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The role of INF1 recognition by ELR orthologs in
wild Solanum species
By Dorien Oppelaar

Summary
Potato (Solanum tuberosum L.) is the most important non‐grain food crop in the world. The
notorious pathogen Phytophthora infestans causes potato late blight, which is threatening the
worldwide potato production. An extracellular Pattern Recognition Receptor (PRR) named ELicitin
Response (ELR) which can recognize P. infestans was identified in a wild Solanum species named S.
microdontum. ELR recognizes a broad spectrum of P. infestans elicitins, including INF1. INF1 is a sterol
scavenger secreted into the potato apoplast by P. infestans during infection.
This thesis aimed to knock‐out the functional ELR orthologs in wild Solanum species using
genome editing. To generate an ELR knock‐out, a CRISPR‐Cas9 construct containing 2 sgRNAs was
designed and transformed to wild Solanum species prior to this thesis. A total of 19 S. edinense, 12 S.
phureja, 7 S. papita and one S. chacoense transformants were regenerated on selective media after
Agrobacterium‐mediated introduction of the construct prior to this study. In this thesis, these
transformants were screened for altered responses to INF1 and for identifying CRISPR‐Cas9‐induced
mutations at the target sites of ELR. S. edinense T5 and T7 showed a reduced cell death response to
INF1. S. papita T5 showed a complete loss of INF1‐induced cell death.
To find CRISPR‐Cas9‐induced mutations in Solanum transformants, an ELR fragment was
amplified from the promising transformants and cloned into pGEM‐T easy. S. edinense was reported
to contain two ELR homologs. Sequencing S. edinense clones revealed a third ELR homolog in this
species. S. edinense T5 contained a 274bp deletion in one of the ELR homologs. No sequences were
obtained for S. edinense T7. S. papita was reported to contain one functional ELR homolog. S. papita
T5 was shown to contain a 274bp deletion between sgRNA1 and sgRNA2. Both the mutations
identified in S. papita and S. edinense result in a frame‐shift, and thus drastically truncate the gene.
In conclusion, one full S. papita mutant and two partial S. edinense ELR knock‐out mutants
were obtained. For further research, the knock‐out mutant S. papita T5 could be subjected to P.
infestans to find out the effect ELR has on the susceptibility of S. papita to P. infestans. Moreover, it
would be interesting to characterize the third ELR homolog found in S. edinense and to confirm its
functionality by transiently co‐expressing it with INF1. Eventually it would be interesting to knock‐out
all functional ELR homologs to obtain a fully non‐responsive S. edinense mutant.
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Introduction
The potato species is part of the Solanaceae family together with other economically
important crops such as tomato (Solanum lycopersicum), eggplant (Solanum melongena) and pepper
(Capsicum spp.). Potato is part of the Petota section of the Solanum genus that consists of tuber‐
bearing species. There is a wide variety of wild potato species, which are a useful source of genetic
variation for, among other traits, resistance to pests and diseases. As potatoes are clonally
propagated, there is a high diversity in the ploidy level of potato species. The cultivated potato species
Solanum tuberosum L. is the most important non‐grain food crop in the world, which is both relatively
high‐yielding and nutritious (Visser et al., 2009; Watanabe, 2015; Du et al., 2013).
The most notorious threat of potato cultivation worldwide is Phytophthora infestans, which
led to the infamous Irish potato famine in 1845. P. infestans is a hemi‐biotrophic oomycete pathogen
that causes late blight in potato and tomato. The asexual reproduction cycle of P. infestans can be
rapidly completed with the production of enormous amounts of zoospores, which are directly
dispersed from sporangia. As a consequence of this rapid reproduction, late blight can destroy a
complete potato field within weeks. Nowadays, the yearly financial drawbacks of both yield losses and
control measures taken due to P. infestans are estimated to exceed three billion US dollars. Currently,
the only ways to control P. infestans are by spraying fungicides and breeding for resistance (Du et al.,
2013; Fry, 2008).

Plant immunity
As plants are sessile organisms, they completely rely on their immune system to fight
pathogen attacks. Plants lack an adaptive immune system and depend completely on innate immunity.
There are two layers of plant immunity that are based on extracellular and intracellular recognition.
The first layer is mediated by pattern recognition receptors (PRRs) on the surface of the cell, which
can recognize apoplastic microbial elicitors called microbe‐ or pathogen associated molecular patterns
(MAMPs or PAMPs). PAMPs are conserved molecules that are essential for the pathogen, such as
chitin in fungal cell walls or flagellin in bacterial flagella. Upon recognition of these components, PRRs
signal inside the cell to activate defence responses. The defence responses triggered by PRRs are
usually conserved and broad spectrum, providing basal immunity or resistance to non‐adapted
pathogens. This first layer of defense is called PAMP triggered immunity (PTI). The second layer is
mediated by intracellular nucleotide binding leucine‐rich repeats (NB‐LRRs) that recognize cytoplasmic
effectors. Effectors are molecules secreted into the plant by pathogens to promote virulence. This
defence level is called effector triggered immunity (ETI). ETI is typically a fast‐evolving, narrow
spectrum type of immunity (Dodds & Rathjen, 2010; Jones & Dangl, 2006; Macho & Zipfel, 2014).
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ELicitin Response
Elicitins are structurally conserved extracellular proteins, which are present in P. infestans and
serve as apoplastic effectors for oomycetes that can be recognized by plant PRRs. All currently known
PRRs are either receptor‐like kinases (RLKs) or receptor‐like proteins (RLPs). RLKs typically contain an
extracellular domain with leucine‐rich repeats (LRRs) to recognize proteinaceous MAMPs or effectors,
a transmembrane domain and an intracellular kinase domain that functions as a signalling domain.
RLPs have a similar structure, but they lack a kinase domain and likely need another protein with a
kinase domain for downstream signalling. ELicitin Response (ELR) is an RLP, which mediates broad‐
spectrum recognition of elicitins.
ELR was first identified by Du et al. (2015) in the wild potato species Solanum microdontum
using the effectoromics approach. The effectoromics approach makes use of the effectors found in
pathogens for genetic mapping of cell death responses (Fig. 1). The advantage of the effectoromics
approach is that protein recognition is often a qualitative trait, making it easier to trace back the causal
gene for (partial) resistance.
INF1 is a secreted elicitin of P. infestans that is recognized by ELR. In P. infestans INF1 functions
as a sterol scavenger. INF1 is expressed during the infection of potato and induces cell death in potato
plants expressing ELR. Several orthologs of S. microdontum ELR have been found across tuber‐bearing
Solanum species. Seven of these ELR orthologs showed a cell death response in co‐expression studies
with INF1 (Table 1) (Du, 2014; Du et al., 2015).
Upon recognition of elicitins, ELR associates with the RLK Somatic Embryogenesis Receptor‐
Kinase 3/BRI1‐Associated receptor Kinase 1 (SERK3/BAK1) (Zipfel, 2014; Vleeshouwers et al., 2006; Du
et al., 2015; Derevnina et al., 2015). Moreover, ELR associates with Suppressor of BIR1‐1/EVeRshed
(SOBIR1/EVR), which is another RLK involved in plant immunity (Emmanouil Domazakis, unpublished
data).
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Figure 1. Effectoromics approach used by Du et al. (2015) to discover ELR. A. Identification and
selection of effector genes found in the pathogen. B. Cloning the gene into a binary vector containing
the PVX genome. C. Culturing A. tumefaciens containing the binary vector. D. PVX agroinfection results
in cell death when effectors are recognized by the plant (Adapted from Du et al. 2015).

