
184 Crop Breeding and Applied Biotechnology - 18: 184-191, 2018

S Li et al.

HRM-facilitated rapid identification and 
genotyping of mutations induced by CRISPR/
Cas9 mutagenesis in rice
Shan Li1, Songmei Liu1, Yanhua Liu1, Haiping Lu1, Yuanyuan 
Tan1, Jianzhong Huang1, Pengcheng Wei1 and Qing Yao Shu1*

Abstract: The clustered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated (Cas) technology has recently emerged as a powerful genomic 
editing tool with great potential for crop breeding. However, commonly used 
protocols for screening of CRISPR/Cas9-induced mutations are laborious, time-
consuming, and costly. In the present study we examined the applicability of 
high resolution melting (HRM) analysis fast screening CRISPR/Cas9-induced 
mutations in T0 plants and subsequent genotyping of T1 populations. Compara-
tive analysis demonstrated that HRM analysis could identify mutant T0 plants 
carrying various types of mutation, including single nucleotide substitutions 
and short insertion/deletions, with false positive/negative rates of 0-2.78%. 
Furthermore, T1 plants derived from single T0 plants could be correctly geno-
typed by HRM analysis using WT parents and T0 plants as controls. We hence 
recommend the adoption of HRM analysis in CRISPR/Cas9 mediated genetic 
studies and breeding in rice and other crop species.
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INTRODUCTION

The clustered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated (Cas) system has become the most efficient genome editing 
tool for biological research in a wide spectrum of organisms (Mao et al. 2013). 
In plants, this technology was first successfully applied to Arabidopsis, tobacco, 
sorghum and rice (Jiang et al. 2013, Li et al. 2013, Miao et al. 2013, Nekrasov 
et al. 2013), and has since been proven to be an effective and simple method 
for targeted mutagenesis in many other plant species. This technology has now 
gained consensus among experts as being a major breakthrough in plant studies 
and genetic improvement (see reviews by Luo et al. 2016, Ma et al. 2016).

Identification of mutations in the targeted region is an important step in 
CRISPR/Cas9 mutagenesis. Although there are already a few methods available 
for this purpose, detection using endonucleases is often the method of choice 
(reviewed by Ma et al. 2016). For instance, endonucleases such as CELI, 
appropriate restriction enzymes Pst I, Aat II, and Msc I were used in mutation 
identification (Wang et al. 2015, Li et al. 2016), and T7 endonuclease I (T7EI, 
Hadden et al. 2007) was recommended for the standard CRISPR/Cas9-based 
genomic editing studies (Cho et al. 2013). Recently, Zheng et al. (2016) reported 
that single-strand conformation polymorphism (SSCP) analysis can also be used 
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for the effective screening of CRISPR/Cas9-induced mutants in rice. While both T7EI (restriction) and SSCP analysis can 
identify different types of mutations generated by CRISPR/Cas9 mutagenesis, they are time-consuming and may generate 
false positive results when T7EI is used (Hadden et al. 2007). 

High resolution melting (HRM) curve analysis, which is based on fluorescence changes during the melting of the 
DNA duplex, is a simple, cost-effective and high throughput method. It has been widely used for mutation scanning and 
genotyping in general (Koeyer et al. 2010, Lochlainn et al. 2011), and for testing food products and seeds in particular 
(reviewed by Simko et al. 2016). However, the use of HRM for identification of mutations generated by CRISPR/Cas9-
based research was mentioned by Fauser et al. (2014) and Shen et al. (2017) in Arabidopsis. Contrary to the general 
notion that HRM is a sensitive mutation detection method (Dahlem et al. 2012), Ma et al. (2016) suggest that the 
detection sensitivity of HRM is relatively low; however they did not provide additional material to substantiate this 
claim. Therefore, more studies are needed to assess the suitability of HRM analysis for detection and genotyping of 
CRISPR/Cas9-induced mutations.

In the present study we mutagenized two genes in rice via CRISPR/Cas9-based genome editing, and assessed the 
applicability of HRM for mutation screening and genotyping. Our results demonstrate that HRM analysis provides an 
efficient method for screening and genotyping genetic variations induced by CRISPR/Cas9-based genome editing.

