ, Maclean D, Cock P]J,
Leggett RM, Bryan GJ, et al (2013) Resistance gene enrichment sequencing (RenSeq)
enables reannotation of the NB-LRR gene family from sequenced plant genomes and

rapid mapping of resistance loci in segregating populations. The Plant Journal 76: 530
544

Ligterink W, Kroj T, Nieden zur U, Hirt H, Scheel D (1997) Receptor-mediated activation
of a MAP kinase in pathogen defense of plants. Science 276: 2054-2057

Liu S, Yeh C-T, Tang HM, Nettleton D, Schnable PS (2012) Gene Mapping via Bulked
Segregant RNA-Seq (BSR-Seq). PLoS ONE 7: e36406

Ma Z, Song T, Zhu L, Ye W, Wang Y, Shao Y, Dong S, Zhang Z, Dou D, Zheng X, et al
(2015) A Phytophthora sojae glycoside hydrolase 12 protein is a major virulence factor
during soybean infection and is recognized as a PAMIP. The Plant Cell 27: 2057-2072

Martin G, Rita C, ] MCB (2002) Transglutaminases: Nature's biological glue. Biochem. ]

Meijer HJG, van de Vondervoort PJI, Yin QY, De Koster CG, Klis FM, Govers F, de
Groot PW] (2006) Identification of cell wall-associated proteins from Phytophthora
ramorum. MPMI 19: 1348-1358

Nennstiel D, Scheel D, Niirnberger T (1998) Characterization and partial purification of an
oligopeptide elicitor receptor from parsley (Petroselinum crispum). FEBS Letters 431:
405-410

Niirnberger T, Nennstiel D, Jabs T, Sacks WR, Hahlbrock K, Scheel D (1994) High
afhinity binding of a fungal oligopeptide elicitor to parsley plasma membranes triggers
multiple defense responses. Cell 78: 449-460

Parker JE (2003) Plant recognition of microbial patterns. Trends in Plant Science. doi:
10.1016/51360-1385(03)00105-5

143



Chapter 5

Parker JE, Schulte W, Hahlbrock K (1991) An extracellular glycoprotein from Phytophthora
megasperma f. sp. glycinea elicits phytoalexin synthesis in cultured parsley cells and
protoplasts. MPMI

Pearce RB, Ride JP (1982) Chitin and related compounds as elicitors of the lignification
response in wounded wheat leaves. Physiological Plant Pathology 20: 119-123

Pel MJC, Pieterse CMJ (2013) Microbial recognition and evasion of host immunity. Journal
of Experimental Botany 64: 1237-1248

Raaymakers TM, Van den Ackerveken G (2016) Extracellular Recognition of Oomycetes
during Biotrophic Infection of Plants. Frontiers in Plant Science 7: 906

Reiss K, Kirchner E, Gijzen M, Zocher G, Loffelhardt B, Niirnberger T, Stehle T, Brunner
F (2011) Structural and phylogenetic analyses of the GP42 transglutaminase from
Phytophthora sojae reveal an evolutionary relationship between oomycetes and marine
Vibrio bacteria. ] Biol Chem 286: 42585—-42593

Séjalon N, Dargent R, Villalba F, Bottin A, Rickauer M, Esquerré-Tugayé MT (1995)
Characterization of a cell-surface antigen isolated from the plant pathogen Phytophthora
parasitica var. nicotianae. Can ] Bot 73: 1104-1108

Spooner DM, Ghislain M, Simon R, Jansky SH, Gavrilenko T (2014) Systematics,
diversity, genetics, and evolution of wild and cultivated potatoes. Bot Rev 80: 283-383

Thomma BPHJ, Niirnberger T, Joosten MHA]J (2011) Of PAMPs and Effectors: the blurred
PTI-ETI dichotomy. The Plant Cell 23: 4-15

Verzaux E, Van Arkel G, Vleeshouwers VGAA (2010) High resolution mapping of genes
conferring resistance to late blight from two wild species of the Solanum circaeifolium
group. edepot.wur.nl

Vleeshouwers VGAA, Rietman H, Krenek P, Champouret N, Young C, Oh S-K, Wang M,
Bouwmeester K, Ben Vosman, Visser RGF, et al (2008) Effector genomics accelerates

discovery and functional profiling of potato disease resistance and Phytophthora infestans
avirulence Genes. PLoS ONE 3: e2875

Witek K, Jupe F, Witek Al, Baker D, Clark MD, Jones JDG (2016) Accelerated cloning of
a potato late blight—resistance gene using RenSeq and SMRT sequencing. Nature
Biotechnology 34: 656-660

XuX, Pan S, Cheng S, Zhang B, Mu D, Ni P, Zhang G, Yang S, Li R, Wang J, et al (2011)
Genome sequence and analysis of the tuber crop potato. Nature 475: 189-195

Zou C, Wang P, Xu Y (2016) Bulked sample analysis in genetics, genomics and crop
improvement. Plant Biotechnology J 14: 1941-1955

144



Pep-13/25

Supplementary data

Supplementary Table S1. Pep-13/25 screening on Solanaceae species

For convenience, this supplementary table is deposited in 4TU.Centre:
https://data.4tu.nl/repository/uuid:9032af40-6¢d0-409d-be0d-76fe0f4ed576

145



Chapter 5

146



Chapter 6

General Discussion




Chapter 6

In this thesis, we used the Phytophthora infestans- potato pathosystem as a model to study the
surface immunity in crop plants. The apoplastic effectors from the Irish famine pathogen P
infestans were used as tools to hunt for the surface immune receptors from Solanum
germplasm. Wild Solanum species have been found to respond to a wide spectrum of effectors
of P infestans. Here, we are targeting the receptors of a wide diversity of apoplastic effectors,
i.e. 1) elicitins, small cysteine-rich (SCR) proteins that are highly conserved and interact with
a known (conserved) receptor ELR, 2) SCR74, belongs to a fast-evolving small cysteine-rich
(SCR) eftector family of P infestans and under positive selection, 3) PcF, which is related to
SCR74 but seems to represent a typical MAMP/PAMP in various Phytophthora species, 4)
Pep-13/25, MAMPs/PAMPs from Phytophthora transglutaminase enzyme GP42.

In Chapter 2, we used an effectoromics strategy to functionally screen the cell death responses
to members of the PcF/SCR family from Phytopthora, in a panel of wild Solanaceae species.
Our data indicates that PcF and SCR74 act as MAMP/PAMP and effector, respectively. In
Chapter 3, a novel receptor-like proteins (RLP)/receptor-like kinases (RLK) gene enrichment
sequencing (RLP/KSeq) method was developed to accelerate mapping of plant surface
immune receptors. We used the INF1 receptor ELR as a proof of concept and we localized a
novel SCR74 receptor on chromosome 9. In Chapter 4, we expanded the mapping population
and fine-mapped the SCR74 receptor to a G-LecRK locus. The candidate G-LecRK genes
were functionally tested in plants by co-expressing them with the SCR74 effector. In Chapter
5, we screened Pep-13/25 peptides for inducing cell death in Solanaceae species. A
segregating population was generated for Pep-25 responsiveness and a bulked-segregant
analysis and RNAseq (BSA-RNAseq) method was applied, which allowed us to quickly map

the Pep-25 receptor to a RLK gene cluster on chromosome 3.

