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Arabidopsis thaliana codon-optimized genes having the 
highest cleavage efficiencies. We compared the activity of 
12 de novo-designed single synthetic guide RNA (sgRNA) 
constructs, and found their cleavage efficiency varied dras-
tically when using the same Cas9 nuclease. Finally, we 
show that, for one of the targets tested with our assay, we 
could induce a germinally-transmitted deletion in a repeat 
array in A. thaliana. This work emphasizes the efficiency 
of the CRISPR-Cas system in plants. It also shows that fur-
ther work is needed to be able to predict the optimal design 
of sgRNAs or Cas9 variants.

Keywords  CRISPR-Cas · DNA repair · Genome 
engineering · Non-homologous end-joining · TALENs · 
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Introduction

The means to catalyze target sequence-specific DNA 
breakages is critically important for precise genome edit-
ing in higher plant species, both in basic research as well 
as for agriculture and plant biotechnology (e.g. biopharm-
ing) purposes. Until recently, the site-specific endonuclease 
cleavage of genomes has relied on engineered-meganucle-
ases, as well as protein-chimeras of DNA-binding domains 
linked to a FokI endonuclease DNA-cleavage domain; 
such nucleases include transcription activator-like effec-
tor nuclease (TALEN) enzymes and Zinc-Finger Nucle-
ase (ZFN) enzymes (Voytas 2013; Puchta and Fauser 
2014). A new system for target-specific DNA cleavage has 
emerged based on the Streptococcus pyogenes SF390 type 
II clustered regularly interspaced short palindromic repeats 
(CRISPR) locus and CRISPR associated factors, termed 
CRISPR-Cas (Cong et  al. 2013; Mali et  al. 2013b). The 
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CRISPR-Cas cleavage technology was derived from its 
use as an adaptive defense against foreign DNA in some 
bacteria and archaea; there it can convert small portions 
(protospacers) of invading DNA molecules into genomic 
arrays to encode RNA molecules, which direct a cleavage 
defense apparatus against subsequent invasions of DNA 
that contain these protospacer target sequences (Jinek et al. 
2012). CRISPR-Cas is readily site-tailored as a cleavage 
technology because the specificity of the DNA-cleaving 
Cas9 enzyme is governed by a separately-encoded single 
synthetic guide RNA (sgRNA) molecule. To be tailored to 
a specific site, CRISPR-Cas simply requires the sgRNA’s 
targeting region to be customized by cloning in a comple-
mentary-annealed oligonucleotide primer-pair (Cong et al. 
2013; Mali et al. 2013b), whereas TALENs and ZFNs, on 
the other hand, require more-extensive alteration of the 
nuclease genes to modify their encoded target-specify-
ing protein structure. To find a suitable target site, ZFNs 
require software-assistance, TALENs have no such limita-
tions (Voytas 2013), whereas CRISPR-Cas requires a sim-
ple target sequence, which is GN19NGG when using the 
archetypal S. pyogenes-based technology with an U6 pro-
moter-driven sgRNA (Belhaj et  al. 2013). This CRISPR-
Cas target site includes a 5′ guide RNA-binding region and 
a 3′ protospacer-adjacent motif (PAM), which is an NGG 
(Cong et  al. 2013; Mali et  al. 2013b) or NAG sequence 
(Mali et al. 2013a; Jiang et al. 2013a), and affords abundant 
targets (protospacers) for cleavage.

Targeted mutagenesis by nucleases is a valuable tool 
in reverse genetics, and has some advantages, in terms 
of causing permanent and complete loss-of-function, 
over RNA interference (Puchta and Fauser 2014). Such 
mutagenesis relies on the catalysis of a double-strand DNA 
break (DSB), which can trigger repair by error-prone non-
homologous end-joining (NHEJ) leading to the deletion or 
insertion of small sequences adjacent to the cleavage site, 
sometimes causing a translational reading frame-shifting 
mutation in a target gene (Feng et  al. 2014; Fauser et  al. 
2014). CRISPR-Cas technology was recently shown to cat-
alyze the cleavage of targets in a variety of plant (as well 
as metazoan) genomes (Sander and Joung 2014), including 
Arabidopsis thaliana, Nicotiana benthamiana, rice, sor-
ghum, wheat (Jiang et al. 2013b; Belhaj et al. 2013), sweet 
orange (Jia and Wang 2014), tomato (Ron et  al. 2014; 
Brooks et al. 2014), tobacco (Gao et al. 2014) and the liv-
erwort, Marchantia polymorpha L. (Sugano et  al. 2014). 
It is difficult to compare efficiencies between the differ-
ent studies on custom-designed nucleases as different tar-
gets were tested, in different species and the quantification 
method varied between the studies (single cells, transient 
or stable events, with or without pre-selection, etc.) Nev-
ertheless, overall, it seems that CRISPR-Cas is a promis-
ing system with there being reports of plants containing 

targeted mutations that were recovered at frequencies rang-
ing from 2.5 to 92 % (Feng et al. 2013; Fauser et al. 2014; 
Miao et  al. 2013; Shan et  al. 2013b). With CRISPR-Cas, 
the transmission of the mutation to subsequent generations 
has sometimes occurred at reduced frequencies (Feng et al. 
2014; Fauser et  al. 2014; Jiang et  al. 2014). Such mutant 
plants were recovered at frequencies of 1.5–63  % using 
TALENs (Christian et al. 2013; Li et al. 2012b; Shan et al. 
2013a; Zhang et  al. 2013) and at 33–69  % using ZFNs 
(Zhang et  al. 2010). CRISPR-Cas has been predicted to 
have a lower specificity than TALENs (Mali et al. 2013a), 
with cases of off-target cleavage reported in plants (Xie and 
Yang 2013; Shan et al. 2013b; Zhang et al. 2014), but these 
off-target effects can potentially be mitigated by design-
ing an sgRNA with a target-binding region that either has 
a 5′-truncated end (Sander and Joung 2014), or a unique 
match to its target in its 3′ half (Sander and Joung 2014), 
as can be assisted using sgRNA design tools (Montague 
et  al. 2014; Lei et  al. 2014; Xie et  al. 2014). The ability 
to carry out multiplex cleavage is a critical advantage of 
CRISPR-Cas over TALENs and ZFNs, as multiple (up to 
five, as shown in both mouse and zebrafish cells) genes can 
be disabled in parallel, as simultaneously expressed sgRNA 
molecules can each form a target-cleaving complex with a 
Cas9 protein (Sander and Joung 2014). Moreover, the dele-
tion of a genomic fragment is possible by mediating cleav-
age in two neighboring targets as was shown by Li et  al. 
(2013) in Arabidopsis mesophyll protoplasts who found 
deletions of up to 48 bp using a transient, sequence-based 
analysis. Subsequently, in Arabidopsis plants, genomic 
fragment deletions of approximately 160 and 230 bp were 
germinally-induced within the AP1 and TT4 genes, respec-
tively (Feng et al. 2014). Similarly, genomic fragment dele-
tions have been made upon sequences of up to 140 bp in 
tomato (Brooks et  al. 2014) and 1.8  kb in tobacco (Gao 
et al. 2014). Large chromosomal fragments including sev-
eral whole genes have been deleted in the rice genome, 
with fragment sizes ranging from 115 to 245  kb (Zhou 
et  al. 2014). Nucleases specialized to catalyze a single-
stranded DNA break only, called nickases, have shown 
promising potential to increase HR without also triggering 
NHEJ (Fauser et  al. 2014); paired CRISPR-Cas nickases 
can be used to enhance the specificity of a single nuclease, 
by separately inducing two adjacent single-strand DNA 
breaks (forming a DSB, with single-stranded overhangs), in 
order to stimulate targeted gene replacement with less risk 
of off-target cleavage (Schiml et al. 2014).