MATERIAL AND METHODS

Production of CRISPR/Cas9 transgenic plants
For CRISPR/Cas9 mutagenesis, we selected two rice genes, namely rice low-affinity cation transporter1 (OsLCT1, 

LOC_Os06g38120), which encodes a cadmium transporter (Uraguchi et al. 2011), and rice Bentazon Lethal 1 (BEL1, 
LOC_Os03g55240), which encodes a P450 protein CYP81A6 that confers resistance to bentazon and sulfonylurea 
herbicides (Pan et al. 2006). Oligo primers for sgRNAs were designed using the following web resource at http://e-
crisp-test.dkfz.de/E-CRISP/designcrispr.html (Table 1). These primers were subsequently annealed and inserted 
into the sgRNA scaffold vector PHUN4C12 (Xu et al. 2014). These loaded vectors were named phun4c12-lct1 and 
phun4c12-bel, respectively, for OsLCT1 and BEL1. They were then transformed into the Agrobacterium tumefaciens 
pSOUP-EHA105 to produce transgenic rice plants via Agrobacterium-mediated transformation according to Xu et 
al. (2014). Rice cultivars Xidao #3 and Nipponbare were used for transformation of phun4c12-lct1 and phun4c12-
bel, respectively.

The plantlets regenerated from a common hygromycin-resistant callus were considered as a single independent 
T0 plant. Seeds harvested from individual panicles of these T0 plants were grown into T1 populations in panicle rows. 
For identification of transgene positive T0 plants, genomic DNA was extracted from leaf tissues using a modified 
CTAB method (Zhang et al. 2014), and the concentration diluted to approximately 50 ng/µl after quantification using 
a Nanodrop 2000 (Thermo Scientific, USA). The presence of the transgene was assessed by amplification of the U6 
promoter driving the Cas9 gene in the vectors using Ubi primers (Table 1) based on the Ubi promoter (Xu et al. 2014). 
PCRs were performed in aliquots of 20 µL with 40 ng of genomic DNA, 10 µL of 2× master mix and 0.4 µL each of 10 
µM primers. The following PCR conditions were used: 5 min at 94 °C, followed by 35 cycles of 30 s at 94 °C, 30 s at 
55 °C and 30 s at 72 °C, with a final extension at 72 °C for 8 min and hold at 4 °C. The PCR products were separated 
on 1.0 % agarose gels and detected with ethidium bromide.

Table 1. DNA Oligos used for CRISPR/Cas 9 vector construction and PCR primer sequences for HRM analysis and T-DNA detection of 
two genes

Gene Rice materials No. of T0 plants CRISPR/Cas 
oligo sequence (5’-3’)

HRM primer 
sequence (5’-3’)

OsLCT1 Xidao 3 128
Oligo F1: GGCATACTATCCCGCGTGCCAATG L1F: CTCGATGTTAAGCATGCTCC

Oligo R1: AAACCATTGGCACGCGGGATAGTA L1R: AGAGTCAGGAACGCGGCTAC

BEL1 Nipponbare 72
Oligo F2: GGCACGAGGTCCGCGCCATGGTG B1F: CACCGAGCACGACGTGACCTTC
Oligo R2: AAACCACCATGGCGCGGACCTCG B1R: CTTCCTCCTGACGCCGAACACG
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HRM identification of genetic variations
For detection of mutations in the target region in T0 and T1 plants, site-specific primers were used to amplify fragments 

of 100-500 bp encompassing potential mutations induced by CRISPR/Cas9 (Table 1). 

PCRs were performed in a 10 µL volume with 25 ng of genomic DNA, 5 µL of 2×master mix (containing 2× PCR buffer, 
4 mM MgCl2, 0.4 mM dNTPs, 50 units mL-1 Taq DNA polymerase, TOYOBO Co., Ltd.), 0.2 µL each of 10 µM primers and 
1 µL of 10 × EvaGreen (Biotium, USA), covered with a drop of mineral oil to prevent solution evaporation. The following 
PCR conditions were used: 5 min at 94 °C, followed by 35-40 cycles of 30 s at 94 °C, 30 s at 55-62 °C and 30 s at 72 °C, 
with a final extension at 72 °C for 8 min and hold at 16 °C. The annealing temperatures were optimized for amplification 
of the respective fragments. 