. MAMPs/PAMPs, effectors, surface immune
receptors and durable resistance

'The plant innate immune system was described by a classic “Zigzag” model that consists of
two layers, namely MAMP/PAMP-triggered immunity (MTI/PTI) and effector-triggered
immunity (ETI) (Jones and Dangl, 2006). In most cases, the MTI/PTI is mediated by plant
pattern recognition receptors (PRRs), which are cell surface localized RLKs and RLPs that
typically recognize MAMPs/PAMPs that are stereotypically conserved. However, the term
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PRR is used incorrectly sometimes (Zipfel, 2009), because pathogens can also secrete
apoplastic effectors that are fast evolving. In the meantime, with the growing knowledge of
this effector biology, the boundary between the MAMPs/PAMPs and effectors, and
consequently between PTT/MTT and ETI, is less strict in many cases. Therefore, an invasion
model was proposed, which describes those ligand/ receptor molecules in a continuous

manner (Thomma e# a/., 2011; Cook ez al., 2015).
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Figure 1. Schematic representation of the Phytophthora - host plant interaction,

X

combining the zigzag model and invasion model

Some MAMPs/PAMPs from Phytophthora including XEG1, CBEL, Pep-13, NPP1, INF1 and PcF, and some
apoplastic effectors like SCR74, SCR96, EPIC1, EPI10, EPI1, EPIC2B. The gradient arrays reflect the invasion
model, the MAMPs/PAMPs and effectors are in a continuous state. The PcE/SCR family provides an example that
an effector family can possess both typical MAMPs/PAMP and effector features, and we hypothesize that SCR74
family has evolved from PcF, and has been shaped by co-evolution with receptor genes from host plants (dotted line
connect PcF and SCR74). Similarly, the surface immune receptors can recognize proteins that fit the criteria of
MAMPs/PAMPs or apoplastic effectors, and consequently, they remain conserved, or co-evolve with the apoplastic
effectors, respectively. To suppress the surface immunity, Phytophthora secretes RXLR effectors into plant cell, which
might be recognized by plant NLR receptors and trigger ETT.
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In this thesis, we use the term ‘surface immune receptors’, for receptors that recognize the
extracellular molecules from pathogens, including conserved MAMPs/PAMPs and fast
evolving apoplastic effectors. These surface immune receptors form the first layer of active

defense (Figure 1).

PcF and SCR74, from MAMP to effector and co-evolution
with the host receptor

In Chapter 2, we studied the PcF/SCR family, proteins that share a common PcF domain,
which are specific present in oomycetes. We found that PcF'is conserved in Phytophthora, and
can be widely recognized by different plant species, like strawberry, tomato and potato. So, we
concluded that PcF fits the concept of MAMPs/PAMPs. On the contrary, we found that the
SCR74 family is lineage specific. SCR74 variants are exclusively present in P, infestans, their
sequences are highly diverse and the genes are under strong positive selection pressure. For
these reasons, we consider the SCR74 family do not act as typical MAMPs/PAMPs, but
rather representing apoplastic effectors. Therefore, we propose that some MAMP-like
molecules, such as PcF, can develop into an apoplastic effector, such as SCR74, that co-evolves
with the corresponding receptors of their hosts. In turn, the respective host receptor is

expected to be fast-evolving as well.

In this thesis, the putative SCR74-B3b receptor is mapped to a G-LecRK locus of potato, as
described in Chapter 4. The candidate G-LecRK genes show copy number variation in the two
haplotypes of GIG362-6, with 2 or 5 copies, respectively. By comparing this locus with other
sequenced genomes of Solanaceae, we found only 1 G-/ecRK gene in tomato and pepper
genome, and 2 G-/ecRK in eggplant genome. Intriguingly, the copy number of these G-/ecRKs
in different potato genomes varies dramatically. Namely, 3, 4 and 7 full-length or partial G-
LecRK genes were found in the DM potato, Solanum wverrucosum and Solanum chacoense
genomes, respectively (Chapter 4 Figure 5). This observation fits well with our hypothesis
that the highly diverse apoplastic SCR74 co-evolves with their host receptor in potato.
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Pep13/25, how to not be a good MAMPs/PAMPs

Previously, MAMPs/PAMPs were thought to be conserved epitopes from pathogen proteins,
like flg22 or elf18 (Jones and Dangl, 2006), that interact with the corresponding surface
immune receptors, like FLS2 or EFR (Gémez-Gémez and Boller, 2000; Zipfel ez al., 2006),
respectively. However, MAMPs/PAMPs are not invariable, even for the well-studied flg22, a
genomic study of Pseudomonas syringae pv. Tomato (Pto) revealed that an ancestral allele of
fig22 triggered stronger immune response, but it is rarely present in current Pfo populations
(Cai et al.,, 2011). And in plants, new surface immune receptors have evolved against different
epitopes of the same protein, e.g. FLS3 that recognizes flglI-28 of flagellin (Hind ez aZ,
2016).

In Chapter 5, we studied a typical Phytophthora MAMPs/PAMPs Pep-13/25, they are
conserved in Phytophthora species. Pep-13/25 peptides trigger defense and cell death responses
in parsley and potato, respectively, but if Pep-13/25 recognition is common in different plant
families remained unclear. We screened many Solanaceae species, including potato, tomato,
pepper, eggplant and Nicotiana spp., for cell-death responses after Pep-13/25 infiltration, but
the cell death was limited to cultivated and wild potatoes. Our data indicates that the ability
to respond to Pep-13/25 is very common in the cultivated potatoes (8. fuberosum) and some
landraces, but relatively rare in the wild potatoes. These data indicate that the surface immune
receptor might not be very conserved among plant species. This also raises the question
whether the Pep-13/25 receptors from parsley and potato represent the same genes, or,
whether the Pep-13/25 recognition evolved independently in parsley and potato? To address
this question, more plant species need to be tested for Pep-13/25 recognition, and the cloning

of Pep-13/25 receptors will reveal the answer.

Do surface immune receptors confer enhanced disease
resistance?

Apoplastic immunity is the first line of active plant defense, a basic immune response which is

triggered upon recognition of MAMPs/PAMPs or apoplastic effectors from pathogens. Vice

versa, losing this layer of immunity is expected to increase the susceptibility of plants. Indeed,
g 4 P P %
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in a recent study of virus-induced gene silencing (VIGS) of SOBIR1, a co-receptor of RLPs,
led to increased susceptibility to P infestans in N. benthamiana (Domazakis ez al., 2018). This

suggests that RLPs play an important role in enhancing disease resistance.

However, with the emerging knowledge on surface immunity, can we expect that introducing
new surface immune receptors will increase disease resistance? In principle, PTT and ETI
share many common pathways and trigger similar immune responses, like ROS production,
MAP kinases activation, callose deposition, and consequently up-regulation of pathogenesis-
related (PR) genes and plant hormones related genes (Tsuda and Katagiri, 2010). A large-
scale transcriptome study shows that PTI and ETI shares many common features at the
transcriptional level (Navarro, 2004). However, the PTT responses triggered by PRR occur
typically in the early stage of infection, but disappear quickly, whereas the ETI response
triggered by NLR receptors are generally prolonged (Tsuda and Katagiri, 2010).

