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ABSTRACT: Marker-assisted selection (MAS) is a tool that is widely applied in tomato resistance breeding. To determine
the robustness of some molecular markers commonly used in MAS, extensive screening of 964 tomato lines was
performed under a controlled experimental condition. Initially, the application of 36 molecular markers targeting
26 resistance genes (R genes) and 14 major diseases was evaluated. Here, we employed basic molecular biology
and bioinformatics techniques for analysis where polymorphism, accuracy and clearness of amplicons constituted the
selection criteria of markers. Upon initial analysis, 20 of these markers designated as efficient markers, among which 8
were considered gene-based markers and referred to as perfect markers were selected for detail evaluation. Information
extrapolated from PCR result revealed 18 R genes that control 12 diseases were grouped under efficient markers. On
the other hand, grouping of breeding lines based on the number of R gene harbored comprehensively revealed 62%
of the lines to be void of R gene, while 38% carry different types of R genes. This provides us with an avenue to
better understand new sources of resistance in the breeding lines. Conclusively, these efficient markers and their
limited PCR condition can be suggested as basis of a diagnostic kit for MAS applications against 12 major tomato
diseases and the identified resistant breeding lines could be conserved in order to be propagated as different sources of
resistance for the development of new resistant varieties. Therefore, in areas with high vulnerability to diseases, high
efficiency combination of the relevant R genes and their pyramiding into commercial tomato varieties are proposed to
be implemented as a pragmatic approach.
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INTRODUCTION
Tomato (Solanum lycopersicum L.) is an economically important vegetable crop cultivated worldwide. Recordings from 2001–2016 showed that
the world harvested area and the total production of tomato have recorded a dramatic increase
of approximately 22.8% and 63.5%, respectively.
China on her part has contributed tremendously
and has experienced an increase of 36.9% in cultivable tomato land and 134.6% in production
which ranked her as the world’s leading tomato

