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Plants utilise cell surface pattern recognition receptors (PRRs) and intracellular nucleotide-binding
domain leucine-rich repeat containing receptors (NLRs) to fend off invading pathogens. Although
PRR- and NLR-triggered immunity are generally thought to activate distinct pathways, they can
induce similar outputs. However, whether these two pathways converge at some point to
potentiate and strengthen the immune response remains unclear. For instance, the extent to which
the tomato NLR helper NRC4 is implicated in response to the bacterial flagellin peptide flg22 needs
to be elucidated. One challenge is that the tomato NRC4 gene cluster consists of three paralogues
and the related NRC5 gene. Here, we took advantage of the CRISPR/Cas9 system to generate a
tomato mutant with a 53 kb deletion that encompasses the four NRC genes. Although this mutant
failed to respond to the NRC4-dependent NLR Rpi-blb2, it remained unaltered in flg22-induced
responses. We conclude that the NRC4 genes are not essential for flg22-induced responses in
tomato.

Plants utilise cell surface pattern recognition receptors (PRRs) and intracellular nucleotide-binding
domain leucine-rich repeat containing receptors (NLRs) to fend off invading pathogens (Dodds and
Rathjen, 2010; Win et al., 2012). Both types of immune receptors detect pathogen molecules directly
or indirectly to activate complex immune responses and disease resistance (Kourelis and van der
Hoorn, 2018). Although PRR- and NLR-triggered immunity are generally thought to activate distinct
pathways, they can induce similar outputs such as production of reactive oxygen species (ROS) and
hypersensitive cell death (Peng et al., 2018). Both PRR- and NLR-activated pathways involve calcium-
dependent protein kinases, mitogen-activate protein kinases (MAPK), phytohormone signalling and
transcriptional reprogramming (Peng et al., 2018). However, whether these two pathways converge
at some point to potentiate and strengthen the immune response remains unclear.

Throughout evolution, a subset of NLR proteins have functionally diversified into sensors that detect
pathogen molecules and helpers (also known as executors) that operate genetically downstream of
sensor NLRs in mediating the hypersensitive response (HR) and disease resistance (Cesari, 2018;
Adachi et al., 2019). The emerging view is that although some singleton NLRs carry both activities,
sensor and helper NLRs form receptor complexes that range from pairs to networks (Wu et al., 2018;
Adachi et al., 2019). One example of an NLR network is formed by the NRCs (NLR-required for cell
death) in asterid plants (Wu et al., 2017). Over the last ~100 million years, the NRC network has
dramatically expanded from a pair of sensor and helper genes to form a complex network of
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phylogenetically related sensor and helper NLRs. In the Solanaceae, the NLR helpers NRC2, NRC3 and
NRC4 are partially redundant but display varying degrees of specificity towards sensor NLRs that
confer resistance to oomycete, bacterial and viral pathogens (Wu et al., 2017). Interestingly, a recent
study linked the tomato NRC SINRC4a to PRR-triggered immunity (Leibman-Markus et al., 2018b).
Leibman-Markus et al. (2018) reported that overexpression of SINRC4a in Nicotiana spp. enhances
ROS production elicited by the bacterial flagellin peptide flg22 and the fungal protein ethylene-
inducing xylanase (EIX). SINRC4a associates with the PRRs AtFLS2 and LeEIX in co-immunoprecipitation
experiments. Furthermore, a tomato mutant that carries a truncated 67 amino acid SINRC4a due to a
nonsense mutation introduced by CRISPR/Cas9 displays higher LeEIX-mediated ROS production and
increased resistance to the necrotrophic fungal pathogen Botrytis cinerea. These results led Leibman-
Markus et al. (2018) to conclude that SINRC4a is a positive regulator of the immune response
mediated by PRRs, notably the extensively studied FLS2 receptor.