So far, various surface immune receptors were reported to enhance resistance in the laboratory
or under greenhouse conditions, e.g. FLS2. EFR, RLP23, CORE, LORE, ELR and RXEG1
(Wang e al., 2016; Zipfel et al., 2006; Lacombe e# al., 2010; Albert e al., 2015; Du ez al,
2015; Ranf ef al., 2015; Zipfel et al., 2004; Hind e# al., 2016; Wang ef al., 2018) (Table 1).
Some other surface immune receptors were shown to enhance disease or pest resistance in the

field, like Xa21, and OsLecRK1-OsLecRK3 (Tu ef a/., 2000; Liu e£ al., 2015).

Remarkably, many studies show that interfamily transformation of these surface immune
receptors may enhance the disease resistance, like EFR and RLP23 (Lacombe ef al., 2010;
Albert et al., 2015) (Table 1). The practices of interfamily transformation promises to further
expand the gene pool for resistance breeding. Theoretically, non-adapted pathogens may have
failed to evolve the effectors that inhibit the surface immunity of a non-host plants, and this

could lead to a huge practical potential.

Currently, breeding for resistance to late blight is still mainly depending on the R genes of the
NLR class. Attempt has been made to stack multiple NLR genes (Jo et al., 2014), which is
more efficient and expected to last longer than single VLR gene, however, the pathogens still

have a chance to defeat the stacked R genes by many strategies (Vleeshouwers and Oliver,

152



General Discussion

2014). On the other hand, some NLR genes have a “fitness cost” for the plants (Tian ez al,
2003), so how to fine-tune the plant immune system is crucial to achieve the goal of durable

resistance.

Table 1. Surface immune receptors enhance plant disease resistance.

Surface immune From Type MAMPs E h g Path Reference
receptor expression
CORE tomato RLK csp22 Arabidopsis Pseudomonas syringae pv. tomato DC 3000 (Wang, 2016)
EFR Arabidopsis RLK EF-Tu N. benthamiana Pseudomonas syringae pv. syringae (Pss) BT28a  (Zipfel, 2006)
N. benthamiana Pseudomonas syringae pv. tabaci (Pta) 11528 (Lacombe, 2010)
N. benthamiana Agrobacterium tumefaciens
Tomato Xanthomonas perforans
lomato Ralstonia solanacearum GMI1000
RLP23 tomato RLP NLPs (nlp20)  potato Phytophthora infestans (Albert, 2015)
RLP23 potato Sclerotinia sclerotiorum
FLR potato RLP INF1 potato Phytophthora infestans (Du, 2015)
LORE Arabidopsis G-LecRK  LPS Arabidopsis Pseudomonas syringae (Ranf, 2015)
FLS2 Arabidopsis RLK flg22 Arabidopsis Pseudomonas syringae pv. tomato DC 3000 (Zipfel, 2004)
FLS3 Tomato RLK flgIT-28 Tomato Pseudomonas syringae pv. tomato DC 3000 (Ilind, 2016)
Xa2l Wild rice RLK RaxX Rice cultivar Xanthomonas oryzae pv. oryzae (Xoo) (Wang, 1996)
Banana Xe pestris pv. (Xem)  (Tripathi, 2014)
Sweet orange Xanthomonas axonopodis pv. citri (Mendes, 2010)
Tomato Ralstonia solanacearum, (Afroz, 2011)
Vel tomato RLP tomato Cotton Verticillium spp. (Song, 2018)
Tobacco Verticillium spp. (Song, 2018)
Arabidopsis Verticillium spp (Fradin, 2011)
LecRK-1.9 Arabidopsis L-LecRK  eATP Potato and N. benthamiana  Phytophthora infestans (Bouwmeester, 2014)
LecRK-VI.2 Arabidopsis L-LecRK N. benthamiana Psrudomonas (Huang 2014)
RXEGI N. benthamiana RLK XEG1 N. benthamiana Phytophthora parasitica (Wang, 2018)

Except the interfamily transformation, pyramiding NLR genes and surface immune receptors
can potentially confer strong and more durable resistance. For example, Bs2 is a NLR gene
from pepper, which can recognize AvrBs2 from Xanthomonas campestris pv. Vesicatoria.
Transferring Bs2 to tomato resulted in strong resistance to bacterial spot (Tai e# al., 1999)
when pyramided with the surface immune receptor EFR from Arabidopsis. The transformed
tomato shows enhanced and broad-spectrum resistance to many bacterial pathogens
(Lacombe ez al.,, 2010). In a more recent study, the combination of Bs2 and EFR in tomato
was proven also efficient in the field (Kunwar e# al., 2018). Therefore, recruiting both layers of

immune systems provide an alternative strategy to achieve more durable resistance.

'The most ideal situation is to turn the crops from a host to a nonhost of the deadly pathogens.
Nonbhost resistance (NHR) can be divided into two classes. Type I NHR does not show any
visible HR, whereas Type II NHR results in a rapid HR. VLR genes are sometimes involved
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in the Type II NHR, by recognition of the Avr genes from the pathogen, but the Type 11
NHR can still be broken by the pathogen (Gassmann e# al., 2000). On the other hand, the
surface immune receptors might be involved in the Type I NHR. For example, parsley is not a
host of P, infestans, so the Pep-13/25 induced cell-death was thought to be the source of NHR
in parsley (Kamoun, 2001). Therefore, studying the plant surface immunity might reveal the

mechanism of type I NHR, stop the pathogen at first sight.

Do the putative SCR74 and Pep-13/25 receptor confer
resistance?

To test if the surface immune receptors studied in this thesis can enhance the resistance to P
infestans, we performed preliminary detached leaf assay (DLA) experiments to test whether
response to SCR74 and Pep-25, respectively, co-segregates with resistance to P infestans,
however, such correlation was not detected (Chapter 2 and Chapter 5). This observation can
be explained by the fact that the resistance is too low to be detected among other immune
receptors in the wild Solanum background, or that the surface immune receptors are inhibited

by the P, infestans RXLR effectors, or a combination of both.

However, more variables need to be considered in such experiments. For SCR74, most P
infestans isolates carry multiple SCR74 homologs, and indeed for the SCR74-responsiveness
genotype GIG362-6, which is highly resistant to P, infestans, it is expected to carry multiple
immune receptors that recognize other effectors or MAMPs/PAMPs. To dissect the
contribution of SCR74 among the wide-ranging effector repertoire that is potentially
detected in these wild potatoes, the experiment would benefit from testing other P, infestans
isolates that cause more extreme differences in resistance level of the parental plants (Chapter
2). And obviously, a better way to address the question would be to test transgenic potato
plants that express the receptor, once isolated, as shown by (Du ez al, 2015).

So far, the real biological function of SCR74 remains unknown. Theoretically, the interaction
between the apoplastic effectors and surface immune receptors is in the early stage of the
infection (Zipfel, 2009). Therefore, whether the DLA that monitors lesion size at later time
points can detect the effect of SCR74 is questionable. More detailed studies of early infection

stages at the microscopic level might shed more light on the effect of SCR74 and the
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matching receptor. On the other hand, a clean genetic background is important for both the P
infestans and plants which can be achieved for instance, by generating P, infestans strains with
only 1 scr74 gene, and test this strain on the plants with or without the corresponding

reccptor .