The response to INF1, a P. infestans elicitin, was found to co‐segregate with three markers.
These markers were used to screen a BAC library of S. microdontum. Sequencing of the BAC clones
covering the area between the markers revealed a cluster of several RLPs surrounded by transposable
elements. Fine‐mapping narrowed down the list of candidate genes to two. These two genes were
cloned and screened for a cell death response by transient co‐expression in potato mediated by
Agrobacterium tumefaciens (Du et al., 2015).

Table 1. Wild Solanum species containing functional ELR orthologs. Sequence identity is based on a
comparison of the protein sequence with the ELR protein found in S. microdontum (MCD360‐1) (Juan
Du, PhD thesis, 2014).
Species

Abbreviation

Genotype

Protein sequence identity

S. microdontum

MCD

360‐1

100%

S. chacoense

CHC

543‐5

99%

S. microdontum subsp.

GIG

712‐6

98%

S. edinense

EDN

150‐4

94%

S. edinense

EDN

151‐1

94%

S. piurana

PUR

7782‐24

94%

S. phureja

PHU

371‐7

94%

S. papita

PTA

369‐1

93%

gigantophyllum

8

The protein structure of ELR is similar to other RLPs, which typically consist of seven conserved
domains named A to G (Jones & Jones, 1997). ELR consists of a signal peptide (A), a cysteine‐rich N‐
terminus (B), an extracellular LRR (eLRR) domain (C), a spacer (D), an acidic domain (E), a
transmembrane domain (F) and a cytoplasmic tail (G; Fig. 2). The eLRR domain is most interesting, as
it determines the binding specificity of ELR.

Figure 2. Schematic representation of ELR. ELR consists of a signal peptide (A), a cysteine‐rich N‐
terminus (B), an extracellular LRR (eLRR) domain (C), a spacer (D), an acidic domain (E), a
transmembrane domain (F) and a short cytoplasmic tail (G).

LRR domains
LRR domains have a high ligand binding specificity and play a key role in protein‐protein
interactions in many processes including hormone perception and pathogen recognition (Dunning et
al., 2007; Bell et al. 2003). ELR has an LRR domain consisting of 36 predicted LRR repeats which is
divided into three subdomains. The first subdomain contains 31 predicted repeats, the second is a
non‐LRR island and the third contains 5 more predicted repeats. It is not yet known which LRR domain
residues contribute to INF1 perception. However, it has been speculated that LRR3‐6 are important
for ELR function, as they are absent in several ELR homologs that lack response to INF1 (Fig. 3; Du et
al., 2015).

Figure 3. Alignment of ELR homologs found in wild Solanum species. LRR3‐6 are missing in several
homologs which do not show response to INF1 (Juan Du, PhD thesis, 2014).
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CRISPR‐Cas9
Clustered regularly interspaced short palindromic repeats‐CRISPR associated (CRISPR‐Cas) is
an adaptive immune system against phage infections found in bacteria and archaea. CRISPR‐Cas
systems can recognize phage‐specific DNA sequences in which it then generates a double‐strand break
(DSB). As phages lack a DNA repair mechanism, they are unable to complete their replication cycle
and thus are no longer able to infect the bacterium. The ability to induce DSBs in DNA strands makes
CRISPR‐Cas an interesting tool for genome editing in animals, microbes and plants (Wright et al. 2016;
Belhaj et al. 2013).
The two major components of CRISPR‐Cas systems used for genome editing are the single
guide RNA (sgRNA) and the Cas9 protein. The gRNA consists of a complex of two non‐coding RNAs
called CRISPR RNA (crRNA) and trans‐activating crRNA (tracrRNA). The sgRNA provides target
specificity with a 19‐22bp guide sequence which is located at the 5’ end. This guide sequence is
followed by the ‘NGG’ protospacer adjacent motif (PAM). Both the sgRNA and PAM bind to their
complementary target sequence. The sgRNA guides the Cas9 protein to the DNA target. The Cas9
protein contains two nuclease domains that generate a DSB in the target sequence. Plant DNA repair
systems randomly repair the DSB resulting in mutational alterations of the target. The most prominent
advantages of the use of CRISPR‐Cas over other methods in plant engineering are its simplicity and
the fact that the integration site of the construct is different from the mutation site. The latter enables
breeders to select for plants carrying the desired mutation but lacking the cassette used for
transformation in the next generations (Wright et al. 2016; Belhaj et al. 2013).
Currently, the most frequently used methods to transform potato are particle bombardment
and Agrobacterium‐mediated transformation. However, generating a stable knock‐out is more
challenging in potato because of its polyploid nature. In order to achieve a full knock‐out, all copies of
the gene have to be mutated in the same fashion to avoid complementation. With genome editing it
is possible to make directed modifications in the gene of interest. The use of genome editing
techniques in potato is relatively novel, but has proven to be possible using Transcription Activator‐
Like Effector Nucleases (TALEN) or CRISPR‐Cas9 systems. CRISPR‐Cas9 is the most promising system
for genome editing in potato as it is relatively easy to use as it does not require the design of new
nucleases. The advantage of genome editing over other transformation methods is that the same
construct can be directed to all the gene copies of potato (Forsyth et al., 2016; Wang et al., 2015;
Xiong et al. 2015; Chakravarty et al., 2007; Belhaj et al. 2013).
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Aim
Until now most studies have aimed to investigate PRRs in model organisms such as
Arabidopsis thaliana. There are no current studies in which knock‐outs of PRRs in crops have been
generated to investigate their role in pathogen recognition. This research used a novel approach in
which we aimed to study whether a knock‐out of ELR orthologs in wild Solanum species leads to
altered response to elicitins and resistance to late blight.
The construct used for CRISPR‐Cas9 mutagenesis was designed using the ELR sequence found
in S. microdontum, as this is the species in which ELR was identified first. Two sgRNAs were designed
to create a DSB in two positions in LRR3‐6. A trial experiment in Nicotiana benthamiana using transient
expression of ELR and the CRISPR construct showed a 273bp deletion in the ELR sequence, causing a
deletion in the gene, but not a frameshift (Emmanouil Domazakis, unpublished data). The plant
material used to mutagenize the ELR orthologs using CRISPR‐Cas9 are S. chacoense (CHC543‐5), S.
edinense (EDN151‐1), S. phureja (PHU371‐7) and S. papita (PTA369‐1). These genotypes were selected
based on the results from research conducted by Juan Du (PhD thesis, 2014) in which functional
orthologs of ELR were identified. However, one of the sgRNAs designed for S. microdontum is not a fit
for all the genotypes (Table 2). Therefore, the deletion was only expected to occur in CHC543‐5.
Moreover, the species used in this experiment have different ploidy levels, making CRISPR‐Cas9
mutagenesis challenging as multiple copies might be present (Table 3).

