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Abstract

and expensive.

methods, MSBSP-PCR is simpler, faster and cheaper.

CRISPR/Cas9-induced homozygous/biallelic mutants.

Background: The CRISPR/Cas9 system is being used for genome editing purposes by many research groups in mul-
tiple plant species. Traditional sequencing methods to identify homozygous mutants are time-consuming, laborious

Results: We have developed a method to screen CRISPR/Cas9-induced mutants through Mutation Sites Based
Specific Primers Polymerase Chain Reaction (MSBSP-PCR). The MSBSP-PCR method was successfully used to identify
homozygous/biallelic mutants in Nicotiana tabacum and Arabidopsis thaliana, and we speculate that it can be used
for the identification of CRISPR/Cas9-induced mutants in other plant species. Compared to traditional sequencing

Conclusions: The MSBSP-PCR method is simple to implement and can save time and cost in the screening of
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Background

The availability of genetic mutants is essential for func-
tional studies as well as to determine genetic relation-
ships such as epistatic associations in genetic pathways.
The discovery of sequence-specific nucleases (SSNs)
provided the tools for genome editing, allowing the
introduction of mutations in specific chromosomal loci
and conveyed the potential to revolutionize biologi-
cal and medical research. The most widely used SSNs
include zinc-finger nucleases (ZFNs) [1, 2], transcrip-
tion activator-like effector nucleases (TALENS) [3] and
Clustered Regularly Interspaced Short Palindromic
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Repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)
[4-6]. All three types of nucleases have been success-
fully used to generate mutations by producing targeted
DNA double-strand breaks (DSBs), which are repaired
by either the error-prone non-homologous end joining
(NHE]) repair pathway or the high-fidelity homologous
recombination pathway. In order to perform their func-
tion, ZFNs and TALENs contain arrays of peptide-based
DNA-binding domains fused to the nonspecific DNA
cleavage domain from the restriction enzyme Fokl. The
amino acid sequences of the zinc-finger and TALE arrays
can be designed to bind almost any target DNA sequence
with high specificity [7-11]. However, the protein-DNA
interactions in ZFNs and TALENS are quite complex and
newly designed proteins need to be experimentally vali-
dated [12-14].

In addition, construction of the ZFN and TALEN vec-
tors is technically demanding, limiting their widespread
adoption by the scientific community. In contrast, DNA
targeting in the CRISPR-Cas9 system is provided by a
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relatively short RNA sequence, the single-guide RNA
(sgRNA), which directs the Cas9 protein to the correct
chromosomal position by base complementary in order
to generate DSBs. The target sequence is approximately 20
base pairs (bp) long and is located directly upstream of a
protospacer-adjacent motif (PAM). Although the CRISPR/
Cas9 system is somewhat limited by the requirement of
a suitable PAM next to the target sequence, its technical
simplicity compared to the complex protein design and
engineering tasks associated with ZFNs and TALENs has
made it the tool of choice for genome editing [15]. In a very
short period of time, the CRISPR-Cas9 system has been
successfully used to generate precise mutations in multiple
crops including cotton, rice, wheat and potato [16-21].

Most mutations generated by the CRISPR/Cas9 system
are either insertions or deletions usually located close
to the DSB site that occur 3 bp upstream of the PAM
[15]. A common approach to elucidate the nature of the
mutations generated by CRISPR is to amplify a frag-
ment of the targeted-gene by polymerase chain reaction
(PCR) and sequence the PCR amplicons. The mutagen-
esis efficiency of the CRISPR system varies according to
the plant species and the targeted sequences, therefore
efficient screening strategies are paramount to identify
individuals carrying mutations in the T or subsequent
generations. A number of different approaches have been
developed in order to screen for mutants including PCR/
restriction enzyme (RE) assay, T7 endonuclease I (T7EI)
assay, surveyor nuclease assay, polyacrylamide gel elec-
trophoresis (PAGE)-based methods, high-resolution
melting (HRM) analysis-based assays, fluorescent PCR-
capillary gel electrophoresis methods and annealing at
critical temperature PCR (ACT-PCR) assays [15, 22-28].
All of these approaches have been successfully used but
each has a number of limitations including the amount
of time and labour required, cost, low detection specific-
ity, expensive equipment requirements or in the case of
PAGE-based methods, the inability to identify individuals
with homozygous mutations.