We reason that the differences in mutagenesis frequen-
cies reported within studies could relate to differences in 
the cleavage efficiency of the sgRNA. The sgRNA effi-
ciency values can vary greatly even between sgRNAs rec-
ognizing sites that are adjacent in the chromosome, and so 
would be expected to have similar accessibility with respect 
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to the chromatin (Wang et al. 2014a). In addition, we rea-
son that the general differences in mutagenesis frequen-
cies between studies could relate to differences in the form 
of Cas9 gene used, for example, their codon optimization 
(Belhaj et al. 2013). Studies of CRISPR-Cas in plants have 
either used a human codon-optimized Cas9 gene (Nekrasov 
et al. 2013; Xie and Yang 2013; Jia and Wang 2014; Sug-
ano et al. 2014; Feng et al. 2013; Zhang et al. 2014), a gen-
eral plant codon-optimized Cas9 gene (Shan et al. 2013b; 
Li et  al. 2013), a rice codon-optimized Cas9 gene (Miao 
et al. 2013; Jiang et al. 2013b), as well as Cas9 genes opti-
mized to Chlamydomonas reinhardtii and monocotyledon-
ous plants (Jiang et al. 2013b), in addition to the wild type 
S. pyogenes Cas9 gene (Jiang et  al. 2013b). A previous 
study found a comparable cleavage efficiency between the 
native S. pyogenes Cas9 and one construct that was codon-
optimized towards rice (Jiang et  al. 2013b). Their contin-
ued work found that their rice codon-optimized Cas9 gene 
variant was more efficient for mutagenesis in rice proto-
plasts than genes with bacterial, human or C. reinhardtii 
codon-optimizations (Zhou et  al. 2014), some of which 
had different usage of nuclear localization and FLAG-tag 
sequences. Another study, also in rice, found that a plant 
codon-optimized Cas9 construct had a greater activity than 
a human one (Xu et al. 2014). The ranging success of data 
reported for CRISPR-Cas in planta shows that the optimi-
zation of CRISPR-Cas components is warranted in order 
to obtain mutagenesis at predictable frequencies or the 
stimulation of inherently more rare events, such as biallelic 
mutagenesis (Miao et al. 2013), genomic fragment deletion 
(Li et al. 2013; Feng et al. 2014) and inversion (Gao et al. 
2014), NHEJ-mediated knock-in (Wang et al. 2014b), and 
targeted homologous recombination (Shan et al. 2013b; Li 
et  al. 2013; Fauser et  al. 2014; Feng et  al. 2014) or gene 
replacement, at routinely detectable levels. As previously 
stated by Belhaj et  al. (2013), side-by-side comparisons 
are needed to determine optimal CRISPR-Cas components, 
such as the form of Cas9 gene used, for cleavage in planta.

Here we present a comparative study of the CRISPR-Cas 
system versus other custom-designed nucleases. We also 
show a comparison of the cleavage activities of different S. 
pyogenes Cas9 gene variants and twelve different sgRNA 
sequences. In addition to these studies of Cas9 variants, 
we have adapted the transient assay recently published by 
Johnson et al. (2013) to perform a rapid assessment of de 
novo-designed sgRNAs prior to instigating long-term stud-
ies in transgenic plants. We conducted preliminary testing 
of CRISPR-Cas nucleases that were de novo-developed to 
cleave target sequences in the tomato (Solanum lycoper-
sicum) phytoene synthase-encoding gene 1, (SlPSY1) and 
the carotene cis–trans-isomerase-encoding gene (SlCrtISO) 
targets (Kachanovsky et  al. 2012; Isaacson et  al. 2002). 
Finally, we also show the germinally-transmitted genomic 

fragment deletion in part of the Arabidopsis thaliana CRU-
CIFERIN 3 (AtCRU3) gene. The naturally repeated target 
sites of our sgRNA allowed us to assay for the deletion of a 
genomic fragment, albeit at a low frequency.

Materials and methods

Reporter constructs

To compare the cleavage efficiencies of each cleavage tech-
nology, targets previously found to be cleaved by the QQR 
ZFN as well as TALENs recognizing the A. thaliana CRU-
CIFERIN3 (AtCRU3) gene (Johnson et  al. 2013; Shaked 
et al. 2005; Even-Faitelson et al. 2011), were used to develop 
CRISPR-Cas nucleases. The pGreenII Tfs-494::LUC vec-
tor, which was previously-described to report cleavage by 
the AtCRU3 T494 TALENs, allowed CRISPR-Cas nucleases 
to be designed in its target sequence. LUC-based reporter 
targets for the ‘QQR’ ZFN and previously reported T852 
TALENs (Johnson et al. 2013) were expanded to allow rec-
ognition by the CRISPR-Cas nucleases. These new Tfs-qqr-t 
and Tfs-852-t sites have ‘fs’ referring to extra base-pairs cre-
ating a 1 bp background signal-cancelling frameshift muta-
tion (Johnson et  al. 2013) and ‘t’ referring to an additional 
triplet(s)-some reporter constructs necessitated the inclusion 
of additional base-pairs, and/or the use of reverse comple-
mentary targets, to shift additional start and stop codons to 
appropriate positions in the translational reading frame. These 
reporter constructs were made by cloning a T4 Polynucleo-
tide Kinase-treated (New England BioLabs, Ipswich, MA) 
complementary-annealed oligonucleotide primer-pair (see 
Online Resource 1 for all primer sequences) into the XbaI and 
XhoI sites of pGreenII Tqqr-sc::LUC (Johnson et  al. 2013). 
All restriction endonucleases were sourced from New Eng-
land BioLabs, Ipswich, MA. Additional sites for the Tfs-qqr-
t, Tfs-852-t, Tfs-psy-1, Tfs-psy-2, Tfs-psy-4, Tfs-psy-5, Tfs-
crtiso-3, Tfs-crtiso-4, Tfs-crtiso-5 and Tfs-3m targets were 
prepared in the same way. These vectors were detected with 
PCR colony screening, using RAJ-198 and the reverse primer 
of the target site. These reporter constructs were partially-
sequenced using RAJ-365 and RAJ-417. The pGreenII 0000 
(No LUC) and pGreenII 0579-1 (35S::LUC) vectors were 
used to quantify background LUC activity and constitutive 
LUC activity, respectively, in Agro-infiltrated leaves (Johnson 
et  al. 2013). These plant transformation vectors were deliv-
ered into Agrobacterium tumefaciens strain LBA4404 cells 
along with the pSoup 0800 (35S::REN) vector (Johnson et al. 
2013) using electroporation. The resulting strains were veri-
fied by extraction of their plasmid DNA, and propagation in 
Escherichia coli. Verification of pGreenII plasmid DNA 
used sequencing with RAJ-198 and -365, and pSoup 0800 
(35S::REN) used digestion with XhoI and StuI.
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CRISPR‑Cas constructs