Table 2. Wild Solanum species with functional and non‐functional ELR homologs. Homologs were
identified by Du (2014). The sgRNAs used in this research are present in most homologs. Mismatches
are underlined.
Species
S. microdontum 360‐1
S. chacoense 543‐5
S. edinense 151‐1
S. papita 369‐1
S. phureja 371‐7

Homolog
MCD360‐1
MCD360‐1‐5‐N
CHC543‐5
EDN151‐1
EDN151‐1‐N
PTA369‐1
PHU371‐7
PHU371‐7‐2‐N
PHU371‐7‐3‐N
PHU371‐7‐N

Response
to INF1
Y
N
Y
Y
N
Y
Y
N
N
N

sgRNA1 5'‐3'
GATGCCTCAAATTTCTCCAT
Absent
GATGCCTCAAATTTCTCCAT
GATGCCTCAAATTCCTCAAT
GATGCCTCAAATTTCTCCAT
GATGCCTCAAATTCCTCAAT
GATGCCTCAAATTCCTCAAT
Absent
GATGCCTCAAATTCCTCAAT
GATGCCTCAAATTCGTCAAT

sgRNA2 5'‐3'
GATAAAAGAAATTGTTAACA
Absent
GATAAAAGAAATTGTTAACA
GATAAAAGAAATTGTTAACA
GATAAAAGAAATTGTTAACA
GATAAAAGAAATTGTTAACA
GATAAAAGAAATTGTTAACA
Absent
GATAAAAGAAATTGTTAACA
GATAAAAGAAATTGTTAACA
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Table 3. Solanum species used for CRISPR‐Cas9 mutagenesis in this thesis
Species
PGSC* accession
Ploidy
S. microdontum
360‐1
2n
S. chacoense
543‐5
2n
S. edinense
151‐1
5n
S. papita
369‐1
4n
S. phureja
371‐7
2n
*Potato Genome Sequencing Consortium

Country of origin
Argentina
Bolivia
Mexico
Mexico
Colombia

After obtaining transformants, PVX agroinfection with INF1 was used to find out if INF1
response was altered. Plants with an altered INF1 response were sequenced to identify mutations.

Research questions
Can CRISPR‐Cas9 mutagenesis cause targeted mutations in ELR orthologs in wild Solanum species?

Which mutations are present at the CRISPR‐Cas9 target sites in transformants?

What is the effect of CRISPR‐Cas9 mutagenesis of ELR orthologs on INF1 recognition in the wild
Solanum species?
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Materials & Methods
CRISPR‐Cas9
The ELR‐targeting construct used for CRISPR‐Cas9 mutagenesis pAGM4723 NOSp:BAR‐
35sp:hCas9‐AtU6p:sgRNA1‐AtU6p:sgRNA2
Domazakis).This

CRISPR‐Cas9

has

construct

been

developed

contains

two

previously
sgRNAS,

(Emmanouil
sgRNA1

(CCGATGGAGAAATTTGAGGCATC) and sgRNA2 (CCTTGTTAACAATTTCTTTTATC) designed based on the
ELR coding sequence. The BAR gene confers phosphinothricin (PPT) resistance for selection in the
plant. The CRISPR‐Cas9 construct has been transformed in Agrobacterium tumefaciens strain AGL1
and putative potato transformants were obtained before the start of this thesis.

Plant material
Potato genotypes (Table 3) were clonally propagated in vitro on MS20 medium (4.4 gr
Murashige and Skoog basal salt mixture supplemented with vitamins and 20 gr sucrose per L and 8 gr
of bacteriological agar (Oxoid), pH was adjusted to 5.8) at 18oC. Top shoots were transferred to fresh
medium at 24oC for 2‐3 weeks after which they were transferred to soil in the greenhouse and grown
in the following conditions: 22°C, 16 h light, 18°C, 8 h dark periods, with 75% relative humidity.
Supplemental light of100 W/m2 was applied when the natural light intensity was below a 150 W/m2
threshold.

PVX agroinfection
PVX agroinfection was carried out as described by Du et al. (2014). Briefly, A. tumefaciens
strain GV3101 carrying pGR106 with P. infestans INF1 (pGR106‐INF1; Du et al. 2015) or CRN2 (pGR106‐
CRN2) was gown overnight at 28°C in liquid LB medium supplemented with kanamycin (50 µg/mL) and
rifampicin (25 µg/mL). Overnight cultures were transferred to LBA medium supplemented with
kanamycin (50 µg/mL) and incubated at 28°C for 2‐3 days to form a biofilm. PVX agroinfection was
performed on plants with fully expanded leaves, which were typically growing in the greenhouse for
3‐4 weeks. Inoculations were performed by piercing the leaf with a toothpick covered in bacteria.
CRinkling and Necrosis 2 (CRN2), a nonspecific cell death inducer (Haas et al. 2009), was used as a
positive control. A. tumefaciens containing the pGR106 empty vector was used as a negative control.
Cell death was scored at 14 dpi.
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Plant DNA extractions
Leaf material was harvested in a 2 mL Eppendorf tube containing 2 tungsten carbide beads
(3mm, Qiagen) and frozen in liquid nitrogen. Frozen samples were ground using TissueLyser II (Qiagen)
at a frequency of 30.0 Hz. Samples were frozen again in liquid nitrogen and then 400 µL of isolation
buffer consisting of lysis buffer (0.2 M Tris‐HCl, 0.05 M EDTA, 2 M NaCl, 2.0% CTAB, pH 7.5)
supplemented with extraction buffer (100 mM Tris‐HCl, 5 mM EDTA, 0.35 M Sorbitol, pH 7.5) and 5%
sarkosyl to a ratio of 2.5:2.5:1 and 2.5 g/L sodium bisulfite. Samples were incubated at 65°C for a
minimum of 1 hour using a shaker. Samples were cooled down on ice. Then 400 µL of
chloroform:isoamylalcohol (24:1) was added to the samples. Samples were spun down at 6000 rpm
for 20 min. The supernatant was transferred to a new tube and mixed with 0.8 volume of isopropanol.
Samples were spun down at 6000 rpm for 8 min. The DNA pellet was washed with 300 µL 70% ethanol.
Samples were spun for 5 min at 6000 rpm. Pellet was dried for 30 min at room temperature. Dry pellet
was dissolved in 30 μL MilliQ water. The DNA concentration was determined by Nanodrop™ (Thermo
Fisher Scientific).

