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Summary
Root-knot nematodes (RKNs) are infamous plant pathogens in tomato production, causing

considerable losses in agriculture worldwide. Mi-1 is the only commercially available RKN-

resistance gene; however, the resistance is inactivated when the soil temperature is over 28 °C.
Mi-9 in wild tomato (Solanum arcanum LA2157) has stable resistance to RKNs under high

temperature but has not been cloned and applied. In this study, a chromosome-scale genome

assembly of S. arcanum LA2157 was constructed through Nanopore and Hi-C sequencing. Based

on molecular markers of Mi-9 and comparative genomic analysis, the localization region and

candidate Mi-9 genes cluster consisting of seven nucleotide-binding sites and leucine-rich repeat

(NBS-LRR) genes were located. Transcriptional expression profiles confirmed that five of the

seven candidate genes were expressed in root tissue. Moreover, virus-induced gene silencing of

the Sarc_034200 gene resulted in increased susceptibility of S. arcanum LA2157 to Meloidogyne

incognita, and genetic transformation of the Sarc_034200 gene in susceptible Solanum

pimpinellifolium conferred significant resistance to M. incognita at 25 °C and 30 °C and showed

hypersensitive responses at nematode infection sites. This suggested that Sarc_034200 is theMi-

9 gene. In summary, we cloned, confirmed and applied the heat-stable RKN-resistance gene Mi-

9, which is of great significance to tomato breeding for nematode resistance.

Introduction

Tomato (Solanum lycopersicum) is native to South America and is

one of the most essential vegetable crops with a top annual

production in the world (Bai and Lindhout, 2007; Peralta and

spooner, 2005). Long-term domestication and continuous selec-

tion for desirable traits make cultivated tomatoes more suscep-

tible to various stresses. Root-knot nematodes (RKNs, i.e.,

Meloidogyne spp.) are small soil-borne biotrophic parasites with

a wide host range of more than 2000 species which pose a

serious threat to tomato production, and are listed as the most

dangerous plant pathogenic nematodes (Castagnone-Sereno

et al., 2013; Jones et al., 2013; Trudgill and Blok, 2001). The

most typical characteristic of infected plants is the appearance of

galls or root knots, leading to symptoms such as stunted growth,

wilting, reduced fruit yield and increased susceptibility to

infections from other pathogens (Williamson, 1998). Although

nematicides have been successfully used in the agricultural

production, considering the high cost and toxicity in the

environment, utilizing of host resistance can be regarded as an

effective and sustainable alternative control measure (Devran

et al., 2010; Devran and Elekc�io�glu, 2004; Oka et al., 2000;

Ploeg, 2002; Roberts and Thomason, 1986).

Tomato resistance to RKNs was first identified in Lycopersicon

peruvianum (Mill.P.I.128657), and subsequently shown to be

encoded by a single dominant gene named Meloidogyne

Incognita-1 (Mi-1) (Bailey, 1941). There are seven homologues

of Mi-1, of which only Mi-1.2 is resistant to nematodes (Milligan

et al., 1998; Rossi et al., 1998). Mi-1 was transferred from L.

peruvianum to the cultivated tomato Lycopersicon esculentum by

embryo rescue and traditional interspecific hybridization and has

been a commercially viable source of RKN resistance in tomatoes

for over 60 years (Medina Filho and Stevens, 1980; Smith, 1944).

In subsequent studies, Mi-1 was cloned by positional cloning and

belonged to the resistance gene containing leucine zipper (LZ),

nucleotide binding site (NBS) and leucine-rich repeat region (LRR)

domains (Milligan et al., 1998; Vos et al., 1998). Mi-1 can

effectively resist M. incognita, Meloidogyne javanica and Meloi-

dogyne arenaria, and has been widely used to control RKNs in

tomato production; however, the resistance is inactivated when

the soil temperature is over 28 °C (Dropkin, 1969; Holtz-

mann, 1965; Williamson, 1998).

In the context of global warming, the exploration and

application of high-temperature stable nematodes-resistant

germplasm resources are of great development prospects. To

date, 10 RKN-resistant tomato genes have been reported. Among
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them, only five genes had been mapped, and seven genes

(including Mi-2, Mi-3, Mi-4, Mi-5, Mi-6, Mi-9 and Mi-HT) showed

resistance to RKNs under high temperatures (El-Sappah

et al., 2019; Wu et al., 2009). However, these heat-stable

resistance genes have not been successfully transferred to

cultivated tomatoes and used in agriculture (Veremis

et al., 1999). LA2157 is an accession belonging to the ancient

Maranon race complex of S. peruvianum from the Maranon

drainage area in northern Peru, and was later assigned to

S. arcanum, which is a new wild tomato species segregated from

S. peruvianum sensu lato (Peralta et al., 2005; Veremis

et al., 1999). A previous study showed that the heat-stable

resistance mediated by S. arcanum LA2157 to RKNs is mediated

by Mi-9, i.e., a single dominant resistance gene (Veremis

et al., 1999). S. arcanum and cultivated tomatoes are two

different Solanum species, and unlike most S. arcanum acces-

sions, LA2157 is self-compatible (Jablonska et al., 2007). Mi-9 is a

homologue of Mi-1, which is located between two markers

(C32.1 and C8B) on the short arm of chromosome 6 (Jablonska

et al., 2007). Six markers are currently available to locate Mi-9;

two are based on Restriction Fragment Length Polymorphism

(RFLP) (C32.1 and C264.2) and four are based on Polymerase

Chain Reaction (PCR) (CT119, REX-1, Aps-1 and C8B) (Ammiraju

et al., 2003; Jablonska et al., 2007). Mi-9 showed resistance to

M. incognita, M. javanica and M. arenaria, and exhibited

excellent stable resistance to RKNs under a high temperature

(>28 °C) (Ammiraju et al., 2003; El-Sappah et al., 2019; Jablonska

et al., 2007; Veremis et al., 1999). Determining the way in which

to successfully clone Mi-9 and introduce it into the cultivated

tomato plants would provide a valuable genetic improvement for

tomato production with good environmental adaptability under

potential climate impacts of global warming.

Positional cloning is a common and classical method for

cloning plant disease resistance genes; the first gene to be

obtained using this method was the Pto gene (Martin

et al., 1993). Even in the absence of advanced knowledge of

the sequence or gene product, knowledge of sufficient

molecular markers and hybrid populations would enable

accurate identification of the major genes that control traits;

however, this process is costly and inefficient when the plant

material genome is large and has many repeated sequences.

