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Abstract Custom-designed nucleases are a promising
technology for genome editing through the catalysis of
double-strand DNA breaks within target loci and sub-
sequent repair by the host cell, which can result in targeted
mutagenesis or gene replacement. Implementing this new
technology requires a rapid means to determine the
cleavage efficiency of these custom-designed proteins in
planta. Here we present such an assay that is based on
cleavage-dependent luciferase gene correction as part of a
transient dual-luciferase® reporter (Promega) expression
system. This assay consists of co-infiltrating Nicotiana
benthamiana leaves with two Agrobacterium tumefaciens
strains: one contains the target sequence embedded within
a luciferase reporter gene and the second strain contains the
custom-designed nuclease gene(s). We compared repair
following site-specific nuclease digestion through non-
homologous DNA end-joining, as opposed to single strand
DNA annealing, as a means to restore an out-of-frame
luciferase gene cleavage-reporter construct. We show,
using luminometer measurements and bioluminescence
imaging, that the assay for non-homologous end-joining is
sensitive, quantitative, reproducible and rapid in estimating
custom-designed nucleases’ cleavage efficiency. We
detected cleavage by two out of three transcription acti-
vator-like effector nucleases that we custom-designed for
targets in the Arabidopsis CRUCIFERIN3 gene, and we
compared with the well-established ‘QQR’ zinc-finger
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nuclease. The assay we report requires only standard
equipment and basic plant molecular biology techniques,
and it can be carried out within a few days. Different types
of custom-designed nucleases can be preliminarily tested in
our assay system before their downstream application in
plant genome editing.
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Abbreviations

AG Gibbs energy values for DNA secondary
structures

35S Cauliflower mosaic virus-derived 35S
promoter

AtCRU3 Arabidopsis thaliana CRUCIFERIN3 gene

Cps Counts per second

F/shift, fs A translational reading frame-shift mutation

Kb Kilo base pair(s)

LUC Gene encoding a luciferase enzyme derived

from Photinus pyralis

NHEJ Non-homologous end-joining

QQR The name given to a previously-reported
zinc-finger nuclease

ORF Translational open reading frame

Recog. site  The DNA site recognized by a custom-
designed nuclease

REN The gene encoding a luciferase enzyme
derived from Renilla reniformis

SSA Single-strand annealing

Sc A premature stop codon

T A transcription ‘terminator’ sequence

T-DNA A. tumefaciens transfer-DNA

TALEN Transcription activator-like effector nuclease
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YFP Yellow fluorescent protein
ZFN Zinc-finger nuclease
Background

Our ability to engineer plant genomes is limited by the
essentially random integration of introduced DNA mole-
cules into the plant genome as well as by the random
occurrence of mutations caused by various mutagenic
agents. Custom-designed nucleases can promote targeted
double-strand DNA breaks (DSBs) for precise genome
editing, either by stimulating targeted gene replacement
(Shukla et al. 2009; Townsend et al. 2009; Zhang et al.
2012; Fauser et al. 2012), or targeted mutagenesis [for
review, see Tzfira et al. (2012)]. Custom-designed nuc-
leases include zinc-finger nuclease (ZFN) enzymes, engi-
neered-meganucleases, as well as Xanthomonas-derived
transcription activator-like effector nuclease (TALEN)
enzymes, which are a more-recent alternative that expand
the number of genomic target sites available for cleavage
(Cermak et al. 2011). Custom-designed nucleases are
comprised of target site-specific DNA-recognition
domains, consisting of triplet-binding zinc-fingers in the
case of ZFNs (Tzfira et al. 2012), and central repeat
domains that can bind individual DNA bases with speci-
ficity owing to particular repeat-variable diresidues in the
case of TALENs (Moscou and Bogdanove 2009). A gene
fusion can be made between the sequence encoding these
target-recognizing domains, and the sequence encoding a
Flavobacterium okeanokoites I (Fokl) endonuclease DNA-
cleavage domain, in order to form a nuclease monomer.
For cleavage of the target DNA sequence to occur, two
such monomers are required to bind their respective rec-
ognition sites on opposite DNA strands in orientations that
can cause their respective nuclease domains to dimerize in
the intervening ‘spacer’ region between their respective
recognition sites (Zhang et al. 2012; Tzfira et al. 2012).
Despite considerable progress in the field of custom-
designed nucleases, there is still a need for an effective,
rapid, preliminary means to validate candidate nucleases’
cleavage efficiency in planta. This preliminary testing is
necessary because of: the multiple possibilities of design;
the uncertainties related to the efficiency of nuclease cus-
tom design, with respect to DNA-recognition specificity
and accuracy of Fokl dimerization, and; the considerable
time and effort involved in a whole organism gene tar-
geting or mutagenesis experiment.

