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Abstract
Key message  Two methods, PCR and amplicon labeling based, were developed and successfully applied to reliably 
detect CRISPR/Cas9 induced indels in rice.
Abstract  The use of CRISPR/Cas9 has emerged as a powerful nuclease-based genome editing tool in several model organ-
isms including plants for mutagenesis by inducing precise gene editing through efficient double strand DNA breaks (DSBs) 
at the target site and subsequent error-prone non-homologous end joining (NHEJ) repair, leading to indel mutations. Different 
molecular methods including enzymatic mismatch cleavage (EMC), high-resolution melting curve analysis (HRMA) and 
conventional polymerase chain reaction (PCR) combined with ligation detection reaction (LDR) have been developed to quick 
identify CRISPR/Cas9 induced mutations. However, their intrinsic drawbacks limit their application in the identification of 
indel mutants in plants. Here we present two methods (one simple PCR based and the other amplicon labeling based) for 
effective and sensitive detection of CRISPR/Cas9 induced indels in rice. In PCR-based method, targets were amplified using 
two pairs of primers for each target locus and visualized on gel electrophoresis, while in amplicon labeling-based method, 
targets were amplified using tri-primers (with one a universal 6-FAM 5′-labelled) and detected by DNA capillary electro-
phoresis. Both methods can accurately define indel sizes down to ± 1 bp, and are amenable for high throughput analysis, 
therefore, will significantly facilitate the identification of indel mutants generated by CRISPR/Cas9 for further functional 
analysis and breeding in rice and other plants.

Keywords  Amplicon labeling · CRISPR/Cas9 · Indel mutation · Inner/Outer primer pair · Tri-primers

Introduction

CRISPR/Cas9 system has been established as a powerful 
nuclease-based genome editing tool in plants to generate 
new plant genotypes by introducing precisely targeted dou-
ble strand breaks that are resolved by endogenous repair 
pathways (Feng et al. 2014). In contrast to traditional Agro-
bacterium mediated T-DNA transgenic method that depends 
on random recombination or integration in plants, site spe-
cific mutation via CRISPR/Cas9 system is achieved by con-
structing a single guide RNA (sgRNA) that directs the Cas9 
nuclease to genomic targets to create double strand breaks 
(DSBs), which are repaired predominantly by error-prone 
non-homologous end joining (NHEJ) machinery, ultimately 
leads to indel mutations, most frequently indel mutants with 
only 1 bp variation (Pan et al. 2016; Ren et al. 2016; Zhu 
et al. 2017). These small variations of nucleotides may cause 
loss of function through frame-shift mutation, however, such 
small variations in the genome cannot be detected by agarose 
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gel electrophoresis (Denbow et al. 2017), which impedes 
the screening for such mutants and subsequent functional 
analysis. There is an urgent need to develop effective and 
robust detection methods for plant research.