Many advanced methods for cloning resistance genes have

been reported in recent years. The pan-genome variation of

wild diploid wheat was exploited through k-mer-based associ-

ation genetics with R gene enrichment sequencing (AgRenSeq),

and four stem rust resistance genes were cloned (Arora

et al., 2019). MuRenseq (i.e., a three-step method combining

chemical mutagenesis, exon capture and sequencing for cloning

of the R gene) has previously been described, and stem rust

resistance genes Sr22 and Sr45 were cloned from hexaploid

bread wheat using this method (Steuernagel et al., 2016).

Furthermore, it has been reported that Rpi-amr3i was cloned by

combining RenSeq and single-molecule real-time (SMRT) (Witek

et al., 2016). In addition, an extreme resistance (ER) gene Rysto
of potato virus Y (PVY) was isolated using the same method

that combined RenSeq and SMRT (Grech-Baran et al., 2020).

However, many of these methods may be cumbersome; for

example, mutational genomics may take numerous generations

to screen thousands of mutant lines. With the rapid develop-

ment of genome sequencing technology, it is possible to

sequence and assemble a whole genome at the chromosome

level through third-generation and Hi-C sequencing (Li

et al., 2019; Ling et al., 2021; Zhang et al., 2019). Combining

gene mapping and molecular markers, this represents a cost-

effective method to rapidly identify the candidate resistance

genes.

The genome of the inbred tomato cultivar ‘Heinz 1706’ has

been sequenced and assembled, with a size of 760 megabases

(Mb) assembled in 91 scaffolds aligned to the 12 tomato

chromosomes (TomatoGenomeConsortium, 2012). The genome

of Solanum pimpinellifolium LA1589 was also sequenced and

assembled, yielding a draft genome of 739 Mb (TomatoGen-

omeConsortium, 2012). Other tomato genomes were sequenced

and reported in subsequent studies (Bolger et al., 2014; Razali

et al., 2017; Hosmani et al., 2019; Wang et al., 2020). All these

genome sequencing and chromosome assembly data in tomato

plants provide favourable support for the discovery of valuable

genes based on genomic big data and comparative genomic

analysis. In the present study, we sequenced and assembled the

genome of S. arcanum LA2157 through Oxford Nanopore

Technologies (ONT) long reads combined with Illumina short

reads and Hi-C chromatin contact information, then identified

the Mi-9 genes cluster by combining the reported molecular

markers. After transcriptional expression profiling and functional

verification by VIGS, the Sarc_034200 gene was preliminarily

identified as the candidate Mi-9 gene. Subsequently, the

Sarc_034200 gene was cloned through bacterial artificial

chromosome (BAC) screening and long PCR amplification, and

transformed into S. pimpinellifolium (i.e., a variety susceptible to

M. incognita), conferring resistance to M. incognita under high

temperature as a result. Taken together, we cloned Sarc_034200

and confirmed that it was the Mi-9 gene and had stable

resistance to RKNs under a high temperature of 30 °C. Our

findings are expected to provide a valuable resistance trait for

tomato breeding.

Results

Chromosome-scale genome assembly of the S. arcanum
genome

The genome of LA2157 was assembled using ONT long reads

combined with Illumina short reads and Hi-C chromatin contact

information. A total of 83 Gb of ONT reads with an N50 reads

length of 33.18 kb was generated, covering approximately

1239 of the LA2157 genome with an estimated size of

672.9 Mb (Figure S1). The ONT reads were assembled into

contigs, followed by polishing with ONT reads and Illumina

reads. The nanopore raw data and final assembled data of

LA2157 genome are shown in Table S1. As shown in Table S2,

the primary assembly resulted in 144 contigs with a total

length of 862.4 Mb and an N50 length of 10.9 Mb. By using

Hi-C data, a total of 855.68 Mb assembly (accounting for

99.2%) was clustered into 12 pseudomolecules (Figure 1a). To

assess the assembly completeness, we remapped the pair-end

reads to the assembled LA2157 genome and 98.57% reads

could be properly mapped against the genome. A total of

33 489 protein-coding genes were predicted for LA2157

(Table S2), 23 550 (70.32%) of which were confirmed by

RNA-seq. Among them, 30 833 (92.07%) of the LA2157 genes

were functionally annotated (Table S3). Approximately

408.35 Mb (48.73%) of the assembled LA2157 was annotated

as repetitive sequences. Among them, 74.34% were retro-

transposons (Class I) and 72.58% were long terminal repeats

(LTRs) in LA2157 (Figure 1b). BUSCO (Benchmarking Universal
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Single-Copy Orthologs) assessment indicated that approximately

98.3% of the core conserved Solanales genes (solanale-

s_odb10) were found complete in the LA2157 assembly.

Alignments of the genome of S. arcanum LA2157 (Sa) with

S. lycopersicum Heinz 1706 (Sl) and S. pimpinellifolium LA2093

(Sp) showed good collinearity between these genomes

(Figure S2). Despite the high collinearity, 264 inversions ranging

from 239 bp to 21.9 Mb were identified between LA2157 and

Heinz 1706, and 284 inversions ranging from 217 bp to

22.0 Mb were identified between LA2157 and LA2093

(Table S4).

Identification, chromosome mapping and diversity of
NBS-LRR genes in three tomato species

A total of 253 genes in the LA2157 genome were identified as

possible NBS-LRR genes (Table S5). According to the domain

types, the LA2157 NBS-LRR gene family was classified into six

sub-groups, with 77 N (NBS)-type, 23 TNL (TIR-NBS-LRR)-type, 4

TN (TIR-NBS)-type, 42 CN (CC-NBS)-type, 42 NL (NBS-LRR)-type

and 27 CNL (CC-NBS-LRR)-type (Table S6). LA2157 NBS-LRR

members were unevenly distributed on 12 chromosomes, with

the three largest NBS-LRR gene clusters on chr04 (54 genes),

chr05 (38 genes) and chr10 (29 genes), indicating that these

chromosomes may undergo large-scale gene replication events

on the genome (Figure 2). We also identified NBS-LRR genes from

two other Solanum crop genomes and performed an NBS-LRR

comparative analysis. As shown in Table S6, the genome of

LA2157 contained a similar number of NBS-LRR genes (215) with

S. pimpinellifolium LA2093 (208) and S. lycopersicum (207).

Comparative analysis indicated that the number of NBS-LRR

genes in CN type displayed a significant difference (X2 = 3.9337,

P < 0.05) between LA2157 (42) and LA2093 (29), suggesting

that the number of this gene type was closely related to the

genome variation.

