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Abstract
Late blight (LB), caused by Phytophthora infestans, is a destructive disease of the 
cultivated tomato, Solanum lycopersicum. Environmental concerns and pathogen 
resistance have propelled research towards developing host resistance. The current 
LB-resistant cultivars of tomato exhibit susceptibility under severe disease pres-
sure, necessitating the identification, characterization, and incorporation of addi-
tional resistance genes into new tomato cultivars. Recently, we identified Solanum 
pimpinellifolium accession PI 270443 with strong resistance to LB and developed 
a RIL population from its cross with an LB-susceptible tomato breeding line. In 
the present study, we constructed a high-density genetic map of the RIL popula-
tion, using 8,470 SNP markers set into 1,195 genomic bins, with a total genetic dis-
tance of 1232 cM and an average bin size of 1 cM. We identified 2 major adjoining 
LB-resistance QTLs on chromosome 10 and a few minor QTLs on chromosomes 1 
and 12 of PI 270443. While one of the QTLs on chromosome 10 colocalized with 
the known LB-resistance gene Ph- 2 and a LB-resistance QTL previously identified 
in an F2 population of the same cross, the present study allowed marker saturation 
of the region, fine mapping of the QTL, and identification of candidate resistance 
genes in the region. One of the 2 major QTLs on chromosome 10 and the 3 QTLs on 
chromosomes 1 and 12 were not previously reported in S. pimpinellifolium for LB 
resistance. These results will expedite transferring of LB resistance from PI 270443 
into the tomato cultigen via MAS and discovering the underpinning LB-resistance 
genes in PI 270443.
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%DS	� Percentage disease severity
ETI	� Effector triggered immunity
GBS	� Genotyping-by-sequencing
GH	� Greenhouse
HR	� Hypersensitive response
LB	� Late blight
LBRQTL	� Late-blight-resistance quantitative trait locus
LOD	� Logarithm of odds
MAS	� Marker assisted selection
MBA	� Marker-based analysis
MLE	� Maximum likelihood estimation
NBS-LRR	� Nucleotide binding site and leucine-rich repeat
PAMP	� Pathogen-associated molecular patterns
PCR	� Polymerase chain reaction
PGRU​	� Plant Genetics Resources Unit
PPR	� Pattern Recognition Receptors
PTI	� PAMP-Triggered Immunity
PVE	� Phenotypic variation explained
QTL	� Quantitative trait locus
QTLs	� Quantitative trait loci
RFLP	� Restriction fragment length polymorphism
RH	� Relative humidity
RLP/K	� Receptor-like protein/kinase
ROS	� Reactive oxygen species
RRL	� Reduced represented library
SNP	� Single nucleotide polymorphism
SSR	� Simple sequence repeats
VCF	� Variant call format

Introduction

The cultivated tomato, Solanum lycopersicum L., is ranked the world’s most val-
uable vegetable crop, with a net production value of nearly $106 billion in 2022 
(FAOSTAT 2025). However, tomato production is negatively affected by various 
pathogens, including bacteria, fungi, oomycetes, viruses, and nematodes.(Jones 
et  al. 2014). One of the most destructive diseases of the cultivated tomato (and 
potato, Solanum tuberosum L.) worldwide is late blight (LB), caused by the oomy-
cete Phytophthora infestans (Mont.) de Bary (Fry 2008). Under proper conditions, 
this pathogen can infect all above-ground parts of unprotected susceptible tomato 
or potato crops, and destroy an entire field within 7–10 days (Nowicki et al. 2012). 
Management of LB disease in both tomato and potato fields has primarily included 
cultural practices and heavy use of preventative fungicides (Fry 2008). The rapid 
spread of P. infestans is mainly due to its effective asexual reproduction, though it 
can also reproduce sexually when both mating types (A1 and A2) are present (Smoot 
et al. 1958; Galindo and Gallegly 1960). Improper fungicide applications and sexual 
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reproduction can lead to new, fungicide-resistant genotypes of P. infestans (Foolad 
et al. 2014b). For example, in 2018, a new mefenoxam-resistant P. infestans clonal 
lineage (US- 25, A2 mating type) emerged in New York tomato fields (USAblight.
org 2019). The occurrence of new pathogen genotypes with fungicide resistance 
have driven research into developing host resistance to combat LB disease in both 
tomato and potato crops.

Host resistance of plants can recognize and act toward late blight disease through 
two main pathways, either by Pattern Recognition Receptors (PRRs) detecting path-
ogen-associated molecular patterns (PAMPs) to trigger PAMP-Triggered Immunity 
(PTI), or through Resistance (R) proteins recognizing pathogen effectors inside 
plant cells, activating the Effector-Triggered Immunity (ETI). These two pathways 
can work together and activate downstream regulatory genes (e.g., transcription fac-
tors) and hormone signaling pathways, which collectively activate general defense 
mechanisms, reactive oxygen species (ROS) signaling and hypersensitive response 
(HR) to enhance resistance and limit pathogen spread in plants (Li et  al. 2024). 
In both potato and tomato, many R proteins have been discovered to help plants 
detect pathogen-derived molecules called avirulence (Avr) proteins that are specific 
to P. infestans, and trigger hypersensitive response (Bhatia et al. 2024). In potato, 
more than 50 resistance (R) genes conferring LB resistance have been identified and 
mapped in 21 related wild species, of which more than 25 R genes have been cloned 
and characterized. Most of the cloned R genes for LB resistance in potato encode for 
nucleotide-binding leucine-rich repeat (NB-LRR) proteins (Rodewald and Trognitz 
2013; Paluchowska et al. 2022). Stacking of multiple R genes has been an effective 
approach for developing potatoes with strong LB resistance (Jo et al. 2014; Ghislain 
et al. 2019).

