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Abstract Modern genetic analyses rely on efficient genotyping
of single-nucleotide polymorphisms (SNP) or insertion/deletion
length polymorphisms (InDel) in genomes. Methods available
to genotype these polymorphisms include sequencing, cleaved
amplified polymorphic sequence, high-resolutionDNAmelting,
and microarray analyses, which are all rather tedious or expen-
sive to set up for daily use. Here, we report a simplified label-
free CELI endonuclease (CELI)-based protocol that enables us
to detect both SNPs and InDels for fragment lengths between
500 and 6 kb. PCR-amplified target DNA fragments were
annealed, cleaved by CELI, and analyzed either cost-
effectively by agarose gel electrophoresis or automatically by
capillary electrophoresis. The optimal amplification sizes, po-
tential blind ends, and the maximum pooling capacities were
examined for both electrophoresis protocols. We believe that the
CELI-based genotyping protocol can be used in the detection of
mutations, marker-assisted breeding, map-based cloning, and
genome-wide association studies.

Keywords CELI . SNP . InDel . Agarose gel
electrophoresis . Capillary electrophoresis

Abbreviations
CELI CELI endonuclease
InDel Insertion/deletion length polymorphism
MBN Mung bean nuclease
SNP Single-nucleotide polymorphism
TILLING Targeting induced local lesions in genomes

Introduction

Single-nucleotide polymorphisms (SNP) and insertion/deletion
length polymorphisms (InDel) are the two most frequently
occurring genome variations, and they are frequently used in
modern genetics for map-based cloning, linkage analysis,
genome-wide association study, and marker-assisted selection.
In humans, over 3.1 million SNPs have been found in haplo-
type maps, representing one SNP per 1 kb (International
HapMap Consortium 2007; Wang et al. 2008). In rice, 1.7
million SNPs and 478,000 InDels have been found between
sequenced genomes of Nipponbare (Oryza sativa L. ssp. ja-
ponica) and 93-11 (O. sativa L. ssp. indica), representing one
SNP in every 268 bp and one InDel in every 953 bp of genomic
DNA (Shen et al. 2004). Recently, more than 6.5 million SNPs
were identified through re-sequencing 50 accessions of culti-
vated and wild rice (Xu et al. 2012).

A number of protocols have been developed for SNP and
InDel detection with certain advantages and disadvantages
associated with each of them. The cleaved amplified polymor-
phic sequence (CAPS; Konieczny and Ausubel 1993) and
derived CAPS (dCAPS; Neff et al. 1998) methodologies are
simple and effective but rely on the presence of restriction sites
in either PCR-amplified fragments or in oligonucleotide
primers. High-resolution DNA melting analysis is a rapid
method established based on the loss of fluorescence when
intercalating dyes are released from double-stranded DNA
during thermal denaturation, but has the disadvantages that
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the target fragments analyzed are relatively short, and expen-
sive equipment setup is required (Wittwer et al. 2003; Zhou et
al. 2005; Montgomery et al. 2007; Li et al. 2010; Pereyra et al.
2012). Next-generation sequencing (NGS) and microarrays are
ultra high-throughput technologies, allowing the simultaneous
detection of thousands to millions of SNPs. However,
genotyping a large number of individuals with NGS is still
rather expensive (Gunderson et al. 2005; Nishida et al. 2008;
Wang et al. 2008; Huang et al. 2010; Davey et al. 2011; Zheng
et al. 2011; Chagné et al. 2012; Xu et al. 2012).

Targeting induced local lesions in genomes (TILLING) is a
technology developed for detecting unknown point mutations
in mutagenized populations based on CELI cleavage of mis-
matches (Colbert et al. 2001; Till et al. 2006;Wang et al. 2010).
It has been used in many species including Arabidopsis
thaliana (Colbert et al. 2001), Lotus japonica (Perry et al.
2003), maize (Till et al. 2004a), wheat (Uauy et al. 2009;
Dong et al. 2009), tomato (Minoia et al. 2010), rice (Till et al.
2007), zebrafish (Wienholds et al. 2003; Sood et al. 2006) and
fruit fly (Winkler et al. 2005). However, due to the complexity
of the methodology, TILLING has not been used routinely in
most laboratories for the detection of SNPs or InDels.

