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Abstract

Key message A method based on DNA single-strand
conformation polymorphism is demonstrated for effec-
tive genotyping of CRISPR/Cas9-induced mutants in
rice.

Abstract Clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated 9 (Cas9) has
been widely adopted for genome editing in many organ-
isms. A large proportion of mutations generated by
CRISPR/Cas9 are very small insertions and deletions (in-
dels), presumably because Cas9 generates blunt-ended
double-strand breaks which are subsequently repaired
without extensive end-processing. CRISPR/Cas9 is highly
effective for targeted mutagenesis in the important crop,
rice. For example, homozygous mutant seedlings are
commonly recovered from CRISPR/Cas9-treated calli.
However, many current mutation detection methods are not
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very suitable for screening homozygous mutants that typ-
ically carry small indels. In this study, we tested a mutation
detection method based on single-strand conformational
polymorphism (SSCP). We found it can effectively detect
small indels in pilot experiments. By applying the SSCP
method for CRISRP-Cas9-mediated targeted mutagenesis
in rice, we successfully identified multiple mutants of
OsROCS5 and OsDEPI. In conclusion, the SSCP analysis
will be a useful genotyping method for rapid identification
of CRISPR/Cas9-induced mutants, including the most
desirable homozygous mutants. The method also has high
potential for similar applications in other plant species.

Keywords SSN - CRISPR/Cas9 - SSCP - Rice -
OsROCS5 - OsDEPI

Introduction

As a sequence-specific nuclease (SSN), the clustered
Regularly Interspaced Short Palindromic Repeats
(CRISPR)/CRISPR-associated 9 (Cas9) system (Cong et al.
2013; Jinek et al. 2012; Mali et al. 2013) has been recently
used for genome editing in many organisms and cell lines.
In this system, Cas9 protein is loaded with a synthetic
single-guide RNA (sgRNA), which is a fusion of a CRISPR
RNA (crRNA) and a trans-acting crRNA (tracrRNA)
(Jinek et al. 2012). CRISPR/Cas9 induces a DNA double-
strand break (DSB) by targeting an approximately 20 base-
pair (bp) sequence upstream of a protospacer adjacent
motif (PAM). The resulting DSB site is 3 bp upstream of
the PAM (Jinek et al. 2012). Subsequent DNA repair by the
error-prone non-homologous end-joining (NHEJ) pathway
may result in mutations at the target site. Although multiple
orthogonal CRISPR/Cas9 systems have been developed
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(Esvelt et al. 2013; Hou et al. 2013; Ran et al. 2015),
Streptococcus pyogenes Cas9 (SpCas9) is prevalently used
in genome editing applications presumably due its well-
characterized PAM motif (NGG) (Doudna and Charpentier
2014; Hsu et al. 2014; Sander and Joung 2014).

SSNs such as zinc finger nuclease (ZFN) (Carroll 2011;
Urnov et al. 2010), transcriptional activator-like effector
nuclease (TALEN) (Christian et al. 2010; Li et al. 2011;
Miller et al. 2011) and meganuclease (Paques and Duch-
ateau 2007; Smith et al. 2006) all require engineering of
DNA binding domains, which is not a trivial process (Gaj
et al. 2013). In comparison, target recognition is simply
based on DNA-RNA hybridization in the CRISPR/Cas9
system (Jinek et al. 2012), which makes it the first choice
of SSNs for genome editing. However, it was found that
64-75 % of CRISPR/Cas9-generated mutations are 1 bp
Indels in the model plants rice (Ma et al. 2015; Zhang et al.
2014) and Arabidopsis (Feng et al. 2014). Since CRISPR/
Cas9 generates blunt-ended DNA DSBs (Jinek et al. 2012;
Sternberg et al. 2014), it is not surprising this system
generates a higher proportion of small indels than ZFN and
TALEN which create sticky ends of 4 bp single-strand
overhangs prone to degradation (Cermak et al. 2011; Kim
et al. 1996). Thus, sensitive detection of very small indels
is required for successful application of CRISPR/Cas9 in
genome editing.