Since the 1950 s, researches on tomato resistance to LB have identified three 
major resistance genes: Ph- 1, Ph- 2, and Ph- 3 (Foolad et al. 2008). Briefly, Ph- 1, 
located on chromosome 7 in S. pimpinellifolium accessions West Virginia 19 and 
731, confers resistance only to P. infestans race T0 (Gallegly and Marvel 1955; 
Peirce 1971) but not to the currently predominant T1 race (Cohen 2002; Elsayed 
et al. 2011). Ph- 2, originally identified in S. pimpinellifolium accession West Vir-
ginia 700 (Gallegly 1960), was fine-mapped to a 141-kb region on the distal end 
of the long arm of chromosome 10, and most recently has been confirmed (through 
sequence analysis and post-inoculation expression studies) to be the gene Solyc10 
g085460 (RGA1) encoding a CC-NBS-LRR disease resistance protein (Moreau 
et al. 1998; Zhi et al. 2021; Pan et al. 2024). Tomato cultivars containing only Ph- 2 
exhibit partial resistance to various P. infestans isolates, including US- 13, US- 14 
and US- 23 (Black et  al. 1996; Moreau et  al. 1998; Foolad et  al. 2014b). Ph- 3, 
the most effective LB-resistance gene, is located on chromosome 9 in S. pimpinel-
lifolium accession L3708 and encodes a CC-NBS-LRR protein (Black et al. 1996; 
Chunwongse et  al. 2002; Zhang et  al. 2014); it provides good resistance against 
several P. infestans clonal lineages, including US- 13, US- 14 and US- 23. How-
ever, severe LB symptoms have been observed in cultivars containing only Ph- 3 in 
many field trials globally (Chunwongse et al. 2002) (MR Foolad, unpublished; RG 
Gardner, personal communication). Tomato genotypes with Ph- 2 + Ph- 3 combined 
exhibit the strongest resistance to LB (Foolad et al. 2014b; McGrath 2015), though 
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still exhibit concerning LB symptoms under disease-favorable conditions (RG Gard-
ner; personal communication). To combat more aggressive P. infestans genotypes, it 
is important to identify and incorporate additional LB-resistance genes/QTLs (quan-
titative trait loci) into new tomato breeding lines and hybrid cultivars.

Many QTL studies have also been conducted to identify new genomic regions 
and genes associated with LB resistance in wild tomato species S. pimpinellifolium, 
including PI 224710, PI 270441, PI 270442, PI 270443, PI 163245 (later classified 
as S. lycopersicum) by our research group (Merk et  al. 2012; Ohlson et  al. 2018; 
Sullenberger et al. 2022; Gao and Foolad 2024; Sullenberger and Foolad 2024). LB 
resistance QTLs have also been discovered by other research groups in accessions 
of S. pimpinellifolium (Chen et al. 2014) and S. habrochaites (Lough 2003; Brouwer 
et al. 2004; Brouwer and St. Clair 2004; Li et al. 2011; Chen et al. 2008).

To identify additional genetic sources of LB resistance in tomato, 67 S. pimpi-
nellifolium accessions were screened and accession PI 270443 was identified with 
strong resistance, comparable to the resistant line NC 03220 that contains Ph- 2 and 
Ph- 3 combined (Foolad et  al. 2014b, 2015; Jia and Foolad 2019). To investigate 
the genetic basis of LB resistance in PI 270443, the wild accession was crossed 
with LB-susceptible NC EBR- 2 and produced an F2 population. Preliminary QTL 
analysis using 54 F2 individuals and 153 DNA markers identified two resistance 
QTL regions: Ph- 5.1 on chromosome 1, and Ph- 5.2 on chromosome 10 (Merk 
et al. 2012). Both QTL regions encompassed very large genetic and physical map 
distances, including many genes, presenting obstacles in fine mapping and gene 
cloning.

To further investigate the nature of LB resistance in PI 270443, we recently 
developed an advanced recombinant inbred line (RIL) population from the above-
mentioned cross (Jia and Foolad 2019) Subsequently, using different generations (F9 
and F10) of this RIL population, we conducted parent:offspring regression/correla-
tion analyses to estimate heritability (h2) of LB resistance; our analyses showed a 
high h2 (0.76) for resistance in PI 270443 (Jia and Foolad 2019). The present study 
was aimed to develop a high-density genetic linkage map of the RIL population, 
identify and delineate QTLs for LB resistance in PI 270443, and identify candidate 
resistance genes residing in the QTL regions.

Next-generation sequencing (NGS) techniques have made genetic mapping more 
cost-effective, especially for detecting single nucleotide polymorphism (SNP) using 
whole-genome resequencing, SNP arrays, or genotyping-by-sequencing (GBS) 
approaches. In the current study we chose the GBS approach to identify SNP 
markers for genetic mapping in the RIL population. This method uses restriction 
enzymes to digest genomic DNA and construct a reduced represented library (RRL) 
of genomes, which are then multiplexed into one library for NGS using DNA bar-
coded adapters (Elshire et al. 2011; Poland et al. 2012). Researchers have adopted 
the GBS approach to successfully detect SNP markers and construct genetic link-
age maps containing thousands of SNP markers for QTL studies in many plant and 
animal species, including wheat, barley, lettuce, pea, tomato, peach, drosophila, and 
foxes (Poland et al. 2012; Truco et al. 2013; Johnson et al. 2015; Boutet et al. 2016; 
Hackett et al. 2016; Celik et al. 2017; Gao et al. 2019; Gonda et al. 2019). In the 
current study, we have 1) identified over 8000 SNP markers polymorphic between 
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PI 270443 and NC EBR- 2, 2) constructed a high-density genomic-bin linkage map 
of the new RIL population, 3) discovered and fine mapped QTLs for LB resistance 
conferred by PI 270443, and 4) identified candidate resistance related genes in the 
QTLs’ peak locations for future investigations.