High Resolution Melt curve (HRM) analysis
PCR was performed in FramStar 96‐wells plates (4titude) using Phire™ Hot Start DNA
Polymerase II (Thermo Scientific), LC Green® Plus+ Melting Dye (BioFire Defense) and ELR LS forward
and reverse primers (Table 4). The melting curves were determined using the LightScanner® System
(Idaho Technology Inc.) according to the Xing et al. (2014) protocol.
Sequence analyses
DNA was isolated from transformants and the region containing the CRISPR‐Cas9 target
sequences were amplified using PCR using ELR DoI Fw and ELR 190 Rv primers (Table 4). The product
was sent for sequencing with both primers. Sequences were analyzed for SNPs by aligning them to the
wildtype ELR sequence. To identify small insertions or deletions freely available Tracking of Indels by
DEcomposition (TIDE) software was used. As an input TIDE requires the sgRNA sequence upstream of
the PAM sequence and the wildtype and putative mutant Sanger sequencing trace data. TIDE
compares the trace files at the expected CRISPR‐Cas9 cutting site to identify indels in the putative
mutant sequence. The output of TIDE consists of a decomposition graph starting at the target site and
the predicted inserted nucleotide (Brinkman et al. 2014).
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Cloning
DNA was amplified from DNA isolated from putative CRISPR‐Cas9 mutants using Phusion DNA
polymerase (Thermo Scientific). An A overhang was added by DreamTaq polymerase (Thermo
Scientific) at 72°C for 20 min. The product was ligated into pGEM‐T Easy (Promega) using T4 ligase
(Promega). Competent cells (Escherichia coli strain TOP10) were thawed on ice. 5 μL of ligated plasmid
was added to 50 μL of competent cells, the substance was incubated at 42°C for 30 sec. 250 μL of
room temperature LB medium was added, mixed and then incubated for 1 hour at 37°C while shaking
horizontally at 200 rpm. The full volume was plated on Lysogeny Broth Agar (LBA) medium (20 gr
Lysogeny Broth (Sigma), 10 gr bacteriological agar (Oxoid) per L) supplemented with kanamycin
(50µg/mL) and X‐gal (80µg/mL) and grown at 37°C overnight. Positive colonies were selected by blue‐
white screening and grown overnight in liquid LB (20 gr Lysogeny Broth (Sigma) per L) supplemented
with kanamycin (50µg/mL). Plasmids were isolated from 2 mL overnight culture using QIAprep® Spin
Miniprep kit (Qiagen). Plasmids were sequenced by GATC using the M13 forward and reverse primers
(Table 3).

Table 4. Primers used for PCR, cloning and sequencing.
Primer name

F/R

Primer sequence (5’‐3’)

Cas9_6f

F

ATCTCCCGAAGATAATGAGCAGAAG

RBf1

R

GGATAAACCTTTTCACGCCC

ELF1a Fwd

F

ATTGGAAACGGATATGCTCCA

ELF1a Rev

R

TCCTTACCTGAACGCCTGTCA

ELR DoI Fw

F

CCAACTTCATCATCTCCAAACAC

ELR 190 Rv

R

AGAGAATTGGCATCCTGCAA

M13F

F

TGTAAAACGACGGCCAGT

M13R

R

CAGGAAACAGCTATGACCATG

ELR LS Fw

F

CAGCTTCATCATCTCCACACA

ELR LS Rv

R

AATGCCATTTGGGATTGAAG

Product length
± 600 bp

101 bp

883 bp

N.A.

72 bp

Target gene

Purpose

CRISPR‐Cas9

PCR

construct
S. tuberosum

PCR

elongation factor 1a
S. microdontum

PCR,

elicitin response

sequencing

pGEM‐T easy insert

sequencing

S. microdontum
elicitin response

LightScanner
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Results
CRISPR‐Cas9 transformants were successfully regenerated on selective media
The ELR receptor was identified and characterized in S. microdontum by Du et al. (2015). Seven
functional and six non‐functional homologs of ELR were identified in the wild potato species used in
this study (Table 2). To study the function of ELR in wild potato species a CRISPR‐Cas9 construct was
designed to generate a stable knock‐out of ELR in S. microdontum. However, previous research proved
that it is not possible to transform S. microdontum using existing Agrobacterium‐mediated
transformation protocols. To this extent, four different wild potato species which were known to carry
a functional ELR, were used for transformation (Emmanouil Domazakis, personal communication). A
total of 19 S. edinense, 12 S. phureja, 7 S. papita and one S. chacoense clone were regenerated on
selective media after Agrobacterium mediated introduction of the construct prior to this study (Table
5; Appendix I). In this thesis, these transformants were screened for CRISPR‐Cas9‐induced mutations
at the target sites of ELR and for altered responses to INF1.

Table 5. Putative transformants obtained prior to this study.
Species
S. microdontum
S. chacoense
S. edinense
S. phureja
S. papita

Accession
360‐1
543‐5
151‐1
371‐7
369‐1

Transformants
0
1
19
12
7

All wild type and putative transformants were propagated in vitro, however, compared to the
other genotypes, S. phureja grew very poorly. Overall, most regenerated plants grew similar to the
wildtype. Four putative S. phureja transformants were lost in tissue culture due to A. tumefaciens
contaminations. One putative S. edinense transformant was lost in tissue culture due to stunted
growth after regeneration. Seven putative transformants showed stunted growth in the greenhouse .
S. edinense transformant 19 displayed partially developed leaves and a bleached phenotype (See
Appendix II).
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PCR confirmation of the integration of CRISPR‐Cas9 into wild potato species
DNA from the CRISPR‐Cas9 putative transformants was isolated from in vitro plant material.
A PCR was performed to detect the presence of the CRISPR‐Cas9 construct in the plants. The primers
used to detect CRISPR‐Cas9 are located on the Cas9 gene and at the right border of the cassette. If the
cassette is not detected the plant is either not a transformant or the right border is not introgressed
into the plant. ELR and S. tuberosum elongation factor 1α (ELF1α) were used as positive controls for
the presence of plant DNA in the samples (Fig. 5). The majority of the regenerated plants showed a
product for the CRISPR‐Cas9 construct, indicating that they are successfully transformed. Therefore,
all putative transformants were used for phenotyping.

Figure 5. PCR‐based identification of CRISPR‐Cas9 in Solanum transformants. ELicitin Response (ELR)
and ELongation Factor 1α (ELF1α) are used as positive controls.
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Evaluation of CRISPR‐Cas9 ELR targeting specificity and off‐target prediction
CRISPR‐Cas9 may generate a DSB next to every PAM adjacent to a target sequence. Therefore,
it is important to find out if this sequence or highly similar ones occur elsewhere on the genome, as
this could result in off‐targets. There is no full genome sequence available for any of the wild potato
species used in this research. The only two publically available potato genome sequences are
generated by the Potato Genome Sequencing Consortium (2011). Neither of the sequenced species
contain a functional ELR (Du et al. 2015).
Cas‐OFFinder is a tool to identify off‐targets for CRISPR‐Cas9 systems. Cas‐OFFinder takes into
account the fixed PAM sequence and allows for a set number of mismatches in the sgRNA to identify
off‐target cleavage sites (Bae et al., 2014). For the sgRNAs used in this study, the DM1‐3 516 R44
genome assembly version 4.03 was screened for off‐targets with a maximum of two mismatches to
the sgRNA sequence (Appendix III). Five off‐targets were identified within predicted Open Reading
Frames (ORFs, Table 6). None of these off‐targets contains an exact match to one of the sgRNAs,
indicating that the construct is quite specific. PGSC locus PGSC0003DMT400007537 contains two
possible off‐target sequences. The locus codes for putative resistance protein Hcr2‐0B. Locus
PGSC0003DMT400039719 and PGSC0003DMT400007482 contain possible off‐targets for sgRNA1.
These loci both code for a predicted serine/threonine‐protein kinase (Potato Genome Sequencing
Consortium, 2011). A protein sequence identity matrix was generated using BLOSUM62 to compare
the off‐targets to ELR. None of these proteins has a high identity to ELR, indicating that these genes
are not homologous to ELR.

