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ABSTRACT 
 

CAPS markers have been useful tools for the mapping and marker-assisted breeding 

of desirable genetic traits in tomato for many years. However, two recent advances have 

dramatically increased the availability and power of CAPS markers to the tomato 

breeder. The first is the advent of near-complete genome sequences for tomato, Solanum 

lycopersicum, and its close wild relative, S. pimpinellifolium, as well as incomplete 

genome sequences for other wild relatives used as sources of traits for tomato 

improvement. The second is the identification of a multitude of SNPs not only between 

tomato and its wild relatives, but also between tomato cultivars. Both of these resources 

can be mined for SNPs that can be converted readily into CAPS markers. In this chapter, 

we present our work on mapping and marker-assisted breeding of genes for Fusarium 

wilt resistance to provide examples of the pre- and post-genomic application of CAPS 

markers in tomato, ranging from genome-wide surveys and crude-mapping to the fine-

mapping and marker-assisted breeding of specific disease resistance genes. 
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INTRODUCTION 
 

Fusarium wilt caused by the fungus Fusarium oxysporum f. sp. lycopersici (Fol) is a 

devastating disease of tomato (Solanum lycopersicum) that affects tomato crops worldwide. 

The fungus penetrates the roots and colonises the xylem of tomato plants where it blocks 

water flow, resulting in the wilting and eventual death of infected plants (Figure 1). Fol 

overcomes host plant defences by secreting an array of host-specific disease effector proteins 

during infection (reviewed by Michielse and Rep 2009; Catanzariti and Jones 2010; Takken 

and Rep 2010).  

These effector proteins, originally termed SIX (Secreted In Xylem) proteins, were 

recovered from the xylem of Fol-infected tomato plants (Rep et al., 2002, 2004; Houterman et 

al., 2007). Several of these effectors are required for full pathogenicity and some can be 

recognised by specific tomato disease resistance proteins, thereby also functioning as 

avirulence (Avr) proteins e.g. SIX4 = Avr1, SIX3 = Avr2 and SIX1 = Avr3 (Rep et al., 2004; 

Houterman et al., 2008, 2009; Table 1).  

Remarkably, the Avr1 effector has been shown to function as a meta-effector able to 

suppress the detection of the Avr2 and Avr3 effectors by tomato plants carrying the 

corresponding resistance genes (Houterman et al., 2008). Also remarkably, analysis of the Fol 

genome sequence has revealed that the genes encoding these host-specific effectors are 

carried on a supernumerary pathogenicity chromosome that can be transferred horizontally 

within the genus Fusarium oxysporum (Ma et al., 2010). 

 

 

Figure 1. Tomato plants growing in a field infested with Fol race 3 in Bowen, Australia, showing the 

devastating effects of Fol infection on a susceptible tomato cultivar (front left) and the protection 

provided by I-3 in resistant tomato cultivars (front right). 
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Table 1. Effectors present in the three known races of Fol and their pattern of 

recognition by tomato genes for Fusarium wilt resistance 

 

Race Effectors Recognised by 

1 Avr1 Avr2 Avr3 Avr7? I, I-7? (Avr1 suppresses detection by I-2 and I-3) 

2  — Avr2 Avr3 Avr7? I-2, I-3, I-7? (Avr1 deleted in races 2 and 3) 

3  — Avr2* Avr3 Avr7? I-3, I-7 (mutant Avr2* effector avoids recognition by I-2) 

 

Fortunately, Fusarium wilt disease of tomato has so far been controlled by major genes 

for resistance introgressed from wild species of tomato (Figure 1; Table 1). The I (Immunity) 

gene, introgressed from S. pimpinellifolium, confers resistance to Fol race 1 through 

recognition of Avr1 (Houterman et al., 2008). Fol race 2, able to infect tomato plants carrying 

the I gene, arose through a deletion of the Avr1 gene. The I-2 gene, also introgressed from S. 

pimpinellifolium, confers resistance to Fol race 2 through recognition of the Avr2 effector 

protein (Houterman et al., 2009). Fol race 3, able to infect tomato plants carrying I-2, then 

arose through a mutation of the Avr2 gene enabling the Avr2 effector protein to retain its 

pathogenic function but evade recognition (Houterman et al., 2009). Two different resistance 

genes, I-3 and I-7, both conferring resistance to Fol race 3, were then introgressed from S. 

pennellii (McGrath et al., 1987; Scott and Jones, 1989; Lim et al., 2006). I-3 enables 

recognition of the Avr3 effector protein (Rep et al., 2004), but an Avr7 effector protein 

corresponding to I-7 has yet to be identified. 

The I-2 resistance gene has been isolated and shown to encode a coiled-coil nucleotide-

binding leucine-rich-repeat (CC-NB-LRR) protein typical of a large class of resistance 

proteins from a broad range of plants and effective against a wide range of pathogens (Ori et 

al., 1997; Simons et al., 1998). Recently, we identified the I-3 resistance gene (Catanzariti et 

al., in preparation) and a candidate for the I-7 resistance gene (Gonzalez et al., unpublished). 