Here, we describe a simple, reliable and inexpensive
method to screen for the presence of CRISPR-Cas9-
induced mutations. The method, named Mutation Sites
Based Specific Primers PCR (MSBSP-PCR) uses opti-
mized parameters for tandem PCR-based analysis. The
method has been validated by screening CRISPR/Cas9-
induced mutants in T transgenic tobacco plants and T,
transgenic tobacco and Arabidopsis plants.

Methods

Plant materials

Seeds of Arabidopsis thaliana (ecotype Columbia-0)
were grown on half-strength Murashige and Skoog media
(MS) [29] supplemented with 0.6% (w/v) agarose for 7
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d in controlled environmental conditions of 21 °C and a
16-h-light/8-h-dark photoperiod, with the light intensity
of 150 pmol m~% s™!. The seedlings were transferred to
soil for 15-20 d for DNA extraction in the same environ-
mental conditions, and about 0.03—0.05 g rosette leaves
were used for DNA extraction.

Seeds of Nicotiana tabacum L. (K326) were obtained
from the seed stocks bank in our laboratory (National
Tobacco Gene Research Center, Zhengzhou, China).
Seeds were surface-sterilized with bleach containing
30% sodium hypochlorite for 30 min and grown on half-
strength MS media [29] supplemented with 0.6% aga-
rose for 7 d in controlled environmental conditions of
25 °C and a 16-h-light/8-h-dark photoperiod, with the
light intensity of 150 umol m~2 s™*. The seedlings were
transferred to soil for 15-20 d for DNA extraction with
0.05-0.1 g true leaves. The tobacco plants were grown
in a greenhouse maintaining day/night temperature at
28/23 °C and 16-h-light/8-h-dark photoperiod.

Agrobacterium-mediated tobacco transformation
Agrobacterium-mediated tobacco transformation was
performed as previously described [30].

CRISPR/Cas9

The CRISPR/Cas9 vectors were provided by Prof.
Qijun Chen, from China Agricultural University [31].
Sequences of each tobacco gene, the PAM sites and
CRISPR/Cas9-induced mutants or synthesized templates
used in all experiments are listed in Additional file 1.

PCR

Tobacco genomic DNA (gDNA) was extracted using
a Plant DNA Isolation Kit following manufacturer’s
instructions (Foregene, China). gDNA concentration was
measured using a NANoDROP 2000c spectrophotom-
eter (Thermo scientific). If the PCR product was used for
sequencing analysis, PCR amplification reactions were
performed using Phanta® Max Super-Fidelity DNA Poly-
merase (Vazyme) in a final volume of 20 pL, containing
10 pL of 2 x Phanta Max buffer, 1.6 pL of 2.5 mM dNTP
Mix, 1 pL of forward primer (10 pM), 1 pL of reverse
primer (10 uM), 40 ng of gDNA, and 0.4 pL of DNA poly-
merase (1 U/pL). If the PCR product was used for aga-
rose electrophoretic analysis, PCR amplification were
conducted in final volumes of 20 pL, using Taq Master
Mix (novoprotein), which contained 10 uL of 2 x Master
Mix, 1 pL of forward primer or target primer (10 uM), 1
uL of reverse primer (10 uM) and 40 ng of gDNA.

PCR amplifications were performed using the fol-
lowing parameters: 95 °C for 5 min; 16—30 cycles (suit-
able cycles were chosen for each gene) of 95 °C for 30 s,
56—65 °C (proper annealing temperature was chosen for
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gene) for 30 s, and 72 °C for 50 s, with a final extension
step of 72 °C for 5 min. In general, 30 cycles are suit-
able for most genes in the first PCR (with two external
primers) with 40 ng gDNA as templates. The products
of the first PCR are analyzed by gel electrophoresis,
and same amount of the products (1-2 ng) can be used
as templates of the second PCR, with a target primer
(T-primer) expanding the sites of the expected CRISPR-
Cas9-induced mutations and one of the external prim-
ers used in the initial amplification. All primers used in
this study are listed in Additional file 2.