Single-strand conformational polymorphism (SSCP)
analysis was first described as an efficient method for the
detection of DNA polymorphisms between two alleles at
chromosomal loci (Orita et al. 1989a, b). It is based on the
principle that conformational difference of single-stranded
DNA due to difference at the sequence level (e.g., single
nucleotide polymorphisms or SNPs) can be resolved by
electrophoresis in a non-denaturing gel. Coupled with
polymerase chain reaction (PCR), SSCP has been used for
applications such as genotyping SNPs in a crop plant
(Shirasawa et al. 2004) and analysis of genetic diseases in
humans (Kakavas et al. 2008).

Recently, a polyacrylamide gel electrophoresis (PAGE)-
based method was used for detecting mutations generated by
TALEN (Ota et al. 2013) and CRISPR/Cas9 (Zhu et al.
2014). This method is based on slower migration of
heteroduplex DNA (with mismatch) than homoduplex DNA
(without mismatch) in a PAGE gel. This method has limited
ability to measure mutation frequency and may be unable to
identify individuals which contain homozygous mutations.
CRISPR/Cas9 has been shown to be highly effective for
inducing targeted mutations in rice where homozygous
mutants can be readily obtained in one generation (Endo
et al. 2015; Feng et al. 2013; Ikeda et al. 2015; Jiang et al.
2013; Lowder et al. 2015; Ma et al. 2015; Miao et al. 2013;
Mikami etal. 2015; Shan etal. 2013; Xie etal. 2015; Xu et al.
2015; Zhang et al. 2014; Zhou et al. 2014). Many of the
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current mutant screen methods lack the ability to identify
homozygous mutants prior to Sanger DNA sequencing.
Since SSCP is a powerful tool for detection of small indels
(Sekiya 1996) and it is based on single-strand DNA con-
formation, we reasoned SSCP can be a useful genotyping
tool with SSNs such as CRISPR/Cas9 because it can dis-
tinguish the wild type, heterozygous mutants and homozy-
gous mutants. In this study, we optimized parameters for the
SSCP analysis and then applied this method for screening
CRISPR/Cas9-induced mutants in TO plants of rice, which is
amodel plant and important crop. Mutations as small as 1-bp
indels along with large indels were successfully detected by
SSCP, demonstrating the SSCP-based method may broadly
facilitate mutant screen in plant genome editing and beyond.

Materials and methods
Plasmid construction

The pBlueScript-derived constructs used in this study are
kind gifts from Satoshi Ota and Atsuo Kawahara (Labo-
ratory for Cardiovascular Molecular Dynamics, Quantita-
tive Biology Center, RIKEN). To generate the Cas9
targeting construct for rice endogenous genes, the annealed
gRNA oligonucleotide pair each with designed recognition
sequence, was cloned into the region between the OsU6
promoter and the gRNA scaffolds of Cas9 expression
backbone vector (pZHY988).

Agrobacterium-mediated rice transformation

Agrobacterium-mediated rice transformation was based on
a method described previously (Hiei et al. 1994). First,
dehusked seeds were briefly sterilized and cultured on solid
medium at 28 °C under the dark in the growth chamber for
2-3 weeks. Actively growing calli were immersed in an
Agrobacterium suspension harboring the CRISPR/Cas9
expression plasmid and transferred onto screening medium
containing 50 mg/l hygromycin and 500 mg/1 carbenicillin.
Calli were then placed in a growth chamber for 5 weeks.
During the screening stage, infected calli were transferred
onto fresh screening medium every 2 weeks. After the
screening stage, actively growing calli were moved onto
regenerative medium for 3—4 weeks. Transgenic seedlings
were then transferred into sterile plastic containers con-
taining fresh solid medium and grown for 2-3 weeks
before being transferred into soil.

Genomic DNA preparation

To detect Cas9 activity at an endogenous locus, genomic
DNA was isolated from transformed rice protoplasts 2 days
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after transformation by following the Hexadecyltrimethy-
lammonium bromide (CTAB) DNA extraction method
(Stewart and Via 1993). Leaves of these plants were col-
lected for DNA extraction with the CTAB method to
genotype stably transformed TO rice. Either the rice pro-
toplasts or grinded leaves were incubated in the CTAB
extraction buffer for 30 min at 65 °C. After extracting
twice with a chloroform/isoamyl alcohol (24:1) mix,
supernatant was collected and a tenth volume of 3 M NaAc
was added. The precipitated DNA was washed with 100 %
ethanol for 2 h at —20 °C. Precipitated DNA pellets were
resuspended with ddH,O for the PCR-SSCP analysis.