Gap-free sequence-based fine mapping of the Mi-9
genes cluster through chromosome 6 comparison of
RKN resistant and susceptible tomato species

The NBS-LRR genes of S. arcanum LA2157, S. pimpinellifolium

LA2093 and S. lycopersicum Heinz 1706 on chromosome 6 are

shown in Figure 3a. CT119, REX and C8B were reported as PCR-

based markers linked to Mi-9 (Ammiraju et al., 2003). Chromo-

some 6 of LA2157 was 55.10 Mb in length (Figure 3b), the

distance between CT119 and C8B occupied 12.96 Mb at the end

of chromosome 6 in LA2157, and the NBS-LRR genes were mainly

distributed in the region of 706 kb (Figure 3b). There were seven

NBS-LRR genes (i.e., Sarc_034231, Sarc_034228, Sarc_034201,

Sarc_034200, Sarc_034198, Sarc_034196 and Sarc_034194)

located between CT119 and C8B (Figure 3b, Table S7). Previous

reports showed that the complete gene structure of Mi-1

included CC, NBS and LRR domains (Milligan et al., 1998). As a

homologue of Mi-1, seven candidate Mi-9 genes (i.e.,

Sarc_034194, Sarc_034196, Sarc_034198, Sarc_034200,

Sarc_034201, Sarc_034228 and Sarc_034231) all contained

complete NBS-LRR domains.

A comparative analysis of 706 kb genomic region of LA2157

was performed through comparison with published genomes of

S. lycopersicum Heinz 1706 and S. pimpinellifolium LA2093. Only

one NBS-LRR gene (Solyc06g008730.3) was annotated in the

corresponding region of the cultivated tomato Heinz 1706

genome, and no NBS-LRR genes were annotated in the annotated

version of the published LA2093 genome. However, when

mapping the seven LA2157 NBS-LRR genes to the genomes of

Heinz 1706 and LA2093, highly homologous genome fragments

of the seven NBS-LRR genes can be detected in their genomes,

indicating the number of NBS-LRR genes in the genome region

were underrepresented in Heinz 1706 and LA2093. Therefore,

we carried out a manual annotation in the genome region, and

Figure 1 Hi-C contact map and genome features of LA2157. (a) Hi-C contact map. Blue blocks indicated the scaffolds (chromosomes). (b) Genome

features of LA2157. The outermost circle is the chromosomes. The bar charts from outside to inside in turn are NBS-LRR genes (black), density of repetitive

sequence (blue), gene density (dark red) and gene expression (FPKM).

ª 2023 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 21, 1496–1509

Lijun Jiang et al.1498



five and six other NBS-LRR genes were identified in Heinz 1706

and LA2093, respectively (Table S8). To explore the evolutionary

relationship of NBS-LRR, we performed microsynteny analysis of

the coding genes in the 706 kb genomic fragments. As shown in

Figure 3b, most genes in the region among three genomes are

collinear genes, while a 284 kb genomic structure variation

(inversion) can be found in LA2157 genome compared with Heinz

1706 and LA2093. It was noted that, except Sarc_034200, six

NBS-LRR genes of LA2157 form collinear gene pairs with their

homologues in Heinz 1706 and LA2093, and display one-to-one

orthologous relationship, suggesting Sarc_034200 may be an

additional NBS-LRR gene copy in LA2157. Further, multiple

sequences alignment and phylogeny evolution analysis showed

that Sarc_034200 had the highest similarity with the functional

resistance gene Mi-1.2 (Figure 3c). Based on the above analysis,

our results suggest that Sarc_034200 may be the candidate Mi-9

gene.

The Mi-9 gene is a homologous gene of Mi-1.2 and has a heat-

stable resistance to RKNs compared to Mi-1.2 (Jablonska

et al., 2007). Thus, gene structure analysis of the Sarc_034200

Figure 2 The distribution of NBS-LRR-encoding genes of LA2157 on 12 chromosomes.
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Figure 3 Map of Mi-9 genes cluster on chromosome 6 based molecular marker, evolutionary relationship analysis and diagram of amino acids structure

comparison between Sarc_034200 and Mi-1.2. (a) NBS-LRR genes of S. arcanum LA2157, S. pimpinellifolium LA2093 and S. lycopersicum Heinz 1706 on

chromosome 6. The red box indicates the responding regions of Mi-9 molecular markers in three species. (b) Molecular markers linked to Mi-9 gene and

prediction of candidate Mi-9 gene. The upper panel shows the molecular makers (CT119, REXF and C8BF) on LA2157 chromosome 6. The black rectangle

represents chromosome 6 (ch06-LA2157, 55.10 Mb in length) and red rectangles represent locations of the molecular markers on ch06-LA2157. The

middle panel shows the 12.96 Mb region between CT119 and C8BF. Blue vertical lines represent genes and red vertical lines represent NBS-LRR genes in

the region. The lower panel shows the 706 kb NBS-LRR region in the middle panel and the microsynteny analysis of the NBS-LRR region with S.

lycopersicum Heinz1706 and S. pimpinellifolium LA2093. The chromosome segments (706 kb) are shown as horizontal lines, and arrows represent genes

and their orientations. The red arrows represent NBS-LRR genes. Conserved orthologous gene pairs among LA2157, Heinz1706 and LA2093 are connected

with grey lines, and the connection between NBS-LRR orthologous gene pairs is highlighted by sky-blue lines. (c) Evolutionary relationship of Mi-9 genes

cluster, Mi-1, and the genes in the same chromosome segment with Mi-9 genes cluster in S. lycopersicum Heinz 1706 and S. pimpinellifolium LA2093. (d)

The amino acid structure comparison between Sarc_034200 and Mi-1.2. The blue vertical lines represent the positions of non-synonymous mutations.
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gene and the sequence alignment withMi-1.2 were conducted to

determine whether there were critical domain differences

between them. The length of the Sarc_034200 gene was

3849 bp, and it encoded a protein of 1257 amino acids and

contained an intron of 75 bp (Figure S3a). Through searching the

InterProScan (http://www.ebi.ac.uk/interpro/), the amino acids

structure showed that the conserved domains of Sarc_034200

contained typical NB-ARC and LRR domains and a RX-CC-like

structure (Figures 3d, S3a). Nucleic acid sequence alignment

between Mi-1.2 and Sarc_034200 showed that there were some

SNPs (single nucleotide polymorphisms) in the CDS (coding

sequence) sequence (Figure S3b). The RX-CC_like and NB-ARC

domains of Mi-1.2 and Sarc_034200 were the same length;

whereas, the length of LRR regions differed, in which

Sarc_034200 showed a slightly longer LRR domain (Figures 3d,

S3c). The protein similarity between Mi-1.2 and Sarc_034200 was

97.22%, and there were 35 amino acid substitutions between

Mi-1.2 and Sarc_034200 protein (Figure S3c).

