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ABSTRACT

The development of next generation sequencing (NGS) and high throughput genotyping are important techni-
ques for the QTL mapping and genetic analysis of different crops. High-resolution melting (HRM) is an emerging
technology used for detecting single-nucleotide polymorphisms (SNPs) in various species. However, its use is still
limited in maize. The HRM analysis was integrated with SNPs to identify three types of populations (NIL popu-
lation, RIL population and natural population), and the useful tags were screened. The patterns of temperature-
shifted melting curves were investigated from the HRM analysis, and compared these with the kit. Among all
48 pairs of primers, 10 pairs of them were selected: six pairs of primers for the NIL population, three pairs of
primers for the RIL population, and one pair of primer for the natural population. The marker for the natural
population was developed with a matching rate of 80% for the plant height trait, based on the data of the phe-
notypic characteristics measured in the field. This study provides an effective method for maize genotyping in the
classification of maize germplasm resources, which can be applied to other plants for high-throughput SNP gen-
otyping or further mapping.
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1 Introduction

Maize is one of the most important cereal crops and industrial raw material. It is well-known that the
maize genome is large, and SNPs are widely distributed through the genome [1]. With the development
of the next generation sequencing (NGS) technology, SNP technology has been widely used in genome
association analysis and molecular marker-assisted breeding. Meanwhile, molecular markers-associated
with agronomical important traits have increasingly become available in maize. Marker-assisted selection
(MAS) has been incorporated into breeding programs, including applications for cultivar identification,
parental line selection, improvement of selection efficiency, and the selection of progenies in segregating
populations [2,3]. The abundance of single nucleotide polymorphisms (SNPs) has become an attractive
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tool for MAS due to high-throughput low-cost genotyping and lower genotyping error rates [4—6]. SNP
genotyping has been performed through several approaches including pyrosequencing, hybridization,
molecular beacons, SNP microarray, single-strand conformation polymorphism (SSCP), denaturing high-
performance liquid chromatography, denaturing gradient gel electrophoresis (DGGE), and simple
sequence repeat (SSR) [7-9]. With the advent of high-throughput, these methods should be replaced with
more time-and labor-saving technologies.

In recent years, researchers have invented more than 20 kinds of SNP genotyping technologies.
However, each of these technologies have their advantages and limitations [10]. According to the size of
the sample, there are traditional low-throughput SNP genotyping methods, such as the Sanger method,
restriction endonuclease digestion, and single-stranded conformation polymorphism. These methods are
less costly, but requires a long period of time and has poor degree of automation. Furthermore, the test
conditions need to be repeatedly debugged, and these are only suitable for testing a sample with fewer
samples and fewer sites. In addition, there are medium-throughput detection methods, such as SNPIex,
SnaPshot, TagMan, and mass spectrometry. The problem with these typing methods is that each data is
more expensive and cost effective [11]. The other is representative of a high-throughput sample detection
platform based on the Kompetitive Allele-Specific PCR (KASP) technology and gene chip technology.
This can detect more sites and enable high-throughput samples. TagMan technology, KASP technology,
and gene chips are presently more rapidly being developed among these detection methods [12].
However, these emerging approaches all present problems of high cost, and the HRM detection
technology does not require the design of a fluorescent probe, thereby reducing the cost, and at the same
time, allowing these to handle mid-high throughput assays [13]. In terms of the present research status,
the typing technology of SNP has developed from an expensive, time-consuming and labor-intensive
process to an automated, efficient and relatively cheap DNA label detection method. Taking all factors
into consideration, it is reasonable to use the HRM method to detect SNPs in maize.

HRM is a new generation mutation scanning and high-throughput genotyping technology [14]. HRM
analysis is an economical, rapid and high-throughput assay for mutation screening and genotyping
without sequencing [15]. Unlike conventional methods, HRM analysis can acquire the melting profile that
occurs within the instrument immediately following PCR. Furthermore, this does not require manual
post-PCR processing, avoiding the risk of contamination with PCR products. In addition, the genotyping
of variants does not require a labeled probe, and sequence variants can be distinguished from each other
based on their individual melting temperatures. This method greatly simplifies the operation and reduces
the analysis time, making it suitable for broad applications [16]. Moreover, this method has been widely
applied in mapping SNPs or microsatellite markers in various species, including apple, white lupin,
almond, perennial ryegrass, potato and barley [17-22]. It has been considered that HRM analysis is an
efficient tool for SNP detection [23,24], with high repeatability and sensitivity, and this is conducive to
multi marker screening, germplasm classification, and plant breeding.