We made extensive use of CAPS markers to help locate the I-3 and I-7 genes and develop 

markers suitable for their marker-assisted breeding. More recently still, we have begun the 

process of identifying the I gene and are again making extensive use of CAPS markers to help 

locate the gene and develop markers suitable for marker-assisted breeding. However, our 

development and use of CAPS markers has changed over the last ten years with the advent of 

new tomato genomic and genetic resources. This chapter describes the various approaches we 

have used for the development of CAPS markers linked to the tomato I, I-3 and I-7 genes for 

Fusarium wilt resistance and describes CAPS markers suitable for the marker-assisted 

breeding of each of these genes. 

 

 

CAPS Markers in the I-3 Region of Tomato Chromosome 7 
 

When we began mapping I-3 on the long arm of chromosome 7, there were few genomic 

or molecular marker resources available for tomato apart from molecular genetic maps based 

on RFLP (Restriction Fragment Length Polymorphism), SSR (Simple Sequence Repeat) and 

isozyme markers. Initially, we developed CAPS and SCAR (Sequence Characterised 

Amplified Region) markers from the sequences of tomato or potato gDNA (genomic DNA) 

or cDNA (complementary DNA) clones used as RFLP probes, or the sequences of cloned 

genes mapping to the long arm of chromosome 7 (Hemming et al., 2004; Lim et al., 2008). 
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Sequences were either obtained from public databases or by sequencing the ends of gDNA or 

cDNA clones obtained from colleagues. These sequences were used to design oligonucleotide 

primers for PCR amplification of genomic DNA fragments from a line carrying I-3 on an 

introgressed segment of S. pennellii chromosome 7 and a line lacking I-3. Where possible, 

primers were designed to flank introns in order to capitalise on the greater sequence variation 

present in introns relative to exons. In some cases, PCR products were obtained only from the 

line lacking I-3, thereby generating dominant SCAR markers. In other cases, PCR products of 

different sizes were obtained, thereby generating co-dominant SCAR markers. However, in 

the majority of cases, products of the same size were obtained. These PCR products were 

developed into CAPS markers, either by trial and error using a panel of restriction enzymes, 

or by sequencing the PCR products and using sequence alignment tools to detect restriction 

site polymorphisms in silico. 

We also developed CAPS markers from isozyme markers. The Got-2 isozyme marker 

had previously been shown to be closely linked to I-3 (Bournival et al., 1989). Got-2 is a 

member of a multigene family encoding glutamate oxaloacetate transaminases (also known as 

aspartate aminotransferases). To develop a CAPS marker for Got-2, oligonucleotide primers 

were designed using the sequences of all the available tomato unigenes annotated as 

glutamate oxaloacetate transaminases or aspartate aminotransferases. These primers were 

then used to amplify Got gene sequences from S. lycopersicum cultivar M82 and S. pennellii 

accession LA716 (the source of I-3). Using the same approach to marker development 

described above, the resulting PCR products enabled the development of two SCAR and nine 

CAPS markers corresponding to at least six Got genes (Wang et al., 2007). These markers 

were bin-mapped onto the tomato genome using a set of introgression lines each carrying a 

unique sub-chromosomal segment of S. pennellii DNA derived from LA716 in a M82 

background (Eshed and Zamir 1994). This enabled identification of a Got-2 CAPS marker 

(GOT-B; Table 2) on the long arm of chromosome 7 suitable for marker-assisted breeding of 

I-3 and more accessible to tomato breeders than the Got-2 isozyme marker (Wang et al., 

2007). 

Subsequently, the advent of COS (Conserved Orthologue Set) and COSII markers 

(Fulton et al., 2002; Wu et al., 2006) enabled the development of additional CAPS markers in 

the I-3 region. Marker location and often primer information could be obtained from the SOL 

Genomics Network (SGN) website (http://solgenomics.net/) but, until recently, restriction 

enzyme information was often unavailable. As outlined above, the choice of restriction 

enzyme was often determined by trial and error using a panel of restriction enzymes or by 

sequencing PCR products and aligning their sequences. However, the convention of naming 

COSII markers according to the names of their Arabidopsis orthologues also allowed us to 

detect microsynteny between Arabidopsis and tomato for markers mapping in the vicinity of 

I-3. This was confirmed by using additional Arabidopsis genes from these regions of 

microsynteny to identify orthologous tomato unigenes for development into new CAPS 

markers that also mapped to the I-3 region of tomato chromosome 7 (Lim et al., 2008). 