Several assays have been reported to obtain initial mea-
surements for the efficiency of custom-designed nuclease
cleavage in planta. These assays are based on reactivation of
a defective reporter gene following DSB repair, but differ
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with respect to the DSB repair pathway. The first type of
assay measures DSB repair via non-homologous end-joining
(NHEJ), a process that tends to be error-prone (Gorbunova
and Levy 1997; Lloyd et al. 2005; de Pater et al. 2009). For
example, an assay reported by Tovkach et al. (2009), was
based on activating a premature stop codon-disrupted uidA
[B-glucuronidase (GUS)] reporter gene following cleavage
with the previously-reported ‘QQR’ ZFN (Kim et al. 1997,
Lloyd et al. 2005). With this assay, the target was genomi-
cally-embedded in a transgenic plant; the target-specific
endonuclease was delivered via Agrobacterium tumefac-
iens-infiltration of tobacco (Nicotiana tabacum) leaves and;
the GUS reading frame was restored through stop-codon
removal as a result of error prone NHEJ repair. Variations of
this assay were also reported (Tovkach et al. 2009), which
included expressing the nuclease through a Virus-Aided
Gene Expression system (Marton et al. 2010), or in a tissue
specific manner, e.g. using an egg apparatus-specific
enhancer sequence (Even-Faitelson et al. 2011). These
assays are time-consuming due to their dependence on stably
transformed plants, which limits their use towards rapidly
screening a large number of nucleases. This time constraint
was solved through the development of transient assays
(Tovkach et al. 2009; Weinthal et al. 2010; Tzfira et al. 2012).
One such assay, described by Mahfouz et al. (2011), involves
reactivation of a GUS gene following A. tumefaciens-medi-
ated co-transformation of a TALEN enzyme, and of its target
within the defective GUS reporter, into Nicotiana benth-
amiana leaves. Quantitative assessments of nuclease activity
were hindered by the varying transformation frequencies
possible in the transient infiltrated-leaf system. Another type
of assay measured the efficiency of custom-designed nuc-
leases in tobacco (N. tabacum) protoplasts through restora-
tion of the gene encoding the yellow fluorescent protein
(YFP) following DSB induction and subsequent repair via
the single-strand DNA annealing (SSA) pathway (Zhang
et al. 2012). This assay is not limited by any translational
reading frame (TGA, TAA, and TAG) stop codons within the
nuclease target site as it is dependent on precise homology-
based SSA recombination. In this assay, reporter vectors had
a candidate nuclease target site flanked by direct repeats of a
255 bp portion of the YFP-encoding gene’s codon sequence.
Twenty-four-hours after co-delivery of the reporter and
TALEN expression-cassettes, TALENSs’ cleavage efficiency
was reported using fluorescence-activated cell sorting to
detect the proportion of protoplasts with acquired YFP
fluorescence. Some studies have described a means to assay
for the DNA-recognition activity (but not cleavage effi-
ciency) of a particular TALE protein based on transient
transcriptional activation of a target promoter fused to a GUS
reporter gene in planta (Boch et al. 2009; Li et al. 2012);
however, the relevance of these assays for determining
nuclease cleavage is limited by the absence of surveying
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FokI dimerization as is required to catalyze the formation of
double-strand DNA breaks.

We describe an assay to measure the cleavage efficiency
of various candidate custom-designed nucleases using a
dual-luciferase® reporter gene system. In addition to the
firefly Luciferase gene (LUC), which is activated following
DSB repair, a novel feature of this assay was the use of a
Renilla luciferase (REN) gene, as part of the dual-lucifer-
ase® reporter assay system (Promega), to normalize against
the varying transformation frequencies (Hellens et al. 2005;
Johnson et al. 2011). We show that this normalization
allows for a quantitative cross-comparison between multi-
ple custom-designed nucleases. The high degree of repro-
ducibility of the assay is probably due to the buffering of
experimental noise, such as variation in transformation
frequencies, physiological state of leaves, Agrobacterium
titer, etc. Furthermore, the assay is sensitive, rapid and
simple, using standard luminometry equipment, which
should facilitate its broad use in the assessment of custom-
designed nucleases in genome-editing experiments.

Materials and methods
Reporter vectors

The pGreenll Tqqr-sc::LUC vector was derived from an
inverse PCR of the pGreenll 0579-1 (35S::LUC) vector
(material and information is available from www.AddGene.
org with AddGene ID 44468) that was itself used to show
constitutive LUC activity (Johnson et al. 2011). This PCR
used LA-TAQ™ polymerase (TAKARA) according to the
manufacturer’s instructions, and the oligonucleotide prim-
ers, RAJ-461 and 462 (described, along with all other oli-
gonucleotide primers in Online Resource 1), which
implemented Xbal and Xhol sites, respectively. These sites
were used to clone the Tqqr-sc target site (see Table 1) as a
T4 Polynucleotide Kinase-treated (New England BioLabs)
primer-dimer of RAJ-493 & RAJ-494. The primers were
kinase-treated individually, then annealed by mixing the pair
together, heating the reaction to 94 °C for 30 seconds,
holding at 65 °C for 20 minutes to denature the kinase, and
then cooling to room temperature. The resulting clone was
verified by sequencing with the oligonucleotide primers
RAJ-182, RAJ-198, RAJ-199, RAJ-216, RAJ-365, RAJ-
395, RPH-079 and RPH-248. The same sites of this pGreenll
Tqqr-sc::LUC vector were then used to clone subsequent
targets (Table 1): Tqqr-fs (RAJ-493 & RAJ-494); Tfs-qqr
(RAJ-520 & RAJ-521); Tfs-494 (RAJ-524 & RAJ-525); Tfs-
852 (RAJ-526 & RAJ-527; Tfs-1461 (RAJ-528 & RAJ-529);
Tfs-494-5" (RAJ-571 & RAJ-572), and; Tfs-494-3' (RAJ-
569 & RAIJ-570). These vectors were partially-sequenced
using RAJ-365 and RAJ-417. The pGreenll Tfs-qqr::LUC

and pGreenll Tfs-494::LUC vectors (AddGene ID 44466 and
44467, respectively) can be used to clone additional nuclease
targets to assay for their cleavage in planta. Gibbs Energy
values were calculated for these target sites using the default
parameters as part of the ‘Mfold” web server (Zuker 2003).
The pGreenll 0000 (No LUC) vector (AddGene ID 44465)
was used to quantify background LUC activity in the Agro-
infiltrated leaves (Johnson et al. 2011). These plant trans-
formation vectors were delivered into A. tumefaciens strain
LBA4404 cells along with the pSoup 0800 (35S::REN,
AddGene ID 44469) vector (Johnson et al. 2011) using
electroporation.

Intron-containing derivatives of the pGreenll Tqqr-
sc::LUC, pGreenll Tqqr-fs::LUC, and pGreenll 35S::LUC
vectors were constructed by insertion of a partial LUC gene
sequence as a Scal fragment that contained an intron of
sequence 5'-GTGACTTCTTCTATTCAAGTAAGGTTTT
TTAAGTCAAATTGGAGTGGTTTTAAATTGACTTTGG
AATACTTCGTGTCATGAGAAATCTCAG-3' starting from
position 669 downstream of the ATG in the LUC gene, which
was obtained from the pGreenll 0800 (I3@C) vector, kindly
provided by Roger P. Hellens from the New Zealand Institute
for Plant and Food Research Limited. The intron containing
portion of the latter vector was isolated using a Scal digestion,
and ligated into the same sites pGreenll Tqqr-sc::LUC,
pGreenll Tqqr-fs::LUC, and pGreenlI 35S::LUC. To make the
vectors consistent with their intron-less forms, a Hincll Nrul
fragment was re-inserted from their original vectors.