Following PCR, plates were transferred to a Lightscanner (Idaho Technology Inc., USA) and subjected to HRM 
analysis according to Tan et al. (2016). In brief, the temperature was ramped up from 55 to 95 °C at 0.1 °C per second 
and data were analyzed using its proprietary software, Call ITTM 2.0 (Idaho Technology Inc., USA) after normalization 
and temperature shifting of the melting curves according to the Lightscanner Operator’s Manual (Idaho Technology 
Inc.). Samples with relative fluorescence differences (|ΔF|) > 0.05 were considered to be significantly different from 
the reference (Hofinger et al. 2009). 

Validation by TA cloning and sequencing analysis
During the process of CRISPR/Cas9 vector construction, the plasmids were sequenced to assure no mismatch had 

occurred. The target fragments for T0 and T1 plants were also sequenced to validate the effectiveness of HRM analysis.

For DNA sequencing, PCRs were performed in 50 µL volumes and the amplicons were separated on 1.0 % agarose 
gels. The target DNAs were recovered using DNA Gel Extraction Kit (Axygen Biotechnology Co. Ltd., Hangzhou, China) 
for subsequent sequencing by Shanghai RuiDi Biological Technology Co., Ltd. (Shanghai, China). The sequencing results 
were analyzed by DSDecode software (http://dsdecode.scgene.com/) (Liu et al. 2015). All the T0 plants of phun4c12-
bel were sent for TA cloning. For T0 plants of phun4c12-lct1, when sequencing data were not readily recognized by 
DSDecode, samples were further analyzed by TA cloning: target DNAs were purified and cloned into pGEM®-T Easy 
Vector (Promega Biotechnology Co. Ltd., Beijing, China), and then transformed into competent E. coli DH5α cells. Six 
white colonies (recombinant colonies) were selected and 
sequenced for each fragment. 

Primers were designed using Primer premier 5 software 
and were synthesized by Shanghai Sangong Biological 
Engineering Technology & Services Co., Ltd. (Shanghai, 
China).

RESULTS AND DISCUSSION

A total of 128 and 72 independent T0 plants were 
obtained for the phun4c12-lct1 and phun4c12-bel construct, 
respectively. PCR analysis confirmed that they all carried the 
U6 promoter, hence all were transgenic. These independent 
T0 plants were subjected to subsequent mutation analysis.

Mutant T0 plants revealed by HRM analysis
Among the 128 transgenic phun4c12-lct1 T0 plants, the 

|ΔF| of 70 plants (54.69%) was greater than 0.05 when 
their HRM curves were compared with that of Xidao #3 
(their wild type parent), while |ΔF| of the remaining 58 
was < 0.05 (Figure 1a). Similarly, 47 plants (65.28%) out of 
the 72 transgenic phun4c12-bel T0 plants were shown to 

Figure 1. Representative HRM analysis of T0 plants with their 
OsLCT1 (a) or Bel1 (b) genes target-mutagenized by CRISPR/Cas9. 
The wild type parents, which are shown as the horizontal lines, 
are chosen as reference for the development of fluorescence 
difference curves of T0 plants. Fluorescence difference curves 
are automatically grouped by the HRM system as shown in dif-
ferent colors. These groups are also labeled by different Roman 
numerals for subsequent analysis.
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have HRM curves significantly different from their wild type parent Nipponbare (Figure 1b).

HRM curves that have small differences from each other were automatically grouped together and shown in the 
same color (Figure 1). HRM curves that are significantly different from their wild type parent were further divided into 
different groups marked with different colors. A total of six and seven major groups were found in T0 plants of phun4c12-
lct1 and phun4c12-bel, respectively (Figure 1).

Table 2. Mutations identified in OsLCT1 of T0 plants of different HRM groups

HRM type T0 Plant Mutant type Mutations1

Wild type CCCGCGTGCCAATGCGGCCCTTC
Group I

#7, #18 Biallelic
CCCGCGTGCCA- TGCGGCCCTTC
CCC - - - - - - - - - - - - - - - - - - - -