PCR-SSCP analysis

PCR was performed using the primer pairs listed in
Table S1. A typical 25 ul PCR mix contains 1 U Taq DNA
Polymerase, 0.5 mM forward and reverse primer pairs,
1.5 mM MgCl,, 200 mM dNTP mix and genomic DNA
template (~50 ng) or a TA cloning plasmid (~ 1 ng). The
standard PCR condition was as follows: 94 °C for 5 min;
94 °C for 30 s, 56 °C for 30 s, 72 °C 30 s for 32 cycles;
72 °C for 5 min; hold at 10 °C. PCR products were
denatured for 5 min at 95 °C and immediately put in an ice
box afterwards to minimize self-annealing. Denatured PCR
amplicons were electrophoresed on 15 % non-denaturing
polyacrylamide gels (acrylamide—bisacrylamide; 29:1,
w/w). After 6 h of electrophoresis at 45 mA, 120-200 V,
polyacrylamide gels were dyed using argentation. First, the
gels were stained using 0.1 % AgNO; (100 ml volume
with 0.1 g AgNO;3; and 200 pl 37 % CH,0) for 10 min,
developed using 2.5 % NaOH (100 ml volume with 2.5 g
NaOH, 400 pul 37 %CH20 and 1 ml 4 % Na2CO3) for
10 min and then the developing process was stopped with
water.

TA cloning and sequencing analysis

Targeted genomic regions were amplified by PCR. All PCR
primer sequences are listed in Supplementary Table 1. All
PCR products were resolved on 1 % agarose gels. Selected
PCR products were excised, purified, and cloned into the
pMDC18 T-vector. The targeted NHEJ events were identi-
fied by Sanger sequencing of individual clones.

Results

Position of small indels impacts resolution
of the SSCP analysis

CRISPR/Cas9 cleaves the double-stranded DNA about
3 bp upstream of the PAM motif (Jinek et al. 2012) and

small indels are expected to be generated at this region.
When mutated DNA is amplified by PCR and denatured,
we expect to detect the mutations with the SSCP analysis
because mutated single-strand DNA will migrate differ-
ently compared to the wild type (WT) in non-denaturing
polyacrylamide gel electrophoresis (PAGE) (Fig. 1). We
first wanted to examine how the length and relative posi-
tions of the mutations of the PCR amplicons could impact
the detection in the SSCP analysis. We generated a series
of pBlueScript plasmids which contain deletions of 1, 2, 5
and 9 bp compared to the WT control. We then performed
PCR with eight different primer sets, which resulted in 40
sets of amplicons of different lengths with the small dele-
tions at different relative positions (Fig. 2a). These PCR
amplicons were denatured and run in a 15 % non-dena-
turing PAGE to evaluate the migration of single-strand
DNA among all samples. We found the best resolution
could be achieved when the PCR amplicons are smaller
than 300 bp and the mutation sites are close to the middle
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SSCP detected by DNA mobility
shift in a non-denaturing PAGE gel

Fig. 1 Schematic diagram of an SSCP-based genotyping method for
CRISPR/Cas9-mediated mutagenesis. In this procedure, CRISPR/
Cas9-induced NHEJ mutations, along with the WT DNA, are
amplified by PCR. The PCR amplicons are subsequently denatured
and single-strand conformation polymorphisms (SSCPs) can be
resolved by running in a non-denaturing PAGE gel. The two single
strands of one mutated DNA typically run as two separate bands with
different mobility compared to the WT bands. These single-strand
DNAs (in the right gel) migrate in a much slower speed compared to
double-strand DNAs (in the left gel)
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of the amplicons (Fig. 2b). Under such conditions, all sizes
of deletions could be distinguished from the WT. Double-
strand DNA was also detected in every sample due to
partial re-annealing. Because the double-stranded DNA
runs much faster than the single-stranded DNA, both types
of DNA can be easily distinguished (Fig. 2b). Although we
only tested deletions in this experiment, insertions in
principle should also be detected by the SSCP analysis.