For the Pep-13/25, we found that the Pep-13/25 receptor is likely present in most modern
potato cultivars, regardless whether they are resistant or susceptible to P infestans. However,
the Pep-13/25 receptor might still contribute to the basic immunity of the plants. Once the
receptor has been identified, gene editing technologies like CRISPR/ Cas9 can be used to
knock out the receptor in potato cultivars to study the effect. Another possibility is that P
infestans has evolved specific RXLR effectors that inhibit the Pep-13/25-triggered immunity
(effector-triggered susceptibility, ETS). In such scenario, interfamily transfer of the Pep-13/
Pep-25 receptor to other crops might enhance resistance. For instance, transfer of Pep-13/25
receptor from potato to soybean might enhance the resistance to P, sojae, which also carries the
Pep-13/25 but might not have evolved the effectors that cause ETS. Further studied need to
be performed to see if the RXLR effectors from different Phytophthora species can inhibit the
Pep-13/25 response.

Il. The missing link between plant immunity and
plant fertilization system

Plants have an ancient immunity system

'The origin of the plant immune system can be traced back to unicellular organisms. Currently,
genomics-based phylogeny data indicate that RLKs are the most ancient immune receptors,
that even were found back in algae (544 MYA) (Yue ez al., 2012). In a recent study, the earliest
complete 7TR-NBS-LRR genes were identified in Bryophytes (360 MYA), indicating that
these VLR genes are much younger than the RLK genes. These phylogenetic analyses agree
well with the “zig-zag” model of Jones and Dangl (2006), indicating ETT was deployed when

the PTT had been overcome by effectors from pathogens.
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Reproduction and self-incompatibility systems in flowering
plants

In flowering plants, successful fertilization, or self-incompatibility (SI) requires many steps in
the cell-to-cell communication. This is mainly mediated by SCR proteins as signals, and their
corresponding receptors for signaling. From an evolutionary point of view, self-fertilization
has been seen to be an “evolutionary dead end” for plants (Takebayashi and Morrell, 2001;
Wright ef al., 2013). In contrast, self-incompatibility and outbreeding of plants increases
genetic variation as well as the adaptation and fitness of plants. Plant SI systems have evolved
in flowering plants over a long period of time (130 MYA) (Figure 2), leading to greater
genetic diversity. It might be the answer of Darwin’s “abominable mystery”, which was used to
describe the booming of flowering plants in the middle of the Cretaceous period
(Whitehouse, 1950). Up to date, SI systems have been found in around 40% of flowering
plant species and in at least 100 plant families (Fujii e# a/, 2016). It has been speculated that

SI systems evolved independently many times in flowering plants (Igic e# a/., 2008).

In many plant species, the SI system is controlled by a single S-locus from different
haplotypes (Takayama and Isogai, 2005) with tightly linked male and female S-determinants,
which are specifically expressed in pollen and pistils, respectively. So far, there are three well-
studied plant SI systems. Two of them are gametophytic SI (GSI), in which the pollen itself
determines the S-specificity, including the Papaver rhoeas pollen or stigma § gene PrpS-PrsS
in Papaveraceae and S-locus F-box gene (SLFs)-S-RNase in Solanaceae, respectively (Murfett
et al., 1994; Wheeler ef al., 2009; Kubo e al., 2010). In the Brassicaceae, a sporophytic SI
(SSI) system is active, and in this case, the S-specificity is determined by SRK-SCR proteins
(Schopfer et al., 1999; Takasaki ez al., 2000) .
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544Mya 360Mya 130Mya
Algae Mosses Flowing plants

Figure 2. Time scale of the emergence in plants of the PTI and ETI disease immune

systems and the self-incompatibility (SI) for fertilization system.

RLK receptors that are involved in PTI plant immunity can be traced back 544 Mya, as receptor-like kinases were
found in algae. The first NLR genes were found in Mosses (360 Mya), The SI system has evolved in flowering plants
130 Mya ago.

Missing link between plant fertilization and immune
system

How SI systems have evolved in plants remain unclear, but it is difficult to expect a de-novo
development of such a complicated system. Thus it is tempting to speculate that the plant SI
system evolved from another already existing non-self-recognition system, like the plant
immune system (Hodgkin e# al., 1988; Dickinson, 1994). Except for the plant SI system as a
whole, many other processes during plant fertilization, like the pollen tube germination and
tip growth, pollen tube guidance and reception, also share similarities with the plant immune
system. With the growing knowledge about the plant fertilization system and the plant
immune system, we here provide new insight into both systems and try to establish a link. The
understanding of the plant self- and non-self-recognition systems enables us to utilize the SI

system at one hand and to achieve durable disease resistance on the other hand, or vice versa.

157



Chapter 6

Small cysteine-rich proteins in plants and pathogens

SCR proteins are widely distributed and versatile in different organisms, here we define SCR
proteins based on the following criteria: 1. They are small; 2. Have a conserved N-terminal
signal peptide; and 3. Contain 4-16 cysteines to form disulfide bridges (Marshall ez /., 2011).
In plants, small cysteine-rich (SCR) proteins are very versatile, they can act as antimicrobial
peptides, such as defensins (DEFs), like RsAFP2, MsDefl and ZmESR-6 (Terras ez al., 1992;
Balandin ez al., 2005; Sagaram e# al., 2011; Van Der Weerden ez al., 2012).

Many SCR proteins also participate in multiple steps during double fertilization in flowering
plants, for example, LAT52, LeSTIG, SCA and LTP5 are proteins involved in pollen tube
germination (Muschietti ez a/., 1994; Park ez al., 2000; Tang ez al., 2004; Chae ez al., 2010). So
far, only the receptor of LAT52 and LeSTIG have been found and they are encoded by the
LRR-RLK gene LePRKs (Tang e# al., 2002). LURE is a pollen attractant which is secreted
from synergid cells (Okuda ef al., 2009), and has found to be recognized by multiple RLKs,
including MIK1-MDIS1 and PRK3/PRK6-PRK6 (Takeuchi and Higashiyama, 2016; Wang
et al., 2016). Specific SCR proteins also do participate in pollen tube reception and gamete
activation, like RALFs, ZmES1-4, PMEI1 and EC1 (Pearce ef al., 2001; Amien e al., 2010;
Sprunck ef al., 2012; Woriedh ez al., 2013). (Table 2 and Figure 4).

Additionally, several SCR proteins are involved in plant self-incompatibility, for example,
SCR/SP11 and PrsS, which determine SSI and GSI in Brassicaceae and Papaveraceae,
respectively (Foote et al, 1994; Shiba ef al, 2001). The receptor of SCR/SP11 is SRK,
encoded by a G-LecRK gene (Takayama ef a/, 2001) and the receptor of PrsS is PrpS
(Wheeler ez al., 2009) (Table 2 and Figure 3).