With all these markers (mainly CAPS), we were able to fine map I-3 and move from 

genetic to physical mapping using BAC (bacterial artificial chromosome) clones covering the 

I-3 region. We were then able to design new CAPS markers by aligning S. lycopersicum BAC 

sequences with a S. pennellii BAC sequence carrying I-3 (Lim et al., 2008) to further refine 

the location of I-3. This high-resolution mapping enabled the identification of three members 

of a small multigene family as candidates for I-3 and ultimately the identification of I-3 itself 
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through the generation of transgenic tomato plants resistant to Fol race 3 (Catanzariti et al., in 

preparation). This analysis allowed the identification of a CAPS marker based on the tomato 

cDNA probe CT226 (Table 2; Hemming et al., 2004; Lim et al., 2006) as a better marker for 

marker-assisted breeding of I-3 than the GOT-B (Got-2) marker because CT226 is about 150 

kb closer to I-3 than GOT-B (Got-2). However, CT226 is still located about 130 kb away 

from I-3 and a better marker still would be one located within the I-3 gene itself, such as the 

S5 CAPS marker we report here for the first time (Figure 2; Table 2). 

 

 

Figure 2. Agarose (2%) gel with CAPS marker S5 showing the presence of the I-3 resistance gene in 

the tomato introgression line IL7-3 but its absence in the tomato cultivars Tristar, M82 and 

Moneymaker. Primer details are provided in Table 2. PCR reactions were performed using Phire Hot 

Start II DNA polymerase (Thermo Scientific) with an annealing temperature of 58°C. 

 

CAPS Markers in a Genome-Wide Search for I-7 
 

During the I-3 mapping work described above, the I-7 gene was found not to be located 

on chromosome 7 and therefore to be distinct from I-3 (Lim et al., 2006). Since the 

chromosomal location of I-7 was unknown, no markers were available for the marker-assisted 

breeding of I-7. Markers for I-7 would be especially useful because they would allow I-7 to 

be combined with I-3, an otherwise difficult and time consuming task because both genes 

confer the same phenotype of resistance to Fol race 3.  
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Table 2. Primer sequences, restriction enzymes and band sizes for CAPS markers suitable for marker-assisted breeding of the tomato I, 

I-3 and I-7 genes for resistance to Fusarium wilt (as shown in parenthesis) 

 

CAPS marker Forward primer (5'-3') Reverse primer (5'-3') 
Restriction 

enzyme 

Digestion products (bp) 

Tristar M82 Moneymaker IL7-3 

GOT-B (I-3) 
AGTGGCAGTGAAAAGT

CAGTTG 

CCAAGTAACCAACATTT

CCAGTAG 
HpaII ND* 440+210 ND 650 

CT226 (I-3) 
GTGAAGGAGTGTCAAA

GGCAAC 

GGAATGAACAATTTATA

TGCAGCAG 
MaeIII ND 287+114 ND 401 

CAPS_S5 (I-3) 
CAATGGTCTGTAGTTGA

TTGGAATG 

CTGCCCAAGCCACAATT

TAG 
BsrGI 306 306 306 209+97 

Solyc08g077780  

(I-7) 

GCAATGACTTTGCTGTT

TATGTC 

AATTATAATCGAGACCA

CTTTACCC 
Tsp509I 192+56+33 136+56+56+33 ND ND 

Solyc08g077730  

(I-7) 

GCTTCTGCTTTAACCCC

ACTT 

TCTGAACTTCAATATTCT

TCTGATGC 
HinfI 177+69 246 ND ND 

Solyc08g077560  

(I-7)  

TTTTCTCATATGGGTTT

CTCTGG 

TCCCCTCTCCTACGAGA

CCT 
DraI 463 292+100 ND ND 

Solyc08g077540  

(I-7) 

CCCAATTCCTAAAACCT

CAGAA 

CCAAACAAAACCCATTT

TTCA 
AseI ~109+83+80 292 ND ND 

CAPS_21099 (I) 
GTTGAAGTGCAACACG

GATG 

TTTCAATGGCTCATGCA

ACT 
NcoI 584 584 325+259 ND 

CAPS_100072 (I) 
TTTGGAAAACTCCGAA

AAGG 

GGCACTATTTCACCTGA

CACG 
EcoRV 836 836 517+319 ND 

CAPS_21040 (I) 
CCCAAGAAGTTATCCG

ATGC 

TTCCAAGCAGCATTTGT

GAG 
BglII ND 343+342 685 ND 

* ND = band size not determined 

 

 

 

 



 

Table 3. Primer sequences, annealing temperatures, restriction enzymes and digestion product sizes for CAPS markers developed for 

use in the genome-wide survey for markers linked to the I-7 gene in the tomato cultivar Tristar, and for which no information is 

available on the SGN website (http://solgenomics.net/) about restriction enzymes used, and no or differing information is available about 

digestion product sizes 

 

CAPS Marker 
Forward primer  

(5'-3') 

Reverse primer  

(5'-3') 

Annealing temp 

(°C) 

Restriction 

enzyme 

Digestion products (bp) 