Identification of an Mi-9 candidate gene through
monitoring root gene expression and TRV-mediated
VIGS

To identify the correct Mi-9 gene, transcriptional expression

profiling ofMi-9 genes cluster in root tissue of LA2157 plants was

conducted to narrow the screening range of candidate genes by

excluding unexpressed genes. Fragments Per Kilobase per Million

(FPKM) was used to represent the expression levels of seven

candidate Mi-9 genes in LA2157 root tissues (Figure 4a). The

expression level of Sarc_34200 was the highest, followed by

those of Sarc34201 and Sarc_34196; whereas, the expression

levels of Sarc_34231 and Sarc_34228 were low. Sarc_34198 and

Sarc_34194 were barely expressed, they may be two unexpressed

genes.

VIGS experiments were performed to preliminary screen and

identify the function of candidate Mi-9 genes in nematodes

susceptibility. Compared to the empty vector control (Figure S4a,

c), an obvious photobleaching phenotype was observed in young

leaves of plants injected with the TRV1 and TRV2-PDS compo-

nents after 3 weeks (Figure S4b), and severe photobleaching

appeared in the plants 40 days after infiltration (Figure S4d),

indicating the effectiveness of the gene silencing system in the

VIGS experiment. The RT-qPCR results, 2 weeks after infiltrating

by Agrobacterium tumefaciens, showed that PDS, Sarc_034201,

Sarc_034200 and Sarc_034196 genes were effectively silenced

(approximately 30%–66%) with significant differences compared

to the control (P ≤ 0.001; Figure 4b); whereas, Sarc_034198 was

not effectively silenced (Figure 4b), which was consistent with the

assumption that it was an unexpressed gene.

VIGS-treated plants were inoculated with M. incognita pre-

parasitic second-stage juveniles (pre-J2s) 2 weeks after infiltra-

tion. Root phenotypes were observed after 40-d post-infection as

shown in Figure 4c. Statistical analysis of three independent

biological replicates showed significant increases (P < 0.0001) in

the number of galls (81–129-times higher than the control) and

egg masses (50–304-times higher than the control) in

Sarc_034200 silenced plants (Figure 4d–f). Although the numbers

of galls and egg masses also increased slightly in Sarc_034201

and Sarc_034196 silenced plants, there was no significant

difference compared to the control. For Sarc_034198, which

was predicted to be an unexpressed gene, silenced plants showed

the same resistant phenotype as the control group. These results

suggested that Sarc_034200 is the candidate Mi-9 gene.

Resistance of transgenic S. pimpinellifolium plants with
the Sarc_034200 gene to M. incognita under a moderate
temperature

To further confirm that Sarc_034200 was the Mi-9 gene, S.

pimpinellifolium PI365967 (i.e. a tomato variety that is susceptible

to M. incognita) was genetically transformed with the

Sarc_034200 gene. DNA-level verification of T0 generation

positive transgenic plants and mRNA-level detection of 30

positive plants was conducted, which indicated that the

Sarc_034200 gene was successfully transformed into the S.

pimpinellifolium plants and could be normally transcribed into

mRNA (Figure S5). Moreover, RT-qPCR results showed that the

Sarc_034200 gene was significantly expressed (approximately

3.8–102 times higher than the control) in T0 generation

transgenic plants (Figure S6).

Three Sarc_034200 transgenic S. pimpinellifolium T1 generation

lines (line 1, line 2 and line 3) were used for resistance identification

under a moderate temperature of 25 °C. After 40-d post-

inoculation with M. incognita, phenotypic statistical analysis and

PCRmolecular detection were conducted (Figure S7; Table 1). As a

result, 17 plants of line 1, 9 plants of line 2 and 14 plants of line 3

showed a high resistance to M. incognita (Table 1); conversely, 5

plants of line 2 and 2 plants of line 3 were susceptible to M.

incognita (Table 1). There were also several plants for which PCR

tests were negative but their phenotype was resistant; these may

have been inoculated ineffectively. For non-transgenic controls, 20

wild S. pimpinellifolium plants all showed high susceptibility, and

15 LA2157 plants were all resistant (Table 1).

Overall, approximately 75% of the three T1 generation

transgenic plants were confirmed to carry Sarc_034200 and all

showed high resistance compared to non-transgenic S. pimpi-

nellifolium control plants, as did almost all of the LA2157 plants.

The comparison of representative symptoms of roots is shown in

Figure 5a. After inoculation with M. incognita for 3 weeks, the

acid fuchsin stained roots of Sarc_034200 T1 generation

transgenic plants showed that nematodes were unable to

develop normally in these plants and hypersensitivity response

was found near the infection site; whereas, the nematodes could

maintain normal growth and many developed into adult females

in the wild S. pimpinellifolium plants (Figure 5b).

Stable RKN-resistance of transgenic S. pimpinellifolium
plants with the Sarc_034200 gene under 30 °C

To verify whether the Sarc_034200 gene had a stable resistance

under a high temperature, the three Sarc_034200 T1 generation

transgenic lines were used for further resistance identification

under a high temperature of 30 °C. PCR molecular detection was

conducted after 40-d post-inoculation with M. incognita

(Figure S7), and phenotypic statistical analysis showed that 18

plants of line 1, 11 plants of line 2 and 21 plants of line 3 showed

a high resistance (Table 1). There were also three plants of line 2

that appeared susceptible to M. incognita and several ineffective

inoculations (Table 1).

Collectively, approximately 86% of the three T1 generation

transgenic plants were confirmed to carry Sarc_034200 and all

showed high resistance, as did all the LA2157 plants; whereas, all

wild S. pimpinellifolium plants showed high susceptibility.

Representative symptoms of roots are shown in Figure 6a. Acid

fuchsin-stained roots after inoculation with M. incognita for

3 weeks showed that nematodes were also unable to develop

normally in Sarc_034200 transgenic plants, and hypersensitivity
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response was found near the infection site under 30 °C.
However, the nematodes developed into adult females in the

wild S. pimpinellifolium control group (Figure 6b). Overall, it was

concluded that Sarc_034200 is the Mi-9 gene and that it

conferred stable resistance to M. incognita under a high

temperature.