Materials and method

Plant material

Previously, we developed an interspecific recombinant inbred line (RIL) population 
of tomato (n = 166 lines) from a cross between a LB-susceptible Solanum lycoper-
sicum breeding line NC EBR- 2 and the LB-resistant S. pimpinellifolium accession 
PI 270443, and used it to estimate the heritability of LB resistance in the RIL popu-
lation (Jia and Foolad 2019). The advanced tomato breeding line NC EBR- 2 has 
numerous desirable horticultural characteristics, including large-size red fruit and 
resistance to early blight (caused by Alternaria solani and A. tomatophila) (Gard-
ner 1988), but it is highly susceptible to LB. PI 270443 is a highly inbred line wild 
accession with indeterminate growth habit and prolific small shiny red fruit, which 
we previously determined to be highly resistant to LB (Foolad et al. 2014a). In the 
present study, we used 122 lines of the F9 and F10 generations of the RIL population 
for genetic map construction and discovery of QTLs conferring LB resistance in PI 
270443. In all disease screening experiments of the RIL population, LB-susceptible 
and LB-resistant control lines, including Fla. 8059 (highly susceptible), New Yor-
ker (highly susceptible, containing Ph- 1), NC 63 EB (partial resistant, Ph- 2), NC 
870 (good resistant, Ph- 3), and NC 03220 (highly resistant, Ph- 2 + Ph- 3), were 
included. The original seed of PI 270443 was received from USDA ARS Plant 
Genetic Resources Unit (PRGU), Geneva, NY, USA, seeds of New Yorker and all 
NC lines were provided by R.G. Gardner, North Carolina State University, Miles 
River, NC, USA, and seed of Fla.8059 was obtained from J.W. Scott, University of 
Florida, Gulf Coast Research & Education Center, Wimauma, FL, USA.

Disease screening in the F9 and F10 generations

For each of the F9 and F10 generations of the RIL population (n = 122) two LB-
screening experiments were conducted, including F9 Exp. I, F9 Exp. II, F10 Exp. I, 
and F10 Exp. II. In each disease screening experiment, six seedlings from each RIL 
were grown to 6-week-old and separated into two replicates in an environmentally-
controlled greenhouse (GH) at The Pennsylvania State University, University Park 
campus.. In all experiments, the parental lines of the RIL population (PI 270443 and 
NC EBR- 2), F1 generation, and several control genotypes were also included. Inoc-
ulum preparation and plant inoculation with P. infestans isolates were as described 
elsewhere (Jia and Foolad 2019). Briefly, a blend of 3 local P. infestans isolates 
(A1 mating type, US- 23 clonal lineage) were used. Six-week-old healthy tomato 
seedlings were primed for inoculation in dark, cool (16–20 °C) and humid (> 90% 



	 Molecular Breeding (2025) 45:4343  Page 6 of 25

relative humidity, RH) GH conditions for 7  h. An inoculum suspension (~ 8000 
sporangia/mL) was directly sprayed onto the seedlings twice, with a 30-min inter-
val. The average temperature and RH during the experiments were 16–20 °C and 
80–90%, respectively. Approximately after 7–10 days post-inoculation (depending 
on experiment conditions) LB disease severity (DS) was visually estimated for each 
plant based on foliage symptoms. The percentage DS (%DS) ranged from 0% (no 
symptom) to 100%(total defoliation). Example images of %DS of parental lines and 
a few RILs are shown in Fig. 3. Each RIL’s %DS was averaged over six individual 
plants (six biological replicates).

Tissue collection and DNA isolation

Prior to disease inoculation, leaf tissue was collected individually from 4-week-old 
seedlings of all 166 F10 RILs, and parental and F1 plants. Leaf tissues were frozen 
immediately using liquid nitrogen and stored at − 80 °C. Total genomic DNA was 
isolated from 100 mg leaf tissue samples with a modified CTAB protocol, using 
a commercial CTAB buffer and silica spin column (OPS Diagnostics). RNase was 
added to samples to avoid RNA contamination in the DNA. Genomic DNA was 
quantified with a Cytation™ 3 Multi-Mode Reader (BioTek® Instruments, Inc.). 
Randomly selected genomic DNA samples were run on 0.8% agarose-water gel to 
ensure the presence of high molecular weight intact genomic DNA.

GBS library preparation and illumina sequencing

A combination of a “rare-cutter” (TseI) and a “common-cutter” (CviAII) restric-
tion enzymes was chosen for the two-enzyme GBS analysis. Following restric-
tion enzyme digestion, DNA fragments were ligated to adapters with 8-bp buffer 
sequence and 6–9 bp sample-specific barcodes developed by Dr. Bode Olukolu 
(Wadl et al. 2018). Two 96-plex plates were pooled into two separate libraries, size 
selected, and PCR amplified following a unique protocol developed at NC State 
(Wadl et al. 2018). Both libraries were subsequently sequenced for 125 bp single-
end using Illumina HiSeq 2500 (two lanes) at NC State Genomic Sciences Labora-
tory, Raleigh, NC, USA.

Demultiplexing and SNP detection

The FASTQ files from Illumina sequencing were downloaded, and quality con-
trol was performed using FastQC (Andrews 2010). The 8-bp buffer sequences 
were trimmed using FASTX-trimmer (Hannon 2010), and barcode demultiplexing 
was conducted with Sabre (https://​github.​com/​najos​hi/​sabre). The demultiplexed 
reads were mapped onto the tomato genome SL3.0 (International Tomato Genome 
Sequencing Project 2017) using BWA-mem (Li and Durbin 2009), and the alignment 
rate of each file was verified using SAMtools (Li et al. 2009). The parental alignment 
files of NC EBR- 2 and PI 270443 (BAM files) were merged respectively, and BAM 
files of all samples were processed using Picard Tookit (Broad Institute 2019) in 
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preparation for SNP discovery. SNPs between parental lines were identified using 
the software GATK (McKenna et  al. 2010) with HaplotypeCaller and genotyping 
mode DISCOVERY. The resulting parental variant call format (VCF) file was filtered 
to remove InDels, and AF (allele frequency) of 0.5 and AN (allele number) of 4 
were used for filtering valid parental SNPs. Another method was also employed to 
identify additional parental SNPs, using SAMtools v. 0.1.7a and custom Perl scripts 
previously published (Hulse-Kemp et al. 2016), and new SNPs were filtered using 
the same criteria. The two SNP sets between the parents were merged, and a non-
redundant set of SNPs was created.