producer (www.fao.org/statistics/en). However, it’s
astonishing that the world’s leading producer was
ranked between 40th and 54th in the world in
terms of yield per hectare during same period. The
yield per hectare has been attributed to several
factors among which diseases caused by different
pathogenic agents are considered to be the significant importance [1, 2]. In general, more than
60 pathogens include bacteria, fungi, oomycetes,
viruses, and nematodes are known to be challenging to global tomato production [3]. The most
economic important diseases of tomato include
www.scienceasia.org
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tomato yellow leaf curl disease, tomato spotted wilt,
tomato mosaic disease, fusarium wilt, late blight,
leaf mold, root-knot disease, bacterial spot, bacterial speck, gray leaf spot, bacterial wilt, fusarium
crown and root rot, powdery mildew and verticillium wilt. In recent years, a manifold progress
has been made on breeding of resistant tomato
cultivars against the most devastating pathogens
including fungi (Cladosporium fulvum, Verticillium
dahliae), bacteria (Ralstonia Solanacearum), viruses
(Tomato yellow leaf curl virus and Tobacco mosaic
virus), oomycetes (Phytophthora infestans), and nematodes (Meloidogyne incognita) [4]. In China,
at least 10 diseases have reportedly induced significant tomato yield reduction [5]. Interestingly,
17 of the 35 different mapped pathogen resistance
genes (R gene) have been cloned successfully [6].
Wild relatives’ tomato species: S. pimpinellifolium,
S. pennellii, S. habrochaites, S. peruvianum, and
S. chilense constitute the main sources of resistance
for R genes that have been introgressed into cultivated tomato [7, 8].
The releasing of public genomic databases of
tomato has sprouted the development of various
molecular markers for the identification of R genes
simply through PCR-based techniques. These markers have been and are being used in MAS, markerassisted breeding (MAB), introgression and pyramiding of functional genes in tomato [8, 9]. Assets in using molecular markers in tomato breeding
program are numerous but not limited to: elimination of environment effect, time saving, gene
pyramiding, high-efficiency transfer of gene, detection of trait with low heritability and testing
for specific disease resistance under a quarantine
restriction. Nevertheless, other studies have reported advantages and disadvantages, robustness
and weaknesses of molecular markers application in
MAS breeding programs. In either situation, DNA
markers within the gene of interest are the ultimate
due to no recombination occurrence between trait
and marker [10]. In view to promote and improve
disease-resistance in tomato, various markers were
extensively and successfully deployed in breeding
programs [11–13]. With strong focus on resistance
breeding in tomato, resistance traits have become
important characteristics in distinctness, uniformity
and stability (DUS) testing for Plant Breeders Rights
(PBR) applications. Hence, in DUS testing of
candidate varieties, molecular markers have been
suggested to complement the field assay or used
as an alternative technology [11]. In the case of
multi-resistance gene screening, marker technology,
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while being faster than the conventional method
of selection, remains relatively complex due to the
fact that different markers involved in MAS were
developed in varied experiment conditions. So,
concerns have been raised about the reproducibility
and high accuracy of some markers, thus compelling
plant scientists and breeders to evaluate the robustness of these markers through ring test or in
different set of varieties [11]. In tomato resistance
breeding program, there exists limited information
about the validation of the various commonly used
molecular markers under identical PCR condition.
Here, MAS was conducted to validate robustness
of these markers while simultaneously accessing
their sources of resistance in tomato breeding lines.
This study aims to (1) apprehend the most suitable
molecular markers for MAS under appropriate and
properly controlled PCR reaction conditions; (2) access resistance spectrum of each tomato breeding
line; and (3) recommend new resistance sources
for improvement of commercial varieties or gene
pyramiding.
MATERIALS AND METHODS
Plant materials and molecular markers
In total, 964 tomato (S. lycopersicum L.) lines bearing different resistance genes, developed from commercial tomato hybrids of Green Port Company
located at Suqian City in China, were used in this
study. These commercial hybrids were purchased
from different seed companies in China and were
labeled according to the type and number of R genes
incorporated. Markers incorporated in this work
were collection from a pool of published research
finding. The markers were related to 26 R genes,
which control fourteen diseases in tomato with
some of the molecular markers being composed
of the gene-linked and others gene-based markers
for extensive marker assisted selection (MAS). The
major tomato diseases evaluated are tomato yellow
leaf curl disease, tomato spotted wilt, tomato mosaic
disease, fusarium wilt, late blight, leaf mold, rootknot disease, bacterial spot, bacterial speck, gray
leaf spot, bacterial wilt, fusarium crown and root
rot, powdery mildew and verticillium wilt.
DNA extraction and polymerase chain reaction
Total DNA was extracted from the fresh leaves of
60-day old tomato breeding lines using NuClear
Plant Genomic DNA Kit (CWO531M) protocol (CWBiotech, Beijing, China) following Adedze et al [14].
The extracted DNA was adjusted to a final con-
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centration of 50 ng/µl. Two PCR reactions were
deployed based on the intended nature of electrophoresis gel analysis (with 160 volts) of the PCR
products. For PCR products to be analyzed by
agarose gel electrophoresis 25 µl of PCR reaction
mixture containing 12.5 µl 2xTaq MasterMix plus
loading buffer (CWBiotech, Beijing, China), 1 µl of
each forward and reverse primer at 10 µM, 1 µl of
DNA extract, and 9.5 µl of nuclease free water was
used. In the case of polyacrylamide gel analysis,
10 µl PCR reaction mixture containing 1 µl of DNA
extract, 3.4 µl 2xTaq MasterMix without loading
buffer (CWBiotech, Beijing, China), 0.8 µl of each
forward and reverse primer at 10 µM, and 4 µl
of nuclease free water were put in a PCR tube.
Amplification reaction conditions were as follows:
initial denaturation at 94 °C for 2 min, 35 cycles
of denaturation at 94 °C for 30 s, annealing at
55 °C for 30 s, and extension at 72 °C for 30 s
followed by 72 °C for 2 min. The PCR products
generated from 25 µl reaction mix were separated
on 2% agarose gel in 0.5 × TAE buffer, stained with
ethidium bromide, while those obtained from 10 µl
reaction mix were analyzed on 8% polyacrylamide
gel, stained with silver. Visualization of agarose and
polyacrylamide gel was done under UV and white
light, respectively.
Primers designing and molecular screening
A total of 36 (gene-linked and gene-based) molecular markers were deployed in this work (Table 1).
Previously published DNA sequences were exploited
for designing primer pairs of these markers and
commercially synthesized by Hangzhou Shangyasai
Biotechnology Co., Ltd. Company, China. These
primers were diluted to a concentration of 10 µM
before use and PCR reactions were similar with
minor difference according to the nature of gel analysis (agarose or polyacrylamide) required for PCR
products. MAS was performed with each marker
used for screening 964 lines.
Cloning and sequencing
Markers that produced clear band on agarose gel
were considered efficient markers from which PCR
products were cloned by ligation of their purified
amplicons onto pMD19-T Simple Vector. Constructs
(pMD19-T-PCR fragment) were commercially sequenced by Hangzhou Shangyasai Biotechnology
Co. Ltd. Obtained sequences were aligned using
DNAMAN 7 bioinformatics software.