Tristar M82 LA716 

C2_At5g41760 TTGACGACTCTATCGCAAAG

TAATGG 

TAGATGGAATTGGGTATA

AACGAACAC 

52 EcoRI 866+171 866+171 1061 

U237757 ATCGGCTGCTGATGTTTATG

ATCG 

ACAACATCCCTCCATAGA

GTTTCAAG 

50 HindIII 969+640+472 969+640+472 ~1112+969 

C2_At1g61150 ATGGAAAGATTGAGGAGGC

TTTGGAG 

ATCTTCAATAGGCTTGGA

AGCTTTGG 

55 BstNI 401+292+291 401+292+291 984 

C2_At5g37290 TCGTCATCCAGTGTTTGTCA

AGTCCTGT 

TTTAAGATCTCTTCCTTGT

TTGATGC 

53 TaqI 370+242+138 370+242+138 ~500+350 

C2_At3g55800 TTTGAAATCAAGCTCATTAT

TTGG 

AGCTGTTCCTCCACAAGA

AGCTG 

50 HincII 197+137 197+137 334 

C2_At1g18640 AATTCCGTTGTTGCTTCAGTT

CAGCC 

TCGTCTATGCACACAGTG

CTATCCAC 

55 RsaI 310+161 310+161 471 

C2_At1g16870 ACCCTGAAGAAATGCTCCGG

TC 

TCACCGAATTCCTTAAGC

ATCCC 

55 HindIII 501+167 501+167 668 

C2_At1g56050 TCTCCTAGGGTTGCGTACAT

ACTTCAC 

TGCCCTGATGAAGCCCTT

TTCAAAGTC 

53 DraI 670+463 670+463 ~463+400+300 

C2_At1g32220 ACCCCTAAGTTCATATTGAT

TTCTGTGC 

TCTTCCCATATATAAAGG

CAGGTCTAAG 

55 AluI 199+115+56 199+115+56 ~270+100 

C2_At1g04190 TCATTTCTTCGACAGTATGC

TGAAGATT 

ATTCCATCATTTTGTCCAT

GCTTCC 

58 ApoI 1120+86 1120+86 1206 

C2_At3g23400 TGGGCTAAACAGAGGTCTTG

CTGC 

TATAAGTTCAAATTTGTG

GGCTAAAG 

55 DraI 494+415 494+415 909 

C2_At4g37510 ATGGAATTATGTTCATCTTT

CAAACC 

ATTAGTCCTCTCACACTTA

GGATGTTG 

55 DraI 306+213 306+213 519 

C2_At1g17410 ATTGGCTATAATAAAGCCAG

ATGG 

AATTAATGCACGCCAATC

AGC 

55 TaqI 971+449+335 971+449+335 ~971+350+335 

C2_At4g31150 TACTGAAGATGACTTCAAAT

GGAGATT 

TCATTTTATCCAAAAGTTC

CAGAA 

60 EcoRV 344+63 344+63 407 

 



 

 

Figure 3. Approximate positions on the twelve tomato chromosomes of 160 CAPS and 40 SCAR markers used in the genome-wide survey for polymorphic 

markers linked to the I-7 gene in the cultivar Tristar. Markers shown in black indicate CAPS markers for which there is complete information available on the 

SGN website (http://solgenomics.net/). Markers shown in red indicate CAPS markers that we developed (see Table 3) and for which marker information is 

incomplete or differs on the SGN website. Markers shown in green indicate SCAR markers for which information is available on the SGN website. Markers 

shown in blue indicate CAPS markers showing a polymorphism between S. lycopersicum cultivars Tristar and M82. The higher density of markers used around 

these two polymorphic markers reflects a more intensive but unproductive search for evidence of an introgressed region derived from a wild relative of tomato. 

This representation of the tomato chromosomes is derived from the Tomato EXPEN-2000 map available on the SGN website. 
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We therefore undertook a genome-wide marker survey of the tomato cultivar Tristar, 

which carries the I-7 gene introgressed from S. pennellii accession PI414773, to try to identify 

the chromosomal location of I-7. To do this, we used CAPS and SCAR markers that had been 

used to construct the Tomato EXPEN-2000 map from an F2 mapping population derived from 

the cross between S. lycopersicum accession LA925 and S. pennellii accession LA716.  

Primer sequences and restriction enzyme information available from the SGN website 

allowed CAPS marker polymorphisms to be detected between S. lycopersicum cultivar M82 

and S. pennellii accession LA716. When information about restriction enzymes was not 

available, restriction sites likely to be present in M82 were identified from the recently 

completed tomato genome sequence (The Tomato Genome Consortium 2012) available on 

the SGN website. A panel of corresponding restriction enzymes was then used to identify 

restriction site polymorphisms.  

In total, we used 160 CAPS markers (mainly COSII markers) and 40 SCAR markers 

chosen at 10-15 cM intervals across all twelve tomato chromosomes (Figure 3).  

Table 3 shows the primer sequences, restriction enzymes and fragment sizes for a subset 

of these markers for which some or all of this information was not available on the SGN 

website at the time of writing, or, if available, differed from the information provided. Two 

polymorphisms were detected between Tristar and M82, one on chromosome 10 (marker 

C2_At1g67660) and the other on chromosome 11 (marker C2_At3g44890). However, neither 

of the Tristar polymorphisms corresponded to the polymorphisms present in LA716 (Figure 

4) and neither marker showed linkage to I-7 in a population segregating for resistance to Fol 

race 3, derived from a cross between Tristar and M82. Although the genome-wide survey did 

not locate any polymorphic CAPS or SCAR markers linked to I-7, it did suggest that I-7 must 

be on a small introgressed segment of S. pennellii DNA, which is a favourable outcome for 

plant breeders so far as possible linkage drag of undesirable wild traits is concerned. 

