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Abstract: Tomato yellow leaf curl virus (TYLCV) causes serious yield reductions in China. The
use of certain resistance genes in tomato varieties has alleviated the impact of the virus to a certain
extent. Recently, varieties with the Ty-1, Ty-2, or Ty-3 genes lost their resistance to TYLCV in some
areas in China. New genes should be introduced into tomato to maintain the resistance to TYLCV.
Tomato line AVTO1227 has excellent resistance to disease due to the resistance gene ty-5. In this study,
we screened different types of markers in a tomato F2 population to compare their accuracy and
efficiency. The sequencing analysis results were consistent with the high resolution melting (HRM)
marker genotype and field identification results. The result confirmed that the functional marker of
ty-5 was accurate and reliable. The single nucleotide polymorphism-based HRM genotyping method
established in this study can be used for the selection of breeding parent material, gene correlation
analysis, and molecular marker-assisted breeding.

Keywords: tomato yellow leaf curl virus; ty-5 gene; HRM; functional marker

1. Introduction

Tomato (Solanum lycopersicum) belongs to the Solanaceae family, originating from South
America. Due to its adaptability, easy cultivation, and high yield, it has become one of the
most important cultivated vegetables in the world. Tomato yellow leaf curl virus (TYLCV)
is a significant virus causing quality and yield reductions in tomato [1]. Susceptible tomato
lines infected by TYLCV typically exhibit severe curling and yellowing of the top leaves,
in addition to slow and stunted growth [2]. If the plants are attacked at the juvenile stage,
it can lead to significant yield losses or even no harvest [3]. TYLCV is transmitted by
the whitefly (Bemisia tabaci) [4]. With the increased frequency of international transport,
tourism, trade, and other human activities, whitefly and TYLCV have spread all over the
world. Disease management for TYLCV is difficult, as the whitefly has high reproductive
capacity. Physical, chemical, and biological control methods can reduce the occurrence of
TYLCV to a certain degree. However, these preventions are imperfect, uneconomical, and
laborious, and may have negative consequences for the environment. Breeding TYLCV-
resistant tomato cultivars offers an attractive method for controlling this disease and could
fundamentally resolve the devastation caused by TYLCV [5–8].

Thus far, six TYLCV resistance genes, namely Ty-1, Ty-2, Ty-3, Ty-4, and Ty-6 and
the recessive gene ty-5, have been identified from wild tomato species [9–14]. Molecular
markers with close linkage with these genes could be used to improve tomato breeding
efficiency. Ty-1, Ty-2, and Ty-3 have been introduced into commercial varieties by molecular
marker-assisted selection (MAS) technology. The Ty-1 and Ty-3 alleles are located on
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chromosome 6 and code for an RNA-dependent RNA polymerase [3]. A mixed infection
of TYLCV with cucumber mosaic virus compromised the resistance of Ty-1 and Ty-3 [15].
Ty-2 was introgressed into tomato via Solanum habrochaites strain B6013 and was found
to be located on chromosome 11. This gene encodes a nucleotide-binding leucine-rich
repeat protein [16,17]. TYLCV variation and recombination can overcome the resistance of
typical R-genes. We found that some varieties with the Ty-2 gene have lost their resistance
to TYLCV in the Shouguang and Cuxiong regions of China. Tomato varieties with Ty-1,
Ty-2, and Ty-3 were severely challenged by TYLCV, and thus the introduction of other
resistance genes into tomato varieties is critical for tomato production. The Ty-4 gene
has not been widely introduced into cultivated tomato due to its weak effect on TYLCV
resistance [12]. Ty-6 is a novel resistance gene that is located on chromosome 10 and is
derived from Solanum chilense strain LA2779 [18].

The recessive gene ty-5 was mapped on chromosome 4 and identified from breed-
ing line TY172 derived from Solanum peruvianum [19,20]. This gene encodes a messenger
RNA surveillance factor Pelota [13,21]. We introduced a cultivated tomato AVTO1227
containing the ty-5 gene from the Asian Vegetable Research and Development Centre.
TYLCV-inoculation of AVTO1227 exhibited a high level of resistance. In this study, In-
sertion and Deletion (InDel) markers, single nucleotide polymorphism (SNP) markers,
PCR fragments sequencing, and high resolution melting (HRM) techniques were used to
analyze the tomato genotypes containing the TYLCV-resistance ty-5 gene. The objectives
of this study included to establish a MAS breeding platform, enrich the collection of resis-
tant tomato varieties, speed up breeding selection, and provide a basis for clarifying the
resistance mechanism of ty-5 resistance-related genes.

2. Materials and Methods
2.1. Plant Materials

The resistant tomato line ‘AVTO1227’ containing the ty-5 gene was crossed to the
susceptible line Moneymaker to produce F1 generation. The F1 plants were then selfed to
develop a segregating F2 population. Part of the F2 plants and recombinants were subjected
to disease resistance evaluation and marker validation.