Figure 4 The gene expression level of Mi-9 genes cluster in the root tissue of LA2157 and the effect of tobacco rattle virus (TRV)-mediated virus-induced

gene silencing (VIGS). (a) The transcriptional expression profiling of Mi-9 genes cluster in M. incognita inoculated LA2157 plants roots. The vertical axis

indicates the Fragments Per Kilobase per Million (FPKM) of per gene. (b) The relative expression level of knockdown genes in LA2157 plants after VIGS

treatment. qRT-PCR was performed to detect the gene relative expression level at 14 days post infiltration. The ubiquitin (UBI) gene was used for

normalization. The bar chart represents the mean values � SD. The error bars represent SDs (***P < 0.001). Data were analysed by one-way ANOVA

followed by Dunnett’s multiple comparisons test. (c)The root phenotypes of Sarc_034196 gene, Sarc_034198 gene, Sarc_034200 gene and Sarc_034201

gene silenced LA2157 plants at 40 days post inoculation (dpi), the plants infiltrated with TRV1 and TRV2-empty were set as control. (d–f) Average galls and

egg masses of three independent biological replicates of VIGS-treated plants (>15 plants) at 40 days post-inoculation. The bar chart represents the mean

values � SEM. The error bars represent SEMs (****P < 0.0001). Data were analysed by one-way ANOVA followed by Dunnett’s multiple comparisons test.
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Discussion

The discovery of plant disease resistance genes and research into

the mechanisms have always been of far-reaching significance for

improving crop quality. Since Mi-1 was successfully cloned, it has

been widely used in tomato production to counteract RKNs

(Gilbert and Mcguire, 1956; Smith, 1944); however, resistance

breaks down when the soil temperature exceeds 28 °C
(Dropkin, 1969; Holtzmann, 1965). Therefore, cloning and

application of genes with high-temperature resistance for RKNs

control is an urgent problem that needs to be solved in tomato

production. R genes of different classes could be clustered in the

Table 1 Phenotypic statistics of three T1 generation transgenic lines of Sarc_034200

Phenotypic statistics (number of plants

corresponding to each phenotype)

Resistance to root-knot nematodes at a high

temperature of 30 °C

Resistance to root-knot nematodes at a moderate

temperature of 25 °C

R (resistance) S (sensitive) R (resistance) S (sensitive)

Line 1 PCR (+) 18 0 17 0

PCR (�) 0 0 0 0

Line 2 PCR (+) 11 0 9 0

PCR (�) 4 (ineffective inoculations) 3 4 (ineffective inoculations) 5

Line 3 PCR (+) 21 0 14 0

PCR (�) 1 (ineffective inoculations) 0 2 (ineffective inoculations) 2

Non-transgenic negative control PCR (+) 0 0 0 0

PCR (�) 0 19 0 20

LA2157 positive control PCR (+) 17 0 15 0

PCR (�) 0 0 0 0

Figure 5 Phenotypes of Sarc_034200 transgenic S. pimpinellifolium T1 generation plants after 40 days post inoculation (dpi) under 25 °C. (a) The root

phenotypes of three Sarc_034200 T1 generation transgenic lines after 40 dpi under 25 °C, non-transgenic wild-type S. pimpinellifolium plants were set as

the negative control and LA2157 plants were set as the positive control. The positive plants of three T1 generation transgenic positive line showed high

resistance to M. incognita as did the positive control plants, while the negative control plants showed high susceptibility. (b) Developmental status of

M. incognita by staining with acid fuchsin within 3 weeks after infection of roots of Sarc_034200 T1 generation transgenic plants under 25 °C. Wild-type

S. pimpinellifolium plants were set as the control. And the images were taken at 409 magnification. The nematodes were unable to grow and develop

normally in Sarc_034200 transgenic plants and a hypersensitive response was found near the infection site, while the nematodes could maintain normal

growth and develop into adult females in the control plants.
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same region of chromosome, as in previous studies, the

conserved intron flanking sequence of Mi-1 were used for

amplification of Mi-1 homologues in Mi-9 donor S. arcanum

accession LA1257, and confirmed that Mi-9 is homologous toMi-

1 by VIGS assay (Jablonska et al., 2007). Through that, gene

identification is made possible by transforming the R gene into

susceptible genotypes, but the full length of Mi-9 was not

obtained; however, it is difficult to transfer to cultivars due to the

incompatibility of hybrids between distant tomato species

(Jablonska et al., 2007; Veremis et al., 1999). In this study, we

obtained chromosome-level S. arcanum LA2157 genome assem-

bly through ONT long reads, Illumina short reads and Hi-C

chromatin contact information. We obtained 10.9 Mb of contig

N50, which is relatively good for Nanopore reads assembly in

Solanum corps when compared with 21 tomato Nanopore

sequencing assembly in NCBI (under PRJNA865981). The high-

quality S. arcanum genome, which had high contiguity and

completeness, can be used to study the evolution of Solanum

species, along with the identification of genes associated with

important agronomic traits, including high-yield and disease-

resistant genes (TomatoGenomeConsortium, 2012). We carried

out comparative genome analysis among S. arcanum,

S. lycopersicum and S. pimpinellifolium. Three genomes displayed

highly collinear relationships, while some structure variations

including inversions and translocations were detected. Structure

variations are one of the causes of the appearance and

disappearance of new genes (Wendel et al., 2016), which can

partly explain the differences in agronomic traits among the three

genomes. Furthermore, by combining the reported molecular

markers of Mi-9, the Mi-9 genes cluster (including seven genes)

was obtained. Our method avoided the time-consuming and

labour-intensive aspects of traditional gene cloning methods such

as map-based cloning and realized the rapid and accurate

discovery of the resistance gene.

The phylogenetic analysis of Mi-9 genes cluster with Mi-1

revealed that the amino acid sequence of Sarc_034200 had the

highest similarity with Mi-1.2. Protein structures analysis showed

that Sarc_034200 had RX-CC_like, NB-ARC and LRR domains,

and belonged to a typical resistance gene of the NBS-LRR type.

Sequence alignment showed that there were many SNPs in their

CDS sequences and 35 amino acid substitutions between their

proteins and that they had a protein similarity of 97.22%.

Through monitoring root gene expression and TRV-mediated

VIGS, Sarc_034200 was then preliminarily identified as the Mi-9

candidate gene. A sequence of approximately 9 kb, including the

complete DNA sequence of Sarc_034200, was then cloned and

transformed into S. pimpinellifolium for further functional

verification. Approximately 75% of the three T1 generation

transgenic plants under 25 °C and approximately 86% of the

three T1 generation transgenic plants under 30 °C showed high

resistance, as did all of the LA2157 plants; whereas, all the wild

S. pimpinellifolium plants showed a high susceptibility. Overall,

we conclude that the Sarc_034200 gene had stable resistance to

RKNs under both 25 °C and 30 °C, and hence that it is the Mi-9

gene. To the best of our knowledge, this is the first time that the

Mi-9 gene has been cloned (El-Sappah et al., 2019; Jablonska

Figure 6 Phenotypes of Sarc_034200 transgenic S. pimpinellifolium T1 generation plants after 40 days post inoculation (dpi) under 30 °C. (a) The root

phenotypes of three Sarc_034200 T1 generation transgenic lines after 40 dpi under 30 °C, non-transgenic wild-type S. pimpinellifolium plants were set as

the negative control and LA2157 plants were set as the positive control. The positive plants of three T1 generation transgenic positive line showed high

resistance to M. incognita as did the positive control plants, while the negative control plants showed high susceptibility. (b) Developmental status of M.

incognita by staining with acid fuchsin within 3 weeks after infection of roots of Sarc_034200 T1 generation transgenic plants under 30 °C. Wild-type S.

pimpinellifolium plants were set as the control, and the images were taken at 40x magnification. The nematodes were unable to grow and develop

normally in Sarc_034200 transgenic plants and a hypersensitive response was found near the infection site, while the nematodes could maintain normal

growth and develop into adult females in the control plants.
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et al., 2007). More importantly, S. pimpinellifolium is considered

the wild ancestor of the cultivated tomato, and can be directly

hybridized with cultivated tomato; therefore, the successful

transformation of Mi-9 into S. pimpinellifolium would be of great

significance for breeding RKN-resistant tomato plants.