The HRM technique, in which PCR is followed by a precise dissociation (melting) behavior, can
determine double-stranded DNA amplicons. The accuracy of the melting curve is maximized by
acquiring the fluorescence data over small temperature increments (as low as 0.02°C). The samples can
be discriminated against according to sequence, length, GC content, or strand complementarity, down to
the single base-pair changes. Meanwhile, the efficiency of the HRM procedure is affected by various
factors, including the specificity and efficiency of the PCR, amplicon length and position, and DNA
template quality. In addition to these factors, the use of PCR products, rather than genomic DNA, in
HRM increases the quality of the melting curves, thereby affecting the accuracy and sensitivity of the
assay. Furthermore, different reagents can carry out different sensitivity levels of genotyping, in which
some kits are unable to amplify these markers, while others are able to successfully amplify these [25].
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Therefore, common reagents can be flexibly configured for a variety of ranges of amplified fragments, and
the optimization of the reagent before the experiment is crucial for the assay.

SNPs in maize offer an abundance of sites for potential interrogation [26]. However, HRM has been
scarcely applied in maize [27], especially for natural populations. Hence, its application on maize has
been advocated for genotyping. In the present study, we report the successful application of HRM
analysis in rapidly and reliably separating individuals from population isolates. In a previous study
conducted by the investigators, some SNPs were discovered by sequencing between parents of
Popl produced from a cross between H21 and ZN96-619. In summary, a simple molecular approach
based on the HRM analysis used in the present study was used for the genotyping of natural populations
of maize.

The aims of the present study were, as follows: (1) to use HRM analysis conjugated with PCR for the
rapidly discrimination of three populations (near isogenic lines [NIL], recombinant inbred line [RIL], and a
population composed of inbred lines) via the melting curve profiles; (2) to develop an accurate genotyping
method for maize and other plants suitable for various populations, including linked populations (Pops 1 and
2) and natural populations (Pop 3); (3) to evaluate the ability of the HRM technique as a fast, cost-effective,
and accurate method of analysis for the genotyping of maize and other plants for the first time. The present
study has implications for the application of HRM as an efficient typing method for studying other plants.

2 Materials and Methods

2.1 Plant Materials

The Pop 1 population (BCsF,) was developed from the cross between ZN96-619 (ZN) and H21, with
H21 being the recurrent parent. Part of the Pop 2 population (Fg), which comprised of 53 individuals, was
used from the cross between Zheng58 and LN28. Furthermore, the Pop 3 population, which included
75 inbred lines of maize with diverse genetics, was used as materials for the HRM assay. Pop 3 was
planted in Jiaozhou, China in 2016. The control group associated with plant height included H21,
LX9801 (taller lines), FeiLB-3 and 1IN597 (shorter lines). These were planted in Jiaozhou and
Zaozhuang in China between 2015 and 2016.

2.2 DNA Extraction

The genomic DNA was extracted from the frozen leaves of 72 individuals of Pop 1, 53 individuals of
Pop 2, and 75 lines in Pop 3 using the CTAB method [28]. Then, these were purified with phenol, chloroform
and isoamyl alcohol (25:24:1). Next, the DNA was analyzed on 1.0% agarose gel, and visualized on the UVP
system to check for degradation. Afterwards, the gels were photographed using the UVP Biospectrum system
(UVP, LLC, Upland, CA, USA). Then, the pellet was resuspended in TE dilution and analyzed on the
NANODROP 2000 spectrophotometer (Thermo Scientific, USA), in order to determine the concentration.
The DNA was appropriately diluted in autoclaved centrifuge tubes to obtain the final concentration of
100 ng/uL. The solution was always prepared fresh before use.