In plant pathogens, many pathogen-encoded apoplastic effectors are also SCR proteins, and
the disulfide bridges formed by cysteines can keep them stable to resist the harsh environment
in the apoplast. Examples are AVR2, AVR4, AVR4E, AVR5, AVR9 and ECP6 from
Cladosporium fulvum (Joosten ef al., 1994; Van den Ackerveken ez al., 1994;
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Table 2. SCR proteins in plants and pathogens

Function

Plant SCR

reference

Receptor Type reference
SCR/ SP11 (Shiba, 2001) SRK G-LecRK (Takayama, 2001)
Self-incompatibility
PrsS (Foote, 1994) PrpS (Wheeler, 2009)
LAT52 (Oleel) (Muschietti, 1994) LePRKs LRR-RLK (Tang, 2002)
Pollen tube germination and LeSTIG (Tang, 2004) LePRKs LRR-RLK (Tang, 2002)
tip growth SCA (Park, 2000)
LTP5 (Chae, 2010)
Micropylar pollen tube LURE (Okuda, 2009) MIK1/ MDIS1, PRK3 or RLK (Wang, 2016) (Takeuchi,
guidance PRK6
RALFs (Pearce, 2001) FER Malectin-like receptor (Haruta, 2014)
kinase
Pollen tube reception ZmES1-4 (Amien, 2010)
PMEI1 (Woriedh, 2013)
Gamete activation EC1 (Sprunck, 2012)
Function Fungi/ oomycete SCR Reference Receptor Type Reference
Cladosporium fulvum
Avr2 (Luderer, 2002) Cf-2 RLP (Dixon, 1996)
Avr4 (Joosten, 1994) Cf-4 RLP (Thomas, 1997)
Avr4E (Westerink, 2004) Cf-4E RLP (Takken, 1999)
Avr5 (Mesarich, 2014) Cf-5 RLP (Dixon, 1998)
Avr9 (van der Ackerveken, 1994) Cf-9 RLP (Jones, 1994)
Ecp6 (de Jonge, 2010)
Phytophthora
PcF (Orsomando, 2003) Unknown
SCR74 (Liu, 2005) Fine mapped to G-LecRK (unpublished)
Apoplastic effector locus
SCR91 (Win, 2006) Unknown
SCR96 (Chen, 2015) Unknown
Fusarium oxysporum f.
sp. lycopersici
Avr1 (Six4) (Houterman, 2008) Unknown
Avr3 (Six1) (Rep, 2004) -3 G-LecRK (Catanzariti, 2015)
Avr7 (unkown) -7 RLP (Cendales, 2016)

Fungi RALFs
Ustilago maydis
Pep1

(Doehlemann, 2009)

Luderer e al., 2002; Westerink ez al., 2004; de Jonge e# al., 2010; Mesarich ez al., 2014), and
their corresponding receptors are the RLP, Cf-2, Cf-4, Cf-4E, Cf-5 and Cf-9, respectively
(Jones et al., 1994; Dixon et al., 1996; Thomas e al., 1997; Dixon et al., 1998; Takken et al.,
1999); In Fusarium oxysporum f. sp. lycopersici, SCR proteins including AVR1, AVR3 and
AVR7 have been found (Rep ez al., 2004; Houterman e# al., 2008). The AVR3 receptor I-3 is
encoded by a G-LecRK gene (Table 2 and Figure 3).

SCR/SP11 from Brassicaceae and SCR74 from P. infestans

In Brassica species, the S-locus Cys-rich (SCR/SP11) gene encodes highly polymorphic SCR
proteins that are specifically expressed in the pollen and localized at the surface of the pollen
coat (Schopfer et al., 1999; Takayama ez al., 2000; Shiba e# al., 2001). The receptor of SCR/
SP11 is encoded by a G-LecRK gene, namely SRK (Figure 3). It physically interacts
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Figure 3. A combined illustration of the first layer of the plant immune system and the

plant fertilization system.

Oomycetes secrete apoplastic effectors like SCR74, PcF, SCR91 and SCF96. The SCR74 receptor has been mapped
to a G-LecRK locus. The growth and germination of Phytophthora zoospores can be inhibited by the S-like RNases
(red) from plants. SCR/SP11 (red) is a small cysteine-rich protein on the pollen coat, it controls the self-
incompatibility reaction in Brassicaceae plants. SRK (G-LecRK) on the stigma and the non-self SCR/SP11 (cyan)
protein will not trigger the SI response. Many SCR proteins are involved in plant fertilization, like LAT52, STIG1,
SCA, LURE, EC1-4, and some of the receptors have been found, like LePRK2, MIK1/MDIS1 and PRK3/PRKE6.
RALF and F-RALF are from plants and Fusarium, both of them can be recognized by FER. Mo is a susceptibility
gene facilitating plant pathogens. The m/0 mutants showed the same phenotype as fer mutants, suggesting that it is
also involved in the plant fertilization process. Fusarium secretes many SCR proteins into the apoplast, like AVR3,
and a G-LecRK I-3 confer resistance when AVR3 is detected. I-7 is an RLP, but the corresponding Avr gene is yet
unknown. In Cladosporium fulvum, many SCR proteins have been identified, like AVR2, AVR4, AVR4E, AVRS5,
AVRY and Ecpé, their receptors are mainly RLP like CF-2, CF-4, CF-5 and CF-9.

with SCR/SP11 at a S-haplotype-specific manner. The recognition leads to the self-
incompatibility reaction (Kachroo ez al., 2001; Takayama ez a/., 2001; Chookajorn ef al., 2004).
Genetically, SRK and SCR/ §P11 are tightly linked (Boyes ez 4., 1997). SCR/SP11 sequences
from different haplotypes are highly diverse and under strong positive selection, as well as the

hypervariable region of SRK (Sato ez al., 2002).

In Phytophthora species, many small SCR proteins act as apoplastic effectors (Kamoun, 2006)
Some SCR proteins contain a PcF domain, and these are classified into the PcF/SCR family
(Chapter 2). PcF was first found in Phytophthora cactorum, it triggers a cell death response in
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the host plant strawberry, tomato and potato (Orsomando e# al, 2003) (Chapter 5). The
structure of PcF is similar to the pollen allergen Ole e 6 of olive tree (Olea europaca L),
reminiscent of a molecular mimic hypothesis (Nicastro ez a/., 2009). Similarly, the SCR
protein LATS52 of tomato is a homolog of Ole e 1, which is another allergen in pollen of the
olive tree (Alché e al., 2004). Another PcF domain containing SCR protein is the SCR74,
which has been found in P, infestans as a multi-copy and highly polymorphic protein family

that is under positive selection, and are presented in different strains (Liu e# a/., 2005).

Table 3. Features of SCR/SP11 from Brassicaceae and PcF/SCR74 family in Phytopthora

SCR/SP11 PcF/ SCR
Origin Brassicaceae Phytophthora
Expression pattern Pollen specific Germinating cysts
Type Small cysteine-rich Small cysteine-rich
Length <160 aa <160 aa
Signal peptide Yes Yes
Molecular weight ~8.4-kDal ~5-kDal
Positive selection Yes Yes
Polymorphism High High
Number of cysteine 8 6-8
Localization Apoplast Apoplast
Receptor SRK (G-LecRK) Fine mapping to G-LecRK locus

SCR/SP11 from Brassicaceae and the PcF/SCR family from Phytophthora species share many
common features (Table 3). For example, they are both SCR proteins smaller than 160 amino
acids (aa) and with 6-8 cysteines, both of them have a signal peptide and are localized in the
apoplastic space (Figure 4) and display tissue-specific expression, in pollen and germinating
cysts, respectively. Both SCR proteins are highly diverse and under positive selection. The
receptor of SCR/ SP11 is a G-LecRK protein SRK, and the SCR74 receptor has been fine
mapped to a G-LecRK locus (Chapter 4).
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Figure 4. Molecular comparison of SCR/SP11 from Brassicaceae and PcF/SCR from
Phytopthora species.

For both families, the proteins are highly diverse, except for the presence of several cysteines, the structure is shown in
the right panels. A. SCR/ SP11 proteins from Brassicaeae and the structure of S8-SP11 from Brassica campestris. B.
PcF/ SCR eftector family from Phytophthora species, the structure of PcF from P cactorum is shown.