Results

Principles and schematic overview of MSBSP-PCR

The MSBSP-PCR method was initially developed to iden-
tify CRISPR/Cas9-induced mutants in transgenic tobacco
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lines for our research. Figure 1 shows the schematic
overview of mutant establishment and MSBSP-PCR
screening in tobacco. Agrobacterium mediated transfor-
mation is used to produce T, transgenic lines containing
CRISPR/Cas9 cassettes targeting a specific chromosomal
locus. Individual T, plants undergo screening to identify
those containing mutations by performing two sequen-
tial rounds of PCR amplification. The first PCR reaction
is performed using genomic DNA from the T, transgenic
plants with two external primers designed to anneal 200-
300 bp upstream and downstream from the PAM site
respectively (Locus-primer-F/Locus-primer-R, Fig. 1).
The amplified PCR product is expected to contain the
targeted locus and any mutations caused by the CRISPR/
Cas9 expression cassette and should be analysed by gel
electrophoresis. The product of the first amplification
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Fig. 1 Schematic overview of the Mutation Sites Based Specific Primers PCR (MSBSP-PCR) method to identify CRISPR/Cas9-induced mutants in
tobacco. CRISPR/Cas9 constructs were transferred to tobacco plants using Agrobacterium mediated transformation. Genomic DNA from either

Ty orT, plants was purified and subjected to a first PCR amplification using Locus-primer-F (forward primer) and Locus-primer-R (reverse primer).
The products of the primary amplification were then used in a secondary PCR using a Target-primer and the Locus-primer-R. The target primer is a
mutation site-specific primer and expands the recognition site for the sgRNA. WT plants and heterozygous mutants will produce an amplification
product in the secondary PCR while homozygous/biallelic mutants will not show any amplification
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(1-2 ng) is then subjected to a second PCR amplifica-
tion using a target primer (T-primer) expanding the site
of the expected CRISPR-induced mutation and one of
the external primers used in the initial amplification. The
PCR parameters for this second amplification are critical
for the success of the method and need to be optimized.

CRISPR/Cas9 produces DSBs 3 bp upstream of the
PAM that is subsequently repaired by the NHE] cellular
machinery. The error prone nature of the NHE] will typi-
cally introduce mutations at the repair site, with the most
frequent ones being small (1-3 bp) deletions or insertions
[15]. A primer designed to anneal at the recognition site
of the sgRNA will have an imperfect match in those cases
where a mutation has taken place and under stringent
annealing conditions will fail to produce an amplification
product. It is therefore essential to determine the ideal
melting temperature (Tm) for the second PCR in a way
that it will allow amplification of WT templates but will
fail to amplify mutated templates.

To verify the feasibility of MSBSP-PCR in the identifi-
cation of CRISPR/Cas9-induced mutations and provide
clues for the design of suitable target-primers we used the
Nicotiana tabacum prolycopene isomerase 1 gene: NtCR-
TISO (GenBank accession number XM_016608861.1).
Multiple NtCRTISO primers (Fig. 2a) and templates con-
taining different mutations (Fig. 2b) in the sgRNA target
site were synthesized. The nature of the mutations were
small deletions (1-3 bp) in the vicinity of the PAM as it
has been reported that these types of deletions are the
most common ones induced by the CRISPR/Cas9 system
in plants [15]. Five different target-primers were designed
around the sgRNA recognition site and the optimal
annealing temperature for the MSBSP-PCR reaction
established by performing PCR reactions over a tempera-
ture gradient (Tm = 55-68 °C, 28 cycles, Fig. 2b). When
PCR was performed with the WT NtCRTISO template
and the CRTISO-T & CRTISO-R primer combination,
amplification products were observed at all Tms although
the intensity of the bands decreased with increasing Tm.
As expected, PCR reactions using the different mutant
templates and primer combinations produced a variety
of results. While many of the primer combinations pro-
duced an amplicon at the minimum tested temperature
(55 °C) using mutant templates (Fig. 2b and Additional
file 3: Fig. 1), some mutation/primer combinations com-
pletely failed to amplify any DNA (see D123, D34, and
D456 with CRTISO-T/CRTISO-R primers in Additional
file 4: Fig. 2). In general, very weak or no amplicon bands
were observed at annealing temperatures above 60 °C,
some primer combinations showed little products even
at annealing temperatures above 57 °C. The CRTISO-T/
CRTISO-R primer combination proved to be the most
efficient in recognizing the presence of mutations with
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the CRTISO-T primer being positioned exactly in the
target site for the sgRNA. The design of suitable primers
and determination of the optimal annealing temperature
is highly dependent on the nature of the mutation gen-
erated by the CRISPR/Cas9 system and some additional
optimization might be needed in some cases. To deter-
mine the optimal primers and annealing temperatures
in problematic cases, cloning of the amplicon generated
in the first PCR (using CRTISO-T and CRTISO-R prim-
ers) into TA-based plasmids might be needed followed by
sequencing of a number of recombinant bacterial clones
to confirm the nature of the mutation. Bacterial clones
containing a mutation can then be used to optimize the
PCR parameters in order to distinguish between WT and
mutated templates.