2.3 Primer Design

All PCR primers were designed using the Primer 5.0 software [29] and synthesized by Shanghai Sunny
Biotechnology Co. Ltd., Shanghai, China. based on a previous research. The genomic regions of these two
parental lines in Pop 1 were sequenced. By utilizing this sequence knowledge, several SNPs were discovered
by sequence alignment between these two parental lines using the DNA-MAN 6.0 program. All PCR primers
were tested on these two parental lines for each of the SNP-containing genomic regions in the Techne TC-
412 thermocycler (Techne, Burlington, NJ, USA). Each SNP-containing fragment was amplified for HRM
using the primers based on the Rotor-Gene Q platform (Tab. 1).
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Table 1: Details of single nucleotide polymorphism (SNP) markers

Marker name Primer sequence Expected size (bp)

Forward (5'-3")

Reverse (5'-3")

1 CAGTTGCTTTCCTTCCTTG AGCCTTGGTGCTCAGTAAA 243
2 TCCTCGGATAAGTTGTTGC GTGATTAGCACAGACGGAAGT 186
3 CGTGCCATTCAGAACAGA CAACAAGGTTTCCGTCACT 259
4 CAGCCTGCTTTCTAACGAG TCATCAGCCTCTCCGAGTA 364
5 CTGGCATAGTCTGATGTTATTTGG TAGGGCGGATGGCAAGT 305
11 1) CGACAGCCGTGTGTCTCTTCA 1) GCACCCTAATGCTTGCACACAG 100
2) TGACAGCCGTGTGTCTCTTCA 2) GCACCCTAATGCTTGCACACAA
21 1) CGCTTCCGTTTCGGCTT CCCATTGCTGTCCTCTTCC 58
2) CGCTTCCGTTTCGGTTT
22 CGCATTGGCGACTCACT 1) CGCTCAAATAATACCCGTAGC 122
2) CGCTCAAATAATACCTGTAGC
28 ATTCCTGCTGTGGTAGTTG TGCGGATTCTGTCGTT 99
29 ACGACAGAATCCGCAG TAGGGTGGACAGGTGCT 70
33 CCACTCAGGCACGGATA GCATTTCGTTCTCCATAGC 107
35 1) TGTCGGGCTACCACAT 1) GGGAAACCATCTTCACG 163
2) TGTCTGGCTACCACAT 2) GGGAAAATCCATCTTCACG
SYN-1 GAGCTCCTGCAGAGCGCTCC GTCAAGTGTGCATTGCCCAAA 400
SYN-2 TCTGTGATCCTTGCAACCGT TCTTCTCTCACAGCTCGCTC 257
SYN-3 AAAGGAAACGACCTGAGGCT ATGGTCCAAAATGCAAGTGGC 240
SYN-4 CTGAGGCTGACGACTGGGTA TCTTGGAAGGCAATGGTCCAA 240
SYN-5 CGTAGCAACGGAATGTACAGC TCACCATCCGTGCCGATATG 162
SYN-6 CATGCGTAGCAACGGAATGT CACCATCCGTGCCGATATGA 165
SYN-7 GGGTACCCACTCCACTTGTA GCAAGTGGCTGTTGATTTCAGT 201
SYN-8 TGATTCTGACTCTGACGACGA AGGAGGAGTTCCTTGATGCG 240
SYN-9 GCCCTCGCAATCTCCTTACC CCACCCAATCCACATGATCCA 170
SYN-10 ACCACTCTGCTACTTCACTCTC GCTCGCTCTGCTGCTACTAT 150
SYN-11 ATATAAGGGAGGACCGAGGAAC GCTTATTCTTGGAAGGCAATGG 145
SYN-12 GCGTAGCAACGGAATGTA GCATGTCCAGCAACAGTA 130
SYN-13 TGGTTTCTCACCCAGGTTTGCT CGTGCCACAAGTCCGACAATGA 297
SYN-14 GGTGCGTGGATGTCTGCTCATT CCAACGCCTTGTACTGCCTCT 172
PZE-1 GGTATACAGCAAGCCTTTGGC TCTGGATTTCGTCCTCCCACT 145
PZE-2 GGCCAGCATTATCCTTCCGA GCCTCTTCTCACTGCCGATT 264
PZE-3 AACCAAGGGCCATCCAAATCT AGCTCAAGGGGTCTCCAATG 243
PZE-4 ATTAAGCAAGGCTGACGGACA GTGATCAGGAAGGGTCCTCG 244
PZE-5 AATCATCTGGCGGCGTCTAAGT CGCCTCGCCTTGCTACACATT 183
PZE-6 AAGGCTTACCATCCACGCTGTT ATGCACGGCCATGTTCACCAA 204
PZE-7 GGGTCTGCCCAGCATAGAGAGA CGGACACCACCTCGTTGTATGT 298
PZE-8 TCACCACTCCTGAGGTCCATGT TGCTTCTAACGCAGCTCCACG 231
PZE-9 CGCTACTTCCCTCAACGCCCTT ACCGTCACAGCAGAAGCTCCTC 200
PZE-10 CGTCAAAGTCAGTGGCGATGGG GCAGTGCCTCACGGTGTATTGG 186
PZE-11 CAAGCCTTGGACGCCTTACAGT CGCACCGAGGAGCAACAATGA 126
PZE-12 CGTGGGAGAGCGAGAGGAAGAT TCGGAGCGGAATGGACTCTTGG 233
PZE-13 CCATGATTGGGCGTCCAACTGA GCCTGTGCAATTCCCGTGTGTA 222
PZE-14 GATCCGGCCCTTTCACTCATCC ATGCTTAGAGCTGGACATGGGT 216
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2.4 High-Resolution Melting Analysis