2.2. TYLCV Inoculation

Whiteflies carrying the yellow leaf curl virus were maintained in Moneymaker plants
in our lab. Three-leaf-stage tomato seedlings were transferred to a phytotron with virulifer-
ous whiteflies for 2 weeks, following which the trays containing the seedlings were moved
into another phytotron without whiteflies. The whiteflies on the seedlings were killed by
imidacloprid immediately after moving into the phytotron. Imidacloprid was used again
three days later to make sure all the whiteflies were killed. The seedlings were then planted
into plant pots and used for scoring [11].

2.3. Disease Assessment

Forty days after inoculation, the plants were assessed for TYLCV infection severity.
The TYLCV symptoms were visually evaluated using a 0–4 disease severity index (DSI)
described by Wang et al. [1], where 0 = no visible symptoms, with inoculated plants
appearing similar to non-inoculated plants; 4 = severe stunting, yellowing, and curling, with
plant growth having ceased. Intermediate scores (e.g., 0.5 and 1.5) represent intermediate
disease morphologies based on the above scale and previously described methods. For
recombinant screening, plants with a DSI ≤ 1 were considered resistant, whereas plants
with a DSI > 1 were rated as susceptible.

2.4. DNA Extraction

Genomic DNA was extracted from young leaves using the CTAB method. The DNA
quality was assessed by 1% agarose gels stained with ethidium bromide and visualized
under ultraviolet light. The purity (OD260/280 = 1.8–2.0) and concentration of the sample
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DNA were determined using an Eppendorf BioSpectrometer® UV/Vis spectrophotometer,
following which the DNA was adjusted to a final concentration of 10 ng·µL−1 and stored
at −20 ◦C.

2.5. Marker Analysis

Primers were designed using Primer Premier 5 software (Version 5.00). The primers
used in this study are listed in Table 1. SlNAC1 was adopted from Hutton et al. [20].
The InDel marker ty5-17 was previously designed by our lab. HRM-ty5-1 was designed
according to the SNP in the first exon of ty-5, and HRM-ty5-2 was designed according to
the SNP in the promoter of ty-5 [1].

Table 1. Primers and reaction conditions for the developed markers.

Marker
Name Forward Primer (5’-3’) Reverse Primer (5’-3’) Annealing Temperature

(◦C)
Type of
Marker

SlNAC1
ty5-17

TTGGATCTGTTCCGCCA
TGGTCTCCGAAACGTAATCC

TTCCTGCTGCTCGGTTCGT
AACAAAGCCCTCAAAGC

48
48

CAPS
InDel

HRM-ty5-1 GTTTTCTTCATCTGGGGTTT CTTTGTTCCTGATGGTTCTG 58 SNP
HRM-ty5-2 TTTATCCACCAATAAAACTTGTA GTTTCTTTACCTTTTCTTTTAACA 58 SNP

2.6. Marker Analysis

PCR amplification for the SlNAC1 marker was performed in a total volume of 20 µL
containing 2 µL genomic DNA, 10 µL Master Mix (Tsingke Biotechnology Co., Ltd. Nanjing,
China), and 0.2 µL of each 10 µM primer. The PCR conditions were as follows: initial
denaturation for 4 min at 94 ◦C followed by 38 cycles of 45 s at 94 ◦C, 45 s at 48 ◦C, 45 s at
72 ◦C, and a final extension of 10 min at 72 ◦C. The PCR products were digested by the TaqI
restriction enzyme at 65 ◦C for 3 h. The digested products were tested on 1% agarose gels.

The PCR amplification for the ty5-17 marker was performed following the method
described above. The PCR products were tested on 8% polyacrylamide gel (PAGE).

2.7. HRM Marker Genotype Analysis

The PCR amplification and HRM analysis were performed on a LightCycler®480 II in-
strument (Roche, Basel, Switzerland) using a 96-well reaction module. The LightCycler®480
II High Resolution Melting Master kit was purchased from Roche. The PCR was performed
in a 20 µL volume with 10 ng DNA, 1 × Master Mix (Tsingke Biotechnology Co., Ltd.,
Nanjing, China), 2.0 m M MgCl2, and 0.2 µM of each primer.

The initial PCR reaction conditions included incubation at 95 ◦C for 10 min, followed
by 45 cycles of 95 ◦C for 15 s, 58 ◦C for 15 s, and 72 ◦C for 20 s. This was followed by melting
curve reaction conditions of 95 ◦C for 1 min, 40 ◦C for 1 min, and then up to 65 ◦C for
1 s; following which the temperature was ramped to 95 ◦C for the fluorescence collection
process (25 times/◦C) and then finally cooled to 40 ◦C. Each sample had three repetitions.
The results were analyzed using Gene Scanning software from LightCycler®480 II (Roche,
Basel, Switzerland).