Mi-1 is a member of the plant resistance gene of the CC-NBS-

LRR class, the RKN resistance of which shows a typical

hypersensitive response of localized cell death around the

nematode feeding site (Williamson and Kumar, 2006). In this

study, the acid fuchsin-staining experiments showed that

M. incognita was unable to grow and develop normally in

Sarc_034200 transgenic plants and a hypersensitive response was

found near the infection site, indicating that Sarc_034200

conferred resistance to M. incognita. A previous study on the

role analysis of extended N terminus for Mi-1.2 activation showed

that Solanaceae domain 1 (SD1) could be assigned to a negative

regulatory function and that the Solanaceae domain 2 (SD2) and

coiled-coil (CC) domain function as positive co-regulators of Mi-

1.2-mediated cell death (Lukasik-Shreepaathy et al., 2012). As the

most variable regions of closely related R genes, the LRR region of

Mi-1.2 is related to the transmission of the resistance response

and nematode recognition (Hwang and Williamson, 2003). We

speculated that the LRR or other regions of Mi-9 may perform the

same function as Mi-1; however, further research is needed to

confirm this and determine whether there are corresponding

avirulence genes in the nematodes. In addition, it has been

reported that the Mi-1.2 gene, but not the Mi-1.1 gene, exhibits

anti-nematode activity (Milligan et al., 1998). Previous studies

have also shown that the difference in anti-nematode activity

between Mi-1.1 and Mi-1.2 activities was mainly caused by

variation in the LRR region (Hwang et al., 2000). Further studies

are needed to determine whether the difference in high-

temperature stability between the two genes is caused by the

LRR domain. As an essential component in many R gene-

mediated resistance responses, salicylic acid (SA) is reported as

an important part of signalling that leads to the Mi-1-mediated

resistance and associated hypersensitive response to RKNs

(Branch et al., 2004). JA could also induce RKN tolerance in

tomatoes (Bali et al., 2017). Mi-1 is inactivated when the soil

temperature is over 28 °C, and the resistant mechanism of Mi-1 is

complex. Rem1 protein may be the target of attack when

threatened by nematodes or other pests; ATP then binds to the

Mi-1 protein and is hydrolyzed, promoting the Mi-1 protein to

form signal bodies with HSP90-1 and Sgt1 to active signal

transduction (Bhattarai et al., 2007). Therefore, it was speculated

that activation of downstream disease resistance pathways, such

as the hormone signalling pathway, may also play a certain role in

high-temperature stable resistance in Mi-9.

In conclusion, we cloned the full-length DNA sequence of Mi-9

and verified its stable resistance to RKNs under a high

temperature of 30 °C. Future studies are needed to study the

high-temperature resistance mechanism and further develop the

genetic transformation of cultivated tomatoes. Our research lays

a foundation for the creation of tomato germplasm resources

that are resistant to RKNs under a high temperature.

Experimental procedures

Plant and nematode materials

Solanum arcanum (accession LA2157) leaves were collected and

used for Illumina, Oxford Nanopore, Hi-C sequencing and

transcriptome sequencing. Root tissue was used for further

RNA-seq sequencing to explore the gene expression. Solanum

arcanum LA2157 plants at the seedling stage were used to

conduct a virus-induced gene silencing (VIGS) assay for identifi-

cation of the gene function. Solanum pimpinellifolium (PI365967)

were used for genetic transformation of the candidateMi-9 gene.

All plant materials were grown in a greenhouse. Meloidogyne

incognita were propagated on pepper (Capsicum annuum,

Qiemen) in greenhouse from a single female egg mass isolated

from Sijiqing farm (Beijing, China) (Shi et al., 2018). Meloidogyne

incognita egg masses were collected and hatched in water. All

nematode materials used in this study were M. incognita pre-

parasitic second-stage juveniles (pre-J2s) and were inoculated in

three holes near the root zone as specified (Lizardo et al., 2022).

Genome sequencing, long-range chromosome assembly
and gene annotation

High-quality DNA was prepared using the CTAB method (Kuo

et al., 2022), followed by purification using a QIAGEN Genomic

kit (Cat#13443; Qiagen, Dusseldorf，Germany). The purified

genomic DNA was then used to construct the 1D library using

SQK-LSK109 (Oxford Nanopore Technologies, Oxford Science

Part, UK) according to the manufacturer’s instructions, and ONT

sequencer Nanopore PromethION was used for DNA single-

molecule sequencing to obtain the original sequencing data. The

Nanopore original sequence was assembled with NextDenovo

(https://github.com/Nextomics/NextDenovo) v2.0.0 after quality

control and filtering of low-quality sequences. The contigs

obtained by assembly were polished by NextPolish (Hu

et al., 2020) error correction and then by two rounds of Racon

(Vaser et al., 2017) to obtain the preliminary assembly results.

Purge Haplotigs (Roach et al., 2018) was used to diploidized the

genome to obtain haploid sequences. Clean reads of Hi-C

sequences were obtained after quality control, which were pre-

processed and mapped to contigs by juicer (Durand et al., 2016a).

Genome error correction and assembly were then performed by a

3D-DNA process (Dudchenko et al., 2017), and manual inspection

and adjustment were finally performed by a juicer box (Durand

et al., 2016b) to obtain the final genome assembly version.

A strategy combining ab initio gene prediction, homology-

based gene prediction and RNA-seq was used for gene

annotation. The repetitive sequences were annotated by com-

bining ab initio and homology-based methods. First, an ab initio

repeat library was predicted for each genome with RepeatMo-

deler2 (Flynn et al., 2020). Second, this library was combined with

Repbase (Jurka et al., 2005) (http://www.girinst.org/repbase) to

identify all homologous repeats throughout the genome by

RepeatMasker (Tarailo-Graovac and Chen, 2009) (http://www.

repeatmasker.org/) with BLASTX (Tarailo-Graovac and

Chen, 2009) as the search engine. The RNA-seq reads were

assembled into contigs using Trinity (Grabherr et al., 2013) with

default parameters and further predicted gene structures using

PASA (Haas et al., 2003). We trained Augustus (Stanke

et al., 2006) and SNAP (Korf, 2004) using the high confident

gene models from the results of the PASA assembly, and

GeneMark-ES (Lomsadze et al., 2014) were self-trained on the

repeat-masked genome sequences. Homologous protein

sequences from Arabidopsis thaliana, S. lycopersicum, Solanum.

pennellii, Solanum tuberosum, C. annuum and Solanum melon-

gena were downloaded from Phytozome (https://phytozome-

next.jgi.doe.gov/), and were mapped to each assembly with

TBLASTN (Gertz et al., 2006) with an e-value threshold of 1e-5.