Despite the Leibman-Markus et al. (2018) findings, the degree to which loss-of-function mutation of
NRC4 affects flg22-elicited responses has not been unambiguously determined. This experiment is
somewhat limited by the observation that SINRC4a (Solyc04g007070, referred to as NRC4a from here
on) occurs in the tomato genome as a gene cluster together with two closely related paralogous genes
(SINRC4b, Solyc04g007060, NRC4b; SINRC4c, Solyc04g007030, NRC4c), which may be functionally
redundant (Supplemental Fig. S1A). This gene cluster also contains another gene Solyc04g007050, we
named SINRC5 (NRC5), that is phylogenetically related to the NRCs (Wu et al., 2017). In this study, we
decided to take advantage of the CRISPR/Cas9 system to generate a loss-of-function mutants in the
clustered NRC genes. We reasoned that the contribution of genetically redundant NRC4 paralogs in
FLS2 mediated responses can be addressed by deleting the entire NRC4/5 gene cluster.
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Figure 1. The T0-7 transformant carries a large (>53 kb) deletion spanning across the NRC4 gene cluster. A. Schematic view
of the tomato NRC4 gene cluster in wild-type (WT) and mutant TO-7. Orange, NRC4 paralogs; yellow, NRC5; blue,
Solyc04g007075, which contains incomplete sequence information due to a sequencing gap in the reference genome. The
deleted regions in the mutant TO-7 are marked in grey. B. PCR-genotyping for the large deletion. PP1, amplification with
primer pair 1:LR1F x 7075F indicated in A; EF1a, amplification control with EF1a primers. The uncropped image is provided
in Supplemental Fig. S2B. C. Sequence alignment and chromatograms of Sanger DNA sequencing results. In this region, the
mutant TO-7 contains a 290bp deletion based on reference genome and the results of sequencing. D. Sequence alignment
and chromatograms of Sanger DNA sequencing results. In this region, the mutant TO-7 contains a 53kbp deletion based on
the reference genome and the results of sequencing.

A 53-kb deletion in the NRC4 cluster of tomato 2


https://doi.org/10.1101/697425
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/697425; this version posted July 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

To knockout the NRC4 gene cluster of tomato, we designed four guide RNAs based on the conserved
sequences in the NRC4 paralogs (Supplemental Fig. S1B). We transformed these guide RNAs together
with Cas9 and kanamycin selection marker into tomato (Solanum lycopersicum) GCR758 (Balint-Kurti
etal., 1995). We recovered 13 independent transformants that are kanamycin resistant. To determine
whether these transformants are mutated in the NRC4 gene cluster, we used gene specific primers to
amplify fragments of NRC4a, NRC4b, NRC4c and NRC5 (Supplemental Fig. S1C, Supplemental Table
S1). These primers amplified fragments with expected sizes when genomic DNA from the wild type
plants was used as template in the PCR reaction but failed to amplify some of the NRCs (such as NRC4c
and NRC4a) with genomic DNA from the line TO-1 (Supplemental Fig. S1C). Interestingly, we could not
amplify any of the NRC4 and NRC5 fragments from the genomic DNA of the line TO-7, suggesting that
this line contained multiple deletions or a large deletion in the locus of NRC4 gene cluster
(Supplemental Fig. S1C). To further confirm the genotype of the TO-7 plant, we designed four
additional primers based on the sequences adjacent to NRC4c and NRC4a. Due to the distance
between the primers (over 50 kb based on the reference sequence), these primer pairs LR1F x 7075F
and 7020R x 7075F could not amplify any fragments when the genomic DNA from the wild type plant
was used as template (Supplemental Fig. S2). However, we successfully amplified fragments of 1.3 kb
and 3.8 kb with the primer pairs LR1F x 7075F and 7020R x 7075F, respectively, using DNA from T0-7
(Fig. 1; Supplemental Fig. S2). Thus, we sequenced the 1.3 kb fragment amplified using the primer pair
LR1F x 7075F by Sanger sequencing and confirmed that this plant contains a 53 kb deletion in the
NRC4 locus, connecting the open reading frame (ORF) of NRC4c to the ORF of Solyc04g007075 (Fig. 1;
Supplemental Fig. S3). In addition to the 53 kb deletion, we also found a 290 bp deletion in NRC4c (Fig.
1C). The remaining sequence resulted in a fusion of ORFs from Solyc04g007075 and NRC4c with
multiple frameshift mutations leading to premature stop codons in NRC4c (Supplemental Fig. S3). We
further obtained a homozygous T2 line (nrc4_7.4) and used this line for further experiments
(Supplemental Fig. S4).