SSCP can effectively and sensitively detect small
indels

To test whether SSCP can be readily used to distinguish
indels of any length, we made a more complete set of
deletion plasmids with deletions ranging from 1 to 9 bp
(Fig. 3a). These deletions were PCR amplified and evalu-
ated by SSCP analysis. We found all PCR amplicons with
different deletion sizes could be distinguished from the WT
(Fig. 3b). In most cases, both denatured single-strand
DNAs migrated differently from the two single strands of
the WT (Fig. 3b), demonstrating that the SSCP analysis
indeed has a high resolution. As a comparison, we also

A M13F+YSX039R3: 5300p | :
M13F+YSX039R2: 406bp i 1
M13F+YSX039R1: 298bp. i 1
M13F+M13R: 230bp 1

- —> —

M13F YSX039F MI13R YSX039R1 YSX039R2 YSX039R3
YSX039F+M13R: 15000 I |
YSXO39F+YSX0B9R1: 218bp. 1 |
Y SX039F+YSXMBOR2 3260p 1 ;
YSX03%F+YSXBIRE 4500p 1
B 1-5, 230bp 6-10, 298bp 11-15, 406bp 16-20, 530bp

WT A1 A2 As As wt A1 A2 As As wT A1 A2 As As wT A1 A2 As As

S ]
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21-25, 150bp 36-40, 450bp
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Fig. 2 Evaluation of amplicon length and mutation position for the
SSCP analysis. a Schematic diagram showing positons of PCR
primers and the length of amplicons. The position of deletions is
indicated by red. b SSCP detection of PCR amplicons that contain 1,
2, 5 and 9-bp deletions. Single-strand DNAs were resolved in 15 %
non-denaturing PAGE gels. Note the band representing double-strand
DNA due to re-annealing was indicated by a red asterisk (color
figure online)
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used PAGE to detect heteroduplex DNA for 1 and 2-bp
deletions. Although 2-bp deletions were clearly detected,
we could not detect 1-bp deletion with this analysis
(Fig. S1). This result suggests single-strand DNA renders
higher sensitivity for the detection of small indels than
double-strand DNA.

In our SSCP experimental setting, we have consistently
observed double-strand DNA due to partial re-annealing of
single-strand DNA (Figs. 2, 3). We took advantage of this
reliable phenomenon to directly compare SSCP with the
detection of heteroduplex DNA in the same PAGE gel. We
used PCR amplicons of 2 bp deletion and mixed it with the
WT amplicons in different ratios to obtain DNA pools
where mutated DNA ranged from 10 to 100 % in a 10 %
gradient (Fig. 4). Such DNA mixtures were denatured and
analyzed in a non-denaturing PAGE gel. We found that
both single strands of DNA from the deletion amplicons
migrated differently from the two single-stranded DNA of
the WT amplicons (Fig. 4). The 2-bp deletion amplicons
could be reliably identified when they are present as low as
10 % of total amplicon DNA (Fig. 4). Further, the intensity
of single-strand DNA bands nicely reflected the DNA
composition in the sample, which allows for quantification
of mutation frequency. We also observed two double-
strand DNA bands at the front of the PAGE gel in each
lane, with the heteroduplex DNA running slightly slower

A «—

M13R

B M WT A1 A2 A3 Ad A5 A6 A7 A8 A9 M

Fig. 3 Detection of a series of deletions by SSCP. a Schematic
diagram showing the positon of PCR primers relative to the positions
of DNA deletions. b SSCP detection of PCR amplicons that contains
up to 9-bp deletions. Note the single-strand DNA was resolved on the
upper position of the PAGE gel and the double-strand DNA was
resolved on the lower position of the PAGE gel (indicated by a red
asterisk)
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Fig. 4 Mutation frequency can

be quantified by SSCP but not M WT
by the heteroduplex DNA-based
method. PCR amplicon of WT
was spiked with amplicons of a
2-bp deletion in a 10 %

gradient. Note single-strand e ) s \

DNAs of WT and the mutant
were resolved in the upper
position of the PAGE gel.
Heteroduplex and homoduplex
DNAs were indicated in the
lower position of the PAGE gel

than the homoduplex DNA (Fig. 4). Although heterodu-
plex DNA bands indicate mutations, mutation frequency
could not be quantified with this method. For example,
when the sample contains 100 % 2-bp deletion amplicons,
the heteroduplex DNA band disappeared completely as
expected, which made it indistinguishable from the WT
(Fig. 4). This result demonstrates that SSCP-based detec-
tion is more reliable than heteroduplex-based detection for
screening and quantifying mutations generated by
CRISPR/Cas9. For example, heteroduplex-based detection
methods would not be able to identify homozygous muta-
tions which are most desirable to obtain. Since partial re-
annealing of single-strand DNA always occurs in our SSCP
procedure, the experiment in essence allows for simulta-
neous detection of single-strand DNA, heteroduplex DNA
and homoduplex DNA.