An S. pyogenes CRISPR-associated (Cas9) gene was grate-
fully obtained from the laboratory of Prof. Holger Puchta 
at Karlsruhe Institute of Technology (Fauser et  al. 2014). 
This ‘AteCas9’ construct had been codon-optimized for 
expression in A. thaliana plants and was amplified with 
RAJ-629 and -630 using Phusion DNA polymerase (New 
England BioLabs, Ipswich, MA). The AteCas9 gene was 
then cloned into pDONR 221 using Gateway® technology 
(Life Technologies, Inc; Carlsbad, CA). This Cas9 gene 
variant (and others that we refer to subsequently) was used 
as an intron-less construct (Nekrasov et al. 2013; Xie and 
Yang 2013; Feng et al. 2013; Zhang et al. 2014; Miao et al. 
2013; Jiang et al. 2013b; Shan et al. 2013b). The resulting 
entry clone was then sequenced using RAJ-639, -640, -641, 
-642, and -643 as well as Cas9R01. The AteCas9 gene was 
then sub-cloned into pHEX2 using Gateway® technol-
ogy (Life Technologies, Inc; Carlsbad, CA). The resulting 
clone was checked with a SacI-HpaI digest, and sequenced 
again using the same aforementioned primers. An sgRNA 
expression construct was synthesized from Biomatik (Cam-
bridge, ON) with a promoter from the U6-26 small nuclear 
RNA gene (Fauser et  al. 2014). The site for inserting the 
protospacer was made using BbsI sites (Cong et al. 2013), 
with the remainder of the sequence being derived from 
Mali et al. (2013b). The sequence had AvrII and SacI sites 
positioned outside it. The scaffold construct for sgRNA 
expression, pBMH U626 RNA Chimera, was ordered as 
a synthesized construct from Biomatik (Cambridge, ON). 
Target-binding sequences were cloned into the BbsI sites 
of this vector as a T4 Polynucleotide Kinase-treated (New 
England BioLabs, Ipswich, MA) complementary-annealed 
oligonucleotide primer-pair for the CRISPR-Cas target-
binding sequences in the Tqqr (#1 sgRNA; RAJ-648 and 
-649; #3 sgRNA, RAJ-652 and -653), ‘3m’ (3m-S and -AS), 
T494 (#1 sgRNA, RAJ-633 and -634, and; #2 sgRNA, 
RAJ-635 and -636), T852 (RAJ-637 and -638), PSY1 
#1 sgRNA (PSY1 TARGET1 F and R), PSY1 #2 sgRNA 
(PSY1 TARGET2 F and R), PSY1 #4 sgRNA (PSY1 TAR-
GET4 F and R), PSY1 #5 sgRNA (PSY1 target 5, RAJ-658 
and -659), CrtISO #3 sgRNA (CRTISO TARGET3 F and 
R), and CrtISO #5 sgRNA (RAJ-662 and -663). We could 
not clone additional sgRNAs designed for Tfs-qqr-t tar-
gets 2 and 4, along with several other sgRNAs, and have 
referred to them in Online Resource 2. Target-binding 
sequences for the Tqqrt #1 and #2, 3m, T494 #1 and #2, 
T852, PSY1 #1, #2, #4, #5, CrtISO #3 and #5 sgRNAs were 
cloned into the BbsI sites of this vector as a kinase-treated 
complementary-annealed oligonucleotide primer-pair. A 
further 6 sgRNAs were developed but proved problematic 
to clone; they are referred to in Online Resource 2. The 
sgRNA constructs were verified by sequencing, generally 

using RAJ-319 and RAJ-197, but in the case of the ‘3m’ 
sgRNA, sequencing used the M13-reverse primer. The 
sgRNA expression constructs were excised from the SacI 
sites of these pBMH vectors, and cloned into the same 
sites of pHEX2 AteCas9 and/or their respective pGreenII 
reporter vectors. For cloning sgRNAs into pHex2 AteCas9, 
PCR screening employed the reverse primer used to create 
the target-binding sequence in the sgRNA, as well as RAJ-
374. Follow up PCR screening was done with Cas9R01 and 
the forward primer that created the sgRNA’s target-binding 
sequence. The resulting clones were verified by sequencing 
using RAJ-374, and in some cases, RAJ-731. This DNA 
was then used to transform Agrobacterium tumefaciens 
strain LBA4404, with the resulting strains being verified 
by sequencing extracted DNA, after it was propagated in E. 
coli, with RAJ-374. As an alternative to delivering sgRNAs 
with pHEX2 AteCas9, sgRNAs were also cloned into the 
pGreenII LUC-based cleavage reporter vector, as facilitated 
by the unique SacI site present on this vector. The resulting 
clones were verified by PCR colony screening with RAJ-
198, and the reverse primer that was used to create the tar-
get-binding sequence in the sgRNA. The clones were veri-
fied by diagnostic SacI restriction enzyme digestion, and 
by sequencing using RAJ-198 and -365.

Additional Cas9 gene variants analyzed

A translational enhancer-less version of the aforemen-
tioned AteCas9 gene (Fauser et al. 2014) was PCR ampli-
fied using RAJ-702 and -630, and cloned into pDONR 
221 using Gateway® technology (Life Technologies, Inc; 
Carlsbad, CA) with putative clones verified using PCR 
colony screening using RAJ-643 and -320, and sequenc-
ing using RAJ-319, -320, -639, -640, -641, -642, and -643. 
This ‘AtCas9’ gene was then sub-cloned into pHEX2 using 
Gateway® technology (Life Technologies, Inc; Carlsbad, 
CA), with putative clones verified by PCR colony screen-
ing with RAJ-643 and -246, as well as sequencing using 
RAJ-246, -417, -639, -640, -641, -642, and -643.

The ‘hCas9’ gene was cloned from pK7WGF2::hCas9 
(Nekrasov et  al. 2013) into pDONR 221 using Gateway® 
technology (Life Technologies, Inc; Carlsbad, CA). Puta-
tive clones of the pENTR hCas9 vector were verified by 
PCR colony screening using RAJ-707 and -320, followed 
by sequencing using RAJ-319, -320, -705, 706, and -707. 
The gene was then sub-cloned into the pHEX2 vector, with 
verification using PCR colony screening with RAJ-707 and 
-246, then sequencing using RAJ-246, 417, -705, 706, and 
-707.