In this study, we modified the CELI-based technology for
genotyping both SNPs and InDels using non-labeled primers in
combination with either agarose gel or capillary electrophore-
sis. The minimum and maximum amplicon lengths, potential
blind ends, and maximum pooling capacities were evaluated,
which allowed us to develop a pair of label-free protocols for
routine and high-throughput SNP and InDel detection.

Materials and Methods

Plant Materials and Genomic DNA Extractions

The protocol was optimized using three wild-type rice varieties:
93-11 (O. sativa, spp. indica), Nipponbare and Zhonghua 11 (O.
sativa, spp. japonica), as well as 16 mutants in the Zhonghua 11
background. Thesemutants had pointmutations in the following
loci: Os07g0301200, Os10g0389800, and Os06g0130100
(Table 1). Two DNA plasmids with one SNP (G to A) differing
between them were used to evaluate the optimal length for
amplicons. Primers used for SNP detection in this study are
listed in Table 2. Five genomic loci with InDels of different sizes
between Nipponbare and 93-11 were selected for evaluating the
potential of using the CELI-based protocol for the detection of
InDels. Genomic DNAwas extracted from leaves of 1-month-
old rice seedlings, as described by Wang et al. (2009).

PCR Reactions

Primer pairs were designed to produce amplicons of 0.7 to
9.7 kb in length. Ex Taq polymerase was used for

amplification of fragments less than 2 kb in length (cat.
no. DRR100B; TaKaRa, Japan). PCR with Ex Taq was
performed with the following reaction conditions: 95 °C
for 2 min; 8 cycles of 94 °C for 20 s, 68 °C for 30 s (1 °C
decrease per cycle), and 72 °C for 60 s for every 1 kb of
amplicon length, followed by 35 cycles of 94 °C for 20 s,
60 °C for 30 s, and 72 °C for 60 s for each 1 kb of amplicon
length, and a final extension at 72 °C for 5 min. In ampli-
fying fragments larger than 2 kb, KOD polymerase (cat. no.
KFX-101; ToYoBo, Japan) was used in PCR reactions, and
PCR was performed with the following reaction conditions:
95 °C for 2 min; 30 cycles of 98 °C for 20 s, 53 °C for 30 s,
and 68 °C for 60 s for every 1 kb of amplicon length,
followed by final extension at 68 °C for 10 min. To discrim-
inate the genotype of individual plants, two types of re-
actions were tested and compared. The first one was to
perform two parallel PCR reactions: one with DNA from a
mutant and the second one with a 1:1 mixture of mutant and
wild-type DNA. The second option was to perform one PCR
reaction with DNA from the mutant and the other one with
the wild-type DNA and then to mix equal amounts of PCR
products from the mutant and wild-type reaction prior to
annealing. All PCR products were subjected to a complete
denaturation-slow annealing program to form heterodu-
plexes with the following conditions: 99 °C for 10 min for
denaturation, followed by 70 cycles of decrements, starting
at 70 °C, 20 s each, with a 0.3 °C decrease per cycle, and
then holding at 15 °C to reanneal the denatured PCR prod-
ucts to form heteroduplexes.

CELI Extraction

CELI was extracted from 6 kg of celery (Apium graveolens)
bought from a supermarket, as described by Till et al.
(2006), with minor modifications. All steps were performed
at 4 °C. After removing the white bottom and leaves, celery
juice was collected using a prechilled juice extractor to
process prechilled celery sticks. A buffer was added to the
juice to make a final solution containing 100 mM Tris–HCl
and 100 μM phenylmethylsulfonyl fluoride (PMSF), pH
7.7. After centrifugation at 2,600×g for 20 min, the super-
natant was collected, and (NH4)2SO4 was added gradually
while stirring for at least 30 min to a final concentration of
25 % (m/v). After centrifugation at 15,000×g for 1 h,
(NH4)2SO4 was added gradually for at least 30 min to the
supernatant while stirring to a final concentration of 80 %
(m/v). The solution was then centrifuged at 15,000×g for
2 h, and the pellet was suspended with 100 mM Tris–HCl
and 100 μM PMSF, pH 7.7, to one tenth of the starting
volume of celery juice. Each 20 mL enzyme solution aliquot
was dialyzed thoroughly in 4 L buffer containing 100 mM
Tris–HCl, 500 mM KCl, and 100 μM PMSF, pH 7.7, for 1 h
using dialysis bags with a cutoff size of 7 KDa. After four
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replacements of the dialysis buffer, the enzyme solution was
centrifuged at 10,000×g for 20 min, and the supernatant of
CELI was stored at −80 °C.