RALF, FERONIA (FER) and Nortia (Mlo)

FERONIA (FER) is a RLK kinase with a malectin-like domain, which is specifically
expressed in synergid cells from Arabidopsis thaliana. FER is found to regulate pollen
reception and may be involved in breaking reproduction barriers. In fer mutants, pollen tubes
continue to grow after entering the synergid cells, and do not release the sperm cell (Escobar-
Restrepo ef al., 2007). Later, a secreted peptide hormone, rapid alkalinization factor (RALF),
was found to interact directly with FER, leading to suppression of cell elongation (Haruta ez
al., 2014). Surprisingly, the plant alkalinizing peptides were also found in the fungal pathogen
Fusarium oxyporum, namely F-RALF, that can regulate the pH of the host apoplast and
facilitate infection. The plant receptor FER might act as a negative factor of F-RALF.
Arabidopsis fer mutants showed enhanced resistance against Fusarium (Masachis ez al., 2016).
Furthermore, FER was found to be a scaffold of the surface immune receptor complex of

FLS2 and BAK1, to initiate plant immune signaling (Stegmann ez 4/, 2017) (Figure 3).
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Mildew resistance locus o (Mlo) is another example, it is a well-known “susceptibility gene”, the
loss of function mutants causes powdery mildew resistance. It was first cloned from barley,
and the loss of function mutations of Ml led to durable resistance to powdery mildew
Blumeria graminis f.sp. hordei (Bgh). After inoculation of a m/o mutant, the interaction with
powdery mildew is stopped at the very beginning, already during cell wall penetration
(Jorgensen, 1992; Buschges ef al., 1997). Mlo genes have several homologs in many plant
genomes, and phylogenetic analysis indicated that this family originated from green algae
(Kusch ez al., 2016) (Figure 3). In literature it is shown that m/o causes resistance to other
mildews in crop plants like tomato, pea and grape (Bai e# al, 2007, Humphry ez al., 2011,
Pessina ez al., 2016). Further studies revealed that the function of Mo is not restricted to plant
immunity. In Arabidopsis, the Atmlo7 mutation showed pollen tube overgrowth in the synergid
cells, and the fertility was reduced. This phenotype is similar with the Feronia (Fer) mutation
mentioned above. Surprisingly, the fer/fer mutant in Arabidopsis also showed powdery mildew
resistance (Kessler ez al.,, 2010). Taken together, FER and MLO provide additional examples

of a direct link between the plant fertilization and immunity systems.

S-RNase in Solanaceae

In some genera of Solanaceae, Rosaceae and Plantaginaceae, the SI is gametophytic and
controlled by female S-RNase. The RNA of self-pollen will be degraded, but the non-self-
pollen carrying the S locus F-box (SLF) gene can detoxify the specific S-RNase (Lai ez af,
2002). Similar like other genes involved in fertilization of flowering plants, the S-Rnases have
been believed to protect the nutrient-rich and vulnerable pistil from pathogens (Dickinson,
1994). In tobacco, a S-like RNase NE was found to control the pathogen growth, when
inoculated with Phytophthora parasitica (Galiana e al, 1997). A further study showed that
purified RNase NE has antimicrobial activity against two plant pathogens, P, parasitica and F
oxysporum (Hugot et al., 2007) (Figure 3). Additionally, a recent study reported that the host
can deliver small RNAs (sRNAs) into pathogen cell, to silence pathogen genes that are

important for pathogenicity (Cai ¢# a/., 2018).
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Conclusions and perspectives

Better understanding of the plant fertilization and SI system are important for seed
production and breeding for yield. For example, although the SI seems to be a better strategy
in nature to keep the genetic diversity as broad as possible, sometimes humans need to break
or circumvent the SI to develop homozygous parental lines, for breeding hybrid varieties with
higher yields. Lectures from the ancient immune system would help to develop a deeper
insight. And due to the fast evolving genetic variation of plant pathogens, it is important to
know how to achieve durable resistance, which still is a puzzle to be solved. By studying the
similarity between the two systems at the molecular level, we found various molecules playing
important roles in both systems, like the SCR proteins, RLK with different extracellular
domains like LRR, G-lectin and malectin-like, as well as S-Rnases and MLO. Upon future
cloning and characterization of additional plant surface receptors, more evidence is expected
to be found to reveal the mechanisms of both systems leading to plant fertilization and

immunity.

lll. Cloning plant R genes in the “Omic” era

With the fast evolution of sequencing technology, mapping-by-sequencing strategies are now
widely used in many model plants and crops. In Chapter 3, we developed the RLP/KSeq for
fast mapping plant surface immune receptors genes, and successfully mapped the INF1 and
SCR74 receptors on chromosome 12 and 9, respectively. In Chapter 5, we first applied BSA-
RNAseq on potato, and quickly mapped the Pep-25 receptor on chromosome 3 in a
segregating population. The BSA-RNAseq markers further allow fine mapping of the Pep-25

receptor in an expanded population.

In Table 4, we summarize several “mapping-by-sequencing” methods that have been used for
mapping and cloning of plant disease resistance genes, like genomic resequencing, Indel-Seq,
BSA-RNAseq, MutChromSeq, targeted chromosome-based cloning via long-range assembly
(TACCA) (Takagi e al., 2013; Ramirez Gonzalez et al., 2015; Sinchez-Martin ez al., 2016;
Singh e al., 2017; 'Thind ez al., 2017), and the RenSeq series including RenSeq, dRenSeq,
AgRenSeq, RLP/KSeq, SMRT-RenSeq and MutRenSeq (Jupe ef a/., 2013; Steuernagel ez al.,
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2016; Van Weymers ez al., 2016, Witek ez al., 2016; Arora ef al., 2018) (Table 4) (Chapter 3
and Chapter 5).

Table 4. NGS-based methods for identification of plant resistance genes.

Methods Purpose Crop Example Population type Population Reference
size

Whole genome/
transcriptome

Genomic reseuencing  Fast mapping Rice Rice blast resistant gene F2 segregating population 40 (Takagi, 2013)
Indel-Deq Fast mapping Pigeopea fusarium wilt and sterility F2/RIL 40 (Singh, 2017)

mosaic disease
BSA-RNAseq Fast mapping Wheat yellow rust F2 segregating population 100 (RamirezGonzalez, 2015)
BSA-RNAseq Fast mapping Potato Pep-25 receptor F1 segregating population 68 (Chapter 5, this thesis)
Complexity reduction
approach
MutChromSeq Clone NLR genes Wheat powdery mildew resistance M3 plants 6 (SanchezMartin, 2016)

gene 2 (Pm2)
TACCA Clone NLR genes Wheat leaf-rust resistance gene Lr22a F2 segregating population 1,656 (Thind, 2017)

and EMS mutants

RenSeq Fast mapping NLR genes  Potato late blight Rpi-ber2 and Rpi- F1 segregating population  50-100 (Jupe, 2013)

rzel
dRenSeq Diagnostic known R genes Potato functional alleles of Rpi-vnt1 n/a n/a (VanWeymers, 2016)
AgRenSeq Associate mapping Wheat Sr33, Sr45 and SrTA1662 Diversity panel 174 (Arora, 2018)
RLP/KSeq Fast mapping Potato ELR, SCR74 receptor F1 segregating population 50 (Chapter 3, this thesis)
SMRT-RenSeq Clone NLR genes Potato Rpi-amr3i F2 100 (Witek, 2016)
MutRenSeq Clone NLR genes Wheat Sr22 and Sr45 M2 1,300 (Steuernagei, 2016)

Here, we compare the different methods, and describe four aspects towards cloning new R
genes. 1). Identification of a resistance source; 2). Methods for cloning the R gene without
generating segregating populations; 3). Fast mapping the R gene in a segregating population

by NGS; 4). Fine mapping and cloning R genes by long-reads sequencing.