In conclusion, for the first PCR of MSBSP-PCR, anneal-
ing temperature is determined by the locus-primer-F and
locus-primer-R Tms and the cycle number should be
experimentally determined by performing an amplifica-
tion reaction and taking 3—5 pL samples at 20, 25, 30 and
35 cycles, analyzing them in an electrophoresis gel and
looking for the minimum amount of cycles that yields
a single and clear band. To determine the parameters
for the secondary PCR, Tms for the target-primer and
locus-primer-R are calculated and an optimization PCR
performed using product of the first PCR (WT genomic
DNA as template) and an annealing temperature gradi-
ent with an upper limit of 7-12 °C above the optimal
temperature. The optimal cycle number is determined as
explained above, by analysing samples by electrophoresis
at different cycle numbers, looking for the presence of a
clear and single amplicon band.

Identification of CRISPR/Cas9-induced mutants in tobacco
and Arabidopsis by MSBSP-PCR

To verify the usefulness of the MSBSP-PCR method in
real experimental conditions, a CRISPR/Cas9 construct
targeting the NtCRTISO gene (Fig. 2) was cloned in a
binary vector [31], and 39 putative T, transgenic tobacco
lines produced by Agrobacterium-mediated transforma-
tion. For each T, plant, a fragment containing the tar-
geted region in NtCRTISO was amplified from purified
genomic DNA using the CRTISO-F/CRTISO-R prim-
ers (Tm = 53 °C, 30 cycles) (Additional file 5: Fig. 3A).
As a preliminary step to validate the parameters for the
secondary PCR reaction, the primary amplification
products from each putative T transgenic tobacco line
were cloned into a TA cloning vector and a number of
recombinant clones used as templates to perform PCR
reactions using primers CRTISO-T/CRTISO-R (Tm =
62 °C, 20 cycles) to determine the presence of mutations.
As shown in Fig. 3, with gDNA from a putative T, trans-
genic tobacco line (line 29 in Additional file 5: Fig. 3) as
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templates

a
WT 5" GTGGTGGACTTCTTGCTAGGTATGG 3’
CRTISO-T %' GGTGGACTTCTTGCTAGGTA 3
CRTISO-T1 5’ GTGGACTTCTTGCTAGGTAT 3
CRTISO-T2 5’ TGGACTTCTTGCTAGGTATG 3!
CRTISO-T3 5’ TGGTGGACTTCTTGCTAGGT 3
CRTISO-T4 5" GTGGTGGACTTCTTGCTAGG 3
b
Melting temperatures (°C) Templates
Q NAG6.9.0
M @8 e e @
WT GGTGGACTTCTTGCTAGGTA