#10 Biallelic
CCCGCGTGCCAA-GCGGCCCTTC
CCCGCGTGCCAATGC- - CCCTTC

#28 Biallelic
CCCGCGTGCCA-TGCGGCCCTTC
CCCGCGTGCC- - TGCGGCCCTTC

#45 Biallelic
CCCGCGTGCC- -  TGCGGCCCTTC
CCCGCGTGCCAAaTGCGGCCCTTC

Group II
#12 Biallelic

CCCGCGTGCCAA- GCGGCCCTTC
CCCGCGT - - - - ATGCGGCCCTTC

#73, #74, #75, #76 Heterozygous CC - - - - - - - - - - - - - - - - - - TTC
Group III #33, #34, #35, #36, #37, #69, #80, #81, #83, 

#84, #88, #89, #90, #101, #102 Biallelic
CCCGCGTGCCAAaTGCGGCCCTTC
CCCGCGTGCCA- TGCGGCCCTTC

#42 Biallelic
CCCGCGTGCCA- TGCGGCCCTTC
CCCGC - - - - CA- TGCGGCCCTTC

#112, #114, #115 Biallelic
CCCGCGTGC- - ATGCGGCCCTTC
CCCGCGTGCC- ATGCGGCCCTTC

Group IV #25, #38 Heterozygous CCCGCGTGCCAAaTGCGGCCCTTC

#29 Biallelic
CCCGCG - - - - AATGCGGCCCTTC
CCCGCGT - - - - - TGCGGCCCTTC

#30 Biallelic
CCCGCG - - - - AATGCGGCCCTTC
CCCGCGT - - - - ATGCGGCCCTTC

#39 Biallelic
CCCGCGTGCCA- TGCGGCCCTTC
CCCGCGTGC- - - gaatgccgaagcTGCGG CCCTTC

#51 Biallelic
CCCGCGTGCC - - - - - - - - - - TTC
CCCGCGTGCCAAaTGCGGCCCTTC

#60 Biallelic
CCCGCGTGCCAAaTGCGGCCCTTC
CCCGCGTGCCA ta TGCGGCCCTTC

#77 Biallelic
CCC - - - - - - - - ATGCGGCCCTTC
CCCGCGTGCCAAaTGCGGCCCTTC

Group V
#13 Biallelic

CCCGCGTGCC- ATGCGGCCCTTC
CCCGCG - - - - AA- GCGGCCCTTC

#15 Homozygous CCCGCGTGCCAATGaCGGCCCTTC

#61, #62, #67, #68, #85, #86, #87, #91, #111, 
#119, #120 Biallelic

CCCGCG - - - - - ATGCGGCCCTTC
CCCGCGTGCCAAaTGCGGCCCTTC

#63 Biallelic
CCCGCGTGCCAAaTGCGGCCCTTC
CCCGCG - - - CAATGCGGCCCTTC

Group VI #3, #78 Heterozygous CCCGCGTGCCA- TGCGGCCCTTC
#6 Homozygous CCC - - - - - - - - ATGCGGCCCTTC
#8, #79 Homozygous CCCGCGTGCCA- TGCGGCCCTTC
#9, #11, #16, #17, #26, #27, #32, #44, #52, 
#59, #64, #65, #71, #72 Homozygous CCCGCGTGCCAAaTGCGGCCCTTC

1 The PAM sequence CGG is underlined; “-” stands for a deleted nucleotide, letters in lowercase are inserted nucleotides, and letters in underlined lowercase are 
substituted nucleotides.
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Mutations revealed by sequencing
To evaluate the sensitivity of mutation detection by HRM analysis, all transgenic T0 plants were subjected to Sanger 

sequencing. All T0 plants that had HRM curves significantly different from their respective wild type parents carried at 
least one mutant allele at the target region (Tables 2 and 3), suggesting they were true mutants. Hence the false positive 
rate of HRM detection of mutants was zero in both T0 populations.

Sequencing also revealed that each group of T0 plants based on HRM analysis could be further divided into more than 
two subgroups that have different genotypes (Tables 2 and 3). For instance, there were four types of oslct1 mutant T0 

Table 3. Mutations identified in Bel1of T0 plants of different HRM groups

HRM type Plants Mutant type Mutations1

Wild type GGTCCGCGCCATGGTGCGG

Group I

#4 Biallelic
GGTCCGCGCCATG -TGCGG
GGTC - - - - - - - - - GTGCGG

#5, #21, #28, #29 Homozygous GGTCCGCGCC - - - GTGCGG

#11 Biallelic
GGTCCGCGC - - - - GTGCGG
GGTCCGCGCC- - - - - GCGG

#24 Homozygous GGTCCGCGCCA- - GTGCGG

Group II

#6 Homozygous GGTC - - - - - - - - - GTGCGG

#13, #22 Biallelic
GGTCCGCGCCATG- TGCGG
GGTCCGCGC- - - - GTGCGG

#15 Heterozygous GGTCCGCGCGATG -TGCGG
#16 Heterozygous GGTCCGCGCCAT a -TGCGG
#31 Heterozygous GGT - - - - - - - - - GGTGCGG