A Cas9 gene was kindly provided from the laboratory 
of Prof. Daniel Voytas at the University of Minnesota. This 
‘DPCas9’ gene was amplified using RAJ-645 and -646, and 
cloned into pDONR 221 using Gateway® technology (Life 
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Technologies, Inc; Carlsbad, CA). Putative clones were 
verified by PCR colony screening using primers RAJ-698 
and -699, and sequencing using RAJ-319, -320, -644, 647, 
-698, and -699. The gene was then sub-cloned into pHEX2 
with putative clones being verified by PCR colony screen-
ing using RAJ-417 and Cas9R01, then sequencing using 
RAJ-246, -417, -644, -647, -698, and -699.

Assaying for nuclease cleavage efficiencies

Assays for transient dual-luciferase® (Promega, Madi-
son, WI) reporter expression activity were conducted in N. 
benthamiana leaves after they were infiltrated with A. tume-
faciens (‘Agro-Infiltrated’), according to a previous study 
(Johnson et  al. 2013). Some incremental changes were 
made, including using N. benthamiana plants of a larger 
size, assaying for luciferase activity in a more concen-
trated buffered leaf extract, and making sure the infiltration 
buffer was at pH 5.25. We did not carry out Cas9 only (no-
sgRNA) controls due to studies reporting no mutagenesis 
when Cas9 was expressed alone (Li et al. 2013; Nekrasov 
et al. 2013). This experimental work and the other research 
that we report were done in plants without impacting on 
human and animal rights. While these transient assays 
involved the delivery of three T-DNA constructs, in order 
for the cleavage-based restoration of LUC gene expres-
sion to occur, only two of these T-DNA constructs (those 
based on Fig.  1A, C) were required to enter the same N. 
benthamiana leaf cell. The other T-DNA construct, which 
served as the transformation standard (Fig. 1B), could nor-
malize the aforementioned signal by expression within a N. 
benthamiana host cell even if it entered in the absence of 
the other T-DNAs.

Mutagenesis testing in stably transgenic A. thaliana plants

The pFZ19 vector (Zhang et  al. 2010) was used to clone 
the AteCas9 nuclease for its estradiol-inducible expres-
sion. This cloning used the aforementioned entry clone 
of the AteCas9 gene construct as part of Gateway® tech-
nology (Life Technologies, Inc; Carlsbad, CA). As both 
recombination substrates were kanamycin-resistant plas-
mids, in order to obtain the expression vector product, this 
cloning used the AteCas9 gene entry clone as a PvuII-lin-
earized fragment. The ‘3m’ sgRNA expression construct 
was then cloned as a second expression cassette into the 
pFZ19 AteCas9 plasmid using the steps described here: 
firstly, the ‘3m’ sgRNA construct was cloned using SacI 
sites into the pBluescript II KS vector; Secondly, to flank 
the sgRNA construct with KpnI sites, this construct was 
amplified using the oligonucleotide primers, gRNA-KpnI-
F and -R, and Phusion DNA polymerase (New England 
BioLabs, Ipswich, MA), and; Thirdly, this amplification 

product was sub-cloned into the pFZ19 AteCas9 vec-
tor using KpnI sites. Clones were verified by PCR colony 
screening using RAJ-643 and 3m-AS, and predictive NcoI, 
BstXI, XbaI, and SpeI  +  XmnI restriction enzyme diges-
tion. The resulting AteCas9  +  ‘3m’ sgRNA vector was 
used to transform A. tumefaciens strain GV3101, with the 
correct resulting strain being verified by predictive restric-
tion enzyme digestion (using XbaI and NcoI, respectively) 
of its extracted DNA, after it was propagated in E. coli. 
This strain was then used to stably transform wild-type A. 
thaliana (Columbia) plants using the floral-dip technique 
(Clough and Bent 1998). Transformed seeds were sown 
on Murashige-Skoog plates containing 25 mg/L hygromy-
cin. To directly verify the specific estradiol-induction of 
the AteCas9 nuclease, in addition to ‘3m’ sgRNA (consti-
tutive) expression, a sub-set of seeds were sown with the 
additional inclusion of 10 μM β-estradiol (Christian et al. 
2013), and compared with a estradiol-free control group. 
A PCR-based analysis of ‘3m’ sgRNA/AteCas9-mediated 
cleavage in T1 plants was performed 10 days after germi-
nation on both medias. This analysis used PCR across the 
‘3m’ sites with Phusion DNA polymerase (New England 
BioLabs, Ipswich, MA), and the oligonucleotide prim-
ers, Cru-for probe-F and 852mutR. This PCR analysis, 
and the other such analyses done, used the DNA polymer-
ase enzyme manufacturer’s instructions with 30 reaction 
cycles. The template for these reactions was DNA extracted 
from 5 whole 10-day-old T1 seedlings (pooled together) 
using a previously reported protocol (Shaked et al. 2005). 
Such sampling was used to compare between induced and 
not-induced nuclease expression (Fig.  7B). One of the 
amplified fragments was sequenced (Fig.  7E), after prior 
cloning into pGEM® T-easy (Promega, Madison, WI). To 
analyze for the induction of genomic fragment deletions in 
the A. thaliana germline after estradiol-induction during 
T1 germination, we took 7 independent induced T1 trans-
formants to analyze for transmission of the mutation to the 
T2 generation (which was not exposed to estradiol itself). 
Firstly, a preliminary screening analysis for the presence of 
mutant fragments was done using enrichment PCR. Sam-
ples of approximately 1000 T2 seeds from each of these 
seven T1 plant lines were taken for DNA isolation, using 
the method described herein. The above seed samples were 
homogenized in liquid nitrogen using a micro-centrifuge 
tube and pestle. An extraction buffer, comprising 120 μl of 
1 M Tris (adjusted, using HCl, to pH = 9.5; Bio-Lab Ltd; 
Jerusalem, Israel), 45 μl of 4 M NaCl (Bio-Lab Ltd; Jeru-
salem, Israel), 240  μl of N-Lauroylsarcosine sodium salt 
(5 %, Sigma-Aldrich, St. Louis, MO), 6 μl of 2-mercaptoe-
thanol (0.5 %, Sigma-Aldrich, St. Louis, MO), and double-
distilled water up to 1.2  ml, was then added per sample, 
and mixed for 5  min. The samples were then pelleted by 
centrifugation at 11,000g for 5  min at room temperature. 
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The supernatant was then isolated, then had 0.5  ml of 
chloroform added, and then was vortex-mixed for 2  min. 
A 0.5  ml volume of Tris buffer saturated phenol (pH 8, 
Sigma-Aldrich, St. Louis, MO) was added, and the sample 
was vortex-mixed for another 2 min. The sample was then 
pelleted by centrifugation at the above speed and tempera-
ture for 15 min. In a fresh tube, the supernatant was then 
mixed with 90 μl of NaAc (3 M, pH 5.2) and 600 μl of iso-
propanol, then incubated at room temperature for at least 
10 min. The samples were then pelleted by centrifugation 
at the above speed and temperature for 10 min. The pellet 
was then washed twice, each time by adding 1 ml of 75 % 
ethanol, vortex mixing, and then pelleting by centrifugation 
at 11,000g for 5 min at room temperature. The pellet was 
then allowed to dry, dissolved in 100 μl of double-distilled 
water containing 10  μg/ml RNase A (Sigma-Aldrich, St. 
Louis, MO), and incubated at 37 °C for 30 min. Ten μl of 
NaAc (3  M, pH 5.2, Sigma-Aldrich, St. Louis, MO) and 
250  μl of ethanol were then added, and the sample was 
then incubated at room temperature for 10 min. The sam-
ples were then pelleted by centrifugation at the above speed 
and temperature for 15 min. The pellet was then was then 
washed using the same ethanol-based procedure described 
above. The DNA pellet was then dried and dissolved in 
double-distilled water in preparation for PCR analysis of 
the AtCRU3 ‘3m’ locus. In order to increase the PCR detec-
tion of rare mutant alleles potentially among a potentially 
much larger background of wild-type (WT) alleles, the 
DNA was pre-treated with BbsI, a restriction enzyme capa-
ble of cleaving the WT locus template in the PCR amplifi-
cation. We used BbsI to cleave our DNA as part of a 20 μl 
volume reaction in Buffer 2.1 (supplied by the manufac-
turer) overnight at 37 °C. One μl of the cleavage reaction 
was added as a template for PCR with REDtaq® DNA pol-
ymerase (Sigma-Aldrich, St. Louis, MO) according to the 
manufacturer’s instructions for 30 cycles, in a total reac-
tion volume of 25 μl. We detected germinal genomic frag-
ment deletion events (apparently in a high ratio relative to 
WT alleles) in 6/7 lines, with approximately one thousand 
T2 seeds analyzed from each T1 line (Fig. 7C). A control 
reaction was carried out using the DNA extracted from a 
pool of induced T1 seedlings (see Fig.  7B) to serve as a 
marker for the sizes of deletion products. For a more accu-
rate analysis of the mutation frequency, individual genotyp-
ing of seeds was carried out on a pool of seeds, comprised 
from 20 mg of seeds from each of these PCR-positive pools 
(Fig.  7C, lanes 1–6, where only part of each group was 
analyzed): the T2 progeny plants were individually geno-
typed as 10-day-old seedlings, with the PCR being con-
ducted using REDtaq® DNA polymerase (Sigma-Aldrich, 
St. Louis, MO) as described before (including the T1 con-
trol), except with template DNA provided in the form of 
<1 mm2 leaf discs supplied directly into the PCR reaction. 

