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Abstract Natural root-knot nematode resistance

genes are unique resources to control this major pest

in pepper (Capsicum annuum). Although four genes

(Me1, Me3, Me7 and N) conferring broad-spectrum

resistance were mapped to a cluster in a 28-cm interval

on chromosome P9, limited markers targeting this

region were available. In the present study, the Me-

gene cluster was structurally annotated for resistance

genes to develop markers targeting the N gene. As a

result, the Me-gene cluster (4.07 Mb in size) was

found to contain three resistance gene hotspots. In

addition, a SSR maker tightly linked to the N gene

(0.8 cM away) was developed for marker-assisted

selection in pepper.

Keywords Capsicum annuum � Genome

annotation � Meloidogyne spp. � Marker-assisted

selection (MAS)

Key message

This study revealed R gene hotspots in the Me-gene

cluster on pepper chromosome P9 and identified a

marker tightly linked to the N gene for root-knot

nematode resistance.

Introduction

Root-knot nematodes (Meloidogyne spp.)(RKN) are

an important biotic stress in pepper. RKN infect roots

and use nutrients and water from the host plant. Thus,

RKN infection causes decreased root and shoot growth

which results in reduced pepper yield (Trudgill and

Phillips 1997;Williamson andKumar 2006). Although

nematicides have been used to control the pest, these

chemicals have negative effects on the environment

and human health (Fazari et al. 2012; Van Gundy and

McKenry 2012). Thus, development of pepper culti-

vars with natural resistance genes against RKN is the

most effective and environmentally friendly way to

control them.

There are ten genes for dominant resistance to RKN

in pepper (Me1 toMe7,Mech1,Mech2 and N) (Djian-
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Caporalino et al. 2007; Fazari et al. 2012). These genes

confer resistance based on gene-for-gene interaction

mechanisms (Fazari et al. 2012). Four of the ten genes

(Me1, Me3, Me7 and N) confer resistance to a wide

range of RKN species (Djian-Caporalino et al. 1999).

Thus, these genes are important resources for the

development of resistant pepper cultivars. To date,

none of these resistance genes have been isolated;

however, they were mapped to a 28 cM cluster on

pepper chromosome 9 (Djian-Caporalino et al. 2007;

Fazari et al. 2012; Uncu et al. 2015). Comparative

mapping studies showed that this cluster is syntenic to

potato and tomato chromosome 12 which contains

resistance genes such asMe(s), Bs2,Mi-3/Mi-5, Lv and

Gpa2/Rx (Grube et al. 2000; Mazourek et al. 2009).

Although the cluster was partially annotated in a study

that identified the Bs2 gene conferring resistance to

bacterial spot (Xanthomonas campestris pv. vesicato-

ria) (Tai et al. 1999), it has not been annotated for

resistance genes. In addition, only a limited number of

molecular markers including one RFLP (restriction

fragment length polymorphism, CT135) and 12 SCAR

(sequence characterized amplified region) markers

(Djian-Caporalino et al. 2007; Fazari et al. 2012)

targeting the cluster are available.

In the present study, the Me-gene cluster was

structurally annotated for resistance genes using the

genome and coding sequence (CDS) of pepper

reported by Kim et al. (2014). In addition, simple

sequence repeat (SSR) and cleaved amplified poly-

morphic sequence (CAPS) markers linked to the Me-

gene cluster were identified. The second goal of the

study was the development of a molecular marker

tightly linked to the N gene for marker-assisted

selection (MAS). Although the N gene was previously

mapped in the Me-gene cluster, the distance between

the gene and the closest linked marker was 2.3 cM

(Wang et al. 2009; Fazari et al. 2012). Markers within

1 cM of the N gene are essential for efficient

introgression of the gene to pepper cultivars via

MAS. To identify such a marker, SSR and CAPS

markers targeting the Me-gene cluster were tested in

an F2 mapping population derived from a cross

between RKN resistant Capsicum annuum cv. Car-

olina Wonder and RKN susceptible C. annuum cv.