The pGreenll LU::Tfs-qqr::UC vector was developed
from the amplification of 5'A-LUC (or ‘UC’) and 3'A-LUC
(or ‘LU’) gene fragments from pGreenll 35S::LUC using
Phusion® DNA polymerase (New England BioLabs), as
was used for subsequently-described amplifications. These
products were amplified using the oligonucleotide primer
pairs RAJ-198 & RAJ-523 and RAJ-522 and RAJ-182,
respectively. The products were sequentially cloned as Notl
Xbal and Xhol Hincll fragments into pGreenll Tfs-
qqr::LUC. The pGreenll LU::Tfs-qqr::UC plasmid was
sequenced using RAJ-197, RAJ-182, RAJ-387, RAJ-417,
RAJ-335, and RAJ-196.

Nuclease expression vectors

The QQR ZFN gene was amplified using RAJ-497 & RAJ-
498 and RAJ-499 & RAJ-500 in a nested amplification
from pART7 QQR (Even-Faitelson et al. 2011). The QQR
ZFN gene was cloned into pDONR 221 using Gateway®
recombination technology (Life Technologies, Inc.),
sequence-verified, then sub-cloned into the pHEX?2 (AddGene
ID 44559) destination vector (Hellens et al. 2005; Johnson
et al. 2011), again using Gateway® recombination tech-
nology. The resulting plasmid vector clone (AddGene ID
44463), along with other pHEX2-derivative vectors that
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were developed, was introduced into A. tumefaciens strain
LBA4404 cells using electroporation.

The pHEX2 GUS vector (AddGene ID 44462) was used
as a control (Johnson et al. 2011) against nuclease
expression vectors in the transient expression assays for
dual-luciferase® activity reported here.

A pair of TALEN heterodimers was designed using
TALE-NT (Cermak et al. 2011; Doyle et al. 2012) to bind
each of the following sites in the ArCRU3 gene: 5'-
GCAAGGACAACAACAAGGCCAACCATGGCAAGG
ACGACAGGGACAACAAGGCCAACCATGGGAAGG-3
(T494), 5'-AGAGTAATCTCATACTATATACAAAGACG
CACATCCGCTATTAGAAGATCTACC-3' (T852) and 5'-
AGTCATATCCTAAATTATTTAAGAACGTATACAAAT
GTTTTAAAAATGAATTTGATAGAT-3' (T1461). These
sites respectively began 494, 852 and 1461 bp downstream
of the translational reading frame (ATG) start codon and
were chosen based on their low nucleosomal occupancies
(http://epigenomics.mcdb.ucla.edu/Nuc-Seq/). TALE genes
were custom made according to the previously reported
‘Golden Gate’ TALEN synthesis method, the materials for
which were kindly provided by Daniel F. Voytas and Colby
G. Starker from the University of Minnesota (Cermak et al.
2011; Zhang et al. 2012). The TALE genes were cloned into
the Aafll and Stul sites of the pTAL3 and pTAL4 yeast
expression vectors, with each vector containing one mono-
mer. The T494, T852 and T1461 targets where cloned into
the Bg/Il and Spel sites of pCP5 (lacZ-based cleavage-
reporter) using the annealing and T4 Polynucleotide Kinase-
treatment (New England BioLabs) of the CRU3-494targerS
& CRU3-49%4targerAS, CRU3-852targerS & CRU3-
852targerAS, and CRU3-1461targerS & CRU3-1461targ-
erAS primer pairs, respectively. The activity of these TA-
LENs was checked using the assay for cleavage-based
activation of the lacZ reporter in yeast (Cermak et al. 2011)
with the exception that -gal activity was estimated directly
on plates containing X-gal (Fig.5). The TAL effecter
domains were transferred to pZHYS500/pZHY501 plasmids
as Aafll Stul fragments, and then sub-cloned into the
pCGS636 vector. The latter vector is a derivative of
pZHY013 (AddGene ID 36185), a Gateway®-compatible
entry vector for TALENs (Zhang et al. 2012), which con-
tains, in addition, a ccdB negative-selection gene and a lacZ
expression cassette to assist the cloning of the TAL effecter
domains into the upstream and downstream cloning posi-
tions, respectively (C.G. Starker, personal communication).
The gene encoding the TALE monomer designed to bind the
5'-recognition domain of T494 was cloned into the upstream
TALEN expression site of the pCGS636 vector (before
cloning the second TALEN monomer downstream). The
construct containing the single TALEN recognizing the 5
part of T494 was used for assessments with Tfs-494-5',
whereas for testing with Tfs-494-3/, the TALE monomer
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recognizing the 3’ part of T494 was cloned into the upstream
TALEN expression site of pCGS636. These TALEN con-
structs were then cloned into the pHEX?2 vector using an LR
reaction as part of Gateway® recombination technology (Life
Technologies, Inc.) according to the manufacturer’s instruc-
tions (the pHEX2 T494 TALENSs vector has AddGene ID
44464).