Rather than pursue the genome-wide survey further, we instead turned to Illumina next-

generation sequencing to identify SNPs in genes linked to I-7 that could then be converted 

into CAPS markers. We set up an RNA-seq experiment with several objectives, including 

identification of SNPs in root transcripts derived from genes in the S. pennellii introgression 

carrying I-7. We identified SNPs by using the CLC Genomics Workbench 

(http://www.clcbio.com) to map RNA-seq reads from mock-inoculated plants onto the tomato 

reference transcriptome available on the SGN website. Transcripts derived from S. pennellii 

genes were expected to have a higher frequency of SNPs relative to the reference 

transcriptome than S. lycopersicum transcripts. A plot of SNP frequency against gene position 

on each of the twelve tomato chromosomes revealed two clusters of SNPs occurring at a 

higher frequency in Tristar. One cluster on chromosome 11 corresponded to the S. 

pimpinellifolium introgression carrying the I-2 gene, known to be present in Tristar along with 

the I and I-7 genes. The other was a cluster of 19 transcripts encoded by genes on the long 

arm of chromosome 8. SNPs in four of these genes (08g077540, 08g077560, 08g077730 and 

08g077780) were used to design CAPS markers (Table 2, Figure 5). These four markers co-

segregated with I-7 in a segregating population derived from a cross between Tristar and 

M82. Further analysis of the introgression showed it was indeed small, carrying a total of 

only 29 genes on approximately 210 kb of S. pennellii DNA. 
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Figure 4. Agarose (2%) gel with CAPS markers C2_At1g67660 and C2_At3g44890 showing 

polymorphisms between tomato cultivars Tristar and M82, and S. pennellii accession LA716. Primer 

details are provided in Table 3. PCR reactions were performed using Phire Hot Start II DNA 

polymerase (Thermo Scientific) with an annealing temperature of 54°C. 

One of the 19 root-expressed genes was identified as a likely candidate and, at the time of 

writing, transgenic tomato plants expressing this gene were being generated for testing with 

Fol race 3. Given that the introgression is so small, any of the four CAPS markers could be 

used for marker-assisted breeding pending conclusive identification of I-7 and development 

of a perfect CAPS marker based on the sequence of I-7 itself. 

These findings raise the possibility that I-7 may be allelic to the Tfw (tolerance to 

Fusarium wilt) gene identified in S. pennellii accession LA716 and shown to be located on 

chromosome 8 near the isozyme marker Aps-2 (acid phosphatase-2) (Bournival et al., 1989, 

1990). The Solyc08g066530 gene located near to the I-7 region has been annotated as Aps-1-

like according to the tomato genome web browser (http://solgenomics.net/gbrowse/bin 

/gbrowse/ITAG2.3_genomic/) and this gene could therefore correspond to Aps-2. Moreover, 

the Aps-2 isozyme marker is closely linked to the Got-4 (glutamate oxaloacetate 

transaminase-4) isozyme marker (Tanksley and Rick 1980). The Solyc08g068330 gene, 

located even nearer to the I-7 region than Solyc08g066530, has been annotated as an aspartate 

amino transferase (= glutamate oxaloacetate transaminase) and this gene may correspond to 

Got-4, a possibility noted previously by Wang et al. (2007), thereby strengthening the 

circumstantial evidence that I-7 may be allelic to Tfw. 
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Figure 5. Agarose (2%) gel with CAPS_08g077780 and CAPS_08g077540 markers showing 

polymorphisms between the tomato cultivars Tristar (carrying the I-7 gene) and M82 (lacking the I-7 

gene). Primer details are provided in Table 2. PCR reactions were performed using Phire Hot Start II 

DNA polymerase (Thermo Scientific) with an annealing temperature of 58°C. Note that the 

CAPS_08g077780 primers generate a 296 bp product with both cultivars (left panel), but both products 

are digested by Tsp509I to show a polymorphic 192 bp digestion product for Tristar and a 136 bp 

digestion product for M82 (middle panel). 

 

CAPS Markers in the I Region of Tomato Chromosome 11 
 

The I gene introgressed from S. pimpinellifolium accession PI79532 (Bohn and Tucker, 

1939) has been deployed in tomato breeding for so long a time that it is almost ubiquitous 

among modern tomato cultivars and often tomato breeders may be unaware of its presence. 

For example, the cultivars Tristar and M82 and the reference transcriptome (derived from the 

cultivar Heinz 1706) all carry the I gene thereby rendering the RNA-seq analysis used for the 

location of I-7 incapable of providing any information about the location of I. Moreover, 

breeders may be unconcerned about the presence of I because it is no longer effective against 

Fol given that races 2 and 3 have dispensed with the Avr1 gene (Table 1). However, interest 

in the I gene has been renewed by the finding that the Fol Avr1 effector suppresses detection 

of Avr2 and Avr3 by I-2 and I-3, respectively.  