Several methods have been developed to screen or iden-
tify genome editing including CRISPR/Cas9 induced indel 
mutations at the target locus in other systems rather than 
plants. The most frequently used one is the enzymatic mis-
match cleavage (EMC) technique, which takes advantages 
of enzymes that are able to cleave hetero-duplex DNA at 
mismatches formed by single or multiple nucleotides (Vouil-
lot et al. 2015). Because its cleavage efficiency is affected 
by many factors such as the sequence, the number of mis-
matched nucleotides, and the flanking sequence between the 
two DNA strands, this method is more suitable for detec-
tion of large indels (Zhu et al. 2014; Vouillot et al. 2015). 
In addition, although it is easy to operate, its sensitivity, 
however, is quite low (Huang et al. 2012). Furthermore, it 
cannot discriminate homozygous mutants from wild-type, 
neither heterozygous mutants from biallelic mutants (Haray-
ama and Riezman 2017). High-resolution melting curve 
analysis (HRM) method offers more advantages over EMC. 
HRM is a fluorescence-based technique that measures the 
Tm of a particular PCR product, and identifies the mutant by 
analyzing the melting behavior for hetero-duplex and homo-
duplex DNA fragments (Thomas et al. 2014). It is rapid, 
unrestrictive, and suitable for detecting low level chimeric 
mutants, but it needs specific instruments, and is not suitable 
for large indel (> 100 bp) detection (Thomas et al. 2014). 
Conventional polymerase chain reaction (PCR) combined 
with ligation detection reaction (LDR) is an alternative easy 
and quick method for routine genotyping, however, because 
it detects indel on agarose gel electrophoresis, its sensitivity 
to detect mutants with only a few base pairs genetic vari-
ations is weak (KC et al. 2016). Other reported methods 
include Indel Detection by Amplicon Analysis (IDAA) 
(Lonowski et al. 2017), qPCR (Yu et al. 2014), cloning and 
Sanger sequencing, digital PCR (Findlay et al. 2016; Mock 
et al. 2016), and restriction fragment length polymorphism 
(RFLP) (Kim et al. 2014), some of them are expensive (such 
as digital PCR and qPCR), time consuming (for instance, 
cloning and Sanger sequencing) and less sensitive (for exam-
ple, PCR-LDR and RFLP). Besides EMC (Nekrasov et al. 
2013; Shan et al. 2014), HRM (Denbow et al. 2017), qPCR 
(Peng et al. 2018) and Sanger sequencing (Feng et al. 2014), 
other methods, such as annealing at critical temperature PCR 
(ACT-PCR) (Hua et al. 2017), mutation sites-based specific 
primers PCR (MSBSP-PCR) (Guo et al. 2018) and cleaved 
amplified polymorphic sequence (CAPS) (Kohata et al. 
2018), have been recently developed in plants. Although 
those methods are proved to be applicable, each has sev-
eral limitations including time- and/or labor-consuming 
(ACT-PCR and MSBSP-PCR), cost (qPCR), low detection 

specificity (CAPS) or in the case of MSBSP-PCR, the inabil-
ity to distinguish homozygous from heterozygous mutations.

CRISPR/Cas9 system has been the preference of recent 
researches to target towards improving the yield and quality 
of rice (Shan et al. 2014; Mazumdar et al. 2016), the impor-
tant staple food crop in the world, over genetically modified 
(GM) approaches. One reason behind that is the capacity 
of the CRISPR/Cas9 system to generate transgene free rice 
mutants, which helps to avoid regulatory issues as in GM 
rice. Although recently released decision from the Court of 
Justice of the European Union, that organisms obtained by 
mutagenesis including genome editing tools are GMOs and 
are in principle subject to the obligations laid down by the 
GMO Directive, had non-negligible negative effects on rice 
society, new plant breeding techniques (NPBT) including 
genome editing tools, such as CRISPR/Cas9, will continue 
to contribute to both basic research and applied applica-
tion to create new improved traits in rice. Because most of 
the CRISPR/Cas9 generated mutants in plants are small 
indels that are inheritable (Zhang et al. 2014), development 
of effective and economic identification methods would 
enable cost effective screening for desired indels in pool 
of rice mutants at the early stages, which would, in turn, 
significantly facilitate further functional analysis or breed-
ing purpose.

In this study, taking the advantages of several known 
indel information CRISPR/Cas9 generated mutants in rice, 
we developed two methods, one simple PCR based and the 
other amplicon labelling based, for fast and sensitive detec-
tion of indel mutations in rice. The sensitivity, precision and 
reliability of the two developed methods for the identifica-
tion of indels were assayed using CRISPR/Cas9 induced 
mutants targeting different genes. Our results demonstrated 
that both methods can detect indels with high sensitiv-
ity down to ± 1 bp, and are amenable for high throughput 
analysis.

Materials and methods

Plant materials

CRISPR/Cas9 induced rice (Oryza sativa) mutants on sev-
eral genes including SD1 were used in this study (Supple-
mentary Table 1). Wild-type (9522 cultivar rice) was used as 
a control for PCR based and amplicon labeling-based meth-
ods. All mutants and wild-type were grown in the paddy 
field of Shanghai Jiao Tong University, Shanghai, China.