Assays for transient dual-luciferase® activity

Transient expression assays for dual-luciferase® activity
were conducted according to a previous study (Johnson
et al. 2011). A. tumefaciens strain LBA4404 cells were
cultured at 28 °C on Luria—Bertani media (Life Technol-
ogies, Inc.) with spectinomycin (100 pg ml~') selection
for strains carrying pHEX2 vectors, and kanamycin-selec-
tion (50 pug ml™") for strains carrying both pGreenlI and
pSoup vectors. Only kanamycin was used to select for the
pGreenll vector in A. tumefaciens strains also containing
pSoup vectors as these cells require the presence of the
pSoup vector (confers tetracycline-resistance) to provide
factors for the replication of the pGreenll vector (Hellens
et al. 2000). In order to verify the integrity of all A. rum-
efaciens strains that were used in the assays we report,
plasmid DNA was extracted, re-transformed into E. coli
cells, and then the DNA extracted from E. coli cells was
analyzed by restriction enzyme digestion. The pGreenlI-
derivative plasmids were checked using Bglll & Xhol
digestion, and the pSoup-derivative plasmids were checked
using Stul & Xhol digestion. Furthermore, the vectors
reporting nuclease cleavage were subjected to DNA
sequencing using oligonucleotide primers RAJ-365 and
RAJ-417 as a further means of plasmid verification. Gen-
erally the pHEX2-derivative plasmids were checked using
Stul digestion, although the pHEX2 GUS vector was
checked using Stul & Xhol digestion, and the pHEX2 QQR
ZFN vector was checked using BamHI & HindIIl diges-
tion. The pHEX2 plasmid was unsuited to reside in the
Agrobacterium strain housing the LUC and REN reporters
due to its origin of replication having the same incompat-
ibility group (pRK2, IncP) as the pSoup plasmid (Hellens
et al. 2000, 2005; Gleave 1992). Confluent Agrobacterium
cells were grown overnight, then re-suspended in infiltra-
tion media (10 mM MgCl,, 1 pM Acetosyringone) to an
Optical Density (in light with 600 nm wavelength) of
1.2 + 0.05 then incubated at room temperature for 2 h
without shaking. Reporter- and nuclease-containing vector
strains were kept separate until immediately before ‘Agro-
infiltration’, where they were mixed together in a 1:1 ratio,
before these A. tumefaciens cells were introduced into the
three youngest leaves per N. benthamiana plant using
sterile needle-less syringes. For each sample infiltration, a
minimum of two plants were used, which had been grown
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to the 816 leaf stage in glasshouse conditions at 22 °C.
Care was taken to use only plants of a healthy appearance,
with a consistent age and size across an experiment. The
Agro-infiltrated plants were incubated in the aforemen-
tioned glasshouse conditions throughout the three-day
time-course of the experiments (Hellens et al. 2005). The
infiltrated leaf tissue was then harvested into three small
plastic zip-lock bags per sample, with each sub-sample
being ground in 500 pl of ‘passive lysis buffer’, with a 1/8
dilution being then used to provide 4 pl of diluted extract
for analysis in each sample run. Aggregates of these sub-
sample extracts were also used to prepare 6 to 7 replicate
runs, with all measurements using a 96-well solid white flat
bottom plate. Using the dual-luciferase® reporter assay
system (Promega), 40 pl of ‘luciferase assay reagent II’
was added to each sample to measure LUC, then 40 pl of
‘stop and glow’ reagent was added to measure REN, in a
Turner Modulus plate reader luminometer, with a 2-second
delay and a 10-second measurement. Data of LUC and
REN values were collected individually then converted to
LUC:REN ratios. The cleavage efficiency of a nuclease
was obtained by dividing the average LUC:REN ratio for
the reporter strain in the presence of the nuclease(s), by the
same reporter’s LUC:REN ratio when in the presence of a
negative control gene (GUS) that was not anticipated to
affect the LUC:REN ratio. These respective average
LUC:REN ratios were checked for a significant statistical
difference using a two-tailed Student’s ¢ test (with an
assumption unequal variance). The p-values quoted were
derived using a mega-analysis of the LUC:REN ratios
across two separate experiments. As a means to control

ATG - Fishift - 5' Recog. site - Spacer - 3' Recog. site

c [EsSiuciEase)T]

Fig. 1 The vectors used in transient assays for testing nuclease
cleavage in planta. a Shows a firefly-derived luciferase (LUC)-based
reporter for nuclease cleavage-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 nuclease target (5" Recog. site—Spacer—3’ Recog. site). The
binding of both recognition domains by nuclease monomers (shown

against potential day-to-day and plant-to-plant effects
(Hellens et al. 2005), only cleavage efficiency values that
had p-values of less than 0.01 in 2 replicate experiments
are discussed as significant.

Assays for bioluminescent luciferase activity

Leaves that had been Agro-infiltrated using the above
procedure were subjected to imaging of their firefly lucif-
erase activity after they were sprayed with 1 mM b-
Luciferin, sodium salt (Gold Biotechnology, LUCNA-300).
Images were taken with a Berthold LB 985 NightSHADE
Camera, using a 45 s exposure time, 5 x 5 binning, high
gain, and a slow readout. Quantification of luciferase
activity was performed using IndiGO (version 2.0.3.0)
software across the uniformly sized regions displayed in
Fig. 8 using average luminescence counts per second, cps.

Results

The three vectors associated with the assay that we report
here are represented in Fig. 1.

The first component, a constitutively-expressed firefly-
derived luciferase (LUC)-based cleavage reporter (Fig. 1a),
contains both a disruptive frame-shift mutation to abolish
background LUC reporter expression as well as the target
site of a candidate nuclease, contained in the pGreenll
0579-1 (35S::LUC) plant transformation vector (Johnson
et al. 2011; Hellens et al. 2005). LUC expression can be
activated as a result of target-site specific cleavage and

_ Cleavage by
£ Nuclease

ATG - F/shift - 5' Recog. site - Spacer - 3' Recog. sy

in green with a scissor symbol) can cause cleavage in the spacer
region, leading to restoration of the LUC translational reading-frame
as part of error-prone repair by NHEJ. b Shows a co-delivered Renilla
reniformis-derived luciferase (REN)-based vector for normalizing the
firefly LUC activity, and; ¢ a vector for nuclease expression, either
one QQR ZFN monomer, or two TALEN monomers. ‘35S’ refers to a
constitutively-active cauliflower-mosaic virus promoter sequence and
‘T’ refers to a terminator/polyadenylation sequence
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subsequent error-prone NHEJ repair, which can restore the
LUC translational reading frame in some of the DNA repair
events. LUC activity is thus used as an indicator of the
relative level of cleavage by the tested nuclease.

The second component, a constitutively-expressed Re-
nilla reniformis-derived luciferase (REN) gene construct
(Fig. 1b), was used to normalize the variable transforma-
tion frequency in LUC-based measurements. The REN
gene construct was delivered using the pSoup 0800
(35S::REN) plant transformation vector (Johnson et al.
2011; Hellens et al. 2005). Infiltrations were carried out
using an Agrobacterium strain that contained both the
pSoup 0800 vector and a pGreenlI-based vector, with both
vectors being able to have their T-DNAs delivered
separately.