Table 6. Off‐targets in DM1‐3 516 R44 genome assembly v4.03 identified by Cas‐OFFinder (Bae et al.
2014). Only targets within predicted ORFs with a maximum of 2 mismatches are depicted. Protein
identity was calculated using BLOSUM62 compared to MCD360‐1 ELR.
PGSC locus

sgRNA1 (5’‐3’)

sgRNA2 (5’‐3’)

Protein sequence
identity to ELR

PGSC0003DMT400007537

GATGCCTCAAATTCCTCAAT

GATTAAAGAAATTGTTAACA

60.4%

PGSC0003DMT400039719

GATGCCTCAAATTCCTCAAT

‐

61.5%

PGSC0003DMT400007482

GATGCCTCAAATTCCTCAAT (2x)

‐

45.7%
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PVX agroinfection shows differential cell death response to INF1 for some transformants
To find out if CRISPR‐ Recognition of INF1 is known to result in a cell death response in plants
carrying ELR (Du et al. 2015, Derevnina et al. 2016). Cas9 mutagenesis targeted at ELR resulted in a
loss of INF1 recognition, transformants were subjected to PVX agroinfection. Three leaves of each
individual plant were toothpick‐inoculated with PVX. Every leaf was punctured four times with
Agrobacterium containing pGR106‐INF1 and two times with the controls pGR106‐CRN2 and pGR106.
Cell death response was scored at 14 days post inoculation (dpi). Cell death response was scored at a
scale of 0, 0.5 or 1 in which 0.0 corresponds to no response, 0.5 to an intermediate response and 1.0
to a strong cell death response (Appendix IV). For each transformant, five plants were inoculated per
biological repeat of the experiment. All transformants were compared to the non‐transformed
genotype (wild type, wt).

Figure 6. Cell death response after PVX inoculation of ELR‐targeting CRISPR‐Cas9 transformants. A.
S. edinense cell death response. INF1 n = 120. B. S. chacoense cell death response. INF1 n = 100. C. S.
papita cell death response. INF1 n = 120. D. S. phureja cell death response. INF1 n = 30. Two‐sided t‐
test comparing to the wildtype. The experiment was performed twice. * = P ≤ 0.001 ** = P ≤ 0.0001
*** = P ≤ 0.00001. Error bars represent S.E.M.
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A two‐tailed student’s t‐test was used to determine differences between wildtype and CRISPR‐
Cas9 transformed plants (Appendix IV). The scores of individual PVX inoculation sites were used as
input for statistical analysis. In S. edinense, INF1 cell death response was significantly reduced in
transformants 3, 4, 5, 7, 8, 11, 16, 18 and 19 (P ≤ 0.001). INF1 cell death response was significantly
stronger in transformant 6. A lot of variation was observed for CRN2 cell death response, which was
significantly weaker in transformants 3, 5, 7, 11, 16, 18 and 19 and significantly stronger in
transformant 1. pGR106 empty vector cell death response was significantly stronger in transformant
3 (Fig. 6 A). In S. chacoense, no significant differences were detected (Fig. 6 B). In S. papita, INF1 cell
death response was significantly weaker in transformant 3 and completely lost in transformant 5. INF1
cell death response was significantly stronger in transformant 2. CRN2 cell death response was
significantly weaker in transformant 1 and 6. No significant differences in average cell death response
were found for pGR106 empty vector (Fig. 6 C). In S. phureja no significant differences were detected
between wild type and the transformants (Fig. 6 D).
Preliminary sequencing identifies CHC543‐5 T1 and EDN T7 as a potential mutants
CRISPR‐Cas9 gives rise to mutations at the target site, as the DSB generated by Cas9 is repaired
by DNA repair mechanisms in the plant. CRISPR‐Cas9 transformants were extensively genotyped for
identifying whether thy carry desired mutations in the ELR. In order to determine if the transformants
were edited in the ELR gene, the target site was amplified and sequenced using Sanger sequencing.
DNA was amplified from all transformants and send for sequencing with gene specific primers
(Appendix V). Two transformants showed preliminary differences at the expected cutting site of the
CRISPR‐Cas9 construct. S. chacoense T1 shows a mixed peak at the expected cutting site of sgRNA1
(Fig. 7). Both changes are not expected to result in a frame‐shift or nonsense mutation. S. edinense T7
showed a mixed signal after the expected cutting site of sgRNA2 (Fig. 7). This could indicate an allelic
indel mutation.
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Figure 7. Alignment of trace files Sanger sequence S. edinense wildtype and T7 at the expected
cutting site of sgRNA2. Dashed line indicates the expected cutting site of sgRNA2.

Tracking of Indels by DEcomposition (TIDE) and High Resolution Melting (HRM) analysis identified
differences in the sgRNA2 target site between transformant and wildtype plants
Sanger sequencing relies on bulk amplification of all input DNA using fluorphore tagged
nucleotides. During amplification each nucleotide will emit a different signal which is read by a
detector. If the DNA sample contains two different products, the signal will be mixed where the
products differ from one another. In case multiple alleles are present, the Sanger sequencing signal
will be mixed where differences occur. Thus, if an allelic indel is present, the Sanger sequencing signal
will be mixed after the indel occurs (Brinkman et al. 2014). To identify differences between multiple
alleles Tracking of Indels by Decomposition (TIDE) and High Resolution Melting (HRM) analysis were
used.
To be able to find out if an indel is present, the Dutch Cancer Institute (NKI) developed a tool
called TIDE. TIDE compares the Sanger sequencing chromatograms of a wildtype and a putative
mutant sample by aligning them to each other and analyzing the area where the CRISPR‐Cas9
construct is expected to cut. In this way TIDE identifies indels (Brinkman et al. 2014).
All transformant sequencing results were subjected to TIDE analysis comparing to their respective
wildtype sequences. TIDE identified irregularities in the alignment of sequences of four transformants
compared to their respective wildtype sequences (Table 7). This implies that a proportion of the
sequences obtained from these transformants are different from the wildtype sequences at the
sgRNA2 cutting site.
HRM analysis is a technique which can identify polymorphisms based on the differences in the
thermal denaturation of PCR amplicons (Xing et al. 2014). Primers were designed to span a 70 bp
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region around sgRNA2 in order to be able to detect differences between wildtype and putative
mutants. Seven transformants were analyzed using HRM. S. edinense T14 grouped together with the
wildtype plants, indicating that it had a similar product as the wildtype plants. S. edinense T4, T7, T16
and S. papita T4 grouped together based on their melting curve. S. papita T5 and S. phureja T1 did not
group together with any of the other analyzed plants, indicating that they have a different product
from all the other plants (Table 7).

Table 7. HRM and TIDE consistently identify differences in three transformants compared to their
respective wildtypes. For HRM the sensitivity was adjusted to group both wildtype samples together.
For TIDE only results with are depicted. Insertion (%) indicates the amount of sequences which were
different from wildtype sequences in TIDE analysis.
Genotype

HRM

TIDE
R2

group

Insertion
(%)

EDN151‐1

PTA369‐1

PHU371‐7

Wildtype

b

‐

‐

T4

a

‐

‐

T5

‐

0.76

6.0

T7

a

0.87

4.5

T14

b

0.73

49.9

T16

a

0.47

13.8

T4

a

0.65

7.0

T5

d

‐

‐

Wildtype

b

‐

‐

T1

c

‐

‐
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Sequencing clones identifies a two partial S. edinense ELR knock‐outs and one full S. papita ELR
knock‐out
As it was challenging to infer what the actual mutation was using Sanger sequencing and TIDE,
new primers were designed with a higher specificity based on the sequences obtained using Sanger
sequencing of the PCR products (Table 4). As it was difficult to design primers to generate an amplicon
containing both target sites, only sgRNA2 was included as this is present in all the genotypes. As Sanger
sequencing of PCR products does not provide reliable information on the exact mutation in case there
are multiple alleles, an ELR fragment was amplified from promising putative mutants. S. edinense T4,
T5, T6 and T7 and S. papita T5 all showed an altered INF1 response in the PVX screen. S. edinense T16
was selected based on HRM and TIDE data. Products were cloned into pGEM‐T easy. Blue‐white
screening was performed and white clones were sequenced using M13 primers (Table 4).