Genomic DNA extraction

Genomic DNA from leaf tissues were extracted as previ-
ously described with minor modifications (Murray and 
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Thomson 1980). 30 mg liquid nitrogen fresh frozen leaf tis-
sue of different rice materials was ground in the presence 
of liquid nitrogen, then incubated with lysis buffer (1.5 X 
CTAB) and RNase at 65 °C for 60 min. The liquid phase 
was collected after centrifugation and extracted again with 
phenol: chloroform and trichloromethane and mixed with 
same volume of isopropyl alcohol to precipitate the genomic 
DNA. The pellet was washed twice with 70% ethanol and 
then dissolved in 60 µL ddH2O. The quality and quantity 
of the extracted genomic DNA was evaluated using both 
the NanoDrop 1000 UV/Vis Spectrophotometer (NanoDrop 
Technologies Inc., Wilmington, DE, USA) to obtain values 
of OD260/OD280 and OD260/OD230, and the electropho-
resis on 1% (w/v) agarose gel in 0.5 × TBE with GelRed 
staining. All extracted genomic DNA was stored at − 20 °C 
until using in the experiments.

Primer and probe design

All oligonucleotide primers for both the PCR-based method 
and the amplicon labeling-based method were designed 
using Primer Premier 5.0 and synthesized by Invitrogen 
Co., Ltd. (Shanghai, China). For PCR-based methods, the 
outer pair of primers were designed to prime outside the 
MHS (PoF/R), and the inner pair of primers were designed 
to flank the MHS (PiF/R) at the 3´ most nucleotide of the 
MHS (Fig. 1a). For amplicon labeling-based method, tri-
primers were designed based on target sequence (the FAM 
labeled forward primer Fam F has the identical sequence 
to non-labeled forward primer F, Fig. 2a). Sequences of all 
oligonucleotide primers used in this study are listed in Sup-
plementary Table 1.

PCR‑based method

For amplification of SD1 target, PCR was carried out in 
a 20 µL reaction mixture containing 1 × PCR buffer, 1 
× Q-solution (Qiagen, Germany), 0.2 µM dNTPs, 5 µM 
primer, 1 unit of HotStarTaq DNA Polymerase (Qiagen, 
Germany) and 60 ng genomic DNA. The reaction mixtures 
were heated to 95 °C for 15 min followed by 35 cycles of 
amplification at 94 °C for 30 s, 55 °C for 30 s, and a final 
stage at 72 °C for 45 s. For amplification of other targeted 
genes, PCR was carried out in a 25 µL reaction mixtures 
containing 10 mM Tris–HCl (pH 8.3), 50 mM KCl, 1.5 mM 
MgCl2, 0.2 mM dNTPs, 0.2 µM primer, 1.25 units of Taq 
DNA Polymerase (TaKaRa Biotechnology Co., Ltd.) and 
60 ng genomic DNA. The reaction mixtures were heated 
to 94 °C for 5 min, followed by 35 cycles of amplification 
at 94 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s, and a final 
stage at 72 °C for 7 min. The amplified PCR products were 
analyzed on 2% agarose gel.