Application of SSCP for detecting CRISPR/Cas9-
induced targeted mutagenesis in rice

After demonstrating that SSCP could be used to sensitively
detect a wide range of indels, we applied this method for
mutant screen in rice with CRISPR/Cas9-induced targeted
mutagenesis. We first targeted OsROCS5 gene (GenBank:
AB101648) in rice (Fig. 5a) (Zou et al. 2011) with an
active sgRNA demonstrated previously (Feng et al. 2013;
Lowder et al. 2015). Agrobacterium-mediated transforma-
tion of rice was conducted with a T-DNA construct con-
taining Arabidopsis codon-optimized Cas9 (AteCas9)
(Fauser et al. 2014) under a maize ubiquitin promoter and
an OsROC5-targeting sgRNA under an OsU6 promoter.
Individual TO transgenic plants were screened by the SSCP

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

A2

7+ Two single-strand DNA of WT

= G b S S Rl
:|— Two single-strand DNA of

A2 deletion mutant

R — — ]

<« Heteroduplex DNA

<+ Homoduplex DNA

method and many plants displayed different band profiles
on the non-denaturing PAGE gels, indicating presence of
mutations. Results from five such lines are shown in
Fig. 5B. Based on the evidence from SSCP, #OsROCS5-
MO02 and #OsROCS5-MOS5 seem to contain small indel
mutations. By contrast, lines #OsROC5-MO1, #0OsROCS-
MO03 and #OsROC5-MO05 seem to contain large insertions
based on the homoduplex DNA bands at the front of the
PAGE gel (Fig. 5b). For these three lines, we also observed
high molecular weight (HMW) bands at the very top of the
PAGE gel. These bands could represent single-strand
DNAss of large insertions or heteroduplex DNAs with large
insertions or both. We cloned the PCR amplicons that span
the mutations and subjected them to Sanger DNA
sequencing. The three large insertions in these corre-
sponding lines were indeed verified (Fig. 5c). In addition,
we found one line is a heterozygous biallelic mutant
(#OsROC5-MO03) and the other four lines are heterozygous
monoallelic mutants (Fig. 5c).

We further tested the SSCP method at OsDEPI (Gen-
Bank: FJ039904), an important gene that impacts grain
yield in rice (Huang et al. 2009). The last exon of OsDEP1
was targeted by CRISPR/Cas9 (Fig. 6a). By screening TO
plants with the SSCP method, many promising lines were
identified that show different single-strand DNA profiles on
the PAGE gels. Analysis of 8 such lines is shown in
Fig. 6b. We further followed these lines by Sanger
sequencing. Based on the sequencing results (Fig. 7a),
three lines are monoallelic mutants (#OsDEP1-m28, m31
and m35) and four lines are biallelic mutants (#OsDEP1-
m32, m37, m39 and m40). One line (#OsDEP1-m30)
contains two different mutations and the WT allele,

@ Springer
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Fig. 5 Application of SSCP for A
the detection of mutations at

OsROCS in rice induced by
CRISPR/Cas9. a Schematic

diagram of OsROCS5 gene with

the gRNA target site indicated

where the PAM sequence is in

ROC5-gRNA

GCGGAGAACGACAGCCGGTCGGG

B M wWri 2 3 4 5 M

red. b Detection of mutations by
SSCP in five rice TO plants.
Double-strand DNAs are
indicated by red asterisks.