Data scoring and analysis
Markers that produce clear bands and informative
PCR products were designated as efficient markers
and those that fall within the R genes were referred to as perfect markers. Markers which showed
abnormal PCR products were discarded and were
not included in the final analysis. All the perfect
markers were inclusively accepted in the group of
efficient markers but not the reverse case. Amplicon
size and other characteristics of the efficient markers
were investigated with reference to previously published data and DNA sequencing results. To distinguish the plant material in course of accessing their
resistance spectrum, all selection lines were grouped
according to the respective number of genes they
carried.
RESULTS
High-efficient markers for MAS in tomato
against virus
To optimize multi-resistance screening, DNA amplification ability of different R genes related markers
were monitored under the same PCR condition. In
case of tomato yellow leaf curl disease, 8 markers
were involved in the screening of 5 resistance genes:
Ty1, Ty2, Ty3, Ty4, and ty5, with Ty1 and Ty3 known
to be allelic. Out of the 8 molecular markers, 6 of
them including ACY, Ty1-3, P6-25, SCAR1, SCAR2,
and P1-16 that targeted 3 R genes produced clear
bands from PCR products incorporating ACY and
Ty1-3 as gene-based markers. Two of these markers,
Cauty4 and ty5, were not considered in further
experiment (Fig. 1a). The marker Sw-5-2 found
within Sw-5b gene together with marker SCAR421
were used in targeting the strong R gene Sw-5b
for tomato spotted wilt virus. Little genomic information regarding SCAR421 was found, however,
both markers yielded good PCR products (Fig. 1b).
Unfortunately, DNA upon several cloning attempts
of SCAR421 positive sequencing result was never
attained from its construct, thus excluding it from
the group of efficient markers. Resistance genes for
tomato mosaic virus Tm1 and Tm22 were tracked
using SCAR and SCN131000 markers, respectively.
Based on PCR results, SCAR showed unreliability
while PCR bands produced by SCN131000 were
clear (Fig. 1c). After critical consideration from the
PCR results, three gene-based markers (ACY, Ty1-3,
and Sw-5-2) together with P6-25, SCAR1, SCAR2,
P1-16 and SCN131000 were selected as efficient
markers (Table 2).
www.scienceasia.org
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Table 1 Sequences and information collected from different sources for 36 molecular markers related to different
tomato diseases.
Disease

Gene

Marker

Type Forward primer

Reverse primer

Ref.

Tomato leaf
mold (f)

Cf-19
Cf9
Cf9
Cf9

P7
8F/12R
8F/10R
10F/10R

SCAR
SCAR
SCAR
SCAR

CCGGAGATCAAGCTCAACCA
CCCAATCATTCAGTGCGTTA
TTTCCGATGTAAAAGAAGGCATA
TTTCCGATGTAAAAGAAGGCATA

[15]

Tomato
Sw-5b
spotted wilt (v) Sw-5b

Sw-5-2
SCAR421

SCAR AATTAGGTTCTTGAAGCCCATCT
SCAR GACTTGTTGCCATAGGTTCC

TTCCGCATCAGCCAATAGTGT
GCCCACCCCGAAGTTAATCC

[17]
[18]

Powdery
mildew (f)

Ol-1
Ol-1

SCAB01
SCAG11

SCAR GCTTCTAGATGCAGAAAGTTGGCG
SCAR TGGGATCACAGATTAACAAATGCG

CGCCCATTCCCGCATATACAG
ATGTGTGCGATGAGAAACGTGG

[19]
[19]

Tomato
mosaic (v)

Tm1
Tm22

SCAR
SCAR CCACTGTATGATTTCTGCTAGTGAA
SCN131000 CAPS AGCGTCACTCCATACTTGGAATAA

GCAAGCTAAGGTTTACATATATGCC
AGCGTCACTCAAAATGTACCCAAA

[20]
[21]

Bacterial
wilt (b)

Bwr-12
Bwr-12
Bwr-6
Bwr-6

SLM12-2
SLM12-10
SLM6-17
SLM6-138

SSR
SSR
SSR
SSR

AACGGTGGAAACTATTGAAAGG
TGCGTCGAAAATAGTTGCAT
ACGAGCAATTGCAAGGAAAA
ACAGGTCTCCATACGGCATC

[22]
[22]
[23]
[23]

Verticillium
wilt (f)