D1 |—|GGTGGACTTCTTGCTAGGT*

D12 | e | GGTGGACTTCTTGCTAGG*
123 | [ | GG TGGACTTCTTGCTAG*

D2 | B e | |GGTGGACTTCTTGCTAGG*A
D3 | I  GGTGGACTTCTTGCTAGTA
p34 | | | GG TGGACTTCTTGCTA*TA

D456 | | | GG TGGACTTCTTGC " GTA

D5 | [ | GGTGGACTTCTTGCT*GGTA
ps6 | | | GG TGGACTTCTTGCGGTA
D6 | IE—— |GGTGG ACTTCTTGC AGGTA

D7 | ] |GGTGGACTTCTTG*TAGGTA

p78 | e |GG TGGACTTCTT*TAGGTA
D8 |=|GGTGGACTTCTT*CTAGGTA

Primers

CRTISO-T+CRTISO-R

CRTISO-T1+CRTISO-R
CRTISO-T2+CRTISO-R

CRTISO-T3+CRTISO-R
CRTISO-T4+CRTISO-R

CRTISO-T1+CRTISO-R
CRTISO-T2+CRTISO-R

CRTISO-T+CRTISO-R

CRTISO-T+CRTISO-R

CRTISO-T1+CRTISO-R
CRTISO-T2+CRTISO-R

CRTISO-T+CRTISO-R
CRTISO-T+CRTISO-R
CRTISO-T+CRTISO-R
CRTISO-T+CRTISO-R
CRTISO-T+CRTISO-R

CRTISO-T3+CRTISO-R
CRTISO-T4+CRTISO-R

CRTISO-T3+CRTISO-R
CRTISO-T4+CRTISO-R

CRTISO-T+CRTISO-R

CRTISO-T2+CRTISO-R
CRTISO-T3+CRTISO-R

Fig. 2 PCR amplification of some synthesized mutated templates with different primer combinations. a WT sequence and PCR primers used in
the amplification reactions. The CRISPR/Cas9 target sequence (red) and PAM (blue) are shown in the WT sequence. b Gel electrophoresis was used
to analyze the PCR products for different templates and primer combinations. Red asterisks denote the position of the nucleotide deletions in the

template, the amplification products were cloned into a
TA-vector and recombinant bacteria (verified by PCR
with primers of CRTISO-F/CRTISO-R, Fig. 3a, upper
panel) screened for the presence of mutations (Fig. 3a,
bottom panel), the absence of amplification products
in bacterium B3, B6 and B7 indicated the presence of

mutations and where further confirmed by sequencing of
the clones (Additional file 6: Fig. 4). PCR amplifications
using primers CRTISO-F/CRTISO-R (Tm = 53°C, 30
cycles) were also performed as positive controls (Fig. 3a,
top panel). Not all bacterium contained mutations
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500 bp =

M WT B1 B2 B3 B4 B5 B6 B7 B8 B9

Primers: CRTISO-F+CRTISO-R

250 bp »
Primers: CRTISO-T+CRTISO-R

b
500 bp =

M WTL1T L2 L3 L4 L5 L6 L7 L8 L9 L10

ISO-R

Primers: CRTISO-F+CRT
250 bp » - - : i
Primers: CRTISO-T+CRTISO-R
Fig. 3 Identification of CRISPR/Cas9-induced crtiso mutants in
tobacco by MSBSP-PCR. a Genomic DNA from T, plants was used
for PCR amplification using primers CRTISO-F and CRTISO-R. The
amplification products (with gDNA from a putative T, transgenic
tobacco line as template) were cloned into a TA-vector and
recombinant bacteria screened for the presence of mutations at the
target site. The absence of amplification product when using the
target specific primer CRTISO-T and CRTISO-R denotes the existence
of a mutation (bacterium B3, B6 and B7 in lower panel). As a positive
control bacterial clones were also amplified with CRTISO-F and
CRTISO-R (upper panel). b Genomic DNA from T, tobacco transgenic
lines was amplified by PCR with primers CRTISO-F and CRTISO-R
(upper panel) and the amplification products subjected to a second
PCR using CRTISO-T and CRTISO-R primers (lower panel). The absence
of an amplification product in the second PCR suggests that the
transgenic line is homozygous/biallelic (lower panel lane L4)

indicating that the putative T, transgenic tobacco line
was heterozygous.

To directly screen the T, transgenic lines, genomic
DNA was used as template for the first round of PCR
using primers CRTISO-F/CRTISO-R (Tm= 53 °C, 30
cycles) (Fig. 3b, top panel) and the same amounts of
amplification products (1.2 ng) used as templates in a
second PCR using primers CRTISO-T/CRTISO-R (Tm
= 62 °C, 20 cycles) (Fig. 3b, bottom panel). The absence
of amplification indicated the presence of mutations in
both alleles, although this method cannot distinguish
between homozygous and biallelic mutations. The sec-
ond PCR analysis of all 39 T, plants were shown in Addi-
tional file 5: Fig. 3B, and further analyzed by sequencing
the primary amplification products (primers CRTISO-F/
CRTISO-R). Sequence analysis identified the three plants
previously identified by MSBSP-PCR to be homozygous
mutants (Additional file 6: Fig. 4A and 4B) while the
remaining 13 plants contained heterozygous mutations
(Additional file 6: Fig. 4C).