The combined parental SNP file was used to call SNPs for the RIL popula-
tion using GATK-HaplotypeCaller and genotyping mode GENOTYPE_GIVEN_
ALLELES with output mode EMIT_ALL_SITES. The resulting VCF file was first fil-
tered (Quality > 30, Minor allele frequency > 0.1 and < 0.9, samples with genotype 
data > 80%) using SnpSift (http://​snpeff.​sourc​eforge.​net/​SnpSi​ft.​html) filter option. 
Individual RILs with high levels of missing data were filtered out using VCFtools 
(Danecek et al. 2011), resulting in 130 RILs. The final VCF file containing SNPs 
detected among the RILs was converted into ABH mapping data format, using a 
custom Perl script developed by Gonda et  al. (Gonda et  al. 2019), including “A” 
as the genotype of NC EBR- 2, “B” as the genotype of PI 270443, and “H” as the 
heterozygous.

Genomic bins and genetic map construction

The ABH-type genotype data of the RIL population was pre-processed in Excel by 
changing heterozygous loci (“H”) to missing information (“-”). Some missing data 
were filled by using information from the flanking marker genotypes. For instance, 
if most genotypes showed “AAA​AAA​AA” in one genomic region and one sample 
contained a missing nucleotide in that region, e.g., “AAAA-AAA”, the missing 
nucleotide was manually filled with an “A”. The processed AB- genotype data file 
was uploaded onto the JoinMap®5 program (van Ooijen 2019), and 8 more indi-
viduals were eliminated due to excessive heterozygosity. To construct a genetic link-
age map, the maximum likelihood estimation (MLE) mapping, with a minimum 
independence LOD score of 4, was employed to determine linkage groups, marker 
orders, and recombination frequencies. The default MLE mapping parameters in 
JoinMap®5 were used. Marker segregation patterns were examined in JoinMap®5 
using a chi-square goodness-of-fit test (p < 0.01). Subsequently, the"exclude identi-
cal marker"option was employed to group markers with zero recombination between 
them into genomic bins, and a genetic linkage bin map with 1,195 genomic bins 
was constructed. MapChart v2.3 software (Voorrips 2002) was employed to create 
images of the genetic map.

High resolution QTL analysis

The 1,195-SNP genomic bin map and LB %DS scores from all 4 RIL experiments 
(F9 and F10 generations) were used for QTL mapping, by employing WinQTL 
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Cartographer with single-trait composite interval mapping (Nascimento et al. 2001) 
and 1000 iterations of permutation tests (Wang et al. 2006).

Results

GBS and genetic linkage maps

Genotyping-by-sequencing (GBS) analysis of the original RIL population (n = 166 
lines) and its two parental lines produced a total of 482,456,148 reads, achieving a 
genome coverage of 28.5X based on the tomato reference genome SL3.0 (Interna-
tional Tomato Genome Sequencing Project 2017). Specifically, the genome cover-
ages were 3X for the parental line NC EBR- 2, 4X for the parental line PI 270443, 
and 0.29X (on average) for the RI lines (ranging from 0.001X to 0.7X).

Alignment of the demultiplexed files to tomato reference genome SL3.0 resulted 
in high alignment rates, over 99.5% for most of the RILs. Only 36 RILs had align-
ment rates less than 99.5%, correlating with lower genome coverages in those RILs. 
Initially, a total of 153,096 variants were called using the parental alignment files 
(BAM); the variant call format (VCF) was filtered to remove InDels, resulting in 
34,498 variants. Further filtering (AF = 0.5, AN = 4) ensured the variants were valid 
SNPs between NC EBR- 2 and PI 270443, yielding 20,359 SNPs. Another pipe-
line with SAMtools (v. 0.1.7a) and custom Perl scripts was used to identify an addi-
tional 1,851 unique parental SNPs (Hulse-Kemp et al. 2016). Thus, 22,210 parental 
SNPs were used to call genotypes in the RIL population. Filtering out RILs with low 
alignment rates and SNPs with > 20% missing data (AN > 212) resulted in 8,553 
SNPs among 130 RILs for the genetic map construction.

During map construction, we further eliminated 8 RILs due to excessive hete-
rozygosity and 83 SNPs due to improper marker placement. Therefore, the high-
density genetic linkage map was constructed based on using 8,470 SNPs and 122 
RILs. Genetic binning of SNP markers resulted in 1,195 marker bins (each contain-
ing 1—1183 SNPs) and a genetic bin map (Suppl. Figure 1) encompassing a total 
genetic distance of 1,234.5 cM, which was similar to the total genetic distance of 
1231.8 cM based on the 8,470 SNP markers (Table 1).

The number of SNP markers per chromosome for both the 1,195-bin map and 
8,470-SNP-map are shown in Fig. 1a. For the SNPs map, the number of markers 
per chromosome ranged from 246 (chr 7) to 1,354 (chr 10), with an average of 
~ 706 SNPs per chromosome; for the bins map, the number of bins per chromo-
some ranged from 69 (chr 7) to 150 (chr 3), with an average of ~ 100 bins per 
chromosome (Fig.  1a). All SNP markers distributed evenly across each of the 
12 chromosomes (Fig. 1b). On average, there was 0.96 recombinant bin per cM 
of genetic distance. Chromosome 10 was the shortest (78.1 cM) and chromo-
some 1 the longest (132.2 cM) in both genetic linkage maps (SNPs and bins; 
Table 1). The estimated average number of meiotic recombination per RIL for 
each chromosome, as determined by JoinMap®5 using 1,195 binned SNP mark-
ers, was proportional to the chromosome size, ranging from 2.90 recombination 
events for chromosome 10 (to 4.93 for chromosome 1 (Table 1). Further, each 
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individual RIL varied for the estimated total recombination counts across the 
12 chromosomes, ranging from 24.3 to 89.4, with an average of 45.9 recombi-
nation events (Table 1). When comparing the genetic bin map (based on 1,195 
SNP markers) with the physical map of the SNP markers (SL3.0), it appeared 
that high recombination events occurred on the interstitial and distal (telomeric) 
ends of all 12 tomato chromosomes, while recombination events were signifi-
cantly depressed in the pericentric regions of the chromosomes (Fig.  2). Fur-
thermore, all 12 chromosomes exhibited similar recombination rates with no 
meiotic recombination repression outside of the pericentric regions.