Ve1
Ve2

SCAR
SCAR

SCAR CCATGAACAGATGTGACTTGTGTG
SCAR CCATGAACAGATGTGACTTGTGTG

AAGTTTCTTATTTTTCCTTCTCC
CTCTTAGGATTTTTGACGTGATA

[24]

Fusarium
wilt (f)

I1
I2
I3

At2
I2OH
P7-43DF1

SCAR CGAATCTGTATATTACATCCGTCGT
SCAR TGGAGAGTTCCCTACACTTGAG
SCAR ATTTGAAAGCGTGGTATTGC

GGTGAATACCGATCATAGTCGAG
TTCTCTTCAAGGTAGTTGGCAG
CTTAAACTCACCATTAAATC

[11]
[25]
[26]

Mi-1.2
Root knot
nematode (n) Mi1-2
Mi-1

SCAR-1
Pmi3
REX-1

SCAR TGGAAAAATGTTGAATTTCTTTTG
GCATACTATATGGCTTGTTTACCC
[27]
SCAR GGTATGAGCATGCTTAATCAGAGCTCTC CCTACAAGAAATTATTGTGCGTGTGAATG [28]
CAPS TCGGAGCCTTGGTCTGAATT
GCCAGAGATGATTCGTGAGA
[29]

Bacterial
spot (b)

Rex4

Pcc12

Indel TCCACATCAAATGCGTTTCT

TTCCAATCCTTTCCATTTCG

[30]

Bacterial
speck (b)

Pto

Pto

CAPS ATCTACCCACAATGAGCATGAGCTC

GTGCATACTCCAGTTTCCAC

[31]

Fusarium
crown and
root rot (f)

Frl

SCARfrl

SCAR CACATTCATCATCTGTTTTTAGTCTATTC CACAATCGTTGGCCATTGAATGAAGAAC [32]

Gray leaf
spot (f)

Sm

D5

SCAR CCCGTGGCACTACAACTCTT

TCTGCTTTCGCTCTGCTTGA

[33]

Late blight (o)

Ph3
Ph3

Ph3-2
Ph3-3

SCAR TCATGCATTGTTTAGCCTGACA
SCAR ATGTCCCAGTTCCTCCAGGT

ACTGCAAAGAGAATAGGGTTTCCT
AGCAATTCCTAAACGTATTGAAGG

[34]
[34]

Tomato
yellow leaf
curl virus (v)

Ty1,Ty3
Ty1,Ty3
Ty2
Ty3
Ty2
Ty1
Ty4
ty5

Ty1-3
ACY
P1-16
P6-25
SCAR2
SCAR1
Cauty4
ty-5

Indel
Indel
SCAR
SCAR
SCAR
SCAR
Indel
SSR

TCTTCTTGATAGGACGACGTGA
CCTTATGATGTCTCGTGA AAGG
CGGAGCTGAATTGTATAAACACG
GCTCTGCCTATTGTCCCATATATAACC
AGTGTACATCCTTGCCATTGA CT
GTTCAACACTTGGCCAATGCTTACG
TCTGAATGTAGGGCCAAAGG
CAATCGATGCACAAAACACC

[35]
[14]
[36]
[37]
[38]
[38]
[35]
[39]

AGTGCAGAAATGGGTTGTGTA
TGGGAATTTACCCGAAAGAA
TGGGAATTTACCCGAAAGAA
TGTGGTGGTGAAGATCAAGTGA

ATCTCATTCAACGCACACCA
ACCGCCCTAGCCATAAAGAC
TCCTTCAAATCTCCCATCAA
CCAGGCCACATAGAACTCAAG

GGGTGATCCGTTGATTGAAG
GAA GCA CAG ATTGAAGAAAACC
CACACATATCCTCTATCCTATTAGCTG
GGTAGTGGAAATGATGCTGCTC
TGGCTCATCCTGAAGCTGATAGCGC
CAATTTATAGGTGTTTTTGGGACATC
GGGCAACTCAATGGTGAAAC
GACTGCATTGGATTTGGCTT

[16]

f, fungus; o, oomycete; b, bacteria; v, virus; n, nematode.