General PCR was applied before HRM to obtain the single band. Each PCR reaction (20 pL, volume)
was performed in 11.5 pL of Rnase-free water, 1 uM of each primer, 0.25 mM of dNTP, 200 ng of genomic
DNA, and 0.5 pL of Taq enzyme in a PCR instrument under the following thermocycling conditions: four
minutes at 94°C; then, 40 cycles of denaturation for 15 s at 94°C, annealing for 30 s and 30 s extension at
72°C, and a final 7 min at 72°C. The PCR products were stored at 4°C.

Each HRM reaction (10 pL, volume) was performed in 5.0 uL of 2 x HRM PCR Master Mix
(QIAGEN), 0.4 uM of each primer, and 50 ng of genomic DNA in a Rotor-Gene Q under the following
thermocycling conditions: five minutes at 95°C; then, 45 cycles of denaturation for 10 s at 95°C,
annealing for 20 s, and 10 s extension at 72°C. After the amplification, a melting step was performed
within the 75-90°C range with 0.1°C increments, pausing was performed for two seconds per step, and
this was initiated. Afterwards, the genotypes were determined by examining the normalized melt plots
using the Rotor-Gene Q series software, with a confidence limit specified at 90%. All samples were
amplified with a Ct value below 30. The common reagent consisted of 2 uL of 5 x buffer, 0.25 mM of
dNTP, 0.5 pL of Taq enzyme, 0.5 pL of LC Green, 0.3 mM of primers, and 100 ng of genomic DNA.
Then, double-distilled water (ddH,O) was added to 10 pL. The thermocycling conditions were the same
as those in the HRM kit (QIAGEN, Germany).

3 Results

3.1 Comparison between Common Reagents and the HRM Kit

In general, HRM analyses are performed using the HRM kit, according to manufacturer’s instructions.
However, the cost is expensive, even for a 96-hole plate sample. Furthermore, the common reagents and kits
have different reaction systems for HRM analysis under the same conditions of DNA template, the same
primer, RNase-Free ddH,0, and other additional components. The common reagents include Taq enzyme,
5 x buffer, AINTP Mix and LC Green fluorescent dyes, while the kit only contains the HRM Analysis
Premix (with Eva Green) for the Rotor-Gene Q. The HRM Analysis Premix was constituted through the
Eva Green dye and its optimization system of Taq enzyme, 5 x buffer and ANTP. The common reagent
can be flexibly configured for different-size amplification fragments using the kit. For the developed
inexpensive and widely used HRM assay method, the effect of common reagents and the HRM kit was
compared after optimization, based on an identical DNA template and primers. The inbred lines were
discriminated by the yellow (H21) and red (ZN) curves, as shown in Fig. 1. The curves for the parents
were distinguished using common reagents with each pair of the primers, while this was evenly
distinguished by the kit. Some curves could be distinguished more visibly when a common reagent was
used (Fig. 1D). Therefore, this demonstrates that the kit can be replaced by a common reagent, and that
HRM can be a more cost-efficient genotyping method for maize.