The third component, a nuclease expression construct
(Fig. 1c) is in the pHEX2 plant transformation vector
(Johnson et al. 2011; Hellens et al. 2005), which was
delivered into plant cells using a separate Agrobacterium
strain. This vector has Gateway® recombination sites (Life
Technologies, Inc.) compatible with the Golden Gate-
based TALEN assembly vectors (Cermak et al. 2011) used
for polycistronic TALEN expression with their architec-
tures optimized for efficient cleavage in planta (Zhang
et al. 2012). We describe the testing of TALENs designed
to cleave target sites within the A. thaliana CRUCIFERIN3
gene (ArCRU3), which has been previously described in
assays for targeted gene replacement (Even-Faitelson et al.
2011; Shaked et al. 2005). Leaves of N. benthamiana were
infiltrated with A. tumefaciens (‘Agro-Infiltrated’) that
contained the LUC-based cleavage reporter and the REN
gene transformation-reporter, both with and without a
nuclease. After three-day incubation in planta, tandem
measurements of LUC and REN luminescence were made
from crushed leaf-extracts using a luminometer, after
sequentially adding the unique substrates of these enzymes.

Assay development

In order to develop and optimize the assay for nuclease
cleavage efficiency, we used the established QQR ZFN
(Kim et al. 1997; Lloyd et al. 2005) together with reporter
vectors that were also delivered into plants without any
nuclease to serve as a negative control. A no LUC-con-
taining vector served as an additional negative control,
whereas a constitutively-expressed LUC gene served as a
positive control. In addition we tested whether a premature
stop codon (Tovkach et al. 2009), or a newly-tested frame-
shift mutation, would best report cleavage efficiency.
These target sites were referred to as Tqqr-sc and Tqqr-fs,
respectively, with ‘Tqqr’ meaning the target for the QQR
ZFN, ‘sc’ referring to the premature stop codon, and ‘fs’
meaning frame-shift mutation. In these particular reporter
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vectors, the stop codon and frame-shift mutation were
located in the spacer region of the QQR ZFN target site.
The sequences of these targets and the other custom-
designed nuclease targets tested in the work we report are
described in Table 1. The results from testing the above-
mentioned vectors are presented in Fig. 2 for two replicate
experiments, with further details being described in the
“Materials and methods”.

A low basal activity was obtained with all the negative
controls (No LUC, No LUC + ZFN, Tqqr-sc::LUC and
Tqqr-fs::LUC) as shown in Fig. 2a—c. On the other hand, in
the presence of the QQR ZFN, the reporter with a pre-
mature stop codon (Tqqr-sc::LUC) was found to have a
significantly increased LUC:REN ratio (Tqqr-sc::LUC +
ZFN, Fig. 2b). An even greater increase in the LUC:REN
ratio was found for the measurement of a reporter with a
single base-pair translational reading frame-shift mutation
(Tqqr-fs::LUC) in the presence of the QQR ZFN (Tqqr-
fs::LUC + ZFN, Fig. 2c). These data suggest that both
means to assay for NHEJ, either based on repair of the
premature stop codon or on restoration of the frame-shift,
are suitable for estimating nuclease cleavage. A slightly
(1.6-fold) higher sensitivity was measured using the frame-
shifted reporter, even though it contained a spacer region
that was one base-pair longer than the recommended size
(Weinthal et al. 2010), so these frame-shifted constructs
were explored further in subsequent experiments. We also
tested the effect of including an intron in the LUC-based
reporter constructs. These constructs where found to be less
sensitive than their intron-lacking equivalents, showing
11-fold less normalized LUC activity (Online Resource 2).
Intron-lacking constructs were therefore used in subsequent
assessments of nuclease cleavage in planta due to their
higher sensitivity in reporting cleavage events. One of the
important features of the assay for NHEJ was the high
reproducibility obtained in two separate experiments,
which was supported by the normalization of the trans-
formation frequency that we conducted using the REN
reporter.

We further compared two reporters for alternative types
of recombination in order to assay for site-specific nuclease
cleavage activity by LUC reactivation: the first reporter
was also used to test for NHEJ, whereas the second reporter
was used to assay for single strand DNA annealing (SSA)
repair at overlapping repeats (Fig. 3). The next reporter
used to assay for NHEJ (Tfs-qqr::LUC) was a variant of the
reporter referred to in Fig. 2 (Tqqr-fs::LUC), with the
following difference: a translational reading frame-shift
mutation was included upstream of the target cleavage site
as shown in Fig. 1, rather than within the spacer region of
the target site. The position of ‘fs’ in the name ‘Tfs-qqr’
refers to the frame-shift mutation being located before the
QQR ZFN target site. This experiment was sought to
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determine whether the frame-shift mutation, positioned
outside of the nuclease target site, would offer more sen-
sitive cleavage-reporting than if this frame-shift mutation
was located in spacer region, enlarging it over the recom-
mended spacer size (Weinthal et al. 2010). The addition-
ally-tested SSA-reporter (LU::Tfs-qqr::UC) was surveyed
as a possible means to detect cleavage of nuclease target
sites that contained many stop codons. Both the SSA-
reporter and the NHEJ reporter included the Tfs-qqr site in
order to identify which of these constructs facilitated the
highest measurements of cleavage-induced LUC activity.
The Tfs-qqr site in the SSA-reporter was flanked by direct
repeats of 550 bp LUC gene portions, with the frame-shift
mutation not anticipated to hinder LUC reconstitution upon
SSA due to the predicted removal of the nuclease target
site. The results obtained from testing the vectors reporting
SSA and NHEJ, which were made using the QQR ZFN, are
presented in Fig. 3.