Table 8. A putative third S. edinense ELR allele was identified after cloning part of ELR. SNP
differences between S. edinense homologs are indicated in the table below.

EDN151‐1
EDN151‐1‐N
EDN151‐1‐3

404
T
G
?

648
G
G
A

Position (bp)
663
C
C
A

936
T
T
G

Per genotype sequences of the three different alleles were compared by aligning them to the
representative wildtype allele. For S. edinense, three different cloned products could be distinguished
based on SNP differences, indicating that S. edinense has three ELR alleles (Table 8). S. edinense T4
has no differences at the expected cutting site compared to the wildtype sequences for the two known
alleles of ELR. For the third allele, no information was obtained. S. edinense T16 did not have
differences compared to the wildtype sequences. S. edinense T5 and T6 both show to lack the
sequence between sgRNA1 and sgRNA2 cutting sites in the non‐functional version of ELR (EDN151‐1‐
N) (Table 2, Juan Du, PhD thesis, 2014, Table 9). One thymine base is missing compared to the
sequences obtained in the N. benthamiana trial experiment (Appendix V). The mutation is expected
to result in a frame‐shift.
For S. papita, only one homolog was identified based on the cloned products as well as
previous research. S. papita showed to lack the sequence between sgRNA1 and sgRNA2 as well (Table
9).
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Table 9. Genotypes obtained after cloning and sequencing of S. edinense wildtype (wt), T4, T5, T6
and T16 and S. papita wt and T5. A1 = S. edinense functional ELR homolog. A2 = S. edinense non‐
functional ELR homolog (Juan Du, PhD thesis, 2014) A3 = S. edinense putative third allele.
Allele

sgRNA2

Mutation

A1

ACACCTTGTTAACAATTTCTTTTATCC

wt

A2

***************************

wt

A3

*A*************************

wt

A1/A2

ACACCTTGTTAACAATTTCTTTTATCC

wt

A3

???????????????????????????

?