Genetic composition of the RILs and marker segregation

The genetic composition of the 122 F10 RILs used for linkage map construction 
included 50.8% homozygous alleles from the cultivated parent (NC EBR- 2), 47.4% 
homozygous alleles from the wild parent (PI 270443), and 1.8% heterozygous mark-
ers (which were counted as missing data). Seven genomic regions, on chromosomes 
1, 2, 3, 8, 10 and 11, exhibited significant (p < 0.01) skewed segregations (Suppl. 
Table 1). Of these, while 2 regions, including one on chromosome 10 (53.8 cM, 61 
Mbp) and one on chromosome 2 (17.6 cM, 4.2 Mbp) exhibited strong skewness in 
favor of the wild parent PI 270443 (64%—75% PI alleles), 5 regions, on chromo-
somes 1, 3, 8 and 11, showed moderate skewness in favor of the cultivated parent 
NC EBR- 2 (~ 60% NC alleles; Suppl. Table 1). The extent of segregation distortion 
in this RIL population was generally similar to that observed in an F2 population of 
the same cross (Merk et  al. 2012). There were no clear relationships between the 

Table 1   Genetic distance by chromosome for the 1,195 SNP-based genetic bin map and 8,470 SNP-
based genetic map and recombination count per RI line

Chr Number Genetic Distance (cM) Recombination count per 
RI line

8,470 SNPs Map 1,195 SNPs Bin Map Average Range

ch1 132.2 132.2 4.93 0–12.1
ch2 100.0 101.3 3.79 0–10
ch3 131.0 130.5 4.90 0–14
ch4 107.5 107.5 4.05 0–12
ch5 94.0 94.0 3.47 0–10
ch6 86.0 86.9 3.29 0–10
ch7 105.6 105.6 3.73 0–10
ch8 90.5 90.5 3.41 0–10
ch9 107.0 107.0 3.96 0–12
ch10 78.1 78.1 2.90 0–12
ch11 97.2 97.2 3.65 0–10
ch12 102.7 103.7 3.80 0–12.2
Total 1231.8 cM 1234.5 cM 45.89 24.3–89.4
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Fig. 1   (a) Number of SNPs by chromosome used for the 1,195-SNP based genetic bin map and 8,470-
SNP based genetic map. (b). SNP distribution by physical location for the total of 8,470 SNPs across 12 
chromosomes
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chromosomal locations of skewed segregations and locations of the identified QTLs; 
while segregation distortions were observed on chromosomes 1, 2, 3, 8, 10 and 11, 
QTLs were identified on chromosomes 1, 10 and 12 (described below).

Fig. 2   Relationship between physical and genetic locations within each chromosome. Each blue dot indi-
cates genetic and physical location of a representative SNP marker for each genomic recombinant bin of 
the bin map
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Disease performance of the different genotypes

The disease performances of the parental lines (LB-susceptible NC EBR- 2, and LB-
resistant PI 270443), F1 generation, and 5 control genotypes, Fla. 8059 (suscepti-
ble), New Yorker (susceptible, containing Ph- 1), NC 63 EB (resistant, containing 
Ph- 2), NC 870 (resistant, containing Ph- 3) and NC 03220 (resistant, containing 
Ph- 2 + Ph- 3), were previously reported elsewhere (Jia and Foolad 2019). Briefly, 
NC EBR- 2 exhibited high %DS across all 4 experiments, ranging from 90 to 100% 
with an average of 98.7% (Fig. 3), statistically similar to the susceptible control lines 
Fla. 8059 (%DS = 99.3%) and New Yorker (%DS = 97.4%); PI 270443 showed very 
strong resistance to LB, with %DS ranging from 0 to 15% with an average of 4.5% 
(Fig. 3), statistically exceeding the resistance levels in the resistant lines NC 03220 
(average %DS = 15.0%), NC 870 (average %DS = 33.6%) and NC 63 EB (average 
%DS = 46.3%); the F1 progeny showed moderate resistance to LB across all experi-
ments, with an average %DS = 23.4%, statistically similar to the resistant line NC 
03220 (Jia and Foolad 2019).

The RIL population was evaluated for response to LB disease in 4 screening 
experiments, including 2 experiments in F9 generation and 2 experiments in F10 
generation. In F9 Exp. I, the %DS of the RILs (n = 121) ranged between 2.8% and 
96.5%, with an average of 35.8% (Table 2, Fig. 4), and in F9 Exp. II, the %DS of the 
RILs (n = 122) ranged between 5.3% and 100%, with an average of 34.0% (Table 2, 
Fig. 4). In both F9 experiments, the disease responses of the RIL population were 

Fig. 3   Example images of parental lines (NC EBR- 2, susceptible; and PI 270443, resistant) and RILs, 
which were grown in the same tray, after disease screening experiments
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continuous but not normally distributed, as determined by Shapiro–Wilk test of 
normality (p < 0.001); the distributions were heavily skewed towards resistance 
with significant skewness of 1.008 and 0.982 in experiments I and II, respectively 
(Fig.  4). In F10 Exp. I, the %DS of the RILs (n = 122) ranged between 5.2% and 
100%, with an average of 47.2% (Table 2, Fig. 4), and in F10 Exp. II, the %DS of 
RILs (n = 122) ranged between 6.8% and 100%, with an average of 46.2% (Table 2, 
Fig. 4). Similar to that in the F9 experiments, in both F10 experiments the disease 
responses of the RIL population were continuous and not normally distributed, with 
significant (p < 0.001) skewness towards resistance, with skewness values of 0.613 
and 0.507 for experiments I and II, respectively (Fig. 4). There were significant posi-
tive correlations between the %DS of RI lines across all 4 screening experiments 
(Table 3).