We previously reported that the sensor NLR Rpi-blb2, which confers resistance to potato late blight
pathogen Phytophthora infestans, depends on NRC4 when expressed in N. benthamiana. To test
whether Rpi-blb2 signals through NRC4 in tomato, we expressed Rpi-blb2/AVRblb2, Rpi-vntl/AVRvntl
(NRC-independent) or GFP in wild type and the NRC4 knockout tomato line using agroinfiltration (see
Supplemental methods). Rpi-blb2-mediated cell death was compromised in the NRC4 knockout plants,
whereas Rpi-vntl triggered strong cell death in both wild type and NRC4 knockout plants, consistent
with the earlier finding from the N. benthamiana experimental system (Supplemental Fig. S4).

Leibman-Markus et al. (2018) proposed that NRC4a participates in immunity mediated by FLS2
because overexpression of NRC4a in N. benthamiana enhances ROS production after flg22 treatment.
Leibman-Markus et al. (2018) obtained a CRISPR/Cas9 mutagenized tomato line that expresses a
truncated variant of SINRC4a. However, the effect of this mutation on FLS2 responses was not
reported. As NRC4a exists in a gene cluster with the highly homologous NRC4b and NRC4c that are
potentially functionally redundant, we reasoned that our NRC4/5 gene cluster deletion would be ideal
to test whether the NRC4 genes are required for FLS2-mediated responses. To test the hypothesis, we
monitored apoplastic ROS production in response to flg22 peptides. We observed a transient flg22-
induced ROS burst with the leaf discs from wild type tomato plant GCR758. However, we did not
observe a notable difference in terms of flg22-induced ROS burst between the wild type and the NRC4
deletion line nrc4_7.4 (Fig. 2A and B). As mitogen-activated protein kinase (MAPK) activation
represents another typical output in FLS2-mediated responses, we tested whether the MAPK
phosphorylation was impaired in the NRC4 knockout plants. We detected increased phosphorylation
of MAPKs by Western blotting with p-42/44 antibody after flg22 treatment. We detected increased
phosphorylation of MAPKs in the NRC4 knockout mutant and, here too, we did not observe a
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Supplemental Data
The following supplemental materials are available.
Supplemental Methods
Supplemental Figure S1. Targeting the NRC4 gene cluster with CRISPR/Cas9 in tomato.
Supplemental Figure S2. Primer design and characterisation of the large deletion in mutant TO-7.
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Supplemental Figure S3. Sanger sequencing result of the NRC4 deletion allele from TO-7.
Supplemental Figure S4. The NRC4 knockout homozygous T2 line (nrc4_7.4) is impaired in Rpi-blb2
mediated cell death.

Supplemental Table S1. Primers used in this study.
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Supplemental Data
Supplemental Methods
CRISPR/Cas9 Construct Assembly

All constructs were assembled using the Golden Gate cloning method (Weber et al. 2011).
Level 1 constructs carrying sgRNAs placed under the control of the Arabidopsis (Arabidopsis
thaliana) U6 promoter were assembled as described (Belhaj et al. 2013). Primers
JC sgrna2_F, JC sgrna3_F, JC sgrnad F and JC sgrna5 F forward primers were used in
combination with the JC_sgrna_R reverse primer (Supplemental Table S1) to clone sgRNAs 2,
3, 4 and 5, respectively.

Level 1 constructs plCH47732::NOSp::NPTIl (addgene no. 51144), plCH47742::35S::Cas9
(addgene  no.  49771), pICH47751::AtU6p::sgRNA2,  pICH47761::AtU6p::sgRNA3,
pICH47772::AtUbp::sgRNA4, pICH47781::AtU6p::sgRNAS and the linker pICH41822 (addgene
no. 48021) were assembled into the level 2 vector pAGM4723 (addgene no. 48015) as
described (Weber et al. 2011) resulting in the level 2 construct
PAGMA4723::NPTIl::Cas9::sgRNA2::sgRNA3::sgRNA4::sgRNAS.