A1/A2a

ACACCTTGTTAACAATTTCTTTTATCC

wt

A1/A2b

----------*****************

‐274 bp

A3

*A*************************

wt

A1/A2a

ACACCTTGTTAACAATTTCTTTTATCC

wt

A1/A2b

----------*****************

‐274 bp

A3

*A*************************

wt

A1/A2

ACACCTTGTTAACAATTTCTTTTATCC

wt

A3

*A*************************

wt

S. papita wt

ACACCTTGTTAACAATTTCTTTTATCC

wt

S. papita T5

----------*****************

‐274 bp

S. edinense wt

S. edinense T4

S. edinense T5

S. edinense T6

S. edinense T16
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Discussion
The aim of this thesis was to knock‐out the functional ELR orthologs in wild Solanum species
using genome editing. In this thesis, wild Solanum species were validated to be successfully
transformed with the CRISPR‐Cas9 construct. Two S. edinense allelic knock‐out mutants which showed
a reduced cell death response to INF1 were identified. One S. papita complete ELR knock‐out mutant
with a complete loss of INF1‐induced cell death was identified. This proves that CRISPR‐Cas9
mutagenesis can successfully be used in the wild Solanum species S. edinense and S. papita.
There are several methods to generate knock‐outs in crops. Classical breeding techniques can
be used to introgress different alleles from wild species into elite cultivars. However, as potato is a
clonally reproduced crop it is highly heterogeneous. Therefore, backcrossing may result in a cultivar
with a genetic composition which is different from the recurrent parent. To introduce a single knock‐
out, biotechnological approaches can be used. In these approaches two groups can be distinguished,
targeted and non‐targeted methods. Currently, non‐targeted based methods limit themselves to
mutagenesis using physical mutagens such as γ‐rays and UV‐light or chemical mutagens such as ethyl‐
methanesulfonate (EMS). The major drawback of these mutagens is that they will cause random
mutations in the whole genome, resulting in large populations which need to be thoroughly screened
for the desired mutation. The advantages of these mutagens is that they do not require whole genome
sequences and they are considered non‐GMO and thus are not restricted by GMO regulations (Kodym
& Afza, 2003).
Targeted mutagenesis relies on the relatively novel phenomenon called genome editing. All
genome editing tools use engineered nucleases to create DSBs at a specific target site. These DSBs
trigger DNA repair mechanisms inside the cell which are prone to making errors. These errors can
result in the desired mutation to generate a gene knock‐out. The most common genome editing tools
are Zinc Finger Nucleases (ZFN), TALEN and CRISPR‐Cas9. Both TALEN and CRISPR‐Cas9 have been
reported to successfully mutagenize potato species. For potato, CRISPR‐Cas9 is the most promising
system as it does not require the design of novel nucleases. The advantages of genome editing over
normal transformation and non‐targeted mutagenesis are that a single construct can be directed
specifically to all gene copies as long as they contain the same sequence. Another advantage of
genome‐editing over regular transformation is that the cassette has a high chance to integrate at a
different site in the genome than the editing site. This enables to select for the mutation, but against
the presence of the cassette. In this thesis, the integration of the cassette in S. edinense T19 probably
disrupted an essential gene. The disadvantage of genome editing technologies is that a whole genome
sequence is required to identify off‐targets and it is still unclear if Genetically Modified Organism
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(GMO) legislations apply (Gaj et al. 2013; Forsyth et al., 2016; Wang et al., 2015; Andersson et al. 2017;
Wright et al. 2016; Woo et al., 2015).
For the CRISPR‐Cas9 construct used in this thesis, no full targets could be identified within
predicted ORFs using Cas‐OFFinder. However, there is no full genome sequence available for any of
the wild Solanum species used in this research. The full genome sequence closest to the species used
in this thesis is the S. tuberosum DM1‐3 516 R44 genome by the Potato Genome Sequencing
Consortium (PGSC, 2011). This species is a result of a chromosome doubling of a monoploid in anther
culture. The absence of the target sequences in the DM1‐3 516 R44 predicted ORFs correlates with
the fact that DM1‐3 516 R44 does not contain the ELR locus. Therefore it can be concluded that the
CRISPR‐Cas9 construct used in this thesis is highly specific for ELR and its homologs.
In this thesis, PVX agroinfection was used to find out if wild Solanum species transformed with
CRISPR‐Cas9 targeting ELR had a differential INF1 response. The expected outcome was a qualitative
response, as the plants were expected to recognize INF1 while the elr mutants were not expected to
do so. However, the obtained cell death response showed to be quantitative for both INF1 and the
positive control CRN2 when comparing the different genotypes. In S. papita wildtype plants, the
average cell death upon PVX agroinfiltration with INF1 is weak compared to other responding species.
This difference might be caused by differences in the affinity to INF1 of the ELR homolog found in S.
papita compared to the other homologs. In order to investigate if this is the case, it is essential to
locate the binding site of INF1 on the ELR receptor. A domain‐swap for this binding site between S.
microdontum ELR and S. papita ELR followed by quantification of the cell death response could provide
insight into this theory. Another explanation could be that S. papita drops leaves upon stress
generated by PVX agroinfection, however S. phureja shows a strong cell death response to INF1 and
it also drops the leaves upon PVX agroinfection.
CRN2 was used as a positive control for cell death response. Unexpectedly, CRN2 showed
inconsistent levels of cell death response amongst the different transformants of the same genotype.
CRN2 is a non‐specific cell death inducer secreted into the host cytoplasm by P. infestans that targets
the host nucleus. CRN proteins are speculated to target host nuclear factors to increase P. infestans
virulence. To reach the nucleus, CRN2 relies on translocation inside the host cell (Schornack et al. 2010;
Stam et al. 2013). ELR is a protein localized at the plasma membrane (Du et al. 2015), thus INF1
response is initiated in a different subcellular location compared to CRN2‐triggered cell death.
Therefore, it is highly unlikely that these differences in the intensity of cell death response are caused
by CRISPR‐Cas9 mediated differences in the transformants. Moreover, differences in CRN2 response
likely do not affect INF1 response as they trigger cell death responses via different ways.
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In this thesis, S. papita T5 was shown to be a full knock‐out mutant of ELR lacking the complete
sequence between the sgRNA1 and sgRNA2 cutting sites. However, the previously identified ELR
ortholog in this species had two mismatches present in the 3’ end of the sgRNA1 target site (Juan Du
PhD thesis, 2014). CRISPR‐Cas9 has been reported to tolerate mismatches in the 5’ site but not the 3’
site of sgRNAs (Fu et al. 2013, Hsu et al. 2013, Carroll, 2013). As the mismatch in sgRNA1 occurs at the
3’ site, this is not likely to explain the result. A more probable explanation of the cut is that the sgRNA1
sequence is present in the S. papita plant used for CRISPR‐Cas9 mutagenesis. Unfortunately, sgRNA1
was excluded from the cloned fragment used in this thesis. To further investigate if this is the case,
the fragment of the functional ELR homolog found in S. papita containing sgRNA1 could be cloned and
sequenced.
In S. edinense no completely non‐responsive ELR mutant was identified. A decrease in cell
death upon INF1 inoculation was observed in three individual transformants. These results suggest
that a second functional ELR homolog is present in S. edinense which accounts for part of the cell death
response upon INF1 recognition. S. edinense was previously reported to contain two homologs of ELR,
of which one is functional (EDN151‐1) and one non‐functional (EDN151‐1‐N) (Juan Du PhD thesis,
2014). Cloning and sequencing part of ELR revealed three variant sequences of which one does not
match the previously identified ELR homologs in S. edinense. Altogether this points to a third ELR
homolog in S. edinense which probably recognises INF1. For future research it would be interesting to
characterize this third homolog and to confirm its functionality by transiently co‐expressing it with
INF1. Eventually it would be interesting to knock‐out all functional ELR homologs to obtain a fully non‐
responsive S. edinense mutant.
Both the mutations identified in S. papita and S. edinense with a differential INF1 response
point to a different mutation site than expected at the sgRNA2 target site. The observed mutation site
is 4 bp upstream of the PAM sequence, whereas Cas9 typically cleaves 3 bp upstream of PAM (Ran et
al. 2013). This difference is unlikely to be caused by the construct itself, as the N. benthamiana trial
experiment showed that Cas9 will cleave at the expected cutting site of sgRNA2 (Appendices). Likely,
the difference is caused by wild Solanum DNA repair mechanisms.
No mutants with differential INF1‐response were identified in S. chacoense and S. phureja.
Successful CRISPR‐Cas9 mutagenesis relies on the plant’s DNA repair mechanisms. Andersson et al.
(2017) reported a 2.2 – 11.6% efficiency of CRISPR‐Cas9 mutagenesis in potato to result in the desired
edit within the first generation. As a limited amount of transformants was used in this thesis, the
chance of finding the desired edit in all genotypes was low. To obtain fully non‐responsive mutants a
greater number of transformants should be generated.
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In order to fully dissect the degree at which ELR homologs contribute to enhanced resistance
to P. infestans, it is vital to obtain and test fully non‐responsive mutants. A detached leave assay could
be performed to determine the susceptibility of a full ELR knock‐out to P. infestans.
Food security is a major challenge facing this and future generations. Estimations say that food
production has to double in the next forty years to be able to feed the growing world population
(Tilman et al. 2011). Potato is a very important food source, which is estimated to lose a value
exceeding three billion US dollars in yield losses and control measures due to P. infestans annually
(Fry, 2008). The use of CRISPR‐Cas9 mutagenesis in potato breeding is still in its infancy. For the use
of CRISPR‐Cas9 mutagenesis in potato breeding, off‐targets would present a threat. Before the
technique can be used in breeding, it is vital to obtain a genome sequence for cultivated potato so off‐
targets can be identified.
The transformants which were characterised in this thesis are clonally regenerated from the
initial transformant. Therefore, the CRISPR‐Cas9 cassette is still present on the genome. For the
successful use of CRISPR‐Cas9 in potato breeding it would be interesting to explore DNA‐free delivery
of CRISPR‐Cas9 into the plant. This can be achieved by synthesizing CRISPR‐Cas9 ribonucleoprotein
complexes and introducing them into protoplasts. A proof of concept has already been performed in
Arabidopsis thaliana, tobacco, lettuce, rice and bread wheat (Woo et al. 2015; Liang et al. 2017). This
indicates that possibilities for transgene‐free CRISPR‐Cas9 mutagenesis exist that can change breeding
approaches in the future.
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Appendices
Appendix I. Leaf morphology of wild Solanum species.

Supplementary figure 1. Typical leaf morphology of wild Solanum species used in this thesis
compared to S. tuberosum cv. Bintje. At the top: S. tuberosum cv. Bintje and S. chacoense. At the
bottom: S. phureja, S. edinense and S. papita.
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Appendix II. Morphology of obtained putative transformants.
Supplementary table 1. Obtained putative transformants. Transformants with a differential
morphology or fitness than the wildtype plants are indicated.
S. edinense

T1

T1

S. papita

T2

T1

T3

T2

T4

T3

T5

T4

T6

T5

T7

T6

T8

T7

T9

S. phureja

T10

T1

Stunted growth

T11

T2

Stunted growth

T12

T3

T13

T4

T14

T5

Stunted growth

T6

Stunted growth

T16

T7

Stunted growth

T17

T8

T18

T9

Lost

Different leaf

T10

Lost

morphology

T11

Lost

T12

Lost

T15

T19

S. chacoense

Lost

Stunted growth

Stunted growth
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Supplementary figure 2. Leaf morphology in S. edinense wildtype and transformant 19.
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Appendix III. Off‐targets identified by OFFinder.