Table 2   Average late blight 
(LB) disease severity1 (% 
disease severity, % DS ± SE) 
for the F9 and F10 generations 
of the RIL population evaluated 
under controlled greenhouse 
conditions

1  The percentage disease severity (% DS) is measured as percentage 
disease symptom of whole plants caused by P. infestans infection

Final % DS1

Generation Number of lines Average Range of means

RIL F9 Exp. I 121 35.8 ± 2.6 2.8–96.5
RIL F9 Exp. II 122 34 ± 2.2 5.3–100
RIL F10 Exp. I 122 47.2 ± 2.7 5.2–100
RIL F10 Exp. II 122 46.2 ± 2.5 6.8–100

Fig. 4   Frequency distribution of late blight disease severity in 122 F9 and F10 RI lines in Experiment I 
and II. Disease severity is measured as the percentage foliage disease symptom (% DS) of whole plants 
caused by late blight infection under greenhouse conditions
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QTL analyses

QTL analyses indicated the presence of 2 major QTLs for LB resistance on chro-
mosome 10 of PI 270443, which were detected consistently in all 4 screening 
experiments. In addition, a few minor QTLs were identified in on chromosomes 1 
and 12 of PI 270443, which were detected only in some of the experiments.

At the QTL location on chromosome 10, two adjoining QTL regions were 
detected, which were named LBRQTL- 10.1 and LBRQTL- 10.2. The range 
of the LBRQTL- 10.1 was predominantly predicted at 65–70 cM (SL3.0ch10 
- 63231159 – SL3.0ch10 - 63907108) and peaking around 69 cM, with the excep-
tion of F10 Experiment II data where it spanned 64–74 cM (SL3.0ch10 - 63185641 
– SL3.0ch10 - 64418420) and peaking around 73 cM (Table 4, Fig. 5); the esti-
mated average PVE for LBRQTL- 10.1 was 31%. The LBRQTL- 10.2 was pre-
dicted at 70–78 cM (SL3.0ch10 - 63907108 – SL3.0ch10 - 65525731) and peaking 
around 76 cM in all experiments (Table  4, Fig.  5), with the estimated average 
PVE of 53%.

In addition to LBRQTL- 10.1 and LBRQTL- 10.2, four minor putative LB-
resistance QTLs were detected in PI 270443, three located on chromosome 1 
(LBRQTL- 1.1, LBRQTL- 1.2 and LBRQTL- 1.3) and one located on chromo-
some 12 (LBRQTL- 12); the PVE for each of these QTLs ranged from 3.5% to 
4.0% (Table 4; Fig. 5).

Disease resistance related genes in the QTL regions

We extracted gene models from iTAG3.2 for all the LBRQTL regions. For the 
major LB-resistance QTLs identified on chromosome 10, the LBRQTL- 10.1 and 
LBRQTL- 10.2 regions encompassed 94 and 216 genes, respectively. Based on a 
literature review of the LB-resistance genes in tomato and potato, as well as gen-
eral disease resistance genes in tomato (see Discussion), a total of 18 “disease-
related” candidate genes were identified in this region on chromosome 10 (Suppl. 
Table 2). For the 3 minor LB-resistance QTLs identified on chromosome 1, the 
LBRQTL- 1.1, LBRQTL- 1.2, and LBRQTL- 1.3 encompassed 40, 262, and 
421 genes, respectively. Within these 3 locations, a total of 17 “disease-related” 
candidate genes were identified (Suppl. Table 2). The minor LB-resistance QTL 
identified on chromosome 12 (LBRQTL- 12) encompassed 57 genes, of which 2 
were deemed to be related to disease resistance (Suppl. Table 2).

Table 3   Correlation analysis 
among four disease response 
experiments conducted in the F9 
and F10 generations of the RIL 
population

RIL F9 Exp II RIL F10 Exp I RIL F10 Exp II

RIL F9 Exp I 0.87 0.80 0.69
RIL F9 Exp II 0.81 0.78
RIL F10 Exp I 0.77
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Discussion

New and more destructive genotypes of P. infestans have been reported in tomato 
fields in recent years in the United States (USAblight.org 2019; Pieterse 2018); such 
genotypes may overcome resistance in the current LB-resistant cultivars under dis-
ease favorable conditions. It is crucial to identify and genetically characterize new 
sources of LB resistance and incorporate additional resistance genes/QTLs into new 
tomato cultivars. In multiple studies and across numerous replicated experiments, 

0 .0

7 .6

15 .2

22 .8

30 .4

38 .0
LOD0

1 : F9_ExpI
2 : F9_ExpII
3 : F10_ExpI
4 : F10_ExpII

Ch-1 Ch-7 Ch-10 Ch-12

Fig. 5   Late blight resistant QTLs detected in PI 270443 by WinQTL Cartographer v2.5. Data from all 
four experiments from the F9 and F10 generations are included in the QTL analyses, indicated by differ-
ent line color as shown in figure legends. The X-axis represents chromosome number and relative loca-
tion, while Y-axis represents LOD score generated by CIM mapping analysis. LBQTL- 1.1, LBQTL- 1.2, 
LBQTL- 1.3 shown in Ch- 1, and LBQTL- 10.1, LBQTL- 10.2 shown in Ch- 10, and LBQTL- 12 shown 
in Ch- 12
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S. pimpinellifolium accession PI 270443 exhibited superior LB resistance, where its 
%DS was significantly lower than that of the LB-resistant control lines containing 
Ph- 2, Ph- 3, or Ph- 2 + Ph- 3 combined in homozygous conditions (Foolad et al. 
2014b; Merk et al. 2012; Merk and Foolad 2012). This resistance superiority along 
with its high heritability (Jia and Foolad 2019) suggest the considerable value of PI 
270443 as a new source of LB resistance for tomato breeding.