Plant transformation

Tomato cultivar GCR758 (Balint-Kurti et al. 1995) was transformed with the
PAGM4723::NPTII::Cas9::sgRNA2::sgRNA3::sgRNA4::sgRNA5  construct as  previously
described (Fillatti et al. 1987). TO transgenic plants were selected in the medium with
kanamycin and then transferred into soil.

Plant genotyping

Genomic DNA was extracted from TO transformants as described (Nekrasov et al. 2017).
Plants were genotyped using PCR with respective primers (Supplemental Table S1).

Measurement of ROS

ROS production after flg22 peptide treatment was monitored by a luminol-based assay. 4 mm
diameter tomato leaf discs were incubated for 16 hours in 150 pL of water in a 96-well plate.
Before measurement of ROS, the water was removed and 100 pL of ROS detection solution
[17 mM luminol (Sigma); 1 uM horseradish peroxidase (Sigma); 100 nM flg22 (EzBiolab)] was
added to each well. Chemiluminescence was measured by using an ICCD photon-counting
camera (Photek, East Sussex, UK).

Detection of MAPK phosphorylation
Six leaf discs (8 mm diameter) of tomato leaves and were homogenised in 200 pL of extraction
buffer [10% glycerol; 25 mM Tris, pH 7.5; 1 mM EDTA; 150 mM NacCl; 2% w/v PVPP; 10 mM

DTT; 1% v/v protease inhibitor cocktail 2 (Sigma, P5726); 1% v/v protease inhibitor cocktail 3
(Sigma, P0044); 0.2% v/v IGEPAL (Sigma). After centrifugation at 12,000 xg for 10 min, 50 pL
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of supernatant was mixed with equal amount of 2x SDS-PAGE sample buffer and used for SDS-
PAGE. Immunoblotting was done with an antibody against phosphorylated MAPK (Phospho-
p44/42 MAPK Erk 1/2 Thr202/Tyr204 XP Rabbit mAb #4370; Cell Signaling Technology).

Cell death assay on tomato leaves

Transient expression of GFP, Rpi-blb2, AVRblb2, and Rpi-vntl and AVRvntl in tomato leaves
were performed according to the method described previously by Bos et al. (2006).
Suspensions of Agrobacterium tumefaciens AGL1 strains harboring the expression vector of
different proteins were prepared in infiltration buffer (10mM MES, 10mM MgCl2, and 150uM
acetosyringone, pH5.6) and adjusted to the final ODggo of 0.3 for each expression construct.
Leaflets of the 4th leaves from four-week-old tomato plants were syringe-infiltrated with A.
tumefaciens strains harboring the expression vector of different proteins as indicated.

LITERATURE CITED

Balint-Kurti PJ, Jones DA, Jones JD (1995) Integration of the classical and RFLP linkage maps of the short arm of tomato
chromosome 1. Theor Appl Genet 90:17-26. doi: 10.1007/BF00220991

Belhaj K, Chaparro-Garcia A, Kamoun S, Nekrasov V (2013) Plant genome editing made easy: targeted mutagenesis in
model and crop plants using the CRISPR/Cas system. Plant methods 9:39. doi: 10.1186/1746-4811-9-39

Bos JI, Kanneganti TD, Young C, Cakir C, Huitema E, Win J, Armstrong MR, Birch PR, 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. Plant J 48:165-176. doi: 10.1111/j.1365-
313X.2006.02866.x.

Nekrasov V, Wang C, Win J, et al (2017) Rapid generation of a transgene-free powdery mildew resistant tomato by
genome deletion. Scientific Reports 7:482. doi: 10.1038/s41598-017-00578-x

Weber E, Engler C, Gruetzner R, et al (2011) A modular cloning system for standardized assembly of multigene constructs.
PLoS One 6:e16765. doi: 10.1371/journal.pone.0016765

A 53-kb deletion in the NRC4 cluster of tomato 7


https://doi.org/10.1101/697425
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/697425; this version posted July 10, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