Detected high-efficient markers for MAS in
tomato against nematode and oomycete
In order to screen for resistance against root knot nematode, Rex-1 and SCAR-1 markers that are linked
to resistance genes Mi-1 and Mi-1.2, respectively, in
addition to Pmi3 marker connected to Mi1-2 gene
were used. On the basis of PCR outcome these three
candidate markers generated clear and informative
genetic bands as viewed on gel picture, thus considering them as efficient markers (Fig. 1d). Marker
SCAR-1, successfully developed using coding sequence of Mi-1.2 gene, was incorporated in efficient
www.scienceasia.org

markers group. Oomycete resistance screening was
based on tracking late blight resistance gene Ph3
of which two molecular markers Ph3-2 and Ph33 linked to this gene produced amplified diseaseresistance and susceptible alleles from the breeding lines employed in this research work (Fig. 1e).
Comprehensively, markers Rex-1, SCAR-1, Pmi3,
Ph3-2, and Ph3-3 were selected as efficient markers
for root knot nematode and late blight resistance
screening in tomato (Table 2).
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Fig. 1 Gel pictures of screened tomato breeding lines using molecular markers related to major disease resistance genes
(R genes). (a1–6) Evaluation of resistance to tomato yellow leaf curl disease of ACY, Ty1-3, P6-25, SCAR2, P1-16, and
SCAR1 markers; (b1–2) Sw-5-2 and SW-421 markers targeting R genes for tomato; (c) SCN131000 marker targeting
R gene Tm22 for tomato mosaic disease; (d1–3) Pmi3, SCAR-1, and Rex-1 markers used to target 3 R genes of root
knot nematode diseases in tomato; (e1–2) oomycete R gene screening using Ph3-2 and Ph3-3 markers; (f1–4) 8F/12R,
8F/10R, 10F/10R, and P7 markers linked to leaf mold disease; R and S constitute the representatives of resistance and
susceptible allele, respectively; M indicates DL DNA marker; gene-based markers are represented in bold.

Fungi-high-efficiency markers for MAS in tomato
Thirteen potential markers associated with 6 fungus
diseases were evaluated in order to determine those
with high-efficiency in the process of fungus resistance screening for MAS programs. For leaf mold
disease, 8F/12R, 8F/10R, and 10F/10R markers
were used to target Cf9 R gene while marker P7

related to Cf19 was exploited. Genetic bands generated from PCR based on these markers were credible, thus suggesting these markers to be efficient
and designated as efficient markers. Interestingly,
all 4 markers were developed using sequence of
R gene-specific locus (Fig. 1f). Powdery mildew R
gene screening was based on SCAB01 and SCAG11
markers linked to Ol-1 gene, but only the result from
www.scienceasia.org
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Fig. 2 Gel pictures of screened tomato breeding lines using molecular markers related to major disease resistance
genes (R genes). (g) SCAB01 marker targeting Ol-1 R gene for powdery mildew; (h) SCAR marker linked Ve2 gene
for verticilium wilt screening; (i) I2OH marker related to fusarium wilt R gene; (j–k) SCARfrl and D5 markers for
Fusarium crown, root rot and gray leaf spot disease; (l) SLM12-2 and SLM12-10 linked to Bwr-12 R gene against
bacterial wilt; (m) pcc12 markers screening for bacterial spot; (n) CAPS marker linked to Pto R gene; R and S constitute
the representatives of resistance and susceptible allele, respectively; M indicates DL DNA marker.
Table 2 Summary of markers considered as efficient markers for the selection of R-genes for major tomato fungi,
bacteria, virus, and nematode diseases and their corresponding genes, alleles and sources.
Disease

R gene

Marker

Reported allele size (bp)

DNA sequencing

R allele

S allele

Ref.

R allele

S allele

TYLCV

Ty-1
Ty1,Ty3
Ty1,Ty3
Ty-3
Ty-3a
Ty-3b

SCAR1
ACY
Ty1-3
P6-25
P6-25
P6-25

530
132
209
660
630
450

610
123
197
320
320
320

[38]
[16]
[37]
[39]

3
3
3
3
3
3

3
3
3
3
3
3

Late blight

Ty-2
Ph3

SCAR2
Ph3-2

900
149

800
131

[38]
[36]

3
3

3
3

TSWV
Fusarium wilt

Ph3
Sw-5b

Ph3-3
Sw-5-2

120
574

130
510, 464

[19]

3
3

3
3

Leaf mold

I2
Cf9
Cf9
Cf9

IO2H
8F/12R
8F/10R
10F/10R

150–200
1500
1400
850

0
1600
1500
1200, 1500

[27]
[18]

3
3
3
3

5
5
5
5

RKN

Cf19
Mi1-2

P7
PMi3

300
550

240
350

[17]
[30]