To understand genetic basis of LB resistance in PI 270443, we previously 
developed a RIL population (n = 166) from a cross between this accession and 
LB-susceptible tomato breeding line NC EBR- 2, and investigated the inheritance 
of resistance using F9 and F10 generations of the RILs (Jia and Foolad 2019). The 
moderately high estimate of h2 (0.76) suggested that the underlying genetics of the 
LB-resistance in PI 270443 was rather simple, and potentially controlled by a few 
resistance genes (Jia and Foolad 2019). To further investigate the genetic basis of 
LB-resistance in PI 270443, a subset of the RIL population (n = 122) was employed 
for genetic mapping and identification and characterization of QTLs underlying 
LB resistance in this accession. Both F9 and F10 generations were used for disease 
screening and QTL mapping. A generally higher average %DS was observed in the 
F10, compared to the F9, generation (Table 2), which most likely was due to vari-
ations in the environmental conditions of the GH experiments, including disease 
pressure, lighting and RH. Further, in all 4 disease screening experiments of the RIL 
population, disease distributions were continuous, though approaching bimodal and 
skewing towards resistance (Fig. 4). The latter observations may indicate a qualita-
tive nature of LB resistance in PI 270443, consistent with the moderately high esti-
mates of h2 observed in our previous study (Jia and Foolad 2019).

We undertook a GBS approach to simultaneously sequence the parental lines 
and genotype the F10 RIL population, using the restriction enzyme combination of 
TseI/CviAII. This two-enzyme GBS system employing a rare-cutting and a frequent-
cutting restriction enzyme was chosen because it simplified the process of library 
quantification before sequencing (Poland et al. 2012). In silico digestion of tomato 
genome with this enzyme combination yielded 327,375 fragments between 100–350 
bp, suggesting that the enzymes were capable of digesting tomato genomes evenly, 
suitable for the construction of a high-quality RRL. An ultra-high-density genetic 
linkage map of the RIL population with 8,470 SNP markers was developed, show-
ing a total genetic map length of 1231.8 cM (Table 1). The genetic length and chro-
mosomes’ centromeric regions of this map (Fig. 2, Table 1, Suppl. Figure 1) agreed 
with those of other recently reported genetic maps of tomato (Sim et al. 2012; Gonda 
et al. 2019; Ohlson et al. 2018). To facilitate and simplify QTL mapping, SNPs were 
further binned into 1,195 genomic bins, resulting in a high-density genetic bin map 
with a total genetic distance of 1234.5 cM (Table 1) and a total physical distance 
of 802.8 Mbp. Across chromosomes, the average distance between linked genomic 
bins was ~ 1.0 cM, ranging from 0.0 cM (observed in a few chromosomes) to 10.6 
cM (on chromosome 12, between SNP markers SL3.0ch12 - 2588708 and SL3.0ch12 
- 4076338).

The high-density genetic linkage map developed in the present study significantly 
improved our ability to identify and fine map QTLs underlying LB resistance in PI 
270443, compared with the preliminary QTL mapping study conducted in an F2 
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population of the same cross using much smaller number of genetic markers (Merk 
et  al. 2012); while the average marker spacing in the previous study was 7.2 cM, 
the average genetic distance between adjacent bins in the current study is ~ 1.0 cM. 
The previous study identified two genomic regions on chromosomes 1 and 10 of 
PI 270443 associated with LB resistance: Ph- 5.1 was mapped on the long arm of 
chromosome 1 to a 23-cM interval between SSR markers SSRW11 and cTOE7 J7, 
and Ph- 5.2 was mapped on the long arm of chromosome 10 to a 37.8-cM interval 
between SSR markers TMA0040 and SSR223 (Merk et al. 2012). The present study 
confirmed both QTL regions and further refined them to smaller intervals.

In the present study, a major LB-resistance QTL region was detected on chromo-
some 10 (Table 4, Suppl. Figure 1, Fig. 5), which overlapped with the QTL Ph- 5.2 
identified in our previous study (Merk et  al. 2012). However, in the RIL popula-
tion we detected 2 adjoining peaks in the same QTL region on chromosome 10: 
LBRQTL- 10.1, peaking at 69 cM and explaining ~ 31% PVE, and LBRQTL- 10.2, 
peaking at 76 cM and explaining ~ 53% PVE (Table 4, Suppl. Figure 1, Fig. 5). The 
two adjacent peaks detected in this region may indicate the presence of one major 
QTL for LB resistance, or two separate tightly-linked QTLs with the LBRQTL- 10.1 
being a new one not previously reported. We also observed multiple disease-related 
candidate genes underlying the QTL region encompassing the two LOD peaks (dis-
cussed below).

Previous marker analysis indicated that accession PI 270443 did not contain the 
known and strong Ph- 3 resistance gene on chromosome 9, but it suggested the 
presence of Ph- 2 resistant gene on chromosome 10 of this accession (Foolad et al. 
2014b). The most recent study confirmed that Ph- 2 is the gene Solyc10 g085460 
(RGA1) encoding a CC-NBS-LRR disease resistance protein on chromosome 10 
(Pan et al. 2024), which is within the LBRQTL- 10.2 region at 64,748,798. There 
is a possibility that the resistance gene(s) underlying LBRQTL- 10.2 (detected in 
this study) and QTL Ph- 5.2 detected earlier (Merk et al. 2012) are actually Ph- 2, 
or are in the same resistance-gene cluster as Ph- 2, since their physical locations 
do overlap. However, multiple GH and field LB disease evaluations have confirmed 
that the LB resistance expressed by PI 270443 is significantly stronger than the 
partial resistance conferred by Ph- 2 alone (Merk et al. 2012; Foolad et al. 2014b; 
Jia and Foolad 2019) (also results from this study, unpublished data, and personal 
communications with R.G. Gardner at NC State), suggesting the presence of novel 
LB-resistance genes in PI 270443 other than Ph- 2. Further, the very large PVE by 
LBRQTL- 10.2 from the present study suggests the possibility of the presence of 
novel LB resistance genes in this region in PI 270443. In this region, other than the 
Ph- 2 gene in tomato, a LB-resistance gene (Rpi-ber) has been mapped to 4.3 cM 
from the RFLP marker TG63 in the wild potato species S. berthaultii (Ewing et al. 
2000). A genomic blast using the TG63 sequence (SGN-M88) confirmed the physi-
cal location of this marker on SL3.0 tomato reference genome between 64,891,355 
bp and 64,891,857 bp, which is at 76.8 cM in our genetic bin map and near the peak 
LOD score for LBRQTL- 10.2 (76 cM); this observation suggests the possibility 
of homologous or homeologous relationships between the potato gene Rpi-ber, the 
tomato gene Ph- 2 (Moreau et al. 1998; Zhi et al. 2021), and the gene(s) underly-
ing LBRQTL- 10.2 in the present study. Further fine mapping and RNA-sequencing 
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efforts are currently underway (at Penn State) to potentially identify resistance 
gene(s) underlying LBRQTL- 10.1 and LBRQTL- 10.2 in PI 270443.