Amplicon labeling‑based method

To generate amplicon labeling yields, PCR was carried out 
in a 25 µL reaction mixture containing optimized 0.5 µM 
universal 6-FAM 5′-labelled forward primer, 0.05 µM for-
ward primer, 0.5 µM reverse primer, 2 × Gflex PCR buffer, 
and Tks Gflex DNA Polymerase (TaKaRa Biotechnology 
Co., Ltd.). For amplification of SD1 target, the touchdown 
thermocycling program started at an initial heating at 94 °C 
for 2 min, followed by initial annealing at 65 °C ramping 
down by 1 °C per cycle to 55 °C for ten cycles, and an addi-
tional 25 cycles of amplification at 98 °C for 10 s, 55 °C for 
15 s, and 68 °C for 40 s, and a final stage at 68 °C for 40 s. 
For amplification of LOC_Os06g04420 target, the touch-
down thermocycling program started at 94 °C for 2 min, 
followed by initial annealing at 69 °C ramping down by 1 °C 
per cycle to 59 °C for 10 cycles, and an additional 25 cycle 
of 98 °C for 10 s, 59 °C for 15 s, and 68 °C for 40 s, and a 
final stage at 68 °C for 40 s. The amplification of PCR prod-
ucts were examined on 2% agarose gel. For fragment analy-
sis, 1 µL amplified PCR products were mixed with 0.5 µL 
LIZ500 size standard (ABI/Life Technologies, USA) and 
analyzed on ABI3010 sequenator (ABI/Life Technologies, 
USA).

Results

Identification of CRISPR/Cas9 generated rice 
mutants by PCR‑based method

CRISPR/Cas9 induced mutation is predictable, because 
most of indels occur at the double strand breaks (DSBs) 
sites, namely mutational hot spot regions (MHS), gen-
erally within 4 base pairs upstream of the proto-spacer 
adjacent motif (PAM) (5′–3′). In Zebrafish, 42.67% of 
CRISPR/Cas9 induced mutations affect all the four base 
pairs, 17.48% affect 3 of them, 14.91% affect 2 of them 
and 20.31% affected 1 of them (Yu et al. 2014). Based on 
this observation, if the 3′ end of primers are designed to 
exactly cover these MHSs, theoretically, the CRISPR/Cas9 
induced indels could be detected, because mismatches in 
the 3′ end of the primer will greatly reduce or completely 
loss the PCR amplification efficiency. This principle has 
been widely employed to detect point mutation in various 
systems (Rigat et al. 1992; Orum et al. 1993). Considering 
all the above-mentioned phenomenon, in this study, we 
designed two pairs of primers aiming to screen for indels 
induced by CRISPR/Cas9 in rice. One pair of primers 
referred as outer primer (PoF/R) were designed to primer 
outside of the MHS region, and the other pair of primers 
so called inner primer (PiF/R) were designed to flank at 
the 3′ most nucleotide of the MHS, specifically the PiF 
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primer was designed till the 4th nucleotide upstream of the 
PAM. Therefore, both wild-type and mutant alleles will be 
amplified by outer primer pairs, while inner primer pairs 
can amplify only wild-type allele (Fig. 1a). To simplify 
the PCR, the PiR and PoR sequence are identical (Fig. 1a). 
To develop and optimize this system in plant, genomic 
DNA from wild-type and a CRISPR/Cas9 induced mutant 
targeting SD1 with known indel information in rice were 
used. The results showed that by such a PCR amplifica-
tion, CRISPR/Cas9 induced indels in rice can be easily 

detected (Supplementary Fig. 1a, b) as does in Zebrafish 
(Yu et al. 2014).

To validate the sensitivity or efficiency of developed 
PCR-based method for the indel mutant identification, a 
serial of mixed DNA samples containing different ratios of 
wild-type genomic DNA to mutant genomic DNA from a 
known 1 bp deletion homozygous rice SD1 mutant were 
used. The results showed that as the ratios of mutant DNA 
in the mixture increased, the amplification efficiency of inner 
primer decreased accordingly (Fig. 1b). Notably, when the 
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Fig. 2   The development of amplicon labelling-based method and 
its application in the identification of rice CRISPR/Cas9 mutants. a 
Simplified schematic of the principle and the result determination of 
the amplicon labeling-based method. Three primers include a pair 
of target allele specific forward (F) and reverse (R) primers and an 
additional universal 6-carboxyfluorescein (6-FAM) 5′-labelled allele 
specific forward primer (FamF) were used to amplify the PCR prod-
ucts in both wild-type (Wt) and mutants (Mt), and all fluorophore 
labelled amplicon of the targets containing indels were analyzed by 
fragment analyzer. The x-axis and y-axis represent amplicon size in 
base pairs and relative fluorescence units (RFU), respectively. DSB 
site, double strand break site; gDNA, corresponding DNA of the 
guide RNA; MHS, mutational hot spot regions. b Sensitivity test of 
the developed amplicon labelling method. A serial dilution of mixed 
samples containing 20%:80%, 10%:90%, 1%:99% and 0.1%:99.9% 
ratios of CRISPR/Cas9 induced SD1 mutant (Mt, 4  bp deletion) 