CELI Digestion

CELI digestions of annealed PCR products were performed in
15 μL reaction mixture containing CELI buffer (10 mM
HEPES, pH 7.5, 10 mM KCl, 10 mM MgSO4, 0.002 %
Triton X-100, and 0.2 μg/mL bovine serum albumin (BSA)),

4 μL of PCR product, and 1 unit CELI (10 units/μL) if PCR
products were polymerized by Ex Taq (or 20 units CELI if
PCR products were polymerized by KOD) at 45 °C for 15min,
followed by adding 3 μL of 0.5 M EDTA (pH 8.0) to stop the
reaction. Alternatively, the digestionwas performed in a 15-μL
reaction mixture containing 4 μL of PCR products and 2 units
of mung bean nuclease (MBN, 10 units/μL, cat. no. M0250S;
New England Biolabs, USA) inMBN buffer (20 mMBis-Tris,
pH 6.5, 10 mM MgSO4, 0.2 mM ZnSO4, 0.002 % Triton X-
100, and 0.2 μg/mL BSA) at 60 °C for 30 min, followed by
adding 2 μL of 0.2 % SDS to stop the reaction.

Electrophoresis

CELI-digested PCR products were analyzed using 2 % aga-
rose gels (cat. no. 9012-36-6; HydraGene, USA) containing
0.5 μg/mL ethidium bromide (cat. no. 0492; Amresco, USA)
in 1× TAE buffer (40 mM Tris–acetic acid, 1 mM EDTA),
with the voltage of 130 V for 60 min. Alternatively, CELI-
digested PCR products in 96-well PCR plates (cat. no.
AB19700; BIOplastics, The Netherlands) were diluted to
100 μL with deionized water, and capillary electrophoresis
was performed at 9 kV, 30 s, for pre-run, 15 s for injection of
1 ng/μLmolecular weight marker 75 and 15 kb or 50 and 3 kb
dsDNA (Fermentas, Canada), 45 s for sample injection, and
40 min for sample separations in AdvanCE™ FS96
(Advanced Analytical Technologies, USA) by following the
manufacturer's manual. Gel pictures were acquired and ana-
lyzed using the BioSpectrum AC Imaging System (UVP,
USA) for agarose gels and PROSize software (Advanced
Analytical Technologies, USA) for capillary electrophoresis.

Table 1 Rice mutants used to
optimize CELI-based SNP
detection

Hetero heterozygous, Homo
homozygous
aNucleotide in the wild type to
the nucleotide in the mutant
bSizes of the two expected
CELI-cleaved products

Gene loci Line no. Mutationa Cleaved products (bp)b Genotype

Os07g0301200 (1,489 bp amplicon) 1 G to A 141/1,348 Homo

2 C to T 479/1,010 Hetero

3 G to A 528/961 Hetero

4 C to T 550/939 Homo

5 G to A 565/924 Hetero

6 G to A 613/876 Hetero

7 G to A 635/854 Hetero

8 G to A 638/851 Hetero

9 No No Wild type

10 G to A 749/740 Hetero

11 C to T 798/691 Homo

12 G to A 914/575 Homo

13 C to T 1,221/268 Hetero

14 C to T 1,229/260 Homo

15 A to T 1,345/144 Homo

Os10g0389800 (1,220 bp amplicon) 16 G to A 890/330 Hetero

Os06g0130100 (1,427 bp amplicon) 17 G to A 938/489 Hetero

Table 2 Primers used for CELI-based SNP detection

Primer name Primer sequence (5′–3′)