NRC4c NRC5 NRC4b NRC4a
WT t Solyc04g007030 Solyc04g007050 Solyc04g007060 Solyc04g007070 Solyc04g007075
omato
NRC4 gene cluster ‘ -" """
S1NRC4c --CTTATTGTTTTAGATGATGTGTGGGAA-~//~--ATTTGAGGTATATTGCTATCTCGGGTG-~
S1NRC4a --CTCATTGTTTTAGATGATGTGTGGGAG-~//~-ATTTGAGGTATATTGCTATCTCAGGTG-~
S1NRC4b -—CTCATTGTTTTAGATGATGTGTGGGAA--//--ATTTGAGGTATATTGCTATCTCAGGTG--
*k Khkhkhkhkhkhkhkhkhkhhkhhhhhhhhhkk Khkkhkhkhkhkhkhhhhhhhhhkhkhkdd,kk, *k%k%
S1NRC4c --TACCTGCAAAATTGCCATCCCCGACTA~--//--AAATTGAGCATTCGAGGGCAAATGGAG--
SINRC4a --TACCTGCAAAATTGCCATCCCCGACTA~--//--AAATTGAGCATTCGAGGGCAAATGGCG--
S1INRC4b --TACCTGCAAAATTGCCATCCCCGACTG--//--AAATTGGGCATTCGAGGGCAAATGGCG--
kkhkhkkkhkkhkhkkhhkhkhhkkhhkdhhkkhkhkkhhk*k kkhkkkkhkk *khkkhkkhkhkkhhkkhkhkkhhkkkxk X
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Supplemental Figure S1. Targeting the NRC4 gene cluster with CRISPR/Cas9 in tomato. A.
Cartoon showing the NRC4 gene cluster (Solyc04g007030, Solyc04g007060 and
Solyc04g007070) targeted by CRISPR/Cas9 in this study. Orange, NRC4 paralogs; yellow,
NRC5; blue, Solyc04g007075, which contains incomplete sequence information due to a
sequencing gap in the reference genome. B. Sequence alignment of the region targeted by
sgRNA in the NRC4 paralogs. The PAM motifs are marked in blue, and the sgRNA sequences
are marked in red. C. PCR-genotyping for the presence of NRC4 and NRC5 genes in TO
transgenic lines. Amplification bands with expected size are labelled with red asterisks,
whereas missing bands at the corresponding size are labelled with grey asterisks.
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primer pairs
1: LR1IF f—p==cceccccccccnceecceeceeenceeeeceecececeecmceeceec e encennannn ~— 7075F
2: [ e EEEEE LR LT -—LR3R
(P e L L L L - 7075F
4:7020_ R ppr === mmcmcmcmcmceceeeeeeeememesesssssesessssssssesesememsmes—se=—.— <+ LR3R
NRC4c NRC5 NRC4b NRC4a
Solyc04g007020 Solyc04g007030 Solyc04g007050  Solyc04g007060 Solyc04g007070 Solyc04g007075
| |
I
Solyc04g007020 Solyc04g007030  Solyc04g007075
LRIF f—p == memmccccccnnn- ~— 7075F
1354bp
7020R k> === s memcmcemececmeeea- «—i 7075F
3843bp
WT T0-7
Primerpars 1 2 3 4 E 1 2 3 4 E
bp
5000-
3000-
2000-
1500-