Group III

#8 Homozygous GGT - - - - - - - - - - GTGCGG

#17 Biallelic
GGTCCGCGCCATG -TGCGG
GGTCCGCGCC- - - GTGCGG

#23 Biallelic
GGTCCGCGCCATG -TGCGG
GGTCC - - - - - - - - GTGCGG

#25 Homozygous GGT - - - - - - - - - - - - - CGG
#30, #35, #39 Heterozygous GGTCCGCG - - - - - - TGCGG

Group IV

#3 Biallelic
GGTCC - - - - - - - - GTGCGG
GGT - - - - - - - - - - GTGCGG

#20 Biallelic
GGTCCGCGCCATGGaTGCGG
GGTCCGCGCCATG -TGCGG

#27 Heterozygous GGTCCGCGCGtTG -TGCGG
#32 Heterozygous GGTCCGCGCGgTG -TGCGG
#34 Heterozygous GGTCCGCGCCATGtgTGCGG
#36 Heterozygous GGTCCGCGCCATGGaTGCGG
#38 Heterozygous GGTCCGCGC - - - GGTGCGG
#40 Heterozygous GGTCCGCGCCA - - - TGCGG
#47 Heterozygous GGTCCGCGCC - - - GTGCGG

GroupV
#7, #10, #45, #49, #51, #52 Homozygous GGTCCGCGCCATG -TGCGG

#14, #50 Homozygous GGTCCGCGCCATGGGaTGCGG

GroupVI

#1, #2 Biallelic
GGTCCGCGCCATG - - - CGG
GGTCCGCGC - - - - GTGCGG

#18 Homozygous GGT - - - - - - - - - - - - GCGG
#42 Heterozygous GGTCCGCGC- - - - GTGCGG
#48 Heterozygous GGTCCGCGCCATG -TGCGG

GroupVII
#9, #26, #43, #44 Homozygous GGTCCGCGC- - - - GTGCGG

#41 Heterozygous GGTCCG - - - - - - - - TGCGG
1 The PAM sequence CGG is underlined; “-” stands for a deleted nucleotide, letters in lowercase are inserted nucleotides, and letters in underlined lowercase are 
substituted nucleotides.
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plant in group I (Table 2) and five types of bel1 mutant T0 plant in group II (Table 3). Nevertheless, common mutations 
were always identified in different T0 plants within the same group, e.g., 15 T0 plants including #33-37, #69, #80-81, 
#83-84, #88-#90, and #101-102, in group III of phun4c12-lct1 had the same biallelic mutation of 1-bp insertion and 1-bp 
deletion (Table 2). In total, 24 genotypes of OsLCT1 and 31 genotypes of BEL1 were detected. Similar mutational profiles 
in T0 plants were reported in previous studies (Feng et al. 2014, Ma et al. 2015). These results demonstrated that HRM 
analysis is suitable for identification of various kinds of mutation generated by CRISPR/Cas9 mutagenesis.

Because false negatives may exist in HRM analysis, samples having |ΔF| < 0.05 from their wild type parent were also 
sequenced. Two transgenic phun4c12-lct1 plants and two phun4c12-bel plants were detected to carry mutations (data 
not shown), amounting to false negative rates of 1.56% and 2.78%, respectively, for OsLCT1 and BEL1. HRM analysis may 
produce false positive or negative results. Chen et al (2012) found that the false positive rate and false negative rate of 
HRM analysis were 1.25% and null, respectively. Furthermore, since we were also unable to distinguish a mutant (with 
a 6-bp deletion) from its wild type parent by direct HRM analysis (Tan et al. 2013), there is thus a chance that certain 
types of mutation cannot be detected by this technique. In the present study, the rate of false positives is zero and the 
false negative rate is less than 2.78%. Our study thus suggests that HRM analysis is a sensitive method for mutation 
detection. This finding concurs with the observation of Dahlem et al. (2012) in TALEN studies, but is contrary to reports 
by Ma et al. (2016).