AZN-1. The segregation of the N gene in the F2
population was analyzed by pathogen tests performed

with M. incognita race 2. As a result, a SSR marker

tightly linked (within 1 cM) to the N gene was

developed. Test of the SSR marker in an F4 population

showed that the co-dominant marker can be used in

MAS for RKN resistance breeding in pepper.

Materials and methods

Identification and physical mapping of NBS-

coding resistance genes to Me-gene cluster

The location of the Me-gene cluster was identified by

aligning flanking markers to the genome (Pep-

per.v.1.55). Flanking markers (At4g11120 and Bs2

gene) were selected from the linkage map of Djian-

Caporalino et al. (2007). A total of 34,899 CDS

(Pepper.v.1.55.CDS.fa) generated by Kim et al. (2014)

were downloaded from the pepper genome platform

(PGP) database (http://peppergenome.snu.ac.kr/

download.php). All the CDS were functionally anno-

tated using Blast2go software (Conesa et al. 2005).

CDS with disease-resistance function were extracted

for physical mapping to Me-gene cluster.

One of the aims of the study was to identify the

genomic positions of the resistance genes in the Me-

gene cluster. To achieve this aim, 436 CDS with

disease-resistance function were aligned to the Me-

gene cluster using spliced alignment programs such

as Spidey (default parameters and plant gene model

were used) (http://www.ncbi.nlm.nih.gov/spidey/)

and NCBI Genome Workbench (default parameters

were used) (http://www.ncbi.nlm.nih.gov/tools/

gbench/). In addition to CDS, two cloned RKN

resistance genes (CaRKNR and CaMi) were mapped

using Spidey (Chen et al. 2007; Mao et al. 2015).

Also marker C2At2g06530 which is linked to the

Me1 gene was aligned to the pepper genome using the

BLAST tool of the Pepper Genome Platform (PGP)

database (http://peppergenome.snu.ac.kr/blast.php)

(Uncu et al. 2015).

Plant material

For genetic linkage mapping, an F2 population (256

individuals) derived from the cross between RKN

resistant C. annuum cv. Carolina Wonder and RKN

susceptible C. annuum cv. AZN-1 was developed. The

marker linked to the N gene was tested in an F4
population (40 individuals) derived from the same

parents by selfing 40 F2 individuals.
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RKN culture and resistance assay

For RKN culture, eggs of the M. incognita race 2

isolate identified by Devran and Sogut (2009, 2011)

were propagated using tomato cv. Tueza (Multi

Tohum, Antalya, Turkey). Egg masses were collected

from infected roots at the true leaf stage using a small

needle and hatched at room temperature (25 �C).
Juveniles were used for inoculation of the tomato

plants. The plants were grown in a growth chamber at

25 �C, and egg masses were harvested 8 weeks after

the inoculation.

Pepper parents, F1 hybrids and F2 and F4 popula-

tions were tested for RKN resistance. For the assay,

second stage juveniles (J2) harvested from tomato

roots were counted under a microscope. The pepper

plants were inoculated with a suspension of 1000 J2s

at the fourth true leaf stage. During the assay, plants

were grown in plastic pots containing 250 ml sandy

soil under controlled conditions at day/night temper-

ature of 25 �C, 65 % relative humidity and 14/10 h

(light/dark) photoperiod. RKN resistant and suscepti-

ble plants were identified 8 weeks after inoculation.

For RKN resistance evaluation, the plants were

uprooted and rinsed under water. Egg masses were

evaluated using a scale from 0 to 5 according to the

publication of Hadisoeganda and Sasser (1982) as

follows: 0 = no egg masses, 1 = 1–2 egg masses,

2 = 3–10 egg masses, 3 = 11–30 egg masses,

4 = 31–100 egg masses and 5 = more than 100 egg

masses per root mass. Plants with scores of 0–2 were

considered to be resistant, while the rest were consid-

ered to be susceptible.