3
3

3
3

Bacterial spot
ToMV
FCR
TYLCV

Mi-1.2
Rex4
Tm22
Frl

SCAR-1
Pcc12
SCN131000
SCARfrl

380
113
580, 420
1000

430
119
420, 360, 220
950

[29]
[32]
[23]
[34]

3
3
3
3

3
3
3
3

TYLCV, tomato yellow leaf curl virus; TSWV, tomato spotted wilt virus; RKN, root knot nematode; ToMV, tobacco
mosaic virus; FCR, Fusarium crown and root rot; bp, base pair. 3 indicates successfully sequenced amplicons and
5 indicates not sequenced.
www.scienceasia.org
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SCAB01 was acceptable (Fig. 2g). Verticilium wilt
screening was with two SCAR markers respectively
linked to resistance genes Ve1 and Ve2. After data
analysis, Ve1-associated SCAR marker was immediately discarded due to the absence of amplified
genetic bands, and at the same time the genetic
bands amplified using the Ve2-linked SCAR marker
were completely different from the reference data
(Fig. 2h). This is the main reason why SCAR marker
linked to Ve1 and Ve2 genes were not ranked in the
group of efficient markers. Screening of resistance
to fusarium wilt was evaluated using three different markers At2, I2OH, and P7-43DF1, which are
related to three different strains of the pathogens
namely I1, I2, and I3. The I2 gene-linked marker
I2OH yielded relatively clear and informative PCR
products when compared to At2 and P7-43DF1
counterparts, thus placing I2OH under the group of
efficient marker (Fig. 2i). In the control of fusarium
crown and root rot, Frl gene is targeted while for
gray leaf spot, Sm gene is tracked. Both these R
genes were evaluated using SCARfrl and D5 markers
of which PCR amplicons expressed clear bands.
Although D5 is a gene-based marker, no resistance
allele was found during MAS assay, thus putting it
out of the efficient marker group (Fig. 2jk).
Bacteria-high-efficiency markers for MAS in
tomato
Three major bacterial diseases in tomato were investigated including bacterial wilt, bacterial spot
and bacterial speck SLM12-2, SLM12-10, SLM617 markers linked to QTLs Bwr-12 and SLM6-138
linked to QTLs Bwr-6 were used in screening against
bacterial wilt, while pcc12 and Pto markers were
corresponding to R gene Rex4 and Pto in the control
of bacterial spot and speck, respectively (Fig. 2m).
Results revealed that only pcc12 marker generated
impressive data based on the amplified genetic
bands. Moreover, this marker is developed using
the DNA sequence of the resistance gene Rex4 specific locus, thus depicting it as an efficient marker
(Fig. 2m). The SLM6-17 and SLM6-138 markers
in this piece of experiment failed to generate amplified genetic bands under varied imposed PCR
conditions. Furthermore, the amplicons obtained
using SLM12-2, SLM12-10, and Pto did not fully
correlate with the reference data and so they were
not grouped with efficient markers. Considering
all aspects, a total of 7 markers (8F/12R, 8F/10R,
10F/10R, P7, I2OH, SCARfrl, and pcc12) were classified as efficient markers in control of fungus and
bacterial diseases in tomato lines (Table 2).

Table 3 Groups of breeding lines according to their
incorporated number of R genes.
No. of R gene