Genotyping of T1 plants 
To assess the usefulness of HRM analysis for genotyping mutations generated through CRISPR/ Cas9 mutagenesis, 

T1 plants derived from three independent T0 phun4c12-
lct1 plants, i.e., #73 (heterozygous), #6 (homozygous) and 
#77 (biallelic) (Table 1), were selected for HRM analysis. 
Their wild type parent Xidao #3 was used as reference in 
fluorescence difference curve development and their T0 
plants used as a control. 

In the T1 progeny of T0 plant #73, three groups were 
established based on their |ΔF| values as compared with 
that of the wild type: Group I plants were indistinguishable 
from Xidao #3, suggesting that they were homozygous 
wild type lines; Group II plants were similar to T0 plants, 
suggesting they were heterozygous at the target region; 
by contrast, group III plants differed from group I and II, 
hence they should be homozygous mutant lines (Figure 2a).

In the T1 progeny of T0 plant #77, test samples were all 
significantly different from Xidao #3, suggesting there were 
no wild type plants. Samples of group I had |ΔF| > 0.3 from 
that of the wild type, with HRM curves similar to that of 
the T0 plant #77 (Figure 2b), suggesting they also carried 
biallelic mutations of OsLCT1. Samples of the other two 
groups had |ΔF| greater than 0.1 (Figure 2b), implicating 
they should be homozygous mutants for the 1-bp insertion 
or the 8-bp deletion. Sequencing of representative samples 
of group II and group III indicated that the former had the 
1-bp insertion and the latter had the 8-bp deletion.

Genotyping of the T1 plants derived from T0 plant #6 
revealed only a single type of HRM curve, with |ΔF| > 0.05 
from the wild type and indistinguishable from the T0 plant 
(Figure 2c), suggesting these plants were all homozygous 
mutants as was the T0 plant #6.

Figure 2. HRM analysis of T1 plants derived from three repre-
sentative T0 plants (A: #73; B: #77; C: #6) of phun4c12-lct1. The 
wild type parents Xidao #3 was used as reference for fluores-
cence curve development and is shown as the horizontal lines. 
Fluorescence difference curves are automatically grouped by the 
HRM system as shown in different colors. These groups are also 
labeled by different Roman numerals for subsequent analysis. 
The curve of respective T0 plant was included in each analysis 
and is indicated in black.
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Advantages of HRM analysis for mutation screening and genotyping in CRISPR/Cas9 mediated plant genetics and 
breeding 

Although a number of methods are used in mutation detection in CRISPR/Cas9 studies, the HRM method appears 
to have several advantages: 1) It is easier and simpler to handle since there is no need for post-PCR sample processing 
or separation; the post-PCR operation is a closed-tube process (which minimizes operation errors) and takes only 15 
min. Compared with HRM, other methods take much longer. For example, the T7EI method takes at least two hours 
after PCR; PAGE-based assay and SSCP all need PAGE electrophoresis and staining, which can take more than six hours. 
2) The HRM method enables 96 samples to be tested at one time, making it more cost-effective and more suitable for 
high throughput screening.

Montgomery et al. (2007) reported that the fragment length has an impact on the screening efficiency of mutations 
randomly positioned and that fragments of 100 – 400 bp were best for HRM analysis. The mutations induced by CRISPR/
Cas9 are known to be concentrated around the target (Shan et al. 2013), hence a fragment of 400 bp is sufficient to 
encompass expected mutations and hence, the length limitation of HRM has little impact on detecting mutations induced 
by CRISPR/Cas9. Indeed, the use of HRM as a method for screening and genotyping of CRISPR/Cas9 induced mutations 
was already adopted in a few recent studies, e.g. Chang et al. (2016) used HRM for screening OsNP1 mutants in rice 
and Shen et al. (2017) for identifying mutants that escaped restriction enzyme analysis in Arabidopsis. Therefore, our 
study may bring more attention to this method for its use in future CRISPR/Cas9 projects.

In summary, the present study demonstrates that HRM analysis is a suitable method for detection and genotyping 
of mutations generated by CRISPR/Cas9, and recommends its use as a tool for CRISPR/Cas9-based studies and breeding.
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