Me-gene cluster targeted molecular marker

development and linkage mapping of N gene

Physical mapping of CDS revealed hotspots for

resistance in theMe-gene cluster. ForN gene mapping,

CAPS and SSR markers were developed from the

hotspots. The study focused on one hotspot (called

locus C) for development of SSR markers because this

region contains an AFLP marker (N-SCAR-315)

reported to be linked to the N gene (Wang et al.

2009). This hotspot was screened for SSRs using

Batchprimer3 software (http://probes.pw.usda.gov/

batchprimer3/) (You et al. 2008). The minimum

number of repeats needed to identify perfect SSRs

was: six for dinucleotide, four for trinucleotide and

three for tetranucleotide, pentanucleotide and hex-

anucleotide repeats. Default settings were used for

primer design with some adjustments: product size

100–300 bp, optimum 200 bp; primer size 18–23 nt,

optimum 21 nt; primer Tm 50–60 �C, optimum 55 �C;
primer GC content 40–50 %, optimum 45 %.

A total of 13 sequences (500 bp in size) from all

hotspots were used for CAPS marker development

with Batchprimer3 software. The default settings of

the program were used with some adjustments:

product size 400–600 bp, optimum 500 bp; primer

size 18–23 nt, optimum 21 nt; primer Tm 50–60 �C,
optimum 55 �C; primer GC content 40–50 %, opti-

mum 45 %. Amplified PCR products of CAPS mark-

ers were digested with the restriction enzymes listed in

Table S1.

Amplification of the SSR and CAPS primers was

carried out in 25 ll reaction mixtures containing 1 X

PCR buffer, 3 mM MgCl2, 0.125 mM deoxyribonu-

cleotide triphosphates (dNTPs), 1 U Taq polymerase,

2 pmol forward and reverse primers and 80 ng

template DNA. The PCR amplification protocol for

primers consisted of one cycle of 5 min at 94 �C,
followed by 35 cycles of 45 s at 94 �C, 1 min at 55 �C
(annealing) and 45 s at 72 �C, with a final extension

step of 5 min at 72 �C. PCR products of the primers

were visualized by 3 % agarose gel electrophoresis.

In addition tomarkers developed in the present study,

theMe-specific markers reported by Fazari et al. (2012)

were tested in the parents according to the amplification

protocols in the respective publication (Table S2). The

genetic linkage map was constructed using JoinMap v

3.0 software (Ooijen and Voorrips 2001).

Results

Identification and physical mapping of NBS-

coding resistance genes to Me-gene cluster

The flanking markers of the cluster (At4g11120 and

the Bs2 gene) were blasted against the pepper genome.

The results revealed that At4g11120 and Bs2 were

positioned at 249.13 and 252.07 Mb, respectively, and

that the cluster was located in an interval of 2.94 Mb

(1.6 % of the whole chromosome). For further anal-

ysis, the cluster size was enlarged to 4.07 Mb (from

position 248.00 to 252.07) to avoid possible mapping

errors.
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A total of 436 resistance CDS selected by func-

tional annotation analysis were mapped to the Me-

gene cluster. As a result, 50 CDS with more than three

exons were mapped (Table S3) and analyzed in the

splice alignment module of a genome browser (NCBI

Genome Workbench) to determine orientation. Map-

ping showed that the cluster contained three loci (loci

A, B and C) that were hotspots for R genes. Six CDS

were found at locus B, two were found at locus C, and

42 were positioned at both loci A and C (Fig. 1). The

A, B and C loci were 1.46 Mb, 265.87 and 390.35 kb

in length, respectively.