WT 1 2 3 4

M

Primers: MYB86-F+MYB86-R

Primers: MYB86-T+MYB86-R

b

MWT 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Primers: GGPPS1-F+GGPPS1-R

Primers: GGPPS1-T+GGPPS1-R
Cc

MWT1 2 3 4 56 7 8 910 1112 1314 151617 1819 20 21

Primers: RIN4-F+RIN4-R

Primers: RIN4-T+RIN4-R

Fig. 4 I|dentification of CRISPR/Cas9-induced mutants in tobacco
by MSBSP-PCR. a Identification of MYB86 mutants. M, marker; L1-4
are homozygous/biallelic MYB86 mutant plants. b Identification of
GGPPST mutants. M, marker; samples #2 and 3 are homozygous/
biallelic mutant plants. ¢ Identification of RIN4 mutants. M, marker;
samples #3, 8 and 15 are homozygous/biallelic RIN4 mutant plants

To further test the accuracy of our method, we per-
formed CRISPR/Cas9-mediated mutagenesis of three
additional tobacco genes, NtMYB86, NtRIN4 and NtG-
GPPS1, (GenBank accession numbers XM_016625541.1,
XM_009803000.1, XM_016593708.1 respectively) and
analyzed the presence of mutations by MSBSP-PCR. The
primers of CRISPR/Cas9 constructs were designed to tar-
get each of the three genes (Additional file 2: Table 1) and
transgenic plants produced via Agrobacterium-mediated
transformation. Putative T transgenic tobacco plants for
all genes were used to extract genomic DNA and screen
for the presence of mutations. For N(EMYB86 (Nicotiana
tabacum transcription factor MYB86), a primary PCR
was performed with primers MYB86-F/MYB86-R (Tm
= 54 °C, 30 cycles) (Fig. 4a, upper panel) and the prod-
ucts used for the secondary amplification using primers
MYB86-T/MYB86-R (Tm = 62 °C, 30 cycles) (Fig. 4a,
lower panel). The absence of amplification in the sec-
ondary PCR indicated the presence of homozygous/
biallelic mutations in the examined plants (Fig. 4a, lower
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panel, lanes 1-4). Out of 24 T lines analyzed, three were
identified as homozygous/biallelic (Additional file 7:
Fig. 5) and confirmed by sequencing the products of
the primary amplification (Additional file 8: Fig. 6). In
the case of NtGGPPSI1 (Nicotiana tabacum geranylgera-
nyl diphosphate synthase 1), the primary PCR was per-
formed using primers GGPPS1-F/GGPPS1-R (Tm =
55 °C, 20 cycles) (Fig. 4b, upper panel), the second PCR
using primers GGPPS1-T/GGPPS1-R (Tm = 62 °C, 20
cycles) (Fig. 4b, lower panel). Lines containing homozy-
gous/biallelic mutations were identified by the absence
of secondary amplification and verified by sequencing
the primary amplification products (Fig. 4b, lower panel,
lanes 2-3). Out of 23 T, lines analyzed, three were iden-
tified as homozygous/biallelic (Additional file 9: Fig. 7)
and confirmed by sequencing the products of the pri-
mary amplification (Additional file 10: Fig. 8). These
three homozygous/biallelic lines have the same mutation
(Additional file 10: Fig. 8), an unusual case in CRISPR/
Cas9-induced mutations and it might indicate that the
three T transgenic plants were differentiated from the
same callus. Finally, T, plants containing CRISPR/Cas9
constructs targeting N¢RIN4 (Nicotiana tabacum RPM1-
interacting protein 4) were analyzed by performing the
primary PCR with primers RIN4-F/RIN4-R (Tm = 55 °C,
20 cycles) (Fig. 4c, upper panel) and the secondary PCR
using primers RIN4-T/RIN4-R (Tm = 63 °C, 25 cycles)
(Fig. 4c, lower panel). A total of three lines containing
homozygous/biallelic mutations were detected (Fig. 4c,
lower panel, lanes 3, 8 and 15 and Additional file 11:
Fig. 9, lanes 5, 7 and 9) and confirmed by sequencing of
the primary PCR products (Additional file 12: Fig. 10).
Aside from the detection of mutations in the T, gen-
eration, it is important to have a quick screening pro-
cedure to analyze the T, progeny. For this purpose we
analyzed the segregating population of a T, transformant
containing a CRISPR/Cas9 cassette targeting the NtPVY
gene (Eukaryotic translation initiation factor eIlF4E—1,
GenBank accession number XM_009769718.1). Genomic
DNA was isolated from a number of T, individuals; the
initial PCR was performed using primers PVY-F/PVY-R
(Tm = 53 °C, 30 cycles) (Fig. 5, upper panel) and the
amplification products subjected to a secondary PCR
using primers PVY-T/PVY-R (Tm = 65 °C, 16 cycles)
(Fig. 5, middle panel). The absence of amplification
products in samples 4, 5 and 6 indicated the presence of
homozygous or biallelic mutations (Fig. 5, middle panel).
The target site for the CRISPR/Cas9 construct used for
this gene contained a Pvull cleavage site at the predicted
DSB position in order to detect the presence of muta-
tions by the destruction of the restriction site. When the
products from the primary amplification were digested
with Pvull, the WT sample showed complete digestion
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M WT 1 2 3 4 5 6