¢ Sequencing confirmation of
mutations in each TO lines. Note
the region for SSCP is
highlighted by a rectangle
window and the bands in the
lower position of the PAGE gel
representing double-strand
DNA due to re-annealing were
indicated by red asterisks
(color figure online)

(o

WT locus:
#0sROC5-m01
Locus-1:
Locus-2:

N
— T

TGAGGCGGAGAACGACAGCCG-GTCGGGAAGC

TGAGGCGGAGAACGACAGCCG-GTCGGGAAGC (WT, 3X)
TGAGGCGGAGAACGACAGCCG+GTCGGGAAGC (+54 bp, 3X)

(+54bp: CACGATGATTCTCTTACCTTCAAGGAGGACATCCAGAAGGCTCAGGTTTCTGGA)

#0sROC5-m02
Locus-1:
Locus-2:

#0sROC5-m03
Locus-1:
Locus-2:

TGAGGCGGAGAACGACAGCCG-GTCGGGAAGC (WT, 2X)
TGAGGCGGAGAACGACAGCCGAGTCGGGAAGC (+1 bp, 3X)

TGAGGCGGAGAACGACAGCCGCGTCGGGAAGC (+1 bp, 3X)
TGAGGCGGAGAACGACAGCCG+GTCGGGAAGC (+51 bp, 2X)

(+51bp: AAGGGCAATTCTGCAGATATCCATCACACTGGCGGCCGCTCGAGGTCGAGG)

#0sROC5-m04
Locus-1:
Locus-2:

TGAGGCGGAGAACGACAGCCG-GTCGGGAAGC (WT, 3X)
TGAGGCGGAGAACGACAGCCG+GTCGGGAAGC (+95 bp, 2X)

(+95bp: TTAACGTCATGCATTACATGTTAATTATTACACAGGATTAGCAGAGCGAGG
TATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTA)

#0sROC5-m05
Locus-1:
Locus-2:

indicating this plant is mosaic. With heteroduplex-based
detection methods, we would not be able to identify the
preferred homozygous mutant, #OsDEP1-m39, which
clearly demonstrates an advantage of SSCP over other
methods listed in Table 1 except HRMA. The seedling of
line #OsDEP-32 was transplanted to soil along with a WT
control plant. We found this plant indeed displayed a
reduced length of the inflorescence internode, an antici-
pated phenotype when OsDEPI is knocked out (Huang
et al. 2009).

In this SSCP analysis, we again found multiple HMW
bands in #OsDEP1-m30 and #OsDEP1-m40 lines
(Fig. 6b). Based on our previous observation (Fig. 5b),

@ Springer

TGAGGCGGAGAACGACAGCCG-GTCGGGAAGC (WT, 3X)
TGAGGCGGAGAACGACAGCC--GTCGGGAAGC (-1 bp, 3X)

such HMW bands suggested large insertions, which were
not confirmed by subsequent DNA sequencing in this case
(Fig. 7a). Rather, we identified large deletions of 39 bp in
both samples. To understand the nature of these HMW
bands, we analyzed the same 8 lines using the method
based on detection of heteroduplex DNA in a PAGE gel
(Ota et al. 2013; Zhu et al. 2014). Interestingly, HMW
bands were also observed in #OsDEP1-m30 and #OsDEP1-
m40 lines in this experiment (Fig. 6¢), which strongly
suggests the presence of large deletions that could result in
multiple forms of heteroduplex DNA that have poor
mobility in a PAGE gel. Hence, we concluded that HMW
bands in #OsDEP1-m30 and #OsDEP1-m40 lines were re-
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Fig. 6 Application of SSCP for A DEP1-gRNA

the detection of mutations at CCTCAATTGTTCTTGCAGCTCAT

OsDEP] in rice induced by \ /

CRISPR/Cas9. a Schematic —

diagram of OsDEPI gene with - . .—I—_— OsDEP1

the gRNA target site indicated

where the PAM sequence is in B
red. b Detection of mutations by

SSCP in multiple TO plants.
Homoduplex DNA at the very

front of the gel is indicated by a

red asterisk. C. Detection of
mutations by the formation of
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annealed heteroduplex DNA with one strand containing a
large deletion. Such heteroduplex DNA forms with high
sequence heterogeneity would result in a large singe-strand
DNA bulge, which could significantly impact the mobility
during electrophoresis.