Two cloned (CaRKNR and CaMi) and one mapped

(Me1) RKN resistance genes were aligned to the

genome to reveal whether these genes are located in

the cluster. As a result, the Me1 gene was mapped to

locus B at position 250.34 Mb. The cloned genes

(CaRKNR andCaMi)were mapped to chromosome P6

at positions of 0.8 and 4.68 Mb with 5 and 32 exons,

respectively.

RKN resistance assay

The parents, F1 hybrids and F2 population were tested

for RKN (M. incognita race 2) resistance. The C.

annuum cv. Carolina Wonder parent which carried the

N gene was found to be resistant due to the absence of

gall formation. The cv. AZN-1 parent was susceptible

as expected with a mean of 258 ± 25.6 galls. In the F2
population, 186 plants (73.2 %) were resistant and the

rest (26.8 %) were susceptible. These result indicated

that N gene-based resistance was inherited dominantly

with a segregation ratio of 3:1 (Chi-square goodness of

fit test, p = 0.43).

Me-gene cluster targeted molecular marker

development and linkage mapping of N gene

The second aim of the study was development of

markers tightly linked to the N gene. To achieve this,

SSR and CAPS markers were developed from the

three hotspot loci (A, B and C) identified in the Me-

gene cluster. For the SSR markers, the study focused

on only locus C because this region was found by

Wang et al. (2009) to contain an AFLP marker (N-

SCAR-315) linked to the N gene. As a result, 57 SSR

primers were designed and used in linkage map

construction (Table S4). While all except six markers

showed clear PCR amplification, 12 primers generated

more than one PCR fragment. Five markers were

polymorphic (Table S4). Although four of them could

not be mapped because they targeted multiple loci,

CASSR37 located in locus C at a position of

251.09 Mb had clear PCR amplification and a Men-

delian segregation pattern (Chi-square goodness of fit

test, p = 0.9 (Fig. S1). Marker CASSR37 was found

to be tightly linked to N at a distance of 0.8 cM

(Fig. 2). An F4 population derived from the same

parents as the mapping population was also tested for

RKN resistance for verification of the usefulness of

marker CASSR37 for MAS. As a result, 15 individuals

were resistant and 25 individuals were susceptible in

the F4 population. The marker was successful in

distinguishing all resistant and susceptible plants. In

Fig. 1 Structural annotation of Me-genes cluster on chromosome P9
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addition to the SSR marker, a CAPS marker from

locus B, CACAPS2 digested with DraI enzyme, was

mapped 6.3 cM from N (Fig. 2). Seven SCAR

(sequence characterized amplified regions) markers

developed by Fazari et al. (2012) were also tested in

the parents (Table S2). All the markers except

SCARPM6a and SCARN amplified successfully.

SCARPM6b and SSCPPM5 were found to be poly-

morphic and were tested in the F2 population. The two

markers co-segregated at a distance of 3.2 cM from

the N gene.

Discussion

Identification and physical mapping of NBS-

coding resistance genes to Me-gene cluster

Functional and structural annotation of the CDS was

previously reported by Kim et al. (2014). In the present

study, CDS were re-annotated because the annotation

results were not available in the PGP database. As

expected, the numbers of resistance CDS identified by

the present study and Kim et al. (2014) were similar.

This study identified the genomic position of the

Me-gene cluster by physical mapping for the first time.

Although the cluster was previously described as a

28 cM interval (13.5 % of the whole chromosome),

this study revealed that the size was 4.07 Mb (1.6 % of

the whole chromosome). Thus, this study decreased

the cluster interval by 8.4-fold.