Normalized LUC activity from the vector reporting NHEJ
was significantly induced by 90-fold (p = 9.8 x 10~'%
when co-delivered with the QQR ZFN (Tfs-qqr::LUC vs Tfs-
qqr::LUC + ZFN as shown in Fig. 3). This induction was
found to be 2.5-fold greater when using the reporter with a
frame-shift mutation located outside the target site, meaning
it had a standard spacer region size, compared with mea-
surements from the reporter with this mutation enlarging the
spacer region (Fig. 3c compared with Fig. 2c). Additionally,
this induction was fourfold greater than was obtained using
the reporter with a premature stop codon (Fig. 3¢ compared
with Fig. 2b). On the other hand, assessments that were made
using our reporter to assay for SSA did not detect a signifi-
cant enhancement in normalized LUC activity (LU::Tfs-
qqr::UC vs LU::Tfs-qqr::UC + ZFN, as shown in Fig. 3b).
On the basis of these results, subsequent experiments to
detect cleavage from custom-designed TALENSs were car-
ried out with derivatives of the construct detecting NHEJ,
rather than the construct detecting SSA. Subsequent exper-
iments also assayed for restoration of a frame-shift mutation
that was located outside of the nuclease target site, meaning
that the spacer regions of surveyed TALEN sites were in their
native, unmodified form.

See Fig. 3, 6, 7, 8, and Online Resource 7
See Fig. 6, 7, 8, and Online Resource 7

See Tovkach et al. (2009)

See Mahfouz et al. (2011)

See Fig. 2 and Online Resource 2
See Fig. 6

Description

Testing custom-designed TALENs

Sites desired for cleavage by TALENs were chosen in the
AtCRU3 gene (Even-Faitelson et al. 2011; Shaked et al.
2005), as shown in Fig. 4.

Three target sites for cleavage within the AtfCRU3 gene
were chosen and named according to the number of bp
downstream of the gene’s (ATG) start codon. Targets 494,
852 and 1461 are subsequently referred to as T494, T852
and T1461 (respectively). These targets were used for the
custom-development of three TALEN pairs that were

CCTGCAAGGACAACAACAAGGCCAACCATGGCAAGGACGACAGGGACAACAAGGCCAACCATGGGAAGGA
CCTGCAAGGACAACAACAAGGCCAACCATGGCAAGGACGACAGGGACATGGTTGGCCTTGTTGTTGTCCTTGCACC See Fig. 7

CCTAGAGTAATCTCATACTATATACAAAGACGCACATCCGCTATTAGAAGATCTACCA
TCCTTCCCATGGTTGGCCTTGTTGGCAAGGACGACAGGGACAACAAGGCCAACCATGGGAAGGA

CCTAGTCATATCCTAAATTATTTAAGAACGTATACAAATGTTTTAAAAATGAATTTGATAGATA

TCCCTTTATCTCTCGTGACCCGGGTACGAAGAGATAAAGGGA

TTCTTCCCCTGAGGAGGGGAAGAA
TTCTTCCCCTCACGGAGGGGAAGAA
CTTCTTCCCCTCAGGAGGGGAAGAA

Sequence
AGCACCAACTCCTGAGTTGGTGCT

3/

5/

Table 1 The target sites (5’ to 3") of the nucleases that were referred-to here with recognition sites shown in bold, spacer sequences in non-bold, and in-frame stop codons (TAA, TGA, and
Tfs-494-

TAG) shown in italics

Target
QQR-TS*
EBE16
Tqqr-sc
Tqqr-fs
Tfs-qqr
Tfs-494
Tfs-852
Tfs-1461
Tfs-494-
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Fig. 2 Assays for site-specific cleavage-induced NHEJ in response to
QQR ZFN expression. Luciferase activity was measured from the
firefly-derived cleavage reporter gene (LUC) after QQR target site-
specific cleavage-induced NHEJ by the QQR ZFN in Agro-infiltrated
N. benthamiana leaves, which was normalized by the activity of the
Renilla transformation reporter gene (REN). Average normalized
luciferase (LUC:REN) values were generated in a series of experi-
ments using the following constructs: a an empty vector (No LUC), as
well as the QQR ZFN with the empty vector (No LUC + ZFN),
served as negative controls; b a cleavage reporter construct that
contained a premature stop codon in the LUC ORF and was expressed
either without (Tqqr-sc::LUC) or together with the QQR ZFN (Tqqr-

sc::LUC + ZFN); ¢ a cleavage reporter construct, with a single base-
pair addition to cause a translational reading frame-shift mutation in
the LUC ORF, was expressed either without (Tqqr-fs::LUC) or
together with the QQR ZFN (Tqqr-fs::LUC + ZFN), and; d an intact,
constitutive LUC gene expressed under the cauliffower mosaic virus
35S promoter, either without (35S::LUC) or together with the QQR
ZFN (35S::LUC + ZFN), served as positive controls. All data are
derived from two separate experiments (open circle, filled circle); in
some cases, symbols overlap. There were 6-7 replicas in each
experiment. Error bars, corresponding to the standard error, are not
always visible due to their small size. Data is provided in Online
Resource 3
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Fig. 3 Comparison of an assay for non-homologous end-joining
(NHEJ), versus an assay for single-strand DNA annealing (SSA), in
order to detect site-specific cleavage by the QQR ZFN. Average
normalized LUC activity (LUC:REN ratio) is shown for various
reporter constructs in Agro-infiltrations of N. benthamiana leaves that
were delivered either with or without the QQR ZFN expression
construct. The following reporter constructs were used: a a negative
control (No LUC); b a cleavage reporter construct detecting SSA

@ Springer

Infiltrated Strains

repair (LU::Tfs-qqr::UC); ¢ a cleavage reporter construct detecting
NHEJ repair (Tfs-qqr::LUC), as well as; d a positive control
(35S::LUC). All data are derived from two separate experiments
(open circle, filled circle); in some cases, the symbols overlap. There
were 7 replicas in each experiment. Error bars, corresponding to the
standard error, are not always visible due to their small size. Data is
provided in Online Resource 4
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T494 T852

Intron 1

(1) AtCRU3

T1461

Intrén 3

Exon 4

STOP
(2020)

(AT4G28520)

Fig. 4 The location of target sites for the custom-designed TALENs
in the Arabidopsis thaliana CRUCIFERIN3 gene (AtCRU3). The
locations of the TALEN target sites are shown in green within the
AtCRU3 gene (AT4G28520). Exons are shown as red arrows and

capable of recognizing these targets (see “Materials and
methods™). The developed TALENs were then tested for
functional activity in yeast (Saccharomyces cerevisiae)
based on an established assay system (Townsend et al.
2009; Cermak et al. 2011), where accurate target site
cleavage by a TALEN pair was reported as blue-colored
colony phenotypes based on lacZ gene reconstitution by
SSA. The mating combinations used to test for TALEN
cleavage activity are shown in Fig. 5.