Supplementary table 2. Off‐targets in DM1‐3 516 R44 genome assembly v4.03 as identified by Cas‐
OFFinder (Bae et al. 2014) with a maximum of 2 mismatches.
sgRNA + PAM (5’-3’)
GATGCTTCAAATTTCACCATTGG
GATGCTTCAGATTTCTCCATTGG
GATGCCTCAAATTTTTCAATCGG
GATGCCTCAAATTCCTCAATCGG
GATGCCTCAAATTCCTCAATCGG
GATGCCTCAAATTCCTCAATTGG
GATGCCTCAAATTCCTCAATCGG
GATGCCTCAAATTCCTCAATCGG
GATGCCTCAAATTTGTCAATTGG
GATTAAAGAAATTGTTAACAAGG
GATGCCTCAAATTCCTCAATCGG
GATGCCTCAAATTCCTCAATCGG
GATGCCTCAAATTCCTCAATCGG

Chromosome
ST4.03ch01
ST4.03ch01
ST4.03ch09
ST4.03ch12
ST4.03ch12
ST4.03ch12
ST4.03ch12
ST4.03ch12
ST4.03ch12
ST4.03ch12
ST4.03ch12
ST4.03ch12
ST4.03ch12

Position
6053146
57264338
51860363
681383
717179
2546193
2631306
2651552
2651873
2676839
2677409
2902941
2903277

Mismatches
2
2
2
2
2
2
2
2
2
1
2
2
2
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Appendix IV. PVX scores and representative phenotypes
Supplementary table 3. All PVX cell death scores and P‐values per genotype. All P‐values higher than
0.001 are indicated in red.
Genotype*
EDN wt
EDN T1
EDN T2
EDN T3
EDN T4
EDN T5
EDN T6
EDN T7
EDN T8
EDN T9
EDN T10
EDN T11
EDN T12
EDN T13
EDN T14
EDN T16
EDN T17
EDN T18
EDN T19
CHC wt
CHC T1
PTA wt
PTA T1
PTA T2
PTA T3
PTA T5
PTA T6
PTA T7
PHU wt
PHU T3
PHU T4
PHU T7
PHU T8

score
0.801
0.896
0.763
0.590
0.513
0.372
0.957
0.296
0.599
0.792
0.800
0.663
0.861
0.831
0.790
0.652
0.805
0.637
0.424
1.000
0.995
0.255
0.208
0.648
0.040
0.000
0.208
0.253
0.921
0.929
0.667
0.810
0.688

INF1
P‐value
1.00E+00
6.36E‐03
3.39E‐01
1.14E‐07
2.95E‐11
3.93E‐25
3.57E‐05
1.55E‐31
2.44E‐06
8.15E‐01
9.82E‐01
4.86E‐04
1.11E‐01
4.13E‐01
7.72E‐01
1.43E‐04
9.12E‐01
1.77E‐05
2.46E‐17
1.00E+00
4.71E‐01
1.00E+00
3.65E‐01
6.42E‐08
6.90E‐05
1.58E‐04
3.42E‐01
9.72E‐01
1.00E+00
8.98E‐01
3.68E‐03
1.67E‐01
2.43E‐02

score
0.750
0.925
0.842
0.565
0.600
0.474
0.879
0.462
0.907
0.759
0.808
0.525
0.648
0.774
0.758
0.500
0.650
0.567
0.446
0.517
0.510
0.940
0.713
0.841
0.875
0.750
0.675
0.904
0.800
0.667
0.667
0.833
0.194

CRN2
P‐value
1.00E+00
1.25E‐04
6.17E‐02
8.67E‐04
3.70E‐03
2.74E‐07
7.76E‐03
1.77E‐07
1.51E‐03
8.74E‐01
2.24E‐01
2.56E‐05
7.94E‐02
6.20E‐01
8.75E‐01
2.04E‐06
8.46E‐02
3.96E‐04
1.45E‐07
1.00E+00
9.20E‐01
1.00E+00
8.32E‐05
4.47E‐02
1.30E‐01
3.54E‐03
6.74E‐06
3.20E‐01
1.00E+00
1.85E‐01
2.70E‐01
7.79E‐01
5.82E‐05

score
0.044
0.100
0.026
0.188
0.108
0.107
0.045
0.046
0.019
0.025
0.008
0.075
0.009
0.081
0.086
0.048
0.000
0.025
0.027
0.000
0.007
0.000
0.009
0.050
0.000
0.000
0.017
0.019
0.000
0.313
0.000
0.000
0.000

pGR106
P‐value
1.00E+00
5.10E‐02
3.86E‐01
9.48E‐06
2.69E‐02
1.94E‐02
9.67E‐01
9.34E‐01
2.26E‐01
3.90E‐01
6.41E‐02
2.13E‐01
8.69E‐02
1.63E‐01
1.11E‐01
8.58E‐01
2.96E‐02
3.56E‐01
4.18E‐01
1.00E+00
4.70E‐01
1.00E+00
1.99E‐01
9.39E‐01
1.87E‐01
3.23E‐01
3.07E‐01
3.86E‐01
1.00E+00
1.27E‐02
1.00E+00
1.00E+00
1.00E+00

*EDN = S. edinense, CHC = S. chacoense, PTA = S. papita and PHU = S. phureja.
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INF1
CRN2
pGR106

INF1
CRN2
pGR106

INF1
CRN2
pGR106

Supplementary figure 3a. Representative phenotypes of PVX screen at 14 dpi.
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INF1
CRN2
pGR106

INF1
CRN2
pGR106

INF1
CRN2
pGR106

Supplementary figure 3b. Representative phenotypes of PVX screen at 14 dpi.
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INF1
CRN2
pGR106

INF1
CRN2
pGR106

INF1
CRN2
pGR106

Supplementary figure 3c. Representative phenotypes of PVX screen at 14 dpi.
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INF1
CRN2
pGR106

CRN2
INF1
pGR106

INF1
CRN2
pGR106

INF1
CRN2
pGR106

Supplementary figure 3d. Representative phenotypes of PVX screen at 14 dpi.
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Appendix V. Sequences obtained from preliminary Sanger sequences.
Supplementary table 4. All sequences with clear peaks aligned at sgRNA1 and sgRNA2 target sites. Underscores mark sgRNA target sequences.
MCD360-1
EDN151-1
CHC543-5
PHU371-7
PTA369-1
CHC543-5
PTA369-1
PTA369-1
PTA369-1
PTA369-1
PTA369-1
PTA369-1
PHU371-7
PHU371-7
EDN151-1
EDN151-1
EDN151-1
EDN151-1
EDN151-1
EDN151-1
EDN151-1
EDN151-1
EDN151-1
EDN151-1
EDN151-1
EDN151-1

wt
wt
T1
T2
T3
T4
T5
T2
T11
wt
T4
T5
T7
T8
T10
T11
T14
T15
T16
T17
T18

sgRNA1
TTGGCCGATGGAGAAATTTGAGGCATCTCAA
*********T***G*****************
*******************************
*********T***G*****************
*********T***G*****************
*********T*********************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
*********T***G*****************
???????????????????????????????
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***TA****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************
***T*****T***G*****************

sgRNA2
TAAACCTTGTTAACAATTTCTTTTATCCTTC
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
???????????????????????????????
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
*******************************
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Appendix VI. Obtained mutant sequences aligned to ELR obtained from CRISPR‐Cas9‐mediated
mutagenesis of ELR in N. benthamiana (Emmanouil Domazakis, unpublished data)

Supplementary figure 4. Obtained transformants have a frame‐shift mutation. Obtained mutants
aligned to the sequence resulting from co‐agroinfiltration of ELR and the CRISPR‐Cas9 construct in N.
benthamiana.
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