Mapping of 11.5 % of the resistance CDS to a small

region (4.07 Mb) confirmed that the Me-gene cluster

is a hotspot for resistance genes. Half of the CDS

(54 % of the total CDS mapped to the cluster) located

in the cluster were not assigned to any chromosome by

Kim et al. (2014). Prediction of the pathogen targets of

the resistance CDS was problematic because resis-

tance genes for virus, fungus and nematode often

belong to the same gene family (NBS-LLR gene

Fig. 2 a Physical map of the Me-gene cluster, b genetic linkage map of N gene constructed using F2 population contained 256

individuals
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family) (Jupe et al. 2012). The phylogenetic relation-

ships of resistance CDS and the CaMi gene could not

be identified because the high diversity of translated

CDS prevented successful multiple sequence align-

ment. The genomic positions of the tomato RKN

resistance gene Mi-1 homologs (CaMi and CaRKNR

genes) in pepper showed that Mi-1-based homology

evolved on P6, not on P9 as expected because

chromosome P6 is syntenic to tomato chromosome

T6 which contains the Mi-1 gene (Livingstone et al.

1999; Grube et al. 2000).

Our results showed that resistance CDS do not have

uniform distribution. Thus, CDS mapped to certain

loci (loci A, B and C) demonstrating that theMe-gene

cluster has three intervals enriched for resistance

genes. Physical mapping of CDS was problematic

because most of the CDS (84 %) were positioned at

both loci A and C. This may be due to evolutionary

mechanisms such as recombination of the paralogous

genes within theMe-gene cluster which caused in vivo

DNA shuffling and duplications. Such rearrangements

cause the dispersal of resistance genes (Song et al.

2002; Mazourek et al. 2009). Although it is known that

R gene dispersal is associated with chromosome

breakpoints, high-resolution comparative mapping

studies between related genera need to be performed

to estimate its effect on Me- gene cluster evolution

(Ameline-Torregrosa et al. 2008; Mazourek et al.

2009). Precise location of the 2.12-Mb hotspots will be

valuable information to develop markers for fine

mapping resistance genes in the cluster.

This study identified the genomic positions of the

two cloned (CaRKNR and CaMi) and two mapped

(Me1, N) RKN resistance genes. To date, only two of

the ten RKN resistance genes on chromosome P9,Me1

and N, have been mapped because linked markers

have not been identified for the rest of the genes

(present work, Uncu et al. 2015). Mapping of Me-1

and N to locus B and C, respectively, is consistent with

resistance gene hotspots identified by CDS mapping.

Other resistance genes (Me3 and Me7) might be

located in one of the hotspot loci; however, linked

markers needed to be developed to test this hypothesis.

The genomic position of the CaRKNR gene identified

in the present study was consistent with that reported

by Mao et al. (2015). Mapping of the cloned genes

CaMi and CaRKNR showed that chromosome P6

might also be rich for resistance genes similar to P9

(Mao et al. 2015).

RKN culture and resistance assay

Our work confirmed dominant inheritance of the

N gene as reported by Fazari et al. (2012) and Wang

et al. (2009). The mapping population of the present

study contained more F2 individuals (256) than Fazari

et al. (2012) (132 individuals) which increased the

accuracy of linkage mapping.

Me-gene cluster targeted molecular marker

development and linkage mapping of N gene

The subset of Me-gene cluster-specific SSR markers

developed in the present study are valuable genetic

tools for mapping of other resistance genes (Me7 and

Me3). Parental polymorphism of the markers was low

due to the self-pollinated, intraspecific nature of the

population. The map positions of the SCAR markers

(SCARPM6b and SSCPPM5) of the present study

were consistent with previous results (Fazari et al.

2012). However, a new SSR marker, CASSR37, was

found to be more tightly linked to the N gene. Test of

CASSR37 in an F4 population demonstrated the high

efficiency of this marker in MAS. Thus, this co-

dominant and breeder-friendly marker can be used in

breeding programs to develop pepper cultivars resis-

tant to RKN.

In conclusion, this study revealed resistance gene

hotspots in the Me-gene cluster on pepper P9 based

on physical mapping. The work narrowed the interval

of the cluster to 4.07 Mb in total. Within this cluster,

a 2.12-Mb region was rich in potential resistance

genes. Based on this research, a marker tightly linked

to the N gene was developed for MAS in pepper

breeding.
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