Os07g0301200F GCATGTGTATGTGCATGTCCACCTTTG

Os07g0301200R TAAAGCTTTCGTCCTGTCATGCTGTGC

Os10g0389800F AATTCCATGCAGTGACATGAGCCAAAA

Os10g0389800R ACTGGTTGCGCTCAATCTTAGGAGGTG

Os06g0130100F CACTCCATTTGCTTTTCTGCT

Os06g0130100R GTCCACCGTCTTGGGCGTTG

Amplicon 9.7F ATAAATGAGTAGATGAATTTTAG

Amplicon 7F TACACTAGAAGGACAGTATTTG

Amplicon 6.8F CTTAAAAATAATAAAAGCAGAC

Amplicon 6.1F AACAATGGTGACTTCTAC

Amplicon 5.3F GTTTTTAATGTACTGAATTAACG

Amplicon 4-2.7F TCAGTCTCTTGTCGCTTAACG

Amplicon 1.9F TAGATTTGCCATTGATTTGATACTC

Amplicon 1.9-2.7R GTGTCTTTATTTTGCATTTTATACG

Amplicon 4-9.7R TGATCAATTACTAACTACAATGG
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Results

CELI Digestion and Agarose Gel (CELI/Agarose Gel-Based
Genotyping) Protocol for SNP Detection

We applied CELI-based mismatch cleavage on reannealed,
mixed PCR products containing a SNP and analyzed the
cleavage products with agarose gel electrophoresis. This
protocol is simple and efficient as compared to other
methods. CELI extraction from celery is relatively simple
and cost-effective, producing over 10,000 units in each
preparation batch. Staining with ethidium bromide is more
sensitive than other alternatives such as GoldView nucleic
acid stain (SBS Bio, Beijing). To achieve optimal SNP
detection, it is essential to set the PCR conditions properly
to allow for specific amplification of target fragments.
Attention must be given to primer design. When possible,
all primers should be between 18 and 25 bp in length,
their GC contents should be between 40 and 60 %, and
their Tm values should be between 50 and 70 °C. It is
often necessary to perform gradient PCR to identify an
annealing temperature that gives a single PCR product
with the expected size. Following PCR, denaturation-
slow annealing, and CELI digestions, cleaved products
were loaded on 2 % agarose gels and analyzed by elec-
trophoresis. Increased concentrations of agarose to 2.5 or
3 % improved the detection of lower molecular weight
bands but compromised the detection of high molecular
weight bands (data not shown).

To examine if there were any biases in the detection of
SNPs at different amplicon positions, we used a collec-
tion of 14 rice mutants, with point mutations throughout
the 1,489-bp amplicon of the Os07g0301200 locus
(Table 1). All of these mutants were obtained by
TILLING from an in-house EMS-mutagenized popula-
tion made in the Zhonghua 11 (O. sativa, spp. japonica)
background, with point mutations located on the 141st,
479th, 528th, 550th, 565th, 613rd, 635th, 638th, 749th,
798th, 914th, 1,221st, 1,229th, and 1,345th nucleotide in
line nos. 1 to 8 and 10 to 15, respectively (Fig. 1a). Wild-
type Zhonghua 11 (line 9) was used as a control. After
evaluating point mutations located at different positions
of PCR products, we noticed that it was difficult to detect
cleaved fragments less than 250 bp, although the corre-
sponding larger fragments in the same lane were visible
(lines 1 and 15, Fig. 1). We therefore propose that for
genotyping a known SNP locus, when possible, the
primers should be designed to allow SNPs to be located
250 bp away from the two ends of the amplicon. We refer
to these two terminal regions as “blind ends”. As
expected, the smallest amplicon for the CELI/agarose
gel-based genotyping (CAG) protocol is around 500 bp.
For genotyping unknown SNPs, we advise to have a 250-

bp overlap between two adjacent PCR products, in order
to obtain maximum coverage.