'The first step is to find the source of resistance (Figure 5A). Traditionally, the resistant plants
can be found in field trials, or by disease testing in the laboratory. However, in many cases, the
disease test can only detect the R genes that confer a strong, qualitative resistance. And, if
multiple R genes are present in the same plant, or if the R genes confer mild, quantitative
levels of resistance, multiple crossings need to be performed to genetically dissect the
resistance. In our case, effectoromics-based methods offer another route to detect the R genes
or surface immune receptors (Vleeshouwers ez al., 2008), regardless whether they confer high
of low levels of resistance, the qualitative phenotyping for effector responses enables
identifying the matching genes from one single plant genotype in a single step. In Chapter 3,
we successfully mapped two surface immune receptors in one single population. Up to now,

many plant pathogen genomes have been sequenced, and the effectors can be predicted
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(Sperschneider et al., 2017; Sperschneider e# al., 2018). Therefore effectoromics can offer a

superior option to detect immune receptors in plants (Figure 5B).

Once the resistance/susceptible genotypes have been detected, mutagenesis can be considered,
provided that the R genes are from homozygous genotypes (Figure 5B). Homozygous loss-
of-function mutations can be selected in M2 generations and the causal genes can be detected
directly by MutRenSeq or MutChromSeq, even in plants with relatively big and complex
genomes like wheat (Sdnchez-Martin e al, 2016; Steuernagel e al, 2016). The
MutChromSeq method depends on chromosome flow sorting, however, optimization is
needed when applied to other crops. MutRenSeq is more simple, it can dramatically reduce

the genomic complexity, and the generating of RNA bait library can be outsourced.

A recently developed association genetics with R gene enrichment sequencing (AgRenSeq)
allows to identify the R genes directly from the diversity panel, without generating any
segregating populations or mutants. Unlike other methods, AgRenSeq used k-mers instead of
mapping all the reads to reference genome, as a proof of concept, this method was used to

clone four stem rust R genes within six months (Arora e# a/., 2018) (Table 4, Figure 5).

Diagnostic RenSeq (dRenSeq) can be applied if the identified resistance is based on a known
R gene or homolog (Figure 5B) (Van Weymers ez a/., 2016). Traditional map-based cloning is
still powerful to generate a refined genetic map. Once the segregating population is ready,
RenSeq, RLP/KSeq, BSA-RNAseq or genomic resequencing can be used for fast mapping of
the candidate genes. If the phenotype is determined by effectoromics, the subsequent
enrichment sequencing methods can be adapted based on the type of effectors: for
cytoplasmic RXLR effectors, normal RenSeq can be applied to detect NLR genes, but for
apoplastic effectors, RLP/KSeq is adapted to detect the RLP/RLK genes that represent the
surface immune receptors (Figure 5C). The fast mapping can also be done by BSA-RNAseq,
by comparing the infected/un-infected samples/pools, the expression information can further
facilitate to detect the candidate genes (Chapter 5). The latter strategy is slightly less biased,
since also RLP/RLK that do not contain an eLRR are more likely to be detected, than with
the current RLP/RLK library (Chapter 3).
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plant R genes.

The markers obtained from those methods can only be used for fast mapping the candidate
gene onto a chromosome. However, for fine mapping and cloning the candidate gene,
expanding the mapping population, generating a BAC library and isolating positive clones is
still necessary, which is normally expensive and time-consuming. SMRT-RenSeq was
developed to speed up fine mapping without generating a large population or generate a BAC
library (Figure 5D). By combing with single-molecule real-time (SMRT) sequencing, the full
NLR genes can be assembled directly, and other short RenSeq reads from the R/ S parents or
bulked progenies can be mapped to the NLR assemblies. Using this strategy, a late blight
resistance gene Rpi-amr3i was successfully cloned from Solanum americanum (Witek et al.,

2016).
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The traditional RenSeq method can only enrich the NLR genes, but since surface immune
receptors also confer resistance, we suggest combining the NLR gene library and the RLP/

RLK library preparation when the candidate gene is unknown (Chapter 3) (Figure 5C and
5D).

In summary, with the fast development of the next and third generation sequencing,
genotyping-by-sequencing (GBS) has already become a routine method in gene cloning
projects, here we reviewed the current methods and provide a practical guide for selecting the

best method for different projects.

Final remarks

To feed the increasing world population in a sustainable manner, it is important to develop
crops with durable resistance. In this thesis, we explored the first layer of plant immune
system by studying the MAMPs/PAMPs and apoplastic eftectors from Phytophthora and their
receptors in potato. Methodologically, we showed that the combination of functional
genomics (effectoromics) and NGS-based methods (RLP/Kseq and BSA-RNAseq) enables
fast identifying and mapping of potato surface immune receptors. The methodology can be
applied on other crops, and is especially advised for plants with large and complex genomes.
Scientifically, our findings expand current understanding of effector biology and their
evolution. We reveal that the members of a same effector family can evolve to distinct
directions, and act as MAMPs/PAMPs or effectors, during the co-evolution with their hosts.
Furthermore, our work is expected to lead to identification of two new surface immune
receptors in potato. This will deepen our knowledge about the molecular interaction between
oomycetes and plants in the apoplastic space, and potentially contribute to achieve more
durable resistance to potato late blight. In the end, we discussed the similarity between the
plant immune and fertilization systems, we reviewed the latest knowledge of both these
systems and propose that the plant fertilization system has evolved from the ancient plant

immune system.
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How to feed the world has become a huge challenge with the increasing world population.
Potato, the most important non-cereal crop, is widely consumed as staple food in the Western
world, and recently it has proposed to be also promoted as a staple food in developing
countries like China. However, the global production of potato has greatly been hampered by
a disastrous disease, called potato late blight. This disease is caused by the oomycete pathogen
Phytophthora infestans, which triggered the great Irish famine in the 1840s. Besides chemical
control, resistance (R) genes from wild relatives of potato have been introduced into modern
cultivars by traditional breeding as well as by transgenic technology (GMO). However, most
R genes that belong to the nucleotide-binding domain and leucine-rich repeat containing
(NLR) class, which are generally rapidly defeated by the fast-evolving P infestans population
in the field. On the other hand, another form of disease resistance that constitutes the first
layer of plant defense in the apoplastic space, has not received enough attention by breeders.
'This apoplastic defense is mediated by the plant surface immune receptors. These receptors
can recognize microbe- or pathogen-associated molecular patterns (MAMPs/PAMPs) or
apoplastic effectors of pathogens and trigger a defense response. MAMP/PAMP-triggered
immunity (MTI/PTI) is believed to be more wide spectrum and more durable than the
typical effector triggered immunity (ETT) that is mediated by cytoplasmic NLR receptors. In
this thesis, I studied various apoplastic effectors from P, infestans and their receptors in the

host, with the ultimate aim to achieve a broader and more durable resistance to late blight.