No. of breeding lines

Group

0
1
2
3
4
5
6
7
8

595
197
68
41
22
15
19
6
1

I
II
III
IV
V
VI
VII
VIII
IX

The size and nucleotide sequence of amplicons
using efficient markers were confirmed through
DNA sequencing of their corresponding PCR products. Of the 20 effective markers selected, only
SCN131000 marker is a CAPS marker that would
require restriction of its genetic bands by an enzyme. Amplicon sizes of the successfully sequenced
efficient markers corroborated the reference data.
The specific location of gene-based markers was
performed using the online bioinformatics NCBI
Blast tool. (As example accessions of resistance
genes ACY, 8F/10R, and Sw-5-2 are HG975445,
AJ002236, and AY007366, respectively). In case of
CAPS marker, DNA sequencing result showed one
AccI restriction enzyme site (GTATAC) in resistance
allele while for susceptible allele two restriction
sites were observed, which is consistent with electrophoresis results (Fig. 2n).
Spectrum access and source of resistance
among the breeding lines
As much as commercial hybrids are carrying different R genes in type and in number, it is obvious
that these R genes are being randomly distributed
among their derivative breeding lines. In view of
tracking R genes in breeding lines, 36 molecular
markers were used, and among them, only the
results obtained from 20 markers were informative
and considered here. Grouping of breeding lines
was established based on the number of R genes
transported. A larger proportion 595 breeding lines
were scored and placed under the group without
resistance allele (group I). A total of 365 breeding
lines carrying R genes encompassed groups II–IX as
revealed by molecular markers (Table 3). In general, 36 markers related to 26 R genes that control
14 diseases were disposed in upstream of this test,
which represented an average of 1.38 markers per
gene and 1.86 resistance genes per disease. In
www.scienceasia.org
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downstream of this assay, only 20 efficient markers
targeting 18 R genes responsible for the control of
12 diseases were recorded, thus corresponding to
1.11 markers per gene and 1.5 R genes per disease.
DISCUSSION
Selection of robust markers could enhance MAS
process
MAS is an indirect selection process where a trait
of interest is selected based on a marker, which
constitutes a breakthrough in resistance breeding
of tomato. Many diseases that challenge tomato
production are caused by agents such as virus, fungus, bacteria, nematode, and oomycete. Progress
has been made to identify followed by introgression
of resistance genes to these pathogens into tomato
cultivars with the aid of molecular markers as tags.
Therefore, robustness and reproducibility of a given
marker is a prerequisite for its application in MAS.
Here, we validate 36 molecular markers that target
26 resistance genes, known for regulating fourteen
important tomato diseases. To optimize and accelerate MAS process in this work, all markers are
validated under a properly controlled PCR reaction.
In case of control against TYLCV, three R genes
Ty1, Ty2, and Ty3 have been commercially used
worldwide so that many tomato breeding programs
have oriented their breeding objectives towards incorporation of these genes into susceptible varieties. A total of 8 markers are exploited and among
them, 6 (ACY, Ty1-3, P6-25, SCAR1, SCAR2, P116) were selected as efficient markers. Though
marker P6-25 shows outstanding performance, it
could generate recombination events during MAS
as observed by Adedze et al [14] when comparing
efficiency of ACY to P6-25. Hereof, ACY and Ty13 known as gene-based markers are more preferable and recommended to tract Ty1 and/or Ty3 in
tomato. However, P6-25 could be specifically used
to explore Ty3 resistance gene and its derivative
alleles Ty3, Ty3a, and Ty3b. ACY and Ty1-3 are
developed based on gene locus Solyc06g051170
and Solyc06g051190, respectively [14, 15]. For
Ty1 tracking, SCAR1 has emerged as a promising
marker, while SCAR2 and P1-16 could be effectively
used for Ty2 detection. Until now, no gene locus specific marker is developed for Ty2 in tomato
due to severe recombination suppression in Ty2
mapping region, which impedes its cloning [18].
Regarding tomato spotted wilt virus and tobacco
mosaic virus, Sw-5-2 and SCN131000 markers are
respectively regarded as efficient markers for rewww.scienceasia.org
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sistance screening. The SCN131000 is a CAPS
marker tightly linked to Tm22 gene while Sw-52 is a locus specific marker developed using Sw-5
gene sequence (accession AY007366) [17]. With
regard to leaf mold resistance screening, 4 genebased markers are selected due to their robustness.
8F/12R, 8F/10R, 10F/10R Markers are developed
using DNA sequence of the resistance gene Cf-9 (accession number: AJ002236), while P7 is designed
based on Solyc01g006550 locus of Cf19 gene [18,
19]. Based on previously described, all 4 gene-based
markers are co-dominant markers. Unexpectedly,
8F/10R marker in this study behaved as a dominant
marker; this may be attributed to the imposed PCR
reaction conditions. I2OH and SCARfr1 Markers
appear with confidence in screening of tomato lines
against fusarium wilt and fusarium crown and root
rot. Indeed, these two markers also display accurate
amplifications under the current experimental conditions. The most devastating tomato bacterial diseases include bacterial wilt, bacterial spot and bacterial speck [20]. A total of 5 markers are involved
in screening against bacterial wilt and bacterial
speck. Unfortunately, none of these markers shows
accurate PCR amplicons, which may be due to their
low reproducibility. Screening against bacterial spot
has exhibited pcc12 marker is robust to explore
Rex4 resistance gene. This gene is currently finemapped [21], which could accelerate its cloning and
lead to the development of a gene-based marker
since Pcc12 is a Rex4-linked marker. In screening
against nematode and oomycete, root knot nematode and late blight are two most important diseases
surveyed. In the former, Mi-1-linked marker Rex-1,
Mi1-2-linked marker Pmi3 and Mi-1.2 gene-based
marker SCAR-1 are identified as efficient markers
whereas in the latter, Ph3-linked markers Ph3-2 and
Ph3-3 are promoted as high-efficiency markers. In
summary, 20 molecular markers are recommended
for targeting 18 R genes in control of 12 major diseases in tomato caused by fungus, bacteria,
virus, nematode, and oomycete. Two main reasons
could explain the desertion of certain markers in
this work. Firstly, of the 14 diseases investigated,
two resistance alleles including verticilium (Ve1 and
Ve2) and gray leaf spot (Sm) were not detected.
Secondly, diseases such as tobacco mosaic virus,
powdery mildew, bacterial wilt, fusarium wilt and
tomato yellow leaf curl disease lacked resistance
gene of some strains in breeding lines (Tm1, Bwr6, I1, I3, Ty4 and ty5). Thirdly, certain markers are
weakly expressed and others generated discordant
genetic bands as compared to the inference data. In
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each of these 3 cases, the R gene and its associated
molecular marker were excluded, which is probably
due to their low reproducibility under the imposed
PCR reaction condition. Not all developed markers
have the same reproducibility, thus arguing the concept of several different marker development for a
single gene. Adedze et al [14] has reported that it
may not be advisable to depend solely on a single
type of molecular marker for MAS because it may
not always generate accurate band pattern under
different experimental conditions. So far, some of
the gene-linked markers could be easily improved
as locus-specific marker following the cloning of
their related R gene, except Ty2 that may require
complex cloning technique. Here, we recommend
the selected effective markers as well as the controlled PCR reaction condition as a diagnostic kit for
tracking R genes controlling 12 tomato diseases.
Potential sources of resistance for genetic
improvement in tomato
Lack of attention and sources of resistance to some
diseases is reported as principal factors that affect
breeding for resistance in China [20]. This work
has once again attempted to draw our attention to
the most devastating diseases of the China’s tomato
industry. Identification of new sources of resistance
could greatly contribute to resistance breeding in future. Actually, several breeding lines are developed
by breeders in public and/or private sectors. However, most of these lines are left in stock and only
few are routinely implicated in breeding program.
Moreover, selection of these few lines is often empirically executed on the field, meaning that those
lines that are resistant to undetected disease or
under quarantine restriction could not be accessed.
Knowledge of different genetic backgrounds such
as breeding lines or germplasms carrying different
types of R genes is essential to provide the tomato
breeding program with genetically diverse sources
of resistance. Marker assisted selection is a selection
tool widely used in the identification of the R gene.
Its importance and the need for its involvement
in the DHS test in the future are mentioned [13].
Based on MAS with the help of the R gene-associated
markers, we have detected different sources of resistance against several diseases among the 964
breeding lines stored in Green Port company. The
breeding lines are grouped based on the number
of R genes incorporated as revealed by molecular
markers. Comprehensively, 62% of the lines are
deprived of R gene while 38% carry R genes against
12 diseases of tomato. These 62% of lines could be