This led to the proposition that durable resistance to Fol could be achieved by combining 

I and I-3, given that loss of Avr3 would lead to severely reduced pathogenicity and 

suppression of Avr3 detection by a resurgent Avr1 would lead to recognition by I (Houterman 

et al., 2008). 
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Figure 6. Agarose (2%) gel with CAPS markers 21099 and 100072 showing polymorphisms between 

tomato cultivars Tristar and M82 (carrying the I gene) and Moneymaker (lacking the I gene). Primer 

details are provided in Table 2. PCR reactions were performed using BIOTAQ DNA polymerase 

(Bioline) with an annealing temperature of 55°C. 

The I gene is located on the short arm of chromosome 11 (Ori et al., 1997; Sela-Buurlage 

et al., 2001; Scott et al., 2004) and a dominant SCAR marker reporting the presence of I has 

been developed by Arens et al. (2010). To fine map I, we sought to develop CAPS markers 

for the I region on chromosome 11. This was made possible following the publication of the 

tomato genome sequence (The Tomato Genome Consortium 2012) and the genome-wide 

identification of SNPs in a range of old and modern tomato cultivars (Sim et al., 2012). By 

comparing SNPs in the cultivar M82 (which carries I) with the corresponding SNPs in the 

cultivar Moneymaker (which lacks I), we were able to identify a 1 Mb introgression of S. 

pimpinellifolium DNA carrying 93 genes including four candidates for the I gene. Using 

tomato genome sequence spanning these SNPs, we have begun developing CAPS markers 

from SNPs that correspond to restriction site polymorphisms. Of 114 reliable 

M82/Moneymaker SNPs reported in this region (Sim et al., 2012), at least 19 correspond to 

restriction site polymorphisms. Using CAPS markers 21099 and 100072 based on SNPs 

located at either end of the I region (Table 2, Figure 6), we have begun looking for 

recombinants within the I region using an F2 mapping population obtained from a cross 

between M82 and Moneymaker. At the same time, we have also commenced the process of 

generating transgenic plants carrying each of the four candidate genes for testing with Fol 

race 1, which carries the Avr1 gene. At2 is not ideal for marker-assisted breeding of the I gene 

because it is a dominant marker and more than 450 kb away from the nearest candidate gene. 

The combination of the two CAPS markers 21099 and 100072 represents a far better choice 

for marker assisted-breeding of I than At2 because they are co-dominant markers that allow 

maintenance of the I introgression intact. Of course, once the I gene is identified it will be 

possible to develop the perfect CAPS marker based on the sequence of the I gene itself. To 
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work towards this goal, we have started developing CAPS markers such as 21040 (Table 2; 

Figure 7) from SNPs located in the candidate genes themselves where possible. 

 

 

Figure 7. Agarose (2%) gel with CAPS marker 21040 showing PCR product size polymorphisms 

between tomato cultivars M82 (carrying the I gene) and Moneymaker (lacking the I gene). Primer 

details are provided in Table 2. PCR reactions were performed using Phire Hot Start II polymerase 

(Thermo Scientific) with an annealing temperature of 63°C. 

 

CONCLUSION 
 

When we started developing CAPS markers for use in tomato, the design process was 

more opportunistic than systematic as we tried to maximise use of scant resources in terms of 

sequence information available in our region of interest. With the advent of the tomato 

genome-sequencing project, this quickly changed as new sequence resources became 

available, culminating in the completion and online publication of the tomato genome 

sequence. As new wild-tomato genome sequences or cultivar genome sequences are added, it 

will be possible to design CAPS markers in silico with much greater ease and with much 

more choice with respect to primer sequences, cleavage sites and fragment sizes. For 

example, band intensity can be problematic if cleavage products are small, but it is now easier 

to develop CAPs markers with a single central restriction site so that the cleaved bands are 

almost exactly half the size of the uncleaved band and thus run together as a single band of 

equal staining intensity compared to the uncleaved band (Figure 7). 

As a further example, incomplete cleavage can lead to genotyping errors, but it is now 

easier to develop CAPS markers that cleave at a non-polymorphic site, which acts as an 

internal control for cleavage, as well as a polymorphic site, so that both bands show a shift in 
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size compared to the uncleaved PCR product, thus facilitating unambiguous genotyping (see 

CAPS_08g077780 in Figure 5). 