Optimization of the CAG Protocol

To detect homozygous mutations, individual DNA samples
with point mutations were mixed either with an equal
amount or with different ratios of wild-type DNA. After
agarose gel electrophoresis, we observed two cleaved frag-
ments for samples containing SNPs, in addition to the full-
length uncleaved PCR products at the top of the gel
(Fig. 1b, c). These two fragments, as expected, are a sum
to the size of the full-length PCR products. For line no. 10,
we noticed that only one cleaved fragment was observed,
as the point mutation was located in the very middle of the
PCR product (749th of 1,489 bp amplicon). Obviously, this
is not ideal for effective SNP detection. We suggest that for
analyzing SNPs at known positions, primers should be
designed to prevent the SNP from being located in the
very middle of the amplicon. Among different dilutions
tested, we observed that all mutations were detected effec-
tively up to a 1:7 mixing of the mutant and the wild-type
DNA (Fig. 1c). As such, the low-cost agarose gel has about
the same sensitivity for genotyping as the LI-COR 4300
sequencer reported previously (Colbert et al. 2001).

In the LI-COR 4300 sequencer-based method, the PCR
products analyzed are usually no longer than 1.5 kb (Till et
al. 2006). We evaluated the maximum amplicon size that
could be analyzed by the CAG protocol. Two plasmids (with
the total length of 14.7 bp) with one SNP (G to A) between
them were mixed in a 1:1 ratio and used as the template.
Primers were designed to produce SNP-containing amplicons
with sizes of 1.9, 2.7, 4, 5.3, 6.1, 6.8, 7, or 9.7 kb (Fig. 2a).
Following PCR, denaturation-slow annealing, and CELI di-
gestions, samples were loaded on a 2 % agarose gel and
analyzed by electrophoresis. As shown in Fig. 2b, cleaved
fragments of the expected sizes were detected in all of these
eight amplicons, in addition to the uncleaved PCR products
located at the top of the gel. However, in lanes with total
fragment lengths of 6.8, 7, and 9.7 kb, intensities of the
expected 5.1, 5.4, and 8.0 kb cleaved products were difficult
to distinguish from nonspecific bands. Since no other PCR
fragments were observed in samples without CELI digestion,
it is unlikely that they came from nonspecific amplification.
Rather, these spurious bands likely resulted from nonspecific
CELI digestion. As CEL1 is a single-strand endonuclease,
non-perfect annealing of PCR products will lead to CELI
cleavage at non-annealed single-strand regions. Such imper-
fect annealing does not seem to be a problem for PCR prod-
ucts less than 6 kb in length. As such, the upper detection limit
for the CAG protocol should be considered to be about 6 kb.
We sequencedmore than 100 SNPs detected via CAG, and the
accuracy rate was 100 %.
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Fig. 1 Detection of SNPs at
different positions using the
CAG protocol. a Positions of
different SNPs in the 1,489-bp
amplicon of Os07g0301200.
Hatched boxes correspond to
the 250-bp blind ends. b A gel
picture showing the cleaved
PCR products (arrowheads)
with 1:1 mixed mutant and
wild-type DNA as the template.
c A gel picture showing the
cleaved PCR products
(arrowheads) with a 1:7
mixture of mutant and wild-
type DNA as the template. U
uncleaved PCR products, M
molecular weight marker
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CAG-Based Genotyping in a Segregating Population

To ensure accurate detection of homozygous mutations, it is
necessary to mix mutant and wild-type DNA. We used the
CAG protocol to genotype 23 progeny produced from the
self-pollinated heterozygous line no. 16 that carries a G-to-
A point mutation in the Os10g0389800 locus (Table 1). We
designed a pair of primers to produce a 1.22-kb amplicon,
with the point mutation located at the 890th nucleotide. Two
independent sets of PCRs were performed, one with DNA
from individual progeny plants and the second with equal
amounts of wild-type DNA added. Following PCR, com-
plete denaturation-slow annealing, and CELI digestion, the-
se two sets of samples were loaded on 2 % agarose gels and
analyzed independently. By comparing band patterns in
these two gels, it was quite easy to define the genotype of
all of the progeny plants (noted at the bottom of Fig. 3b).
When no cleaved product was observed in either gel, the
plant was a wild type (as in plants nos. 2, 3, 5, and 6). When
cleaved products were observed in both gels, the plant was a
heterozygous mutant (as in plant nos. 1, 7, 10, and 12).
When cleaved products were observed only in the gels of
the samples mixed with the wild-type DNA, the plant was a
homozygous mutant (as in plant nos. 4, 8, 11, and 14).
These three outcomes from the two gel strategies demon-
strate that the CAG protocol is effective for genotyping
SNPs in a segregating population.