genomic DNA to wild-type (Wt) genomic DNA were used. The 
height of detected fluorophore labelled amplicon peak increased for 
wild-type, but decreased for mutant alleles as the ratio of Mt:Wt in 
the mixture decreased. Red and green stars denote Mt allele and Wt 
allele, respectively. c Fragment analysis of the fluorophore labelled 
amplicon of targets amplified using SD1 tri-primers in a fragment 
analyzer. d#, deletion with # bp; i#, insertion with # bp. d Results of 
Sanger sequencing of corresponding PCR products in c. e Zygosity 
analysis of developed amplicon labelling method. Targets were ampli-
fied using SD1 tri-primers, and resulting fluorophore labelled ampli-
cons were analyzed in a fragment analyzer. The red line indicates the 
amplicon peak of wild-type. Wt, Wild-type; d4-HM, 4  bp deletion 
homozygous mutant; i5-HM, 5 bp insertion homozygous mutant; HE, 
5 bp insertion heterozygous mutant. f Chromatographic presentation 
of the Sanger sequencing results in wild-type, HM and HE mutants 
identified by SD1 tri-primers. (Color figure online)
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ratio of wild-type DNA in the mixture reduced to zero (in 
the case of lane 10, a homozygous mutant), Pi/R primer 
pair produced no band (Fig. 1b). Using ImageJ software, 
we managed to quantify the relative band density of ampli-
cons amplified using Pi/R primer pair in tested samples to 
that of wild-type. The results indicated that as compared 
with that of wild-type, all mixed samples (heterozygous 
mutants) showed significantly reduced Pi band intensity 
while homozygous line sample had zero Pi band intensity 
(Fig. 1c). These results suggest that, on one hand, the devel-
oped PCR-based method can qualitatively and quantitatively 
detect CRISPR/Cas9 induced mutants, and on the other 
hand, it can distinguish homozygous from heterozygous 
lines.

To further evaluate its efficiency in the qualitative detec-
tion of CRISPR/Cas9 induced deletion mutants, the devel-
oped PCR method was then applied to detect additional 
4 available CRISPR/Cas9 induced SD1 deletion mutants. 
Clearly, this PCR-based method can effectively detect the 
deletion mutants, because even if the mutant contained only 
one nucleotide deletion, no PCR amplification was observed 
when Pi primer pairs were used (Fig. 1d). To confirm the 
PCR results, all four amplified PCR products using the 
Po/R primer pair were Sanger sequenced and proved to be 
homozygous indel mutations (Fig. 1e). The developed PCR-
based method was additionally applied to identify CRISPR/
Cas9 induced deletion mutants targeting several other genes 
in rice, all were approved to be successful and confirmed by 
Sanger sequencing (Supplementary Fig. 1c–e). Altogether, 
the abovementioned results indicated that the developed 
PCR-based method is efficient, accurate and highly sensi-
tive method for the identification of CRISPR/Cas9 induced 
deletion mutants down to 1 bp in rice.

To examine its efficiency in the detection of CRISPR/
Cas9 induced insertion and replacement mutants, additional 
four mutants with 1 and 5 bp insertion and five mutants with 
1 bp replacement were used, respectively. While all mutants 
showed both Po and Pi amplicon bands as wild-type (Sup-
plementary Figs. 2a, 3a), the intensities of the Pi band in 
all mutants were remarkably weaker than that of wild-type 
(Supplementary Figs. 2b, 3b), which were consistent with 
the result of Sanger sequencing (Supplementary Figs. 2c, 
3c). Thus, this PCR-based method can identify insertion and 
replacement mutants down to 1 bp as well in rice.