e gl ———
Primers: PVY-F+PVY-R

R S N T k
Primers: PVY-F+PVY-R Pwull digestion
Fig.5 Identification of the CRISPR/Cas9-induced mutants in T,
tobacco plants by MSBSP-PCR. A first PCR reaction was conducted
with genomic DNA isolated from T, transgenic plants using locus
primers PVY-F and PVY-R (upper panel) and the amplification
products used as template for a secondary PCR with the target
specific primer PVY-T and PVY-R (middle panel). Lanes 4-6 were
identified as homozygous/biallelic mutants based on the absence
of amplification product. To confirm the results of the MSBSP-PCR,
the products of the first PCR were digested with Pvull (lower panel).
Complete digestion of the amplification product indicates a WT gene
sequence (WT lane); lanes 1-3 show a combination of digested and
undigested product indicating that the plants were heterozygous.
The undigested products in lines 4-6 identify the plants as

homozygous or biallelic mutants

of the amplicon, while samples 1-3 showed a composite
pattern of digested and undigested product, identify-
ing these plants as putative heterozygous (Fig. 5, lower
panel). Consistent with the results of the MSBSP-PCR
analysis, samples 4-6 were not cut by Pvull confirming
the presence of either homozygous or biallelic muta-
tions. Analysis of 33 T, plants by MSBSP-PCR identi-
fied 3 putative homozygous/biallelic mutants (Additional
file 13: Fig. 11), and DNA sequencing further confirmed
that all 3 T, plants contained homozygous mutations
(Additional file 14: Fig. 12).

To test the effectiveness of MSBSP-PCR to screen
mutants in additional plant species, we obtained a pre-
viously characterized homozygous Arabidopsis mutant
produced by CRISPR/Cas9 targeting the AtETC2 gene
(Enhancer of TRY and CPC 2; GENE ID AT2G30420)
[31]. Wild type and homozygous mutant plants were
grown and primary PCR of the genomic DNA performed
using primers ETC2-F/ETC2-R (Tm = 55 °C, 30 cycles)
(Fig. 6, upper panel). Products from the primary PCR
were used as templates for the secondary PCR using
ETC2-T/ETC2-R as primers (Tm = 65 °C, 23 cycles)
(Fig. 6, lower panel). As in the case of tobacco, homozy-
gous mutants were identified by the absence of amplifica-
tion in the secondary PCR (Fig. 6, lower panel lanes 1-2).
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WT

750 bp= ETC2-1

Primers: ETC2-F+ETC2-R

750 bp= ETC2-2

Primers: ETC2-T+ETC2-R

Fig. 6 Identification of CRISPR/Cas9-induced etc2 mutants in
Arabidopsis by MSBSP-PCR. Genomic DNA was amplified by PCR
using the locus primers ETC2-F and ETC2-R (upper panel) and the
amplification products used as template for a second PCR using he
target specific primer ETC2-T and the locus primer ETC2-R (lower
panel). M, marker; CK, negative control with ddH,0 as template. L1
and L2, homozygous etc2 mutant plants; WT, wild type