3.2 HRM Analysis of the Maize NIL Population

Thirty-two pairs of primers were designed to identify three populations (Pops 1-3). Among these,
15 pairs of primers were for Pop 1, and the remaining 17 pairs of primers were designed for
Pops 2 and 3. The melting curves for Pop 1 were identified in three of these 15 pairs of primers based on
the difference in Tm: Primers 2—4 (Fig. 2). The remaining 12 pairs of primers were dropped, because
the melt peaks of the parents were not unambiguously distinguished. The green and red lines indicated
the ZN and H21. H21 and ZN had a Tm of 82.92°C and 83.38°C with Primer 2, a Tm of 82.83°C and
82.53°C with Primer 3, and a Tm of 86.91°C and 86.64°C with Primer 4, respectively (data not shown).
The parents were distinguished more visibly in normalized melting curve plots (Fig. 2). Two genotypes
were distinguished at temperatures between approximately 82.50°C and approximately 85.00°C, with
Primer 2 in 186 bp amplicons (Fig. 2A), between approximately 81.50°C and approximately 84.25°C,
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with Primer 3 in 259 bp amplicons (Fig. 2B), and between approximately 84.25°C and approximately 88.5°
C, with Primer 4 in 364 bp amplicons (Fig. 2C).
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Figure 1: Comparison of HRM melting curves between the common reagent and the reagent kit. (A, B, C)
Melt curves of kit. (D, E, F) Melt curves of common reagent. (A, D) Amplification by primer 5. (B, E)
Amplification by primer 29. (C, F) Amplification by primer 33. The inbred lines were discriminated by
yellow (H21) and red (ZN) curves

The melting peaks of progenies were successfully discriminated against all three pairs of primers, which
were selected in the parents of Pop 1 (Fig. 3). The melting curves were characterized by peaks of 82.96°C,
82.63°C and 86.50°C, or Primers 2—4 (data not shown). It was obvious that the curves of an individual tended
to be consistent with the recurrent parent (H21), and distinguished with the non-recurrent parent (ZN)
(Figs. 3B and 3C). However, the result for Primer 2 was an exception, in which the individuals were near
to the non-recurrent parent. This was because the progeny carried part of the genes of the non-recurrent
parent (Fig. 3A).
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Figure 2: HRM analysis for parents of Pop 1, data for only one of the triplicate samples are shown for easier
visualization 1. (A) Amplification by Primer 2. (B) Amplification by Primer 3. (C) Amplification by Primer 4

3.3 HRM Analysis of the Maize RIL Population

The curves for parents in Pop 2 were distinguished using the HRM assay by three of seventeen pairs of
primers: PZE-2, PZE-3 and SYN-7 (Fig. 4). The green and red lines indicate the male and female parent. The
PZE-2 primer pair produced one melting peak each for male and female parents, with average melting points
of 83.50°C and 83.92°C, respectively. For males and females, PZE-3 produced a melting peak with melting
points of 83.89°C and 83.67°C, respectively, while SYN-7 produced melting points of 79.08°C and 78.88°C,
respectively, after high-resolution melt analysis (data not shown). The 264-bp amplicons by primer PZE-
2 distinguished the two genotypes at temperatures between approximately 82.60°C and approximately
85.20°C (Fig. 4A). The 243-bp amplicons by primer PZE-3 distinguished these two genotypes
at temperatures between approximately 83.2°C and approximately 84.40°C (Fig. 4B). Between
approximately 78.20°C and approximately 80.00°C, these two genotypes were distinguished by primer
SYN-7 with 201 bp of amplicons (Fig. 4C).

The curves for progenies in Pop 2 were discriminated by two (PZE-2 and SYN-7) of three pairs of the
primers, which were selected in the parents (Fig. 5). One pair of primer failed due to no distinction in the
melting peaks. Furthermore, some individuals were gathered with the male parent, while the others were
gathered with another parent, which were clear. For primer SYN-7, the curves for the 29 offspring were
near to the male parent, while 24 individuals were near to the female parent. The green, red and grey
lines refer to the female parent, male parent and the F¢ progenies, respectively. Furthermore, 19 and
34 individuals were close to the pollen and the female parent, respectively, separately for PZE-2.
Moreover, the melting curves were characterized by peaks of 83.27°C and 83.53°C for PZE-2,
respectively, and 78.65°C and 78.87°C for SYN-7, respectively (data not shown). Pop 2 distinguished the
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two genotypes at temperatures between approximately 78.30°C and approximately 79.90°C, respectively,
and between approximately 82.60°C and approximately 84.80°C, respectively, by SYN-7 and PZE-2.
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Figure 3: HRM analysis for Pop 1. (A) Amplification by Primer 2. (B) Amplification by Primer 3.
(C) Amplification by Primer 4. Green, red and grey lines stand for recurrent parent, non-recurrent parent
and their BCsF, progenies, respectively