One plant was found with a mutant allele, in addition to a 
wild-type AtCRU3 allele (the plant was a heterozygote), in 
a background of 253 WT plants (Fig. 7D). The sequence-
based analysis of this mutation (Fig.  7E) was performed 
according to the procedure described previously. The T3 
progeny of this T2 mutant plant was analyzed for segre-
gation (Fig.  7F) according to the same criteria described 
above, which used the DNA extraction procedure described 
in part b. DNA previously extracted from the T2 parental 
plant was used as a template for a control amplification to 
show the correct amplification product sizes of both alleles.

Results

CRISPR‑Cas outperformed TALENs in cleavage efficiency 
assays in planta

CRISPR-Cas nucleases were de novo-developed and com-
paratively assayed in planta against other nucleases using 
shared candidate target sites, which were co-delivered as 
part of the constructs shown in Fig. 1.

The first component (Fig.  1A) is used to report the 
relative level of cleavage by each system through the 
activation of luciferase (LUC) gene expression from a 
constitutively-expressed reporter containing a candidate 
target sequence and a deliberate frameshift mutation 
(in reporter names, ‘T’ stands for target, and ‘fs’ stands 
for frameshift). The repair of the cleaved target is typi-
cally conducted by the error-prone mechanism of NHEJ, 
which can lead to a restoration of the LUC open reading 
frame for some of these repaired Transfer-DNA (T-DNA) 
reporter molecules (Johnson et  al. 2013). The second 
component (Fig. 1B) is a constitutively-expressed Renilla 
reniformis-derived luciferase (REN) gene, which can be 
used to normalize the variable transformation frequency 
in measurements of the cleavage reporter (Johnson et al. 
2013); these LUC:REN measurements are made using 
the dual-luciferase® reporter assay system (Promega, 
Madison, WI) and allow more accurate quantification 
than cleavage analyses with single reporter constructs 
(Jiang et al. 2013b, 2014). The vector is contained in the 
same Agrobacterium strain as the construct described in 
Fig.  1A, with both T-DNA molecules being capable of 
separate T-DNA delivery. The third component (Fig. 1C) 
can express genes encoding a nuclease. Such nucleases 
include a TALEN or ZFN (Johnson et al. 2013), or, alter-
natively, a CRISPR-Cas nuclease. A Cas9 nuclease can be 
delivered, along with a target-specific sgRNA molecule 
(Fig.  1D), as two separate expression cassettes in the 
pHEX2 vector. In order to keep these components sepa-
rate from their DNA target, this vector is delivered as part 
of a separate Agrobacterium strain.
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To compare the relative cleavage efficiencies of these 
nucleases, the target sequences of our previously-reported 
TALENs (Johnson et  al. 2013), and the well-established 
‘QQR’ zinc-finger nuclease control (Even-Faitelson et  al. 
2011; Johnson et al. 2013), were used to de novo-develop 
CRISPR-Cas nucleases, as shown in Fig. 2.

The findings from testing newly-developed CRISPR-Cas 
components, against the same target sites for previously-
described TALENs, as part of the same reporter system, are 
shown in Fig. 3.

In both test cases, our CRISPR-Cas components per-
formed better than the corresponding TALENs, ‘T494’ and 
‘T852’, which we previously found to catalyze cleavage 

in planta (Johnson et al. 2013). The T494 #1 and #2 sgR-
NAs resulted in 83-fold (p  =  1.3  ×  10−12) and 79-fold 
(p  =  1.8  ×  10−8) average ‘cleavage efficiency’ values. 
These ‘cleavage efficiency’ values were determined by the 
LUC:REN signal measured in the presence of the nucle-
ase divided by that signal obtained for the corresponding 
negative control made with a non-recombinogenic GUS 
gene instead of a nuclease. This means of calculating the 
cleavage efficiency was chosen because we observed that 
the base-line level of expression tended to vary between 
reported constructs (e.g. Fig. 3B vs. C), presumably due to 
varying amounts of ribosomal frameshifting/slippage, which 
would not be accounted for if we were to normalize to the 

Fig. 2   To compare each cleavage technology, CRISPR-Cas proto-
spacer target sites were located/introduced into the targets of the 
previously-reported T494 and T852 TALENs, as well as the ‘gold 
standard’ QQR ZFN. The aforementioned TALENs were previously 
reported by us to cleave sequences in the Arabidopsis thaliana CRU-
CIFERIN 3 (AtCRU3), with their names reflecting their distance 

downstream of the start codon. The sequence (5′–3′) shown in black 
is required for TALEN or ZFN cleavage, whereas sequence shown in 
grey represents bases inserted to allow cleavage by CRISPR-Cas and/
or to appropriately position start and stop codons in the reporter. Thin 
magenta lines represent protospacer targets and thick black lines rep-
resent PAM sequences