Discussion

Besides direct Sanger DNA sequencing, four major types
of methods have been used for the detection of mutations
generated by SSNs such as ZFN, TALEN and CRISPR/
Cas9 (Table 1). The first method is based on restriction
fragment length polymorphism (RFLP), in which SSN-in-
duced mutations coincidently abolish the recognition
sequence of a restriction enzyme (Urnov et al. 2005). We
have used this reliable methods for assaying targeted
mutagenesis with ZFN (Qi et al. 2013a, b, 2014), TALEN
(Christian et al. 2013; Zhang et al. 2013) and CRISPR/
Cas9 (Lowder et al. 2015). One large drawback of this
method is that the selection of target sites is limited by the
availability of useful restriction enzyme sites. Further,
different restriction enzymes are often required for differ-
ent target sites and it thus requires a large collection of
restriction enzymes if SSN-mediated targeted mutagenesis
is routinely pursued in a lab. The three other methods are
all based on the formation of heteroduplex of DNA
(Table 1). In a Surveyor assay (Cell) (Miller et al. 2007;
Oleykowski et al. 1998) or a T7 endonuclease assay (T7E1)

—]
()

.

[ O S e

Re-annealed double-strand DNA on a
non-denaturing PAGE

(Mashal et al. 1995), such heteroduplex DNA is cleaved by
the enzyme and subsequently resolved in an agarose and
PAGE gel. Compared to the restriction enzyme-based
RFLP method, Surveyor or T7 endonuclease assay could
be more versatile because it does not restrict target choice
of SSNs or require many enzymes (Vouillot et al. 2015).
However, Surveyor or T7 assay is usually not as reliable as
the restriction enzyme-based RFLP method during exper-
iments. In high-resolution melting analysis (HRMA)
(Dahlem et al. 2012), heteroduplex and homoduplex DNA
is labeled with DNA dye and detected by specific instru-
ments, such as quantitative PCR machines. HRMA has a
high resolution and throughput for distinguishing ampli-
cons with different SNPs, but it requires quantitative PCR
machines which may not be readily available in every lab.
Finally, PAGE-based assay is another way to detect
heteroduplex DNA (Ota et al. 2013; Zhu et al. 2014), which
runs slower than homoduplex DNA, such as WT DNA.
Due to its intrinsic limitation, all of these heteroduplex
DNA-based methods cannot identify homozygous mutants,
which in fact are the most desired outcomes of targeted
mutagenesis with SSNs.

Distinct from the four above-mentioned methods, the
SSCP method is based on the detection of single-strand
DNA (Fig. 1; Table 1). In this assay, PCR amplicons are
denatured and run as single-strand DNA forms in a non-
denaturing PAGE gel. To achieve a high-resolution sepa-
ration in a PAGE gel, we found PCR amplicons need to be
smaller than 300 bp since single-strand DNA moves much
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A Genotype of individual TO plants

(each sequencing results come from 2 individual leaves.)

WT locus: GGTGCCTCAATTGTTCTTGCAGCTCATGCTG

#0sDEP1-m28
Locus-1:
Locus-2:

#0sDEP1-m30

Locus-1: GGTGCCTCAATTGTTCTTGCAGCTCATGCTG (WT, 3X)
Locus-2: GGTGCCTCAGTTGTTCTTGCAGCTCATGCTG (-1/+1 bp, 5X)
Locus-3: GGTGC===== = m e m e (-39 bp, 5X)

#0sDEP1-m31
Locus-1:
Locus-2:

#0sDEP1-m32
Locus-1:
Locus-2:

#0sDEP1-m35
Locus-1:
Locus-2:

#0sDEP1-m37
Locus-1:
Locus-2:

GGTGCCTCAA---GTTCTTGCAGCTCATGCTG
GGTGCCTCAATTTGTTCTTGCAGCTCATGCTG

#0sDEP1-m39
Locus-1:
Locus-2:

GGTGCCTCAATTTGTTCTTGCAGCTCATGCTG
GGTGCCTCAATTTGTTCTTGCAGCTCATGCTG

#0sDEP1-m40
Locus-1:
Locus=-2:

GGTGCCTCAATTTGTTCTTGCAGCTCATGCTG

GGTGCCTCAATTGTTCTTGCAGCTCATGCTG (WT,
GGTGCCTCA-TTGTTCTTGCAGCTCATGCTG (-1 bp, 3X)