In chapter 1, I summarized the history of potato late blight resistance breeding, the current
knowledge of the plant immune system, particularly the plant surface immune receptors and

the effector biology in the age of genome sequencing.

To understand the surface immunity against P, infestans in potato, I first studied an ubiquitous
but functionally unknown apoplastic effector family in Phytophthora- the PcF/SCR eftectors.
PcF (Phytophthora cactorum-Fragaria) was identified from P, cactorum, and the related effector
SCR74 from Phytophthora infestans belongs to a highly diverse gene family. They represent
small cysteine-rich (SCR) proteins which are normally up-regulated during infection. In

Chapter 2, I collected all the annotated PcF/SCR proteins that share a PcF domain from
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public database. Sequence analysis, phylogenetic, genomic analysis as well as sub-cellular
localization, mutagenesis, functional screening and disease tests were performed in this study.
PcE genes are conserved in all tested isolates of P cactorum and its orthologs from different
Phytophthora species are sharing a co-linear genomic architecture. PcF can be recognized by a
broad spectrum of different host plants, including strawberry, tomato and potato. In contrast,
the SCR74 genes are exclusively present and expanded in P inféstans and under positive
selection. They are secreted from haustoria and the cysteine residues are important for
maintaining their function in the apoplast. Our effectoromics screening indicated that the
SCR74 recognition is confined to wild potatoes. Collectively, this study provides a good
example of the effectors from the same family possessing both MAMP/PAMP and effector
features. This may lead to identification of multiple host surface immune receptors against
these PcF/SCR effectors.

To accelerate the map-based cloning of plant surface immune receptors that perceive
apoplastic effectors, such as SCR74 as described in Chapter 2, I developed a receptor-like
protein (RLP) and receptor-like kinase (RLK) enrichment sequencing (RLP/Kseq) method
(Chapter 3). Two diploid Solanum microdontum genotypes which respond to INF1 or SCR74-
B3b, respectively, were crossed. The F1 population segregates for responses to INF1 and/or
SCR74-B3b independently. I designed an enrichment bait library representing the RLP/RLK
genes predicted from the potato reference genome §. zuberosum Group Phureja clone DM1-3
(DM). RLP/KSeq confirmed the localization of the INF1 receptor ELR on chromosome 12,
and lead to quick mapping of the putative SCR74 receptor on chromosome 9. Our findings
show that RLP/Kseq enabled rapid mapping of plant surface immune receptors and it is

especially useful for crop plants with large and complex genomes.

To fine map the SCR74 receptor, in Chapter 4, I expanded the mapping population and
developed more markers. The SCR74-B3b receptor was mapped to a 74kb interval based on
the DM genome. The candidate genes include 3 G-type LecRK (G-LecRK) genes. To
functional study the putative SCR74 receptor, homology-based cloning was firstly deployed to
isolate candidate gene(s), from the SCR74-B3b responsiveness S. microdontum spp.
gigantophyllum genotype GIG362-6. Later, I generated a bacterial artificial chromosome
(BAC) library for GIG362-6. Three BAC clones covering the mapping interval were isolated

and sequenced. I also used RNAseq data to provide expression data of these candidate genes.
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Attempts were made to perform complementation tests of these candidate G-LecRK genes by
co-expression with the matching SCR74-b3b effector, however, I have not been able to

confirm the identification of the SCR74-B3b receptor yet.

Chapter 5 is dedicated to the Pep-13/25, which are typical MAMPs/PAMPs from the
transglutaminase GP42 of Phyrtophthora. The Pep-13/25 peptides are known to induce defense
responses in parsley and potato, and were studied decades ago, but the receptor has remained
undiscovered. Here, MAMP Pep-13/25 were functionally screened on wild Solanaceae species
for cell death response. Various wild potatoes were found responsive to Pep-13/25, including
GIG362-6 that was previously used for mapping of the SCR74-B3b receptor (Chapter 3 and
4). A population that is segregating for the response to Pep-25 was generated, and a bulked
segregant RNAseq (BSA-RNAseq) method was successfully applied to locate the candidate
Pep-25 receptor on chromosome 3 of the DM reference genome. Furthermore, I fine-mapped
the Pep-25 receptor to a RLK locus. One BAC clone from the Pep-25 responding genotype
GIG362-6 was isolated and sequenced. In addition, RNAseq was used for characterizing the
gene expression level in the presence or absence of treatment with P infestans. This work
provides insight into the Pep-13/25 recognition in Solanaceae species and will most likely lead

to the identification of a new MAMP receptor in potato.

In Chapter 6, I discuss the new findings of this thesis and put them in a broader picture. Four
main topics are discussed: 1. What'’s the boundary between MAMP and effectors, as well as
between MPI and ETI? And do the surface immune receptors contribute to resistance
breeding? I believe that the first layer of defense is definitely crucial for engineering more
durable resistance to plant diseases, however more studies are needed to understand the whole
picture of the plant immunity network; 2. Is the reproduction system of flowering plants
evolve from the plant immune system? The latest knowledge of both systems was reviewed
and compared, and based on current data, I suggest that SCR proteins and their receptors
might be a “missing link” between the plant reproduction system and the immune system. 3.
How to clone plant R genes in the era of genome sequencing? With the advancement of
sequencing technologies, many genotyping-by-sequencing methods have emerged, as well as
enrichment-based methods like RenSeq. I compare the pros and cons of each method and

provide a roadmap to select the best methods to clone plant R genes.
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Summary

Overall, this thesis provides: 1) new insights in the plant-microbe interaction in the
extracellular space, 2) our newly developed RLP/KSeq methodology will accelerate the
mapping and cloning of novel plant surface immune receptors, and 3) our findings will lead to
identification of at least two novel surface immune receptors, which might contribute to more

durable late blight resistance in potato.
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BEESRAONREE K, MARRELRMEEEA T —PMERHkEL, (FAREE
MIRBEEYZ— DRJEAHST —EREATRER. 015, ®#RZARFTEXR,
DRERFHRARMFEAER, HAOPEKIMRRELT TTEERME, 5B, A, &
2IKEEN, SREMER (potato late bligh) "EXMESREE, SRERERZ
FH—M BN (oomycete) TR IR THAE M -BURE B (Phytophthora infestans)SIEERVRE, XIHHE
[REBZE1845FEMIE/R=AITR. BRI, ATHAGRERER, FEEMAK
ENLERYA, Rtz EXIRZE, TERRETHELEGREPHRERERER
genes) W AMAMBEIRE, HAKRBIOERENREERE T —XNLR
(nucleotide-binding domain and leucine-rich repeat containing) EHX, {BEKXE D EKIE
WIRMEERESRREBACHNBREER=R, SHEAN, EYNE-ERERZAE
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BRETIRG, SEEMNNERE, CRZIREINES. RMSo7+REEETEE
AEREE, B, So7+Z2ERRTFETEUREERT, RXEEBREETKREYT EH
BREEMER, ENPFRERFERT, AENENEFEEER. BIIEBRE
BHRIIEPMNRETD. EIRNFHPRME, FELKISCR740IRFIRF
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Solanum microdontum WITZER, BT XINFIFISCR7489IRBIIH Y 7 BHIF18EE, A
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I RNAseq B/ NMEZEERAKEE. ER/INMEEEFRTEHRATE, FEIH
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