Fig. 1   Constructs used to test CRISPR-Cas cleavage in planta, 
based on the activation of transient luciferase expression. A A firefly-
derived luciferase (LUC)-based reporter vector for nuclease cleav-
age-induced non-homologous end-joining (NHEJ). The sequence 
immediately downstream of the ATG start codon is expanded above 
the construct to show the presence of a frame-shift mutation (F/shift) 
that prematurely disrupts LUC, as well as the CRISPR-Cas target 
(Protospacer target—PAM). The annealing of the sgRNA construct 
(shown as a curved grey line) based on target sequence-complemen-
tarity (shown as a black line within the sgRNA) can elicit cleavage 
of the target by the Cas9 nuclease protein (shown in green with scis-

sor symbols), leading to restoration of the LUC translational reading-
frame as part of error-prone repair by NHEJ; B a co-delivered Renilla 
reniformis-derived luciferase (REN)-based vector for normalizing the 
firefly LUC activity; C represents a vector for expressing the Cas9 
nuclease, or alternative nucleases, and; D an sgRNA expression con-
struct, which can be included either as part of the aforementioned 
vector, or, alternatively, as part of the LUC-based reporter vector. 
‘U6-26’ refers to a U6 (loci 26) small nuclear RNA gene promoter 
that is trans-activated by a RNA polymerase III, ‘35S’ refers to a con-
stitutively-active cauliflower-mosaic virus promoter sequence and ‘T.’ 
refers to a terminator/polyadenylation sequence



150	 Plant Mol Biol (2015) 87:143–156

1 3

no LUC or 35S::LUC controls. The cleavage efficiency of 
these CRISPR-Cas components was clearly higher than the 
T494 TALEN pair, which had a 3.4-fold (p = 1.0 × 10−10) 
average cleavage efficiency (Fig.  3B). Similarly, the T852 
sgRNA resulted in an 11-fold (p  =  1.9  ×  10−8) average 
cleavage efficiency, which was again better than the T852 
TALEN pair, which had a 1.7-fold (p = 2.8 × 10−3) aver-
age cleavage efficiency (Fig. 3C). While the cleavage effi-
ciency of the T494 #1 and #2 sgRNAs was higher than the 
QQR ZFN positive control with a 66-fold (p = 3.1 × 10−15) 
cleavage efficiency, the QQR ZFN outperformed our Tqqr 
#1 and #3 CRISPR-Cas components, which had aver-
age cleavage efficiencies of 21-fold (p = 1.2 × 10−12) and 
48-fold, respectively (Fig. 3D).

The Cas9 gene variants differed in their cleavage 
efficiencies

We wished to comparatively test three previously-described 
Cas9 gene variants, which had been codon-optimized to 
Arabidopsis thaliana (AtCas9) by Fauser et  al. (2014), 
humans (hCas9) by Mali et  al. (2013b), and dicotyledon-
ous plants (DPCas9) by Baltes et  al. (2014). A derivative 
of AtCas9 that contained a translational enhancer (AteCas9) 
was also tested (Fauser et  al. 2014). Excluding the case 
of the aforementioned enhancer sequence, as well as a 42 
amino-acid sequence  tag and three additional amino acids 
located in DPCas9 (in the 5′ and 3′ extremities, respec-
tively), these Cas9 gene variants had the same protein 

sequence. In order to facilitate a comparison between dif-
ferent Cas9 gene variants, the sgRNA was delivered as part 
of the reporter construct (Fig.  1, construct D delivered as 
part of construct A), as opposed to delivery with the Cas9 
gene as in Fig.  3, in order to avoid needing to clone the 
sgRNA with each Cas9 gene variant (this sgRNA configu-
ration and related forms were verified beforehand as shown 
in Online Resources 3 and 4). The sgRNA that showed the 
most consistently high signal in assessments made until this 
point, T494 #1 sgRNA (Fig. 3B) was chosen for compar-
ing between the different Cas9 gene variants. The results of 
this Cas9 gene testing are shown below in Fig. 4.

The cleavage efficiencies of the three Cas9 gene vari-
ants, AtCas9, AteCas9 and hCas9, were comparable and all 
three statistically significant, while DPCas9 was signifi-
cantly less efficient than the other three. The highest cleav-
age-mediated activation of LUC:REN was obtained with 
hCas9 (Nekrasov et  al. 2013; Mali et  al. 2013b), which 
was 113-fold greater than the negative control (Standard 
Error, SE 2.6, p value 4.3 × 10−10). AtCas9 (Fauser et al. 
2014) showed the next highest signal, which was 105-fold 
over the negative control (SE 4.0, p value 1.5 × 10−9) and 
the same gene with a translational enhancer, AteCas9, 
had an 89-fold higher signal than the negative control 
(SE 8.0, p value 3.0 ×  10−10). Similarly to the data pre-
sented in Fig.  3, this AteCas9/T494 #1 combination had 
a higher cleavage activity than the QQR ZFN positive 
control, which was measured at 62-fold (SE 16, p value 
3.1 × 10−16). We found that DPCas9 (Baltes et al. 2014) 

Fig. 3   Comparing the cleavage efficiency of CRISPR-Cas tech-
nology with that of TALENs and the QQR ZFN in planta. Average 
normalized LUC activity (LUC:REN ratio) assayed from a series of 
constructs designed to compare cleavage by CRISPR-Cas compo-
nents (pink bars), TALENs (light blue bars) and the QQR ZFN refer-
ence (dark blue bars), following NHEJ DSB repair in Agro-infiltrated 
N. benthamiana leaves. Negative controls are shown as grey bars 
for each target site. The following reporter constructs were used: A 
a negative control (No LUC); Nuclease cleavage reporter constructs 

embedded with target sites, including B Tfs-494, C Tfs-852-t, and D 
Tfs-qqr-t sites, which were delivered either without or together with 
their respective TALEN, CRISPR-Cas nuclease, or ZFN constructs, 
as well as; E A positive control (35S::LUC) reporter construct. All 
data shown has been combined together from two separate experi-
ments. There were seven replicas in each experiment. Error bars cor-
responding to the standard error of two experiments, are not always 
visible due to their small size
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had a 3-fold (SE 0.78, p value 2.5 × 10−13) cleavage effi-
ciency in our analyses, over an order of magnitude lower 
than the other Cas9 constructs tested. Another S. pyogenes 
Cas9 gene that was synthesized for our research purposes 
with codon-optimization to Solanum lycopersicon was 
attempted for inclusion in this comparison; however, this 
gene could not be routinely propagated in both E. coli and 
A. tumefaciens cells. In order to compare the cleavage effi-
ciency of various sgRNAs (including those whose testing 
was shown in Fig. 3) using a consistent Cas9 gene, subse-
quent experiments were conducted with this AteCas9 gene 
construct.