2.8. Sequencing Analysis

The PCR amplifications were carried out in 20 µL of total reaction volume containing
2 µL genomic DNA, 10 µL Master Mix (Tsingke Biotechnology Co., Ltd.), and 0.2 µL of
each 10-µM primer. The PCR conditions were as follows: initial denaturation for 4 min at
94 ◦C followed by 38 cycles of 45 s at 94 ◦C, 45 s at 58 ◦C, 45 s at 72 ◦C, and a final extension
of 10 min at 72 ◦C. The PCR amplification products were sequenced by Kingsley Biological
Technology Co., Ltd. (Nanjing, China). The results of the sequence were analyzed by
Chormas software (Version 1.62).
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3. Results
3.1. CAPS Marker Analysis

The SlNACI marker exhibited codominant characteristics. Samples of 10 plants from
the F2 population were analyzed, and the parent samples were used as the control. The
electrophoresis results are indicated in Figure 1. Lanes 1–5 represent the homozygous
susceptible genotype, with a 161 bp band. Lane 6 contained two bands of 206 bp and
161 bp, representing the heterozygous susceptible genotype. Lanes 7–10 only had a band
of 206 bp representing the homozygous resistant plants.
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Figure 1. Gel image of the parents and F2 individuals amplified by primer SlNACI. Note: M: 100 bp
marker; P1: Moneymaker; P2: AVTO1227; lanes 1–10: F2 individuals.

3.2. InDel Marker Analysis

The ty5-17 marker possessed codominant characteristics. The PCR amplification
bands were 172 bp and 187 bp, with a difference of only 9 bp between the two DNA bands.
Samples of 10 plants (different from the plants used in Section 3.1) from the F2 population
were analyzed. The polyacrylamide gel results (Figure 2) showed that lanes 1–5 represent
the homozygous resistant genotype, with a 172 bp band. Lanes 6 and 7 are the heterozygous
susceptible genotype, containing two bands of 172 bp and 187 bp. Lanes 8–10 represent the
homozygous susceptible genotype, with a band of 187 bp.
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3.3. HRM Analysis

Two transversions within the promoter region and a SNP in the exon were detected
on ty-5. The exon site was used to design HRM-ty5-1 and the promoter SNP site was used
for the design of HRM-ty5-2. Both could discriminate the three genotypes (homozygous re-
sistant, heterozygous susceptible, and homozygous susceptible) based on different melting
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curves. AVTO1227, Moneymaker, and one F1 plant were used as the standard samples of
the homozygous resistant, homozygous susceptible, and heterozygous susceptible geno-
types, respectively. The samples of the 12 randomly selected plants from the F2 population
were analyzed by HRM-ty5-1 and HRM-ty5-2, with three repeats tested. The results are
shown in Figure 3. The curves of different genotypes showed different shapes.
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3.4. Sequencing Results

The results presented by the HRM analysis were further investigated and confirmed
by PCR sequencing. The PCR amplification products of the 12 samples analyzed with
HRM-ty5-1 were sequenced, and the results of the genotype were consistent with the
HRM analysis. The sequencing results (Figure 4) demonstrates that at the same site, the
homozygous resistant genotype contained a G base, the homozygous susceptible contained
a T base, and the heterozygous susceptible contained both the G and T bases.

3.5. Comparison of the Genotypes of Different Markers

Molecular markers SlNAC1 and ty5-17 were used to analyze 1500 plants of the F2
population. A total of 19 recombinant plants were detected between these two markers.
HRM marker analysis and the sequencing method were used to analyze the genotypes of
these 19 recombinants, and the results indicated that the phenotype of all recombinants
was consistent with the HRM marker and sequencing results. The phenotypes of plants 1, 2,
13, and 18 were consistent with SlNAC1, and those of plants 3, 5, 10, 12, 14, 16, and 17 were
consistent with the genotype of ty5-17. The accuracy of the HRM-ty5-1 and HRM-ty5-2
marker was 100% (Table 2).
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Table 2. Comparative analysis of tomato reaction to TYLCV with different types of markers.

Recombinant Plants SlNAC1 HRM-ty5-1 HRM-ty5-2 Sequencing ty5-17 DSI

1 S a S S S H 3.5
2 H H H H R 3
3 R H H H H 4
4 H H H H S 3.5
5 H R R R R 0
6 H H H H S 3.5
7 S S S S H 3
8 H H H H S 3.5
9 H S S S S 3

10 R H H H H 3
11 S S S S H 3.5
12 H R R R R 0
13 R R R R H 0
14 R H H H H 3.5
15 H S S S S 3
16 H R R R R 0
17 R H H H H 4
18 R R R R H 0
19 S H H H H 3

a Genotype designation: (R) homozygous resistant, (S) homozygous susceptible, and (H) heterozygous.
DSI = disease severity index, where DSI ≤ 1 was considered resistant to TYLVC.