 

Table 4. SCAR markers mapping to one end (starting at 7.6 Mb and extending to 10.1 

Mb) of a large S. pimpinellifolium introgression (starting at 7.6 Mb and ending at 46.4 

Mb) on the long arm of chromosome 11 in the tomato cultivar M82 

 

Marker Forward primer (5’-3’) Reverse primer (5’-3’) 

Band size (bp) 

M82 MM* 

SCAR76 GAAACGTCTGGGAAGGATGA CGAGCACATGAATTGTGTTTC 354 461 

SCAR79 CCAACAATCAAATGCACCAG TTTGGTCGAACTGTACCATCC 801 679 

SCAR83 GGGACTGGGCAGTGATAAAA CAAGTCGACGCTACTGACCA 879 760 

SCAR86.1 TGTTGGCGGTAGTGATGAGA TCACCAATATTAGGCCCCTTT 314 583 

SCAR89 GACGAATTGCATTTGGTAATGA CAATCGCCTTAACCGACAAT 653 475 

SCAR96.1 GCCCATTTAGGATCAACAGG GGTCAAGACCCAACACGATT 244 522 

SCAR99 GCCAAGGATCCTCAAGTGTT GTTAGCACCCAAAGGTCCAA 680 583 

SCAR101 CCCAAGGGTTTTCAAATCAA TGTCGCAGGAAAATTGAGACT 533 777 

* MM = the tomato cultivar Moneymaker. 

 

 

Figure 8. Agarose (2%) gel with SCAR79, SCAR86 and SCAR96.1 markers showing PCR product size 

polymorphisms between tomato cultivars M82 (carrying an S. pimpinellifolium introgression on the 

long arm of chromosome 11) and Moneymaker. Primer details are provided in Table 4. PCR reactions 

were performed using REDTaq DNA polymerase (Sigma) with an annealing temperature of 52°C. 
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There is also an increased opportunity to use indels (insertions or deletions) in genomic 

sequence alignments to develop SCAR markers. A pre-publication draft of the S. 

pimpinellifolium genome sequence has been produced by D. Ware, W. R. McCombie, and Z. 

B. Lippman at the Cold Spring Harbor Laboratory and made available on the SGN website. 

We have used alignments between S. lycopersicum and S. pimpinellifolium genomic 

sequences to develop SCAR markers detecting part of a second larger S. pimpinellifolium 

introgression (starting at 7.6 Mb and ending at 46.4 Mb) on chromosome 11 in the tomato 

cultivar M82 (Sim et al., 2012; Table 4; Figure 8). This analysis reinforced the fact that 

SCAR markers are easier and cheaper to work with than CAPS markers because they require 

no restriction enzymes, but also confirmed that they will not replace CAPS markers because 

indels occur at a lower frequency than restriction site polymorphisms and often the indels are 

not large enough for development into SCAR markers. SCAR markers will be useful for 

crude mapping in tomato but CAPS markers will remain the markers of choice for fine 

mapping. 

 

 

REFERENCES 
 

Arens P, Mansilla C, Deinum D, Cavellini L, Moretti A, Rolland S, van der Schoot H, 

Calvache D, Ponz F, Collonnier C, Mathis R, Smilde D, Caranta C, Vosman B (2010) 

Development and evaluation of robust molecular markers linked to disease resistance in 

tomato for distinctness, uniformity and stability testing. Theoretical and Applied 

Genetics, 120, 655-664. 

Bournival BL, Scott JW, Vallejos CE (1989) An isozyme marker for resistance to race 3 of 

Fusarium oxysporum f. sp. lycopersici in tomato. Theoretical and Applied Genetics, 78, 

489-494. 

Bournival BL, Vallejos CE, Scott JW (1990) Genetic analysis of resistances to races 1 and 2 

of Fusarium oxysporum f. sp. lycopersici from the wild tomato Lycopersicon pennellii. 

Theoretical and Applied Genetics, 79, 641-645. 

Catanzariti AM, Jones DA (2010) Effector proteins of extracellular fungal plant pathogens 

that trigger host resistance. Functional Plant Biology, 37, 901-906. 

Fulton TM, van der Hoeven R, Eannetta NT, Tanksley SD (2002) Identification, analysis and 

utilization of conserved ortholog set (COS) markers for comparative genomics in higher 

plants. The Plant Cell, 14, 1457-1467. 

Hemming MN, Basuki S, McGrath DJ, Carroll BJ, Jones DA (2004) Fine mapping of the 

tomato I-3 gene for fusarium wilt resistance and elimination of a co-segregating 

resistance gene analogue as a candidate for I-3. Theoretical and Applied Genetics, 109, 

409-418. 

Houterman PM, Speijer D, Dekker HL, de Koster CG, Cornelissen BJC, Rep M (2007) The 

mixed xylem sap proteome of Fusarium oxysporum‐infected tomato plants. Molecular 

Plant Pathology, 8, 215-221. 

Houterman PM, Cornelissen BJC, Rep M (2008) Suppression of plant resistance gene-based 

immunity by a fungal effector. PLoS Pathogens, 4 (5), e1000061. 



Yvonne Gonzalez-Cendales, Huong T. T. Do, Ginny T. T. Lim et al. 106 

Houterman PM, Ma L, van Ooijen G. de Vroomen MJ, Cornelissen BJC, Takken FLW, Rep 

M (2009) The effector protein Avr2 of the xylem-colonizing fungus Fusarium oxysporum 

activates the tomato resistance protein I-2 intracellularly. The Plant Journal, 58, 970-978. 