The cleavage efficiency of preliminarily tested, de 
novo‑developed sgRNAs is variable and difficult to predict

The ability of CRISPR-Cas to cleave user-selected tar-
get sites within the tomato (S. lycopersicum) genome was 
tested against two genes involved in carotenoid biosynthe-
sis. Targets were chosen as described in Online Resource 
5 for the de novo-development of sgRNAs for use with 
CRISPR-Cas nuclease cleavage. The cleavage efficiency 
of the CRISPR-Cas components using sgRNAs designed to 
cleave these two tomato (S. lycopersicum) carotenoid genes 
were tested as shown in Fig. 5. Further sgRNAs were tested 
as shown in Fig. 6, which, to avoid cloning constraints, was 
done with the separate delivery of Cas9 as opposed to using 
the co-delivery of Cas9 (Fig.  5), with either basis offer-
ing similar cleavage efficiencies (Fig. 5B vs. 6B). For the 

sgRNAs that we developed for these tomato gene targets, 
six out of six tested were found to have positive cleavage 
activities in planta. We found that the cleavage efficien-
cies of these sgRNAs varied markedly (Online Resource 6). 
Their cleavage efficiencies ranged from 2.2-fold (Fig. 5D, 
SE 0.40, p value 8.4 × 10−5) to 120-fold (Fig. 6C, SE 58,  
p value 1.3 × 10−7). 

Our preliminary nuclease testing could forecast the 
feasibility of generating a germinally‑transmissible 
genomic fragment deletion in Arabidopsis plants

The naturally repeated ‘3m’ target sequences in the A. thal-
iana CRU3 gene (Fig. 7A) allowed us to design an effec-
tive sgRNA (it had a 30-fold cleavage efficiency, p value 
1.4 ×  10−11, Online Resource 7); these targets were then 
used to assay for a genomic fragment deletion in A. thali-
ana plants. The ‘3m’ sgRNA (constitutive) expression cas-
sette and the AteCas9 nuclease gene were delivered into 
plant cells using the pFZ19 vector (Zhang et  al. 2010); 
this vector was used to allow for the controlled timing of 
AteCas9 gene expression in transgenic A. thaliana plants 
owing to its estrogen-inducible expression system. Follow-
ing the induction of our CRISPR-Cas nuclease’s expres-
sion during germination of the primary transformant (T1) 
seeds, we found preliminary PCR-based evidence of cleav-
age within those T1 individuals as nuclease-induced plants 
(Fig. 7B), and their T2 seed progeny (Fig. 7C). The latter 
analysis was conducted on pooled seed lines, which were 

Fig. 4   Comparing the cleavage efficiencies of different S. pyogenes 
Cas9 gene variants. Average normalized LUC activity (LUC:REN 
ratio) assayed from a series of constructs designed to test cleavage by 
CRISPR-Cas using a number of Cas9 gene variants following NHEJ 
DSB repair in Agro-infiltrated N. benthamiana leaves. The following 
reporter constructs were used: A a negative control (No LUC); B An 
Tfs-494 + sgRNA 1 reporter (and sgRNA) construct alone and with 
a variety of Cas9 genes delivered in a separate vector; C Tfs-qqr-t 
site, which was delivered either without or together with its respec-

tive nuclease, and; D A positive control (35S::LUC) reporter con-
struct. All data shown has been combined together from two separate 
experiments. AtCas9, hCas9 and DPCas9 refer to Arabidopsis, human 
and dicotyledonous plant codon-optimizations, respectively, for these 
gene variants. AteCas9 refers to the former gene variant with a trans-
lational enhancer. There were seven replicas in each experiment. 
Error bars corresponding to the standard error of two experiments, 
are not always visible due to their small size
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not nuclease-induced themselves, and used BbsI restriction 
enzyme-mediated enrichment PCR to help identify lines for 
further analysis. By individually genotyping T2 progeny 
plants (from the seed lines showing preliminary evidence 
of mutagenesis), we detected a 48  bp genomic fragment 

deletion that occurred in one out of 253 plants (Fig. 7D). 
This deletion occurred between the first and second targets 
of the three AtCRU3 ‘3m’ repeats (Fig. 7E), and was stably-
inherited, as shown by the segregation of this mutation in 
the T3 generation (Fig. 7F).

Fig. 5   The cleavage efficiency of CRISPR-Cas sgRNAs designed 
to cleave target sequences in tomato PSY1 and CrtISO genes. Aver-
age normalized LUC activity (LUC:REN ratio) assayed from a series 
of constructs designed to test cleavage by CRISPR-Cas components 
(delivered in the same vector) following NHEJ DSB repair in Agro-
infiltrated N. benthamiana leaves. The following reporter constructs 
were used: A a negative control (No LUC); Nuclease cleavage 
reporter constructs embedded with target sites, including B Tfs-psy-1, 

C Tfs-psy-5, D Tfs-crtiso-5, E Tfs-qqr-t sites, which were delivered 
either without or together with their respective nuclease components, 
as well as; F A positive control (35S::LUC) reporter construct. All 
data shown has been combined together from two separate experi-
ments. There were seven replicas in each experiment. Error bars cor-
responding to the standard error of two experiments, are not always 
visible due to their small size

Fig. 6   The cleavage efficiency of more CRISPR-Cas sgRNAs 
designed to cleave target sequences in tomato PSY1 and CrtISO 
genes. Average normalized LUC activity (LUC:REN ratio) assayed 
from a series of constructs designed to test cleavage by CRISPR-
Cas components (delivered in different vectors) following NHEJ 
DSB repair in Agro-infiltrated N. benthamiana leaves. The fol-
lowing reporter constructs were used: A a negative control (No 
LUC); nuclease cleavage reporter constructs embedded with target 
sites and their corresponding sgRNA construct, including B Tfs-

psy-1  +  sgRNA, C Tfs-psy-2  +  sgRNA, D Tfs-psy-4  +  sgRNA, 
and E Tfs-crtiso-3 + sgRNA, which were delivered either without or 
together with the AteCas9 gene; F the Tfs-qqr-t site, which was deliv-
ered without and together with the QQR ZFN, as well as; G A posi-
tive control (35S::LUC) reporter construct. All data shown has been 
combined together from two separate experiments. There were seven 
replicas in each experiment. Error bars corresponding to the stand-
ard error of two experiments, are not always visible due to their small 
size
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Discussion

Here we report that CRISPR-Cas out-performed TAL-
ENs in a comparative analysis of their cleavage activities 
in planta, for two independent targets (Fig. 3). Moreover, 
all of the TALENs we have tested were less effective than 

the gold-standard QQR ZFN (Even-Faitelson et  al. 2011; 
Johnson et al. 2013); while here, several sgRNAs catalyzed 
cleavage at levels similar and sometimes higher than the 
QQR ZFN (Figs. 3, 6). Across the variations that we made 
to CRISPR-Cas nucleases, we found that eleven-of-twelve 
CRISPR-Cas sgRNAs and two-of-three Cas9 gene variants 