CAG Protocol for InDel Analyses

To evaluate the possibility of using the CAG protocol for
detecting InDels, we selected five genomic regions in which
different sized InDels were present between the sequenced
rice genomes of 93-11 and Nipponbare. As listed in Table 3,
the sizes of InDel loci 1 to 5 were 33, 12, 11, 3, and 1 bp,
respectively. We used the exact CAG protocol for SNPs as
described above and observed that all of these InDels were

detected effectively with agarose gel electrophoresis
(Fig. 4). The sizes of the InDels did not affect cleavage
efficiency. No difference was observed when CELI diges-
tions were performed in PCR products from mixed DNA
templates (Fig. 4, lane 2), nor in mixed PCR products from
separated PCRs (Fig. 4, lane 3).

We also compared the difference between CELI and
commercially available MBN for InDel cleavage reactions.
Our results showed that while both MBN and CELI were
able to cleave all five InDels (Fig. 4, lane 4 in each gel), the
cleaved products were less abundant in the MBN samples
than in the CELI samples. As with the CAG detection of
SNPs, when InDels were located too close to the ends of a
PCR product (e.g., 122 bp in InDel 5), the lower molecular
weight band was more difficult to visualize (Fig. 5(e)).

CELI Digestion and Capillary Electrophoresis-Based
Genotyping

Although the CAG protocol is cost-effective for detecting
SNPs and InDels, dealing with a large number of samples
using agarose gels is tedious and time-consuming. As an
alternative, we developed a CELI/capillary electrophoresis-
based genotyping protocol with a semiautomated approach
using the AdvanCE™ FS96 instrument. The major advan-
tage of the FS96 is able to perform analyses in 96-well
samples automatically. Unlike the LI-COR system (Till et
al. 2006), no post-digestion purification is needed with
CELI/capillary electrophoresis-based genotyping (CCG).
The mutants listed in Table 1 were used to optimize the
CCG protocol (Fig. 5). To ensure parallel comparisons
among samples in different capillaries, two molecular
weight markers, 75 and 15 kb, were preloaded in each
capillary. As shown in Fig. 5b, in addition to the full-
length PCR products, cleaved PCR products were observed
in all samples with point mutations, while no cleaved bands
were seen in the wild-type controls. All expected cleaved
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products, except the 141-bp product in line no. 1 (rather
faint, Fig. 5), were effectively detected. We thus estimated
that the “blind end” of CCG protocol was about 150 bp,
which was approximately one half of the blind end size in
the CAG protocol.

To assess the sensitivity of the CCG protocol, SNP-
containing DNA samples were mixed in different ratios with
wild-type DNA. We observed that SNPs were successfully
detected in dilutions up to 1:23 (mutant/wild type) (Fig. 5c).
This is dramatically more sensitive than the 1:7 dilution
observed for the CAG protocol. We noticed that the 141
and 144 bp bands in line nos. 1 and 15 (indicated by black
arrowheads, Fig. 5c) were rather faint, suggesting that the
dilution limit had been reached.

The DNA samples and primers used to check the maxi-
mum detection length of the CCG protocol are shown in
Fig. 2a. Although the SNPs in all eight amplicons were
detected successfully, cleaved fragments in the amplicons
with sizes of 6.8 kb or larger were difficult to distinguish
from nonspecific bands (Fig. 6). As with CAG, the upper
size limit for CCG can be considered to be about 6 kb.

The CCG protocol was then used to genotype a popula-
tion of 22 progeny of the self-pollinated, heterozygous line
no. 17 (Table 1), in which a G-to-A point mutation was
located at the 938th nucleotide of the 1,427-bp amplicon
from the Os06g0130100 locus. Two independent sets of
PCR were performed, one with DNAs from individual
progenies and the second with equally mixed DNA from
both individual progeny plants and the wild type. After
CELI digestions, samples were analyzed by capillary elec-
trophoresis using the FS96. By comparing band patterns
between samples with and without mixing with wild-type
DNA (Fig. 7b, a, respectively), the genotypes of each plant
could be determined easily.