3.4 HRM Analysis of the Population of Maize Inbred Lines

With the increasing application of the GWAS method, more and more natural populations have been
recently used. Hence, it is necessary to evaluate the usefulness of HRM in this kind of populations. The
results have revealed that the curves for Pop 3 were successfully identified by primer SYN-13.
Furthermore, 48 (blue lines) and 27 (pink lines) inbred lines were separated by this pair of primers
(Fig. 6). This population was distinguished between approximately 78.00°C and approximately 79.70°C
(Fig. 6A). Two groups (blue and pink) exhibited a high and narrow melting curve, which was
characterized by the peaks of 78.97°C and 78.71°C, respectively (Fig. 6B). The data in Tab. 2 lists the
average plant height for every line, with a standard deviation (SD) of <10 cm, and the group of blue and
pink lines were derived from Fig. 6. This was 80% of the matching rate, when compared to the data
obtained from the phenotypic characters measured in the field for plant height (Tab. 2), which was
according to the four control lines and the limited plant height of 190 cm. This suggests that the marker
may be correlated to the trait of the plant height in maize.
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Figure 6: 75 inbred lines amplified by primer SYN-13 are shown by high resolution melt analysis and melt
curve analysis. (A) High resolution melt analysis for Pop 3. (B) Melt curve analysis for Pop 3

Table 2: Phenotype and genotyping data of plant height (PH) in partial inbred lines

Inbred lines PH (cm) Group Inbred lines PH (cm) Group
H21 238.18 blue Zhao835 218.15 blue
LYO005 175.50 blue 13H-375 169.15 blue
B73 168.09 blue AMDA49 200.50 blue
Zheng0510 181.80 blue LD3162 155.18 blue
Bao-1 150.80 blue FC521 176.55 blue
Ji846 191.17 blue K12HF72 206.00 pink
JingD24 154.25 blue K910G 157.29 pink
LY001 148.25 blue Tiedan9010 146.08 pink
Tie9010 173.25 blue Feng273 179.50 pink
ML-1 170.33 blue H90 164.77 pink
LY039 180.00 blue FeiLB-3 146.14 pink
04Song 219.36 blue LY030 143.25 pink
ReBS11 186.20 blue Meikang-4 129.29 pink
WL 192.32 blue Shan814 156.80 pink
107X 160.08 blue 11N597 154.45 pink
LX9801 205.63 blue Xil-4 188.50 pink
XianfengXuan 168.17 blue Zhongxi091 156.00 pink
zm5539 160.75 blue

Note: blue and pink mean blue or pink line in Fig. 6.

4 Discussion

A simple and efficient method was developed for the HRM assay in the present study, and the curves of
three populations that consisted of maize inbred lines were all discriminated by six pairs of primers,
indicating that this is a better approach for the breeding and research of maize.

HRM analysis is a method that has been widely used in clinical chemistry and other fields since it was
invented in 2003 [30], and this has recently been introduced into the genotyping of crop plants including rice
[31-33]. HRM analysis is performed with DNA amplicons post-PCR without additional processing and data
analysis, and this can be automatically achieved automatically in a few minutes [13]. The simplicity,
robustness and high-throughput of HRM analysis is of particular importance for marker-assisted breeding
where hundreds of thousands of plants need to be genotyped in a timely and cost-effective way.



Phyton, 2021, vol.90, no.6 1721

The common reagent method based on HRM is a rapid and cost-effective assay for genotyping on three
types of populations. Common reagents have been utilized for HRM techniques in several studies, such as
mutation scanning [34], methylation profiling [35], and genotyping [36]. In the present study, the HRM
analysis of PCR products amplified with the presence of LC Green was tested in maize, and the
polymorphism of SNPs was identified. This is consistent with the results reported by Leonor et al. [14].
This shows that LC Green was adopted as a saturated dye and as the dye in the kit for the HRM analysis
(Fig. 1). Furthermore, even the common PCR effect was sometimes better than the kit (Fig. 1D), in terms
of lower price. In the present study, the kit can be replaced by a common reagent for genotyping in
maize, which can be an inexpensive and efficient method for genotyping.