Fig. 7   The stable mutagenesis of the ‘3m’ target sequences that are 
naturally repeated in the Arabidopsis thaliana CRU3 gene. A The 
AtCRU3 gene with the ‘3m’ target sites labeled as black boxes, the 
exons labeled as red arrows, and the introns labeled as red lines in 
between exons. ‘Primer (Cru-for probe-F)’ and ‘Primer (852mutR)’ 
respectively refer to the binding sites of the forward and reverse prim-
ers used for the detection of mutagenesis events. B The PCR detec-
tion of ‘3m’ sgRNA-mediated mutagenesis events in the somatic tis-
sue of T1 seedlings (the expression of AteCas9 was induced at the T1 
seed stage) with five plants pooled together for this analysis. C The 
preliminary detection of germinally-transmitted truncation mutagene-
sis events in seven T2 seed lines (labels 1–7), on DNA extracted from 
approximately one thousand T2 seeds, using BbsI restriction enzyme-
mediated enrichment PCR. D Individual screening for germinally-

transmitted truncation mutations in the AtCRU3 gene within a pool 
of T2 seeds from the PCR-positive lines (part C, labels 1–6 only); 
here only 17 of 253 of these genotyping reactions are shown for 
space reasons. E The location of the ‘3m’ sgRNA target sequences 
and the BbsI site in the wild type (WT) AtCRU3 gene sequence, as 
well as the sequences of two truncated fragments, one amplified from 
a somatic mutagenesis event in T1 plants, the other amplified from a 
single T2 mutant plant containing an inherited mutagenesis event. F 
The mutant locus was transmitted to the T3 generation, based on our 
segregation analysis. ‘L’ stands for a DNA ladder (with relevant band 
sizes labeled), ‘NC’ stands for not estradiol-exposed control, and the 
‘T1’ control is a marker for the sizes of deletion products based on 
the analysis of plants in part B with induced nuclease expression
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had higher cleavage efficiencies than any TALEN we tested 
(Figs. 4, 5 and 6, vs. 3).

Our findings and previous studies of CRISPR-Cas (Feng 
et  al. 2013; Fauser et  al. 2014; Miao et  al. 2013; Shan 
et al. 2013b) and TALENs (Christian et al. 2013; Li et al. 
2012b; Shan et al. 2013a; Zhang et al. 2013), suggest that 
cleavage mediated by CRISPR-Cas might be more gener-
ally efficient than cleavage mediated by TALENs in plants. 
It is important to note though that for other aspects, such 
as specificity and the lack of target sequence constraints, 
TALENs might be preferable to CRISPR-Cas (Puchta and 
Fauser 2014).

We also found that different variants of the S. pyogenes 
Cas9 genes, coding for the same protein, but codon-opti-
mized for different species had very different activities in 
our analyses. While the human and Arabidopsis gene vari-
ants both induced high cleavage activity, other Cas9 gene 
variants were either less efficient or could not be cloned 
in E. coli or A. tumefaciens. The reasons for the differ-
ences between a number of Cas9 gene variants, as deter-
mined by us, Zhou et al. (2014), and by Xu et al. (2014), 
are not clear. We suggest that further work is needed to 
optimize Cas9, for aspects such as gene translation effi-
ciency and protein stability, to ensure the highest cleav-
age efficiency. While previous studies had found that their 
rice (Zhou et al. 2014) or plant codon-optimized (Xu et al. 
2014) Cas9 variants out-performed their humanized coun-
terpart, their hCas9 variant (Cong et al. 2013) was not the 
same as the one that we tested (Nekrasov et al. 2013; Mali 
et al. 2013b). We do not have cleavage efficiency data for 
the hCas9 variant used in these previous studies for com-
parison, as our analyses involved a different hCas9 vari-
ant, which lacked the 5′-localized nuclear localization and 
FLAG-tag sequences. The lower cleavage activity of Cas9 
encoded by the DPCas9 gene variant, relative to the other 
constructs we tested,  might be due to  its 5′-located 42 
amino-acid sequence tag.

We also report the relative cleavage efficiencies of 
twelve different de novo-developed sgRNAs. These values 
are compared with features of their sequences that might 
indicate their performance as suggested in a large-scale 
study in human cells by Wang et  al. (2014a). Previously 
reported studies conducting stable mutagenesis in plants 
were also included in this analysis (Online Resource 6). 
We found that, based on the very limited numbers that we 
compare to the much larger study of Wang et al. (2014a), 
there is no clear correlation between the performance of 
sgRNAs with respect to their performance indicators, both 
for our work in a transient system, as well as for the work 
reported by others in stable transgenic systems. Similarly, 
we did not find that the tool of Doench et al. (2014) could 
accurately predict sgRNA performance in plant systems. 
Moreover, we found no correlation between the cleavage 

activity of our sgRNAs and the strand in which the target 
site existed as part of the reporter construct, the GC con-
tent, or RNA secondary structure. The accurate prediction 
of sgRNA cleavage performance in planta may require 
analyzing greater numbers of sgRNAs; this analysis might 
be more readily facilitated by studying their promoter 
transactivation using artificial transcription factors based 
on CRISPR-Cas (Farzadfard et  al. 2013; Li et  al. 2012a), 
rather than studying their cleavage efficiency. Furthermore, 
it seems possible that information from the Cas9 crystal 
structure might be used to assist the prediction of sgRNA 
performance (Nishimasu et al. 2014).

Here we report the stably-inherited deletion of a 
genomic fragment by the cleavage of two naturally-
repeated target sites, which was mediated by one sgRNA; 
in contrast, previously-reported genomic fragment deletion 
experiments (targeting non-repeated sites) have necessi-
tated the use of two different sgRNAs (Li et al. 2013; Feng 
et al. 2014). The frequency of germinal transmission of our 
genomic fragment deletion mutation based on ‘3m’ sites, 
was 1 in 253 plants, which was lower than the 25.8 % fre-
quency of germinally-induced genomic fragment deletion 
reported in Arabidopsis plants by Feng et  al. (2014). The 
reasons for this difference may have been due to Feng et al. 
(2014) using sgRNAs that were more efficient than our 
‘3m’ sgRNA. Additionally, we used an inducible nuclease 
expression system, rather than the constitutive (2 ×  35S) 
promoter-driven Cas9 construct used by Feng et al. (2014). 
This difference in frequencies may also relate to the close 
proximity of our target sites, which were 25 bp apart (with 
a third site that the nuclease could bind only 34 bp away), 
whereas the targets were 150–229 bp apart in the work of 
Feng et al. (2014). Furthermore, due to the aforementioned 
lack of comparative information, we have to consider that 
their hCas9 variant, originally derived from Cong et  al. 
(2013), may have allowed more efficient cleavage than the 
AteCas9 gene variant that we employed in this case. Our 
work shows, for the first time in plants, that CRISPR-Cas 
nucleases can be used to target multiple sites in a genomic 
repeat array, inducing a deletion, and reduce the number of 
repeats.

In summary, while more work is needed to optimize the 
CRISPR-Cas system in plants, their current performance 
shows encouraging potential for producing new mutant 
plant varieties that are regulated as non genetically-modi-
fied in the USA and Canada, and potentially in other coun-
tries adopting product-based regulatory frameworks for 
genetically modified plants (Podevin et al. 2012).
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