Genewise (Birney et al., 2004) (parameter: -gff -quiet -silent -sum)
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was used to refine the alignment. All results were integrated into

consensus gene models using EvidenceModeler (Haas

et al., 2008). The whole genome was aligned with AnchorWave

(Song et al., 2022), and the collinearity and structural variation

regions were then identified by SyRI (Synteny and Rearrangement

Identifier) (Goel et al., 2019) and displayed by IGV (Thorvaldsd�ot-

tir et al., 2013) and PlotsR (Goel et al., 2022).

To identify the NBS-LRR, we downloaded the annotation data

of tomatoes from Sol Genomics Network (https://solgenomics.

net/). The sequences were searched using hmmsearch of HMMER

(v3.3.2) with the raw Hidden Markov Model (HMM) NB-ARC

family (PF00931) (Potter et al., 2018). Proteins with an -E 1e-10

were selected to construct a NBS HMM profile using hmmbuild

and then searched NBS-LRR genes in LA2157 protein sequences

with an e-value threshold of 1e-10. The TIR, NBS, CC and LRR

domains of the identified NBS–LRR proteins were confirmed using

Pfam (http://pfam.sanger.ac.uk/) and SMART (http://smart.embl-

heidelberg.de/). To avoid underestimating number of NBS-LRR in

the genome, NLR-Annotator (v2.0) (Zhang, 2020) was used for

genome-wide identification of NLR gene loci. The loci that

contained NLR-like motifs but were not annotated as genes were

annotated manually. The classification of NBS-LRR was carried out

using PRGdb (http://prgdb.org/prgdb/) (Osuna-Cruz et al., 2018).

Mapping and distribution of Mi-9 genes cluster on
chromosome 6 of LA2157 and comparative genomic
analysis with S. lycopersicum Heinz1706 and
S. pimpinellifolium LA2093

The preliminary localization ofMi-9 gene clusters on chromosome

6 of S. arcanum LA2157 genome was located based on molecular

markers ofMi-9 gene, and Apollo (Lewis et al., 2002) was used to

manually check and edit genes in the Mi-9 gene located region.

To locate the homologous genes of Mi-9 in different genomes as

comprehensively as possible, FGF (Zheng et al., 2007) was used to

manually predict and identify the candidate Mi-9 gene family.

The amino acid sequence of the candidate Mi-9 gene was used as

the query sequence and TBLASTN was conducted to search the

genome sequence for preliminary localization. GeneWise was

then used to predict the gene structure. Sequences alignment

and phylogeny analysis of Mi-9 genes cluster, Mi-1 and the genes

in the same chromosome segment in S. lycopersicum Heinz 1706

and S. pimpinellifolium LA2093 was conducted by MEGA7

software using neighbour-joining method.

Expression analysis of the Mi-9 genes cluster in
transcriptome of LA2157 root

The root tissue of LA2157 plants inoculated with M. incognita

was collected after 7 days, and three biological replicates were

set up. Samples were then transported to Nextomics Bioscience

Co., Ltd. (Wuhan, China) for the transcriptome sequencing after

freezing using liquid nitrogen. RNA was extracted through CTAB-

LiCl, and the ordinary transcriptome library of mRNA was

constructed after passing quality inspection following the

previously published protocol (Chang et al., 1993; Ling

et al., 2017). 150PE sequencing was then performed on a

MGISEQ-T7 sequencer (MGI, Shenzhen, China), and the data

volume of each sample was ≥6 Gb of raw data. Tophat (Trapnell

et al., 2012) software was used to locate the sequenced reads

onto the sequenced genome with the parameter -r 30-p 20.

Cufflinks (Trapnell et al., 2012) were then used to link reads with

annotated genes, and the expression levels of each gene were

obtained via HTSeq-count.

Identification of the Mi-9 candidate gene by VIGS

A 300–400 bp fragments of four Mi-9 candidate genes (i.e., the

accessions named Sarc_034201, Sarc_034200, Sarc_034198 and

Sarc_034196) were cloned by PCR using a 2xPhanta Flash Master

Mix (Vazyme, Nanjing, China) and the template cDNA was

obtained though using a Thermo Scientific ReverAid First Strand

cDNA Synthesis Kit K1622 (Waltham, MA, USA). The primer pairs

were designed using the Primer3.0 v.0.4.0 (https://bioinfo.ut.ee/

primer3-0.4.0/) website and are shown in Table S9. The amplified

fragments were then constructed into the tobacco rattle virus

RNA2 (TRV2) vector digested by endonuclease EcoRI (NEB,

Ipswich, MA, USA) and BamHI (NEB). A mixture of A. tumefaciens

containing TRV1 and TRV2 with corresponding fragments

was used to infiltrate into leaves of LA2157 tomato seedlings at

the 4–6 leaves stage. The phytoene desaturase (PDS) gene of

tomato was used as a positive control to show a successful gene

silencing (Liu et al., 2002) and A. tumefaciens carrying TRV1 and

empty TRV2 was used as a negative control.

Root tissues of treated plants were collected and RNA was

extracted at 14-days post infiltration. Reverse transcription-

quantitative real-time PCR (RT-qPCR) was then conducted to detect

the efficacy of gene silencing using HiScript� III RT SuperMix for

qPCR (+gDNA wiper) (Vazyme) and Taq Pro Universal SYBR qPCR

Master Mix (Vazyme) according to the manufacturer’s instructions.

qPCR was performed on a Bio-Rad CFX96 (Hercules, CA, USA) real-

time PCR systemwith the following amplification program: 95 °C for

10 minand40 cyclesof95 °Cfor10 s and60 °Cfor30 s. Theprimer

pairs were designed using the Primer3.0 website and are shown in

Table S10, and tomatoubiquitin (UBI) was used as a reference for the

normalization of gene expression. Data were calculated using the

2�DDCT method (Livak and Schmittgen, 2001). Three independent

biological replicates experimentswere conducted, and each reaction

was set with four technical replicates (Zhao et al., 2021). The VIGS-

treated plants were then inoculated with 800 M. incognita pre-J2s

after 2 weeks post infiltration for each plant. Root phenotypes were

then observed, and galls and egg masses were counted at 40-days

post-inoculation. Three independentbiological replicateexperiments

were conducted and > 15 plants were checked in each treatment.