HRM analysis is a closed-tube method for the rapid analysis of genetic variations within PCR amplicons
[14]. Upon completion of the PCR in the presence of a saturating intercalating dye, such as LC Green, which
binds to double-stranded but not single-stranded DNA, the PCR product is heated while the level of
fluorescence is measured. As the temperature rises and the duplex melts, the dye is released, and the
fluorescence intensity is reduced. Genetic variants with differences in base composition result in
differences in melting temperature, which are detected by monitoring the fluorescence during the increase
in temperature, and discriminated by their characteristic melting curves, and visualized by the loss of
fluorescence, as the DNA duplex melts. The HRM technique can detect all single base changes, with A/T
conversions being the most difficult to detect [36,37], requiring high precision instrumentation for
temperature control. Differences in amplicon Tm continued to result from different nearest-neighbor
interactions, with bases next to the SNP site, but these are usually at 0.40°C [36]. In the present study,
the difference in melt temperatures of 0.42°C and 0.20°C for primers PZE-2 and SYN-7, respectively,
was based on the genotyping results of parents in Pop 2. This confirms the T/C transition in PZE-2 and
the G/A transition in SYN-7, according to the data of the SNP chip. SNPs and INDELs are responsible
for the different melting behaviors of amplicons [38]. For SYN29739, the progenies differed by 0.22°C
and 0.85°C in melting temperature in Pops 2 and 3, respectively. This suggests that the amplicon
contained other SNPs or INDELLSs that affected the difference.

The size of the PCR product is a key point for the HRM assay. In the present study, PCR products of 58—
400 bp were generated by the HRM analysis (Tab. 1). The melting curves were separated for PCR products of
70-300 bp, which is consistent with the report of Reed et al. [39], in which amplicons for SNP genotyping at
300 bp or less were without error. Although these were not obviously smaller than the amplicon, the
amplicon size of 364 bp (Fig. 2C) was discriminated against through normalized melting curves. This
suggests that the HRM analysis requires an amplicon size of 400 bp or less to identify the normalized
melting curves for these populations.

Linkage population and natural population were both genotyped by SNP markers in the present study,
while most articles report linkage populations in ryegrass, barley and almond [19,22,23]. Genotyping using
HRM analysis has been rarely applied in natural populations of maize. The SNPs in linkage populations,
which include Pops 1 and 2, could be identified in the present study. Pop 1 was a backcross population,
and all individuals had the same genetic background as the recurrent parent. This result was consistent
with this, except for Primer 2 (Fig. 4A). This indicates that the region of Marker 2 was derived from the
non-recurrent parent. Pop 2 was a RIL population, and the curves were correctly distinguished, because
plants were selected according to the male and female trait (Fig. 5). Pop 3 was a natural population,
which consisted of 75 root inbred lines in different sources, such as popcorn, normal corn, sweet corn,
etc. Four control inbred lines (H21 and LX9801) were taller lines, while FeiLB-3and 11N597 were
shorter lines. This was based on the data reported by Jiaozhou and Zaozhuang from China (2015 and
2016, respectively), in which the pairwise were assigned into two groups with other lines. This result
demonstrates that the HRM technique is a highly efficient SNP genotyping method for detecting both the
linkage population and natural populations in maize.
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SYN-13 (rs129618901) is a SNP locus located in Chromosome 4:2840426, and is referred to as the left
flanking marker of q1PH4-1, which contributes 7.21% to the plant height phenotypic variance, according to
the study conducted by Ku et al. [40]. Plant height is a very important agronomic trait related to population
density and lodging in maize [41], and stalk lodging causes maize yield losses, which is estimated to be
within the range of 5%-20% annually, worldwide [42]. Studies have shown that plant height is strongly
controlled by multiple genes with low effect [41], and influenced by the amount of precipitation. The data
was collected from three test fields in 2016 in this experiment. An 80% matching-rate between SYN-
13 with the phenotypic data of plant height was found. This would be helpful for the research on plant
height and yield increase in maize.

5 Conclusion

The present study, we developed an HRM technique for SNP gene analysis in maize, and the curves of
three populations that consisted of maize inbred lines were all discriminated by six pairs of primers.
Furthermore, the conditions for the maize high-throughput genotyping were optimized, which offered an
efficient scheme for HRM analysis. Moreover, an SNP marker correlated with plant height was
developed. These would further contribute to maize breeding programs. As increasing DNA sequence
information becomes available, HRM would be a cost-effective and valuable method for SNP
genotyping, biodiversity analysis, and gene mapping.
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