The observation of blue-colored (LacZ-positive) yeast
colony phenotypes for the T494, T852, and T1461 sites
with their corresponding TALEN pairs (Fig. 5) shows
functional target-specific cleavage by each TALEN het-
erodimer. No background LacZ activity or off-target TA-
LEN cleavage was observed in this assay. Development
was undertaken to create plant vectors that contained the
target sites for these TALENs (preceded by a disruptive
frame-shift mutation) to report cleavage by LUC activity,
in addition to vectors for the polycistronic expression of
these TALEN pairs as conducted by Zhang et al. (2012)—
see “Materials and methods”. Comparative testing of these
custom-designed nucleases’ activity at their target sites was
then undertaken in planta, using the assay for NHEJ in
Agro-infiltrated N. benthamiana that was described above
(Fig. 1). The results for these custom-designed TALENs
are shown in Fig. 6, in comparison with the QQR ZFN that
served as a positive control reference.

The TALEN pair recognizing T494 was found to induce
a significant (p = 6.1 x 1077) 6.6-fold greater average
LUC:REN ratio than its negative control measurement
made without the nuclease pair (Fig. 6b). The T852 TA-
LEN pair elicited a lower, but also significant
(p = 1.0 x 107"3), 2.2-fold increase in normalized aver-
age LUC activity relative to the nuclease-omitting control
(Fig. 6¢). The TALEN pair recognizing T1461 did not
significantly activate LUC signal (Fig. 6d). This observa-
tion was either due to the low activity of the nuclease or to
the presence of stop codons in its target site, which may

introns are the red lines in between exons. The target site numbers
T494, T852 and T1461 refer to the coordinates within the AtCRU3
gene, starting from the translation start site (START)

have reduced the chances for NHEJ-mediated LUC-reac-
tivation. These findings can be compared with the 78-fold
LUC induction from cleavage by the QQR ZFN (Fig. 6e)
over its negative control.

As the candidate TALENs were tested as heterodimers,
whereas the QQR ZFN was tested as a homodimer (Fig. 6),
it was then sought to assay for the cleavage efficiency of
TALEN homodimers, assuming that a less efficient TA-
LEN monomer might be a ‘bottleneck’ for heterodimer
formation. The TALEN pair recognizing T494 was selec-
ted for further assessment due to its greatest cleavage
efficiency (Fig. 6b), with the sites that were homodimeric
for the T494 site’s 5’ and 3’ recognition domains, named
Tfs-494-5" and Tfs-494-3’, respectively. The results of the
heterodimeric and homodimeric TALENs are shown in
Fig. 7 in comparison with the homodimeric QQR ZFN.

We observed that homodimeric TALEN pairs recog-
nizing T494 in inverted repeats of the 5" and 3’ recognition
sites (Tfs-494-5" and Tfs-494-3, respectively) did not show
statistically significant differences in normalized LUC
activity compared to their respective controls, suggesting
that they were not effective at catalyzing the cleavage of
their DNA target sites (Fig. 7b, d). In contrast, the average
LUC:REN ratio for the heterodimeric Tfs-494 site-con-
taining reporter was 6.3-fold greater in the presence of its
heterodimeric TALEN pair than without them (Fig. 7c).
This measurement for the Tfs-494 site was closely com-
parable to the previously observed data presented in Fig. 6,
as was the measurement for the QQR ZFN (Fig. 7e). These
data suggest that TALEN target sequences containing
inverted repeats of TALE-recognition sites are not effec-
tively cleaved by homodimerized TALEN monomers.

Luminescence imaging of NHEJ events
The cleavage efficiencies of the T494 TALEN and the

QQR ZFN were assayed by imaging firefly-derived lucif-
erase activity in Agro-infiltrated N. benthamiana leaves,
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Fig. 5 Testing the activity of
custom-designed TALENs in
yeast. (A) The components of a
yeast-based assay for TALEN
cleavage activity adapted from
Cermak, Doyle et al. (2012)
included: a parental ‘o’-strain
with two TALEN monomer-
expressing plasmids, and; a
parental ‘a’-strain, which
contained a reporter for
cleavage-induced SSA. This
SSA-reporter vector contained
the target for a TALEN pair and
a URA3 auxotrophic marker (to
select against spontaneous
reporter reversion), which were
flanked by direct repeats of the
lacZ gene’s codon sequence
(Cermak et al. 2011). The target
site-specific cleavage by a
TALEN pair (shown in green)
was reported by a LacZ-positive
(blue) colony phenotype, as was
determined in the mating grid,
(B) the haploid parental strains
and relevant control matings are
also shown in the grid

‘a’ strain

(B)

T494
TALENs

T852
TALENs

T1461
TALENs

using the experimental conditions from the LUC:REN
luminometer-based assays shown in Fig. 6. Leaves’ bio-
luminescence was imaged after they were sprayed with the
LUC substrate, p-Luciferin, using a Berthold LB 985
NightSHADE Camera for ultra-low light detection (see
“Materials and methods™). The findings are displayed in
Fig. 8.