stocked for other breeding purpose or used as susceptible control varieties during resistance breeding.
The remaining 38% of lines could constitute sources
of resistance against these 12 tomato diseases in
some tomato growing areas of high vulnerability. In
conclusion, this work elucidates efficient markers
with high-accuracy and reproducibility, as well as
different sources of resistance for promoting resistance breeding in tomato.
Marker technology is importantly used in the
implementation of MAS and gene pyramiding in
vegetable crops.
Nowadays, numerous molecular markers have been successfully developed
and extensively used in tomato breeding program.
Notwithstanding, the accuracy and reproducibility
of some of them are still affected following a slight
modification of their previous PCR reaction condition. With the vision to optimize MAS processing
at Green Port Company, the same PCR reaction
conditions were imposed to all molecular markers
evaluated. From our findings, 20 efficient markers
were pointed out for targeting 18 R genes and were
selected as robust markers in screening against 12
tomato diseases. Meanwhile, these markers allow
us to access potential resistance sources among our
breeding lines. We thus recommend these markers
to plant scientists, agronomists, breeders and other
seed companies, while shedding light on the R gene
pool stored in our company, which could be involved in a breeding program in the nearest future.
Growing area of tomato is gradually expanding,
but due to the relatively warmer and more humid
condition of greenhouse cultivation, tomato is easily
infected by many pathogens, thus compromising
yield per hectare. To efficiently control those diseases, we recommend high-efficiency combination
of their corresponding R genes while suggesting
their pyramiding into commercial tomato varieties
as a pragmatic breeding approach.
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