GGTGCCTCAATTGTTCTTGCAGCTCATGCTG (WT, 3X)
GGTGCCTCAA-TGTTCTTGCAGCTCATGCTGC (-1 bp, 4X)

GGTGCCTCAA-TGTTCTTGCAGCTCATGCTG (-1 bp, 3X)
GGTGCCTCA---—- TCTTGCAGCTCATGCTG (-5 bp, 5X)

GGTGCCTCAATTGTTCTTGCAGCTCATGCTG (WT,
GGTGCCTCAA-TGTTCTTGCAGCTCATGCTG (-1 bp, 4X)

(-2 bp, 4X)
(+1 bp, 3X)

(+1 bp, 5X)
(+1 bp, 5X)

(+1 bp, 3X)
(-39 bp, 2X)

3X%)

3X%)

WT OsDep1#32

Fig. 7 Genotype and phenotype of OsDEP mutants. a Sequencing confirmation of mutations in each TO lines. b Phenotype of OsDepl #32 rice
line which is a biallelic heterozygous mutant. It shows a dwarf stature of the mutant in comparison to the WT

Table 1 Comparison of mutation detection methods

Name of methods

DNA form of detection Way of detection

Restriction fragment length polymorphism (RFLP)
Surveyor or T7 endonuclease assay

High-resolution melting analysis (HRMA)
Polyacrylamide gel electrophoresis (PAGE)-based assay
Single-strand conformational polymorphism (SSCP)

Homoduplex Agarose gel

Heteroduplex Agarose gel or PAGE

Heteroduplex and homoduplex Thermocycler
Heteroduplex PAGE
Single strand PAGE

slower than double-strand DNA during electrophoresis
(Fig. 2). We have shown that it is relatively sensitive to
detect small indel mutations (Figs. 2, 3). For example, it
can reliably distinguish 1 bp indels, while the PAGE-based
assay for heteroduplex DNA sometimes failed to detect
such mutations (Fig. S1). CRISPR/Cas9 generates a high
proportion of 1 bp indels in plants (Feng et al. 2014; Ma
et al. 2015; Zhang et al. 2014) and likely in other species as
well. More importantly, SSCP is capable of identifying
homozygous mutants (Figs. 6, 7). Thus, SSCP enables the
detection of a wide range of mutations without missing
homozygous mutants.

@ Springer

In the SSCP assay, it is difficult to prevent the re-an-
nealing of a fraction of single-stand DNA in the samples
(Figs. 2b, 3b, 4, 5b, Fig. 6b). However, the resulting dou-
ble-strand DNA (either homoduplex or heteroduplex) can
be easily distinguished from single-strand DNA due to the
drastic difference in mobility during electrophoresis
(Figs. 2b, 3b, 4b), and hence does not affect the overall
analysis. The intrinsic nature of single-strand DNAs causes
their migration pattern in a non-denaturing PAGE gel to be
affected by size as well as sequence. Thus, it is sometime
difficult to tell whether a differentially migrated band
represents a deletion, insertion or base-pair change. We
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reason this limitation is not very important because the
nature of mutations will be identified through Sanger DNA
sequencing in the next step. In a mutant screen experiment,
the most important thing is to first identify individuals that
carry mutations, particularly those that carry homozygous
biallelic mutations. As we demonstrated, the SSCP analysis
allows for simultaneous detection of both single-strand and
double-strand DNAs resulting in accurate identification of
homozygous biallelic mutants. Hence, this method is more
powerful than the methods solely based on the detection of
heteroduplex DNA by PAGE (Ota et al. 2013; Zhu et al.
2014).

In conclusion, we found that the SSCP analysis is a
reliable method for detection of a wide range of indels or
mismatch mutations with CRISPR/Cas9. Importantly, this
method can identify the most desirable homozygous
mutants, which could be missed by other popular
heteroduplex-based methods (Table 1). We have success-
fully applied the SSCP method to screen transgenic rice TO
plants for mutant identification (Figs. 5, 6, 7). Targeted
mutagenesis by CRISPR/Ca9 generally occurs at high
frequencies in rice, which seemingly makes prescreen
methods such as SSCP (Table 1) less useful because San-
ger sequencing can be directly pursued. However, we
believe these prescreen methods will continue to be used in
many plant species and other organisms where genome
editing frequency is relatively low.
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