1000-

700-

Supplemental Figure S2. Primer design and characterisation of the large deletion in mutant
T0-7. A. Cartoon showing the NRC4 gene cluster and positions of primers for characterising
the mutant TO-7. B. Agarose gel electrophoresis of the PCR products obtained with primer
pairs indicated in A. None of the primer pairs amplified fragments with expected size when
the genomic DNA from the WT plant was used. Primer pairs 1:LR1F x 7075F and 3:7020R x
7075F amplified fragments of 1354bp and 3848bp with the genomic DNA from mutant TO-7.
Primer pairs 2: LR1F x LR3R and 4: 7020R x LR3R failed to amplify any fragments because of
the reverse primer LR3R locates on the region that is deleted in the mutant TO-7. A primer
pair for EF1o (E) was used as amplification control.
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DNA sequence:
GTAGTCTTGTTGGAAATCTTAACGAAGATACGTGTAGAGAATTCTTTATAGCAGAGGAGGCATGTCAATAACACTGCATATTT
CACGATTCAAACTAGTATTGCAAAAGAAACTTACAATAGATTATTTACACAAATGAAAACAAAGCAAATACAACCATAACARAA
ATAGGATAAGATGCAAAACAGTTATTTGTCTGTGGCTTCCACACAARAGGGGGAACTCGAAATGCAACAGAGTTAGCCTTATTT
GAAATACTCTCCGCTAGCTATTTGTGTGATGATCCCTGGCTTGCTTTGAGAAAGCTCAATCTCAAAGTTCTCTCCTGCAGAAG
AAGAGGAAAATTAAGTTTTAGTAACTGGAACAAGGAGAGGAAGATTGTGGCGGATAAACAAATGAATTCGACTGACCTTTCAA
CTTCACTGTGATCAGCATCACGAGGGAATATGCTGCACTTGAATTTTTCGTCTTTAGATTTCTTACGTTCCAGTATATCTTTT
GCAGATTTGACCGCTTTGATTGTGTTCTCCAACTTCATCTCGCGAAGATTAGGTATATCAGCCAGCTCAACTGGTACAGCGTT
GAGCTTATCACAAGAGACAAGAACAAGGTTCCTAAGGATGGGGTAGTTAAGATTAGACGCCTCCCAAGTTTCTAATTCTGCCC
TCTCGATCCACAATACCCGGAGTTTGCAAAAACCTCCCAACTCCGGCTTCCAAGTATCACCCACGAATGCATTTTCTTTCAAC
TTTAGAACCTCAAGGGATTCCAATTGCCCTAATTTTTCTGCCTCACTCCATGAAAACCTTGTGTTTCTCAAAGTTAACTTCTT
CACAGTACGTACAAGTCTGAAGAATGTTGCAGGAAGTTGAACTGTTTTATTCATGTAATGAGGAACATCATTCAACAGTTTTA
AATGTTCCAGGCGCTTAAGCTCTTCAAGATTGTTGATACCACCCTTGTAAGCACCAAGAAAAGCCTCCATITTGCCCTCGAATG
CTCAATTTTTTCACATTACACGCCTTTGCTAGCACTTGTTCCTCGCAACTTTCTGGTGCAACCATGGAAAGAGTTTGTAGACA
AGAAGGTTTACCTGTCGTGGTAGTCGGGGATGGCAATTTTGCAGGTATGTTGGTGTGGAGATGCCTCAACTGTAACAAGTTCC
ATAGGTCTGCTTTTACGTCAAGAGTGGGCTCTGAGGTACTTGTATTGATTATAAGAGTTTGTAAATTCCAGAAATTACCAAAG