Lim GTT, Wang G-P, Hemming MN, Basuki S, McGrath DJ, Carroll BJ, Jones DA (2006) 

Mapping the I-3 gene for resistance to Fusarium wilt in tomato: application of an I-3 

marker in tomato improvement and progress towards the cloning of I-3. Australasian 

Plant Pathology, 35, 671-680. 

Lim GTT, Wang G-P, Hemming MN, McGrath DJ, Jones DA (2008) High resolution genetic 

and physical mapping of the I-3 region of tomato chromosome 7 reveals almost 

continuous microsynteny with grape chromosome 12 but interspersed microsynteny with 

duplications on Arabidopsis chromosomes 1, 2 and 3. Theoretical and Applied Genetics, 

118, 57-75. 

McGrath DJ, Gillespie D, Vawdrey L (1987) Inheritance of resistance to Fusarium 

oxysporum f. sp. lycopersici races 2 and 3 in Lycopersicon pennellii. Australian Journal 

of Agricultural Research, 38, 729-733. 

Ma LJ, van der Does HC, Borkovich KA, Coleman JJ, Daboussi MJ et al. (2010) 

Comparative genomics reveals mobile pathogenicity chromosomes in Fusarium. Nature, 

464, 367-373. 

Michielse CB, Rep M (2009) Pathogen profile update: Fusarium oxysporum. Molecular Plant 

Pathology, 10, 311-324. 

Ori N, Eshed Y, Paran I, Presting G, Aviv D, Tanskley S, Zamir D, Fluhr R (1997) The I2C 

family from the wilt disease resistance locus I2 belongs to the nucleotide binding, 

leucine-rich repeat superfamily of plant resistance genes. The Plant Cell, 9, 521-532. 

Rep M, Dekker HL, Vossen JH, de Boer AD, Houterman PM, Speijer D, Back JW, de Koster 

CG, Cornelissen BJC (2002) Mass spectrometric identification of isoforms of PR proteins 

in xylem sap of fungus-infected tomato. Plant Physiology, 130, 904-917. 

Rep M, van der Does HC, Meijer M, van Wijk R, Houterman PM, Dekker HL, de Koster CG, 

Cornelissen BJC (2004) A small, cysteine-rich protein secreted by Fusarium oxysporum 

during colonization of xylem vessels is required for I-3-mediated resistance in tomato. 

Molecular Microbiology, 53, 1373-1383. 

Scott JW, Jones JP (1989) Monogenic resistance in tomato to Fusarium oxysporum f. sp. 

lycopersici race 3. Euphytica, 40, 49-53. 

Scott JW, Agrama HA, Jones JP (2004) RFLP-based analysis of recombination among 

resistance genes to Fusarium wilt races 1, 2 and 3 in tomato. Journal of the American 

Society for Horticultural Science, 129, 394-400. 

Sela-Buurlage M, Budai-Hadrian O, Pan Q, Carmel-Goren L, Vunsch R, Zamir D, Fluhr R 

(2001) Genome-wide dissection of Fusarium resistance in tomato reveals multiple 

complex loci. Molecular Genetics and Genomics, 265, 1104-1111. 

Sim SC, Van Deynze A, Stoffel K, Douches DS, Zarka, D, Ganal, MW, Chetelat RT, Hutton 

SF, Scott, JW, Gardner RG, Panthee DR, Mutschler M, Myers JR, Francis, DM (2012) 

High-density SNP genotyping of tomato (Solanum lycopersicum L.) reveals patterns of 

genetic variation due to breeding. PLoS One, 7 (9), e45520. 

Simons G, Groenendijk J, Wijbrandi J, Reijans M, Groenen J, Diergaarde P, Van der Lee T, 

Bleeker M, Onstenk J, de Both M, Haring M, Mes J, Cornelissen B, Zabeau M, Vos P 

(1998) Dissection of the Fusarium I2 gene cluster in tomato reveals six homologs and one 

active gene copy. The Plant Cell, 10, 1055-1068. 



Application of CAPS Markers to the Mapping and Marker-Assisted Breeding … 107 

Takken F, Rep M (2010) The arms race between tomato and Fusarium oxysporum. Molecular 

Plant Pathology, 11, 309-314. 

Tanksley SD, Rick CM (1980) Isozymic gene linkage map of the tomato: Applications in 

genetics and breeding. Theoretical and Applied Genetics, 57, 161-170. 

The Tomato Genome Consortium (2012) The tomato genome sequence provides insights into 

fleshy fruit evolution. Nature, 485, 635-641. 

Wang G-P, Lim GTT, Jones DA (2007) Development of PCR-based markers from the tomato 

glutamate oxaloacetate transaminase isozyme gene family as a means of revitalising old 

isozyme markers and recruiting new ones. Molecular Breeding, 19, 209-214. 

Wu F, Mueller LA, Crouzillat D, Petiard V, Tanksley SD (2006) Combining bioinformatics 

and phylogenetics to identify large sets of single-copy, orthologous genes (COSII) for 

comparative, evolutionary and systematics studies: A test case in the euasterid plant 

clade. Genetics, 174, 1407-1420. 

 