Detecting Multiple Mutations in a Sample

The CAG and CCG protocols described here differ from
traditional LI-COR 4300 sequencer-based protocols in that
they detect double, rather than terminal-labeled single-
stranded DNA fragments. As such, they can, in principle, be
used to identify more than one point mutation in a sample. We

Table 3 InDel loci between 93-11
and Nipponbare used in this study

F forward primer, R reverse
primer
aSizes of the two expected
CELI-cleaved products

InDel locus
no.

InDel sizes
(bp)

Amplicon sizes
(bp)

Cleaved products
(bp)a

Primer sequence (5′–3′)

1 33 681 270/411 F: TCAATCGATAAATCCTTTGG

R: CACTATGCCATACTAGAAG

2 12 831 387/432 F: TACGGATCCTGGGCGTG

R: CATGGCATACATCAGAAAC

3 11 656 291/354 F: CCATGACCATTTTCACCC

R: TTCCATCATTAATGCCTG

4 3 795 648/144 F: CCAAAATCTTCTTCATTGCA

R: TATATATATTCTTCTTGTCC

5 1 804 122/681 F: TGAATGGGTAAACGGGAC

R: CACATACCCGTTCAGGAG

M bp
2,000

1,000
750

500

250

100

1 2 3 4

U

C1

C2

1 2 3 4

U

C1
C2

U

C1
C2

1 2 3 4

U
C1

C2

1 2 3 4 1 2 3 4

U
C1

a b c d e

Fig. 4 Use of CAG for detecting InDels with different sizes using
different endonucleases. a–e Gel pictures showing the detection of
InDels with 33, 12, 11, 3, and 1 bp deletions, respectively. Lane 1,
uncleaved PCR products; lane 2, CELI-cleaved PCR products, using
equally mixed genomic DNA from Nipponbare and 93-11 as

templates; lane 3, CELI-cleaved equally mixed PCR products, using
separate genomic DNA of Nipponbare or 93-11 as the template; lane 4,
MBN-cleaved equally mixed PCR products. U uncleaved PCR prod-
ucts, C1 and C2 cleaved PCR products, M molecular weight marker
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examined if this was indeed the case using PCR products with
two different point mutations. As shown in Fig. 8, both the
CAG and CCGprotocols were able to detect samples with two
mutations, showing four bands (Fig. 8a) or peaks (Fig. 8b) in
addition to the full-length uncleaved band.

Discussion

CELI is a single-strand specific endonuclease. The enzyme
cuts one of the two DNA strands in a mismatched duplex
(Oleykowski et al. 1998; Desai and Shankar 2003). By

15 kb
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75 bp
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Fig. 5 Detection of SNPs at
different positions using the
CCG protocol. a Positions of
different SNPs in the 1,489-bp
amplicon of Os07g0301200.
Hatched boxes correspond to
the 150-bp blind ends. b, c
Pseudogel pictures of capillary
electrophoresis showing the
cleaved PCR products
(arrowheads) with mixed
mutant and wild-type DNA at
1:1 and 1:23 ratios,
respectively. The top and
bottom bands are 15 kb and
75 bp markers, respectively.
U uncleaved PCR products

U C U C U C U C U C U C U C U C

1.9kb 2.7kb 4kb 5.3kb 6.1kb 6.8kb 7kb 9.7kb

15 kb
9.7 kb

75 bp

Fig. 6 Detection of SNPs in large amplicons using the CCG protocol.
Positions of SNP in different amplicons and the sizes of the expected
cleaved PCR products are shown in Fig. 2a. The top and bottom bands
are 15 kb and 75 bp markers, respectively. The second band from the

top of each lane is the uncleaved PCR product. Arrowheads indicate
CELI-cleaved products. Note that the 386-bp fragments (black arrow-
heads) are evidently visible. U uncleaved PCR products, C cleaved
PCR products
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increasing either the enzyme concentration or incubation
time, CELI can also cut both strands at the mismatch site
(Sokurenko et al. 2001). CELI has been applied in TILLING
for detection of mutations using florescence-labeled primers

in combination with the LI-COR 4300 sequencer (Colbert et
al. 2001; Perry et al. 2003; Till et al. 2004b, 2006). Due to
the complexity of the procedure, CELI-based SNP detection
has not been used routinely in most laboratories. In this
study, we developed and optimized two CELI-based proto-
cols (CAG or CCG) which are able to analyze both SNP and
InDel mutations without using labeling primers. The opti-
mal amplification lengths and detection regions for
amplicons were evaluated for both protocols.