Identification of CRISPR/Cas9 generated indels 
in rice by amplicon labelling‑based method

The amplicon labelling method was first reported by Oet-
ting et al. (1995) to reveal large indels in PCR products 
with polyacrylamide gel electrophoresis. Combined with 
capillary electrophoresis, this method can also resolve 
small indels down to ± 2 bp and ± 1 bp (Schuelke 2000; 

Andersen 2003; Zhang et al. 2015). Its application for 
indel detection in genome edited animal cells has also 
been reported (Lonowski et al. 2017). Here, the applica-
tion of this amplicon labelling-based method to detect 
CRISPR/Cas9 induced mutants in rice was presented. For 
this purpose, three primers were used to amplify by PCR 
the fluorophore-labeled amplicons covering the CRISPR/
Cas9 edited genomic site. The tri-primers included a 
pair of target allele specific forward (F) and reverse (R) 
primers and an additional universal 6-carboxyfluorescein 
(6-FAM) 5′-labelled primer containing the same sequence 
as an extension of the target allele specific forward primer 
(FamF). Fluorescent labelled amplicons obtained from 
mutant allele with base deletion or insertion could be 
shorter or longer, respectively, than amplicons obtained 
from wild-type allele, which can be size discriminated by a 
DNA sequenator (Gene Mapper) (Fig. 2a). To develop and 
optimize this tri-primer PCR system, genomic DNAs from 
wild-type and CRISPR/Cas9 induced SD1 mutants (− 4 bp 
and + 5 bp) were used for touch down PCR to amplify 
wild-type amplicons, shorter amplicons containing dele-
tions or longer amplicons harboring insertions that labeled 
with 6-FAM. The results clearly discriminated insertion 
and deletion mutants from wild-type in rice (Supplemen-
tary Fig. 4a).

To investigate the sensitivity of developed amplicon 
labelling-based method, a serial of mixed samples contain-
ing different ratios of wild-type genomic DNA to mutant 
genomic DNA from a known rice homozygous mutant with 
4 bp deletion were created and PCR amplification was per-
formed. As shown in Fig. 2b, as the ratio of mutant DNA 
to wild-type DNA in the mixture reduced, the amplicon 
peak height for the mutant was significantly reduced. The 
sensitivity was also evaluated using an additional mutant 
with 5 bp insertion, which showed a similar result (Supple-
mentary Fig. 4b). These results indicated that the developed 
amplicon labelling-based method is highly effective to detect 
CRISPR/Cas9 induced indel mutants in rice.

To test whether the developed amplicon labelling-based 
method is sensitive enough to simultaneously detect mul-
tiple mutations at a CRISPR/Cas targeted site, SD1 tri-
primers were designed to amplify the mutated amplicons 
using a pooled DNA samples from five different muta-
tions within the same target loci. The resulting fluorophore 
labelled amplicon peaks were analyzed, which identified 
various indels efficiently and accurately, defining indels 
down to ± 1 bp (Fig. 3c). The Sanger sequencing result of 
the individually amplified PCR products from these five 
tested mutants confirmed the identified results revealed by 
the developed amplicon labelling-based method (Fig. 3d). 
The developed amplicon labeling-based method was fur-
ther applied to identify CRISPR/Cas9 induced mutations 
targeting LOC_Os06g04420 allele, in which all results of 3 
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identified mutations were also consistent with results from 
Sanger sequencing (Supplementary Fig. 4c, d).

Notably, this method was effective as well to distinguish 
homozygous from heterozygous mutants, in which heterozy-
gous mutants (HE) exhibited two peaks while homozygous 
(HM) mutants exhibited only one peak prior or after the 
wild-type peak (Fig. 3e). The detected zygosity was con-
sistent with results of Sanger sequencing (Fig. 3f). Above-
mentioned results indicated that the developed amplicon 
labelling-based method is sensitive, precise, and effective 
for CRISPR/Cas9 induced mutant detection. It is amenable 
for high throughput analysis and also useful for zygosity 
discrimination.