Cloning and genetic transformation of Sarc_034200

The Sarc_034200 gene, which was identified as the candidateMi-

9 gene, was cloned by BAC screening and long PCR amplification

using the primer pairs clone-Sarc_034200-F/R shown in

Table S11. An approximately 9 kb-length amplicon including

the complete DNA sequence, approximately 4 kb upstream

sequence of the potential promoter region and approximately

1 kb downstream sequence of the termination site, was attached

to the pBINPLUS vector digested by SalI-HF (NEB) and PacI-HF

(NEB). The sequenced recombinant plasmid was then trans-

formed into A. tumefaciens strain AGL1. Genetic transformation

of the S. pimpinellifolium PI365967 (i.e., a tomato variety

susceptible to RKNs) was conducted using the A. tumefaciens-

mediated method (Wang et al., 2021).

Screening and resistance identification of the
Sarc_034200 transgenic plants

DNA of Sarc_034200 T0 generation transgenic plants were

extracted using a plant genome DNA extraction kit (TianGen,

Beijing, China). The Sarc_034200 gene was identified by PCR

molecular detection using the gene-specific primer pairs Trans-

DNA Sense/Antisense shown in Table S11. RNA of the positive T0
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generation transgenic seedlings was extracted using a RNAprep

Pure plant total RNA extraction kit (TianGen, Beijing, China), and

cDNA was synthesized using HiScript� III RT SuperMix for qPCR

(+gDNA wiper) (Vazyme). The transcription of Mi-9 gene was

verified using the primer pairs shown in Table S11, and RT-qPCR

was used to detect the gene relative expression level using the q-

Sarc_034200 primer pairs and the UBI primer pairs shown in

Table S10. Three of positive T1 transgenic lines were inoculated

with M. incognita for the subsequent resistance assay. LA2157

plants were used as positive control and wild-type S. pimpinelli-

folium plants were used as a negative control. To determine

whether the candidate Mi-9 gene showed resistance to

M. incognita at a high temperature, two temperature treatments

were designed: 40 plants at the 4–6 leaves stage were separated

for the resistance assay at a moderate temperature of 25 °C and a

high temperature of 30 °C, and each plant was inoculated with

800 M. incognita pre-J2s. Phenotypic and statistical analysis were

investigated after 40-days post-inoculation. Nematode develop-

ment in root tissues of T1 generation transgenic plants and wild

S. pimpinellifolium plants (control) was visualized by acid fuchsin

staining at different time points (24 h, 48 h, 3, 5, 7, 14 and

21 days), and photographs were taken using an inverted

microscope (OLYMPUS IX53, 940 objective, Japan).

Data analysis

Statistical analysis of RT-qPCR, numbers of galls and egg masses

were conducted via one-way ANOVA followed by Dunnett’s

multiple comparisons tests using GraphPad Prism8.0 (Zhao

et al., 2021).
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Supporting information

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Figure S1 Genome size estimate using GenomeScope. The

genome size, heterozygosity and repeat content were estimated

using GenomeScope. About 50 9 NGS (Illumina) reads were used

to count the k-mer and export the k-mer count histogram using

jellyfish. The genome size of LA2157 was estimated to be

672.9 Mb in length using GenomeScope method.

Figure S2 Whole genome alignment among S. arcanum LA2157,

S. lycopersicum Heinz 1706 and S. pimpinellifolium LA2093. Grey

curve connects the syntenic regions between three genomes.

Numbers represent the chromosome numbers.

Figure S3 Gene structure of Sarc_034200 and sequence

alignment of Sarc_034200 and Mi-1.2. (a) Gene structure and

conserved domains of Sarc_034200. (b) CDS Sequence alignment

of Sarc_034200 and Mi-1.2. (c) Amino acid sequence alignment

of Sarc_034200 and Mi-1.2, the arrows represent the conserved

domains.

Figure S4 Phenotypes of young leaves of LA2157 plants

infiltrated by TRV1 component and TRV2-PDS component.

Phenotypes of plants infiltrated by TRV1 and TRV2-PDS, and

TRV1 and TRV2-empty infiltrated plants were set as control. (a)

and (c) control plants infiltrated by TRV1 and TRV2-empty. (b)

plants of 3 weeks after infiltrated by TRV1 and TRV2-PDS. (d)

plants of 40 days after infiltrated by TRV1 and TRV2-PDS.

Figure S5 DNA and mRNA level detection of Sarc_034200 T0
generation transgenic plants. (a, b) DNA level detection of

Sarc_034200 T0 generation transgenic plants. +, positive control

(plasmid); �, negative control (WT plant). (c) mRNA level

detection of 30 Sarc_034200 T0 generation transgenic plants.

+, positive control (plasmid); �, negative control (WT plant).

Figure S6 Gene relative expression level of Sarc_034200 in 30 T0
generation transgenic seedlings. RT-qPCR was conducted to

detect the gene-relative expression level of Sarc_034200 in 30 T0-

generation transgenic plants. The ubiquitin (UBI) gene was used

for normalization. The bar chart represents the mean values �
SD. The error bars represent SDs (***P < 0.001). Data were

analysed by one-way ANOVA followed by Dunnett’s multiple

comparisons test.

Figure S7 DNA level detection of three Sarc_034200 T1
generation transgenic lines. (a, c, e) Detection of Sarc_034200

with specific primers in three Sarc_034200 T1 generation

transgenic lines under the temperature of 25 °C. (b, d, f)

Detection of Sarc_034200 with specific primers in three

Sarc_034200 T1 generation transgenic lines under the tempera-

ture of 30°C. (g, h) A repeat detection of the plants with no

bands or weak bands. +, positive control (plasmid); �, negative

control (WT plant).

Table S1 Nanopore raw data and final assembled data of LA2157

genome.

Table S2 Statistics of the LA2157 genome assembly and

comparison with S. lycopersicum Heinz 1706 and S. pimpinelli-

folium LA2093.

Table S3 The gene function annotation of LA1257.

Table S4 Collinearity analysis between LA2157 and two

susceptible species (Heinz 1706 and LA2093).

Table S5 The genetic locus of NBS-LRR genes in LA2157.

Table S6 NBS-LRR genes identified from the genome of LA2157,

S. pimpinellifolium LA2093 and S. lycopersicum (Sly).

Table S7 The gene function annotation of candidate

Sarc_034200 region.

Table S8 NBS-LRR genes identified from706 kb region of

LA2157, S. pimpinellifolium LA2093 and S. lycopersicum Heinz

1706.

Table S9 Primes for silenced fragments of Sarc_034200

candidate genes.

Table S10 qPCR primers for detection of the efficiency of gene

silencing.

Table S11 Primers for detection of Sarc_034200 T0 generation

transgenic plants.
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