The various SNP and InDel detection protocols all have
both advantages and problems. Agarose gel-based CAPS or
dCAPS protocols have been used extensively to genotype
SNPs but require the presence of restriction sites in the
amplified fragments or in the primers (Konieczny and
Ausubel 1993; Neff et al. 1998). Simple sequence length
polymorphism markers are easy to use in analyzing InDels
(Panaud et al. 1996), although InDels less than 10 bp in
length are often difficult to detect. Measuring the melting
points of heteroduplexes is another method to detect both
SNP and InDel mutations, but the drawback is that only
fragments of relatively short length (100–300 bp) can be
analyzed (Wittwer et al. 2003; Reed and Wittwer 2004). In
recent years, high-throughput sequencing has been used
widely in the detection of both SNP and InDel mutations
at the whole-genome level. However, the method can be too
complicated for small labs or research programs in areas
lacking these technologies. Additionally, use of sequencing
for analysis of a large population of individuals can be
prohibitively expensive (Wang et al. 2008; Deschamps et
al. 2010; Huang et al. 2010; Davey et al. 2011; Zheng et al.
2011; Xu et al. 2012; Subbaiyan et al. 2012). Errors
resulting through the use of different calling algorithms are
another problematic shortfall of sequencing-based SNP and
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Fig. 7 Application of the CCG
protocol to a segregating
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picture of capillary
electrophoresis showing the
CELI-cleaved PCR products of
22 progeny from a
heterozygous line (no. 17). b
Same as in a, but the PCR
templates were mixtures with
equal amounts of both progeny
and wild-type DNA. +/+, −/+,
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Fig. 8 Detecting two point mutations in one sample using the CAG (a)
and CCG (b) protocols. a Samples 1 and 2 contain SNP nos. 1 (924/
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contain SNP no. 2 (784/720 bp). U uncleaved PCR product of
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InDel detection methods. For example, among 224 random-
ly selected SNPs identified between two chickpea genotypes
from Illumina sequence data, only 50 % were confirmed to
be real mutations following validation (Azam et al. 2012).
The traditional TILLING protocol with the LI-COR 4300
sequencer can be used for SNP detection but requires flo-
rescent dye-labeled primers, which is both time-consuming
and expensive (Colbert et al. 2001; Till et al. 2006). The
CAG and CCG protocols introduced in this paper use ordi-
nary primers and are able to detect SNPs and InDels. The
use of non-labeled primers is critically important, as it saves
tremendous amounts of time and money. As for efficiency,
the CAG protocol is able to detect SNPs and InDels in 8X
pooled samples in a cost-effective way. The CCG protocol is
able to detect mutations in 24X pooled DNA samples in 96-
well plates automatically, with a greatly increased sensitivity
and throughput, as compared to the traditional LI-COR
4300 system.

The CAG and CCG protocols have additional advan-
tages. Firstly, as SNPs and InDels are the two most fre-
quently occurring genomic variations in nature (Shen et al.
2004), effective genotyping of both of these mutation types
with the same methodology provides an efficient tool for
genetic analyses and map-based cloning. Secondly, both of
these protocols are able to analyze large fragments with total
length up to 6 kb. Thirdly, the CCG protocol does not
require the purification of CELI-digested PCR products,
allowing for the analysis of 96 samples in less than 1 h.

In summary, this paper introduces a pair of CELI-based
label-free protocols for genotyping both SNP and InDel
mutations (see the complete protocols in 1 and 2 of the
Electronic Supplementary Material). In small-scale experi-
ments, we advise the use of the simple CAG protocol
because of its convenience and cost-effectiveness. For
genotyping a large number of samples (a hundred to thou-
sands), the semiautomated CCG protocol is a better choice
due to its higher throughput and sensitivity. We believe that
these two protocols will have many applications in molec-
ular genetic studies.
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