Discussion

As more and more CRISPR/Cas9 induced mutants were 
generated, effective, accurate and economic screening 
methods for homozygous and precisely knockout indel 
mutations became increasingly important not only in basic 
research, but also in application for breeding. Sequenc-
ing was usually the only choice for such a screening in 
plants during past years (Ma et al. 2015a, b), however, 
due to the limitation of mutagenesis efficiency and com-
plex characteristics of the generated mutants, the cost of 
generating a desired indel mutant by CRISPR/Cas9 was 
far beyond of the characterization of a T-DNA mediated 
mutant (Ma et al. 2015a, b). Although it is easier to detect 
the rice mutants simply by PCR and sequencing, and then 
to decode the zygosity of the individual plant through 
DSDecode software automatically or manually (Liu 
et al. 2015; Ma et al. 2015a, b), it is time consuming, and 
costly, involving PCR amplification, Sanger sequencing, 
and subsequent decoding of the superimposed sequenc-
ing chromatograms of PCR products. Therefore, there is 
an urgent need to develop quick, effective, and economic 
methods for this purpose. It is reported that CASP method 
can be used for analysis of contaminated grains in rice, 
however, its application in screening for desired indels 
is not conclusive (Kohata et al. 2018). In this work, tak-
ing advantages of traditional PCR, we have developed two 
methods to effectively detect indel mutations generated 
by CRISPR/Cas9 in rice. Compared with reported qPCR 
(Peng et al. 2018) and HRM (Denbow et al. 2017) meth-
ods, both methods are economic and simple. Compared 
with other methods, such as ACT-PCR (Hua et al. 2017), 
CAPS (Nekrasov et al. 2013; Kohata et al. 2018), EMC 
(Nekrasov et al. 2013; Shan et al. 2014) and MSBSP-PCR 
(Guo et al. 2018), both methods are sensitive (down to 
1 bp), accurate (consistent with Sanger sequencing result) 
and consistent (applicable for various genes). Notably, 
combining with Image J software, the PCR-based method 

can be used for identification of replacement mutants as 
well, showing a potential application in the detection of 
single nucleotide polymorphism (SNP) (Supplementary 
Fig. 3), and for zygosity analysis (Fig. 1b, c). It’s also 
worth noting that the amplicon labeling-based method is 
particularly useful for identification of concomitant muta-
tions (Fig. 2c; Supplementary Fig. 4c) and homozygous 
mutants (Fig. 2e, f). Thus, methods developed in this study 
certainly benefit the rice genome editing research com-
munity to identify the targeted mutagenesis, especially in 
a pool of mutations including a high proportion of wild-
type, for example, in chimeric lines.

On the other hand, the sensitivity and efficiency of 
PCR-based method is inevitably affected by the target 
sequence. Therefore, the developed PCR-based method 
is less effective or even unsuccessful if the target region 
contains mono-nucleotide repeats, or the MHS is mutated 
with identical nucleotide(s) insertion, or mutations occur 
outside of the predicted MHS. In addition, the developed 
PCR method is only applicable to identify mutations that 
are close to and upstream of the PAM. Nevertheless, these 
limitations of developed PCR-based method can be readily 
overcome by the amplicon labeling-based method, which 
can be easily accessible via commercial service.

Furthermore, the exact nucleotide change occurred in 
a mutant cannot be revealed by either of the two newly 
developed methods per se, it, however, can be solved 
by Sanger sequencing when a homozygous mutant is 
obtained. In this way, not only the time is saved, but the 
cost for sequencing is also saved. Because all reactions 
can be done in 96 wells, they both can be used for high 
throughput analysis. We believe that these two developed 
indels detection methods would facilitate rice functional 
studies and breeding using genome editing as a tool. Fur-
ther studies will exam their applicability in the detection 
of indels induced by other genome editing systems in rice 
and other plants.
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