GGCGGAGGAAGGGCCTTAATGTCACCCGAGATAGCAATATACCTCAAATGAAATAATTGGTTGAAGTATGGGGAGAATTTAAA
ATTGATAGATTCAACATCCACGACTCTAATAAGTGGAAATGCATTGTGAATGAATTTGGTTTCCATAGTAGACAAGTTGATTG
GCTTTTGTTTTGAGGAAAAACAATAGAAAGATCTTACATGTTCTGCAAAAGGTTTTGTGGAGAGAAATTCAGAGATATCAGAT
GGTTGAATAGACAATCTACGGCAAGCATCTAAGTCCTGTATAGAACGAAGATAGTTATGATGATCAGGTGTTGGACGTACATG
TTGAAAAAGCCATTTCTTACTAGCTTCGTCTCTGCAAAACTCATGCAATAGGTCGTGAAGACGACATGTTTTTATTTGACCAT
CAGACCTCTTTTGGGACAATATCACTAAATTCCTTTGAACGAGATGGTTCAGATAAAACTCTGCTATCTCCTCAAGAGTGTAT
GGCGACTGTTGGGGCTTTATCAACCCTTCCGCTATCCACAAACGAATCAATTTCCAGGCAGGGATATCAAATCCCTGAGGARA
GACACCACAGTATAAAAAGCACGTCTGCACGTCTTGAGGCAGATGATTGTAACTCATCTCTACAAATACACCACGATATTTAT
CCTCTTCATCATAAAGATGATATAATTGTGACAAATTCTTGTCAACCCTTTCCCAGTATCTTCTGTCTGTAAGACCTCTTAAT
ATTCCTGCAATCAGCACTATTTGAAGTGGTATTCCGTTGCATTTATGTGCAATGCTTTGTCCAAGTTCAACAAACTCAACAGG
ACATGAGTTTCCATTGCCAAAAGCTCTATTTACCAACAATTCAAAACTTTGTTCTGCATGCAATGGTTTCATATAATAAGGAC
CTGGATTAGCATAGGAAGCCAGATTCGCGTGACGCGTITGTCATCATGATCCGATGCCCCTTATTGTTTCCCGGCAAAACTCTC
TTTACAACATCAACAACTTCTGCTTCCCACACATCATCTAAAACAATAAGACATCTCCCTCCTCTGTCTCGTATCGCATCTCT
TATTGCCTTACCTAATGCATCCACATCCCCATTCATGACATCTTCTTCTATGCTTTTTTCGAAGCATTTCAGAATCCGAACAC
AAGTATCCTTTATTTTGTATTCGCGAC....ccwwwweeerrnne « B E-10).3 ) IR .CCAACGCTTAAGATTTAGATCGCTCAGTAACAA
CAACTTCAAGCTTTTGAATATGACTTTATCGCTCATTATCCATACATCATCATCGGCTTCACAATATTTAAGTTTGAGCTCTT
CAAGATTTGGCAACATGATAAAAGTTGATGATATCTCTTCCCAAATGAACTTACTACAAAAAGATAAAGTCAACCTCCTAACT
GATGTTGGAAAAACAAATGTCTTGATGGGGTTTTCCCAACTACTGTTCCAGGAAAGCTTGAATGCCTCAAGTTTTCTCAAGCT
CGACATATCCAAGAGACGATAGGAAATAATTTCTTCTTTAAATGTAATAGGTACATGAATGGTCAATATCTTTAGATTGGGAA
TGCTAGAAAAGACTTCATTTGTACAACTTGTGTAACAAAGACCGAAAAATTTCTCTAGATTTGGCATCACTGTCACAAGATTC
TTATTTATTCTAGGACTTGGTAAATAAGTGTTTCTTCCTAAAGATATGTACTTCAAGTTCTTCAACAACCATATCTTICTTAGG
TAAAGTCATTCCCGATACAGGACTACAGTTAGAAATAAGAGTTTGCAAATTCAGAAGCTCTGAGATTGATTCAGGAATATTCA
AGCGTAAATGTTCAACATGGAGATATCTCAAATGAAATAACTTTGTAATCACAAGTGGAAATGAGTCGAACCGTAGCATTTCA
TCATGGATGATGACCAATACCCTGAGAAGGTTGAAACAAGGGAGAAATCCCAGTATTATAGGATCATAATCGATGAAGGGCAA
TTCACAAGGACTTGCAGTACAGGATTCAAATAGTAGACTAAGTGGATC