Discussion

In this work, we describe the development of MSBSP-
PCR, a new method to identify mutants generated by
the CRISPR/Cas9 system and prove its efficiency in
tobacco and Arabidopsis. A number of methods are
already available to detect CRISPR/Cas9-induced
mutations [12-28], all of which have advantages and
disadvantages. The main advantages of our method
are its technical simplicity, quickness and low cost, it
could be used to screen homozygous/biallelic mutants
from T, plants, or the descendants of heterozygous/
monoalleic mutants. Moreover, the two-round of PCR
enhanced the accuracy and reproducibility of the PCR
results. In high complexity genomes such as those of
polyploid species, like cotton, tobacco, wheat, etc., PCR
amplifications directly with primer set of primer-T and
primer-R and genomic DNA as templates may cause
many nonspecific amplification products. On the other
hand, the method cannot distinguish between homozy-
gous and biallelic mutations and it is therefore impor-
tant to sequence the target site once the mutated plants
have been identified. It is also critical to carefully deter-
mine the stringency conditions in the secondary PCR
in order to distinguish between WT and mutated tem-
plates. The MSBSP-PCR method is only useful to detect
mutations close and upstream of the PAM, which are
the most frequent when using the CRISPR/Cas9 sys-
tem. Mutations far from the PAM will require some
kind of preliminary characterization by PCR ampli-
fication of the targeted genomic fragment followed
by TA cloning and sequencing of multiple recombi-
nant clones, thus allowing us to design a proper target
primer.
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Moreover, the numbers of cycles in second PCR to
screen CRISPR/Cas9-induced mutants of NtCRTISO,
NtMYB86, NtRIN4 and NtGGPPS1 are distinctive, the
proper number of cycles is determined by PCR param-
eters, including Tm, concentration of template and
amplification efficiency of primers. Generally, 23 cycles
is used for preliminary experiment. If the second PCR
obtains large amount of product with both WT and
transgenic lines as templates, the number of cycles can
be reduced; while the second PCR obtains little amount
of product in WT lines, the number of cycles must be
increased.

Conclusion

We have developed a fast, cheap and easy screening
method for CRISPR/Cas9 system-induced homozy-
gous/biallelic mutant identification. This method can be
used to screen CRISPR/Cas9 system-induced mutant in
tobacco and Arabidopsis.
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Additional file 1: Sequences of each gene and CRISPR/Cas9-induced
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different single point mutation templates of NtCRTISO (synthesized)
and different combination of primers was detected by agarose gel
electrophoresis.

Additional file 4: Fig. 2. The yield of temperature gradient PCR with
different multiple point mutation templates of NtCRTISO (synthesized)
and different combination of primers was detected by agarose gel
electrophoresis.

Additional file 5: Fig. 3. Identification of CRISPR/Cas9-induced crtiso
mutants in tobacco by MSBSP-PCR.

Additional file 6: Fig. 4. The sequencing and sequences analysis of differ-
ent clones of NtCRTISO transgenic lines.

Additional file 7: Fig. 5. Identification of CRISPR/Cas9-induced myb86
mutants in tobacco by MSBSP-PCR.

Additional file 8: Fig. 6. The sequencing and sequences analysis of differ-
ent transgenic lines of NtMYBS6.

Additional file 9: Fig. 7. Identification of CRISPR/Cas9-induced ggpps1
mutants in tobacco by MSBSP-PCR.

Additional file 10: Fig. 8. The sequencing and sequences analysis of dif-
ferent transgenic lines of NtGGPPS].

Additional file 11: Fig. 9. Identification of CRISPR/Cas9-induced rin4
mutants in tobacco by MSBSP-PCR.

Additional file 12: Fig. 10. The sequencing and sequences analysis of
different transgenic lines of NtRIN4.

Additional file 13: Fig. 11. Identification of CRISPR/Cas9-induced pvy
mutants in tobacco by MSBSP-PCR.

Additional file 14: Fig. 12. The sequencing and sequences analysis of
different transgenic lines of NtPVY.
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