Minor LB-resistance QTLs (with low LOD score and small PVE) were also 
detected in PI 270443, on chromosomes 1 (LBRQTL- 1.1, LBRQTL- 1.2 and 
LBRQTL- 1.3) and 12 (LBRQTL- 12); these QTLs were detected only in some 
experiments (Table  4). Our previous preliminary QTL mapping study using F2 
generation of the same cross also detected a LB-resistance QTL on chromosome 
1 (Ph- 5.1), between markers SSRW11 and cTOE7 J7 (Merk et  al. 2012). In the 
present study, a genomic BLAST search, using PCR sequences previously used for 
SSRW11 and cTOE7 J7 marker genotyping, resulted in a physical genomic location 
of Ph- 5.1 to be between 87,897,160 and 91,237,534 bp on tomato SL3.0 reference 
genome, and genetic map location of Ph- 5.1 to be between 86–105 cM on the cur-
rent genetic bin map. This region overlaps with LBRQTL- 1.3 (Table 4), which was 
detected in F9 Experiment I. For the minor LB-resistance QTL detected on the long 
arm of chromosome 12 of PI 270443 (peaking at 79.3 cM and 65,019,033 bp), no 
LB-resistance QTL was previously reported in S. pimpinellifolium; however, 2 LB-
resistance QTLs (lb12a, lb12b) were previously reported in tomato wild species S. 
habrochaites on the short arm of chromosome 12 (Brouwer et al. 2004).

The high-density genetic linkage map constructed in the present study, together 
with the LB screening data from F9 and F10 generations of the RIL population, 
provided opportunities for a high-resolution genetic mapping, narrowing down the 
range and critical genomic locations of the LB-resistance QTLs identified on chro-
mosomes 1 and 10 of PI 270443. We extracted gene models of the QTL regions 
from iTAG3.2 and, based on the literature review of LB-resistance genes in tomato 
and potato as well as general disease resistance genes in tomato, we identified 3 
and 15 disease-related candidate genes from LBRQTL- 10.1 and LBRQTL- 10.2 
regions, respectively, 17 disease-related candidate genes in the three QTLs on chro-
mosome 1, and 2 disease related candidate genes in LBRQTL- 12 (Suppl. Table 2). 
Nearly 50 of the identified Rpi genes (for resistance to P. infestans) in Solanum spe-
cies (all in potato except one) belong to the nucleotide-binding-site-leucine-rich 
repeat (NBS-LRR) gene family (Paluchowska et al. 2022), including the Ph- 3 gene 
cloned in tomato (Zhang et al. 2014). In the present study, we identified 3 NBS-LRR 
candidate resistance genes in the major LB-resistance QTL region on chromosome 
10 (Suppl. Table 2): one gene (Solyc10 g084085) encodes for a TIR-NBS-LRR gene 
and is located at 69 cM, which is the LOD peak for LBRQTL- 10.1, and 2 genes 
[Solyc10 g085460 (Ph- 2) and Solyc10 g085780] are located at 76 cM, which is 
the LOD peak for LBRQTL- 10.2 (Fig.  5, Suppl. Table  2). Additionally, 2 NBS-
LRR genes (Solyc01 g088060, Solyc01 g088680) were identified in the minor QTL 
region LBRQTL- 1.2 on chromosome 1, which were within a 2-cM genetic distance 
from the LOD peak for the residing QTL (Fig. 5, Suppl. Table 2). These NBS-LRR 
genes are considered paramount candidate genes for future fine mapping studies.

We also investigated other potential resistance genes, including receptor-like 
protein/kinase (RLP/K), cysteine-rich transmembrane protein, glutathione S-trans-
ferase, WRKY transcription factors and pathogenesis-related proteins (Suppl. 
Tables 2), which co-localized with the LB-resistance QTLs on chromosomes 10, 1, 
and 12. It is possible that one or more of these genes underlie the LB-resistance 
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QTLs identified in the present study. However, additional research, including RNA-
seq based expression analyses and genetic transformation and/or gene editing, is 
necessary to examine potential contribution of these genes to the LB-resistance char-
acteristics observed in PI 270443. Currently, further fine mapping of the identified 
QTLs is underway (at Penn State) using the RNA-sequencing method to identify 
candidate resistance gene(s) responsible for the strong LB resistance in PI 270443.

Conclusion

The detailed QTL mapping efforts described in this study provide valuable informa-
tion on SNP markers that are closely linked to the QTLs underlying LB resistance 
in PI 270443, extending the opportunity for breeders to utilize this accession and 
its derived RILs for transferring LB resistance into new tomato cultivars. At Penn 
State, we have transferred this resistance to our tomato breeding lines and experi-
mental hybrids, which are being trialed for commercial release. Some of the derived 
hybrids carrying this source of resistance alone exhibit LB resistance comparable to 
cultivars with Ph- 2 + Ph- 3 combined, and when pyramided with Ph- 2 and Ph- 3 
resistance genes, it has resulted in much stronger resistance than any existing LB 
resistant breeding line or hybrid cultivar. It should be noted, the RILs from this 
study, as well as breeding lines and experimental hybrids containing LB resistance 
from PI 270443 developed at Penn State, are available for research and breeding 
purposes upon signing MTAs with the Pennsylvania State University.
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