4. Discussion

With the development of biotechnology, a variety of genetic markers have been de-
veloped based on DNA polymorphisms. Molecular marker technology has been widely
used in the identification, detection, and assisted selection of parent materials and va-
rieties with breeding applications. MAS is an effective tool for the breeding of tomato
resistance. However, the accuracy of linkage marker selection depends on the degree
of linkage between the marker and the resistance gene. Even closely linked molecular
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markers can result in false positives due to the recombination between the resistance genes
and markers in separated progeny, reducing the selection efficiency. A functional marker
(gene internal marker) of the resistance gene, which is a specific marker with a selection
accuracy rate of 100% [22], can overcome the shortcomings of linkage markers. Comparing
the test results and application analysis between the different markers, genotyping with
HRM-ty5-1, HRM-ty5-2 and sequencing have 100% accuracy. In this study, the SNP marker
represented a functional marker within the gene, there was no issue with false positives, the
amplification was stable, the genotype was clear, and the disease resistance gene could be
effectively identified. The HRM technique can thus provide a detection platform for disease
resistance breeding and improve the selection efficiency of disease-resistant materials.

In this research, we compared the efficiency of different marker types linked with
ty-5. Cleaved amplified polymorphism sequences (CAPS) are based on restriction enzymes,
with the restriction enzyme digesting the PCR amplification sequence to produce DNA
polymorphism. SlNAC1 markers are codominant CAPS markers with specific enzyme
digestion sites. This marker is located far from the target gene and can easily recombine
during resistance identification, leading to inaccurate detection results. The SNP sites in
the first exon and the promoter of ty-5 cannot be converted to CAPS marker directly. A
dCAPS (derived-cleaved amplified polymorphic sequences) marker 14IY5 based on the
SNP located at the first exon was developed [21]. Although 14IY5 and HRM-ty5-1 target
the same SNP, HRM-ty5-1 is more accurate than 14IY5, as HRM markers do not require
introduction of mismatches in the primer. Besides that, HRM marker do not need additional
time for restriction enzyme digestion and gel electrophoresis. The detection results can
been read on the computer directly when the qPCR is completed. HRM-ty5-1 is more
efficient and suitable for testing large numbers of samples than 14IY5.

InDels are detected at the genomic level, with differently-sized nucleotide fragment
insertions or deletions producing DNA polymorphisms. According to the insertion or
deletion sites, specific primers are designed to amplify the DNA sequence. The ty5-17
marker is an InDel marker that also has the characteristics of being codominant, but the
PCR amplification products need to be tested using polyacrylamide gel, the operation steps
of which are complex and time consuming, and thus it is also difficult to use these for
testing large numbers of samples.

SNPs are detected at the genomic level and are the result of single base mutations
(substitutions, insertions, or deletions) producing DNA polymorphisms. Compared with
other molecular markers, SNPs have the advantages of high distribution density and
genetic stability and are widely distributed in the tomato genome. SNPs are typically tested
using direct sequencing, TaqMan probe, CAPS, HRM, and other methods [23,24].

HRM is a post-PCR technique that, through small increments in temperature
(0.01–0.2 ◦C/s), measures the rate of DNA chain dissociation [25,26]. The PCR amplifi-
cation products are combined with double-stranded DNA binding dye during the heating
process, and when melted, each PCR product will exhibit a specific characteristic melting or
disassociation behavior [27,28]. Different SNP sites or heterozygous and homozygous alleles
can form different shapes in the melting curve. Thus, HRM can be used for genotyping.

Direct sequencing refers to the sequencing of PCR amplification products followed
by sequence comparison in order to determine a single nucleotide difference in the study
sequence. Its testing accuracy can reach 100%, and it can be used to map the specific
SNP location and base mutation type. However, direct sequencing is more costly, and
long sequencing cycles require more time and thus a longer wait for the results. Direct
sequencing is also difficult to use for testing large numbers of samples.

In contrast to the different markers discussed above, the HRM technique does not require
either enzyme digestion or the separation of products by gel electrophoresis. Additionally, the
PCR amplification and melting curves are completed at the same time in the same system,
resulting in a closed operation and thus reduced contamination. In addition, the HRM reaction
can analyze 96 or 348 samples on the LightCycler®480 II analyzer at once, which only requires
90–100 min from the beginning of the reaction to data generation. HRM has the advantages of
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simple operation, intuitive results, short analysis time, high specificity, and high sensitivity,
and even a single base pair difference can be detected [28,29]. Due to the high throughput
characteristic of HRM, it is suitable for the analysis of large numbers of samples, and thus
HRM markers can be used to screen large populations [30]. For higher throughput, HRM-ty5
also can be converted into KASP (Kompetitive Allele-Specific PCR) markers.
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