Translation (from direction of Solyc04g007075):
DPLSLLFESCTASPCELPFIDYDPIILGFLPCFNLLRVLVIIHDEMLRT *MLAVDCLFNHLISLNFSPONLLONM*DLSIVFP
ONKSQSTCLLWKPNSFTMHFHLLESWMLNLSILNSPHTSTNYFI*GILL*MEAFLGAYKGGINNLEELKRLEHLKLLNDVPHY
MNKTVQLPATFFRLVRTVKKLTLRNTRFSWSEAEKLGQLESLEVLKLKENAFVGDTWKPELGGFCKLRVLWIERAELETWEAS
NLNYPILRNLVLVSCDKLNAVPVELADIPNLREMKLENT IKAVKSAKDILERKKSKDEKFKCSIFPRDADHSEVERSVEFICL
SATIFLSLFQLLKLNFPLLLOERTLRLSFLKASQGSSHK* LAESISNKANSVAFRVPPLCGSHRQITVLHLILFCYGCICFVF
ICVNNLL*VSFAILV*IVKYAVLLTCLLCYKEFSTRIFVKIS

Supplemental Figure S3. Sanger sequencing result of the NRC4 deletion allele from T0-7. In
the DNA sequence, positions of the primers LR1F and 7075F used to amplify across the
deleted region are highlighted in green. Regions of the NRC4 gene cluster present in the PCR
amplicon are highlighted in yellow. Positions of the sgRNAs targets are underlined. Deleted
regions are shown in blue. In the translation, sequence belonging to Solyc04g007075 is
marked in grey, and sequence belonging to NRC4c (Solyc04g007030) is marked in orange. Red
asterisks represent stop codons.
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Supplemental Figure S4. The NRC4 knockout homozygous T2 line (nrc4_7.4) is impaired in
Rpi-blb2 mediated cell death. A. Genotyping of the T2 line nrc4_7.4. Primer pair LR1F x 7075F
and primer pair 7070F1 x 7075F were used to characterise the NRC4 gene cluster in the WT
and nrc4_7.4 plants. Eight T2 plants from the line nrc4_7.4 were used. Primers for
amplification of Cas9 and EF1a were used as controls. B. Cell death assay on leaves from WT
and nrc4_7.4 plants. Transient expression of Rpi-blb2 and AVRbIb2 induced cell death in WT,
but not in nrc4_7.4 leaves. Constructs expressing GFP, Rpi-vntl and AVRvntl were used as
controls.

A 53-kb deletion in the NRC4 cluster of tomato 11


https://doi.org/10.1101/697425
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/697425; this version posted July 10, 2019. The copyright holder for this preprint (which was

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Supplemental Table S1. Primers used in this study.

JC_EF-la_qgpcr_F
JC_EF-la_qgpcr_R
EFla_F
EFla_R

Primer name Sequence Note
JC_sgrna2_F tgtggtctcaATTGATTGTTTTAGATGATGTGTgttttagagctagaaatagcaag sgRNA
JC_sgrna3_F tgtggtctcaATTGTTGAGGTATATTGCTATCT Cgttttagagctagaaatagcaag SsgRNA
JC_sgrnad_F tgtggtctcaATTGATTGAGCATTCGAGGGCAAAgttttagagctagaaatagcaag sgRNA
JC_sgrna5_F tgtggtctcaATTGGTCGGGGATGGCAATTTTGC Cgttttagagctagaaatagcaag sgRNA
JC_sgrna_R tgtggtctcaAGCGTAATGCCAACTTTGTAC sgRNA

JC_7050F GAATTCTTAATGGAGTGAGT NRCS5 specific
JC_7050R GTAATCTCTCTCGACACAGT NRCS5 specific
JC_1.3R GTTGATACCACCCTTGTAAGCACC NRC4a/c specific
JC_2R GCA GATTCCACCTCTGGATTCAAG NRC4b specific
JC_1F CCAGGGTGAGGATGATGA NRC4c specific
JC_2.3F [TCAGGGTCCTTCTTTGGA NRC4a/b specific
RCG_7075F IAATCCTGTACTGCAAGTCCT Primer pair 1/3
RCG_LR1F [TTGGAAATCTTAACGAAGATACG Primer pair 1/2
RCG_7020R IAAAAGGTTAGCAAGCAGTTG Fig 1, Fig S2
RCG_LR3R IAGCTGTACATAATGTCAGGCC Fig 1, Fig S2
CHW_7070F1 IAAATCTATAATGATCCTAAGCT Fig S4A

Cas9_6F gagGAAGACAAATCT CCCGAAGATAATGAGCAGAAG Fig S4A

Nos_R2 GGATCTAGTAACATAGATGACAC Fig S4A

[TGAGGCAAACTGTTGCTGTC
[TGGAAACACCAGCATCACAC
IAAGGTCCAGTATGCCTGGGTGCTTGAC
IAAGAATTCACAGGGACAGTTCCAATACCAC

Fig 1B, Fig S1C, Fig S2B
Fig 1B, Fig S1C, Fig S2B
Fig S4A
Fig S4A
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