The spotted pattern of LUC activity determined for the
T494 TALEN pair (Fig. 8C) and the QQR ZFN (Fig. 8E)
was consistent with the notion that LUC-gene restoration

@ Springer

5' Recog. site - Spacer - 3' Recog. site

T1461

a/a (2n)

relied on leaf cells receiving both the reporter and nucle-
ase-expression constructs, then having cleavage occur,
followed by the frame-shift mutation being removed as part
of error-prone NHEJ repair. This spotted pattern is most
evident for the T494 TALEN pair (Fig. 8C), with LUC
activity visualized as discrete ‘spots’ in a leaf despite
conducting the infiltration of Agrobacterium strains in a
uniform manner across the entire leaf surfaces. This
observation suggests that cleavage-induced LUC-restora-
tion was less frequent in response to this TALEN pair than
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Fig. 6 Assaying for the nuclease activity of custom-designed TA-
LENSs. Average normalized LUC activity (LUC:REN ratio) assayed
from a series of constructs designed to test cleavage by custom-
designed TALENS and the QQR ZFN reference, 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; b Tfs-494, ¢ Tfs-852,

d Tfs-1461, and e Tfs-qqr sites, which were delivered either without or
together with their respective nuclease. f Shows a positive control
(35S::LUC) reporter construct. All data are derived from two separate
experiments (open circle, filled circle); in some cases, the symbols
overlap. There were 7 replicas in each experiment. Error bars,
corresponding to the standard error, are not always visible due to their
small size. Data is provided in Online Resource 5
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Fig. 7 Assay for cleavage by homodimeric versus heterodimeric
TALENSs. Average normalized LUC-activity (LUC:REN ratio) from
various constructs, designed to test cleavage by homodimeric and
heterodimeric T494 TALENS, or the QQR ZFN, in Agro-infiltrated N.
benthamiana leaves. The following reporter constructs were used
with and without their respective nuclease(s): a a negative control (No
LUC); b areporter for homodimeric cleavage by the TALEN binding
the 5' DNA recognition domain of T494 (Tfs-494-5"::LUC); ¢ a
reporter for heterodimeric cleavage by the T494 TALEN (Tfs-

494::LUC); d a reporter for homodimeric cleavage by the TALEN
binding the 3’ DNA recognition domain of T494 (Tfs-494-3"::LUC),
and; e a reporter for cleavage by the QQR ZFN homodimer (Tfs-
qqr::LUC). f shows a positive control (35S::LUC) reporter construct.
All data are derived from two separate experiments (open circle, filled
circle); in some cases, the symbols overlap. There were 7 replicas in
each experiment. Error bars, corresponding to the standard error, are
not always visible due to their small size. Data is provided in Online
Resource 6
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Fig. 8 Imaging of luciferase activity in assays for NHEJ using the
QQR ZFN and a custom-designed TALEN pair. Representative
images of bioluminescence in leaves of N. benthamiana that were
Agro-Infiltrated with: (A) A no LUC-containing vector as a negative
control; (B) the Tfs-494 site-containing reporter without nucleases;
(C) the Tfs-494 reporter with its TALEN pair; (D) the Tfs-qqr::LUC

for the QQR ZFN; however, these data, unlike the lumi-
nometer-based measurements presented above, do not
account for possible variation in the transformation fre-
quency between samples. By quantification of lumines-
cence, using IndiGO software, the findings of total LUC
activity were found to broadly correlate with the LUC:REN
measurements shown in Fig. 6, despite some saturation in
the signal observed for the control measurement of a
constitutively expressed LUC gene (Fig. 8F). The average
LUC values that were quantified for the strains shown in
Fig. 8 are shown plotted in Online Resource 7.

@ Springer

(NHEJ) reporter without nucleases; (E) the Tfs-qqr::LUC (NHEJ)
reporter with the QQR ZFN, and; (F) a constitutively expressed LUC
gene (35S::LUC) as a positive control. The photograph of the leaf is
shown in greyscale, with the measured light intensity (in lumines-
cence counts per second) being mapped using a color-code shown on
the right-hand side of the figure

Discussion

We have developed a new assay for estimating the relative
cleavage efficiency of custom-designed nucleases. The
assay is based on the normalized transient activity of a
firefly luciferase reporter in Agro-infiltrated leaves of N.
benthamiana leaves following correction of the inactive
reporter upon error-prone DSB repair by NHEJ.

In this work, the highest normalized LUC expression
was obtained by assaying for NHEJ to correct a frame-shift
mutation in the 5" extremity of the LUC gene, upstream of
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the nuclease target site (as shown in Figs. 1a, 3c). In earlier
reports of NHEJ-based assays for nuclease cleavage, a
premature stop codon was embedded within the spacer
region (Tovkach et al. 2009; Mahfouz et al. 2011). The
slightly higher sensitivity that was measured using the
frame-shifted reporter compared with the stop codon-hal-
ted reporter (Fig. 2b vs Fig. 2c) may have been due to a
greater flexibility of base changes being capable of cor-
recting a frame-shift mutation, compared with removing a
stop codon. Our finding that a translational reading frame-
shift mutation positioned outside the nuclease recognition
site (Figs. la, 3c) could reliably report nuclease cleavage
efficiency is an improvement upon other NHEJ-based
assays as it allows us to survey diverse genomic target sites
while keeping a fixed spacer sequence, thus introducing
fewer unknown parameters into the system.

The SSA-based assay for nuclease cleavage that we
trialed was less sensitive than our alternative assay using
NHEJ (Fig. 3), which contrasted with other reports show-
ing that SSA was an efficient means to assay for nuclease
cleavage efficiency (Zhang et al. 2012). The reasons for
this discrepancy are not clear: factors such as the nature of
delivered DNA (linear vs circular), the homology length
and the cell type might underlie this difference. In princi-
ple, an SSA-based assay for nuclease cleavage efficiency is
more precise than an NHEJ-based alternative as every SSA
repair event is expected to restore the interrupted gene’s
activity; however, it seemed to be impractical or not sen-
sitive enough when our reporter construct was transiently
delivered via Agro-infiltration in the assay described here.

The NHEJ-based nuclease cleavage assay we report
provides an underestimate of the actual repair efficiency as
approximately one quarter of cleavage-mutagenized mol-
ecules were expected to correct the single base-pair inser-
tion to the translational reading frame. This proportion was
estimated by the incidence of sequences that were recov-
ered from site-specific nuclease mutagenesis with a net
reduction of one base-pair to the translational reading
frame: 27 % (Lloyd et al. 2005); 21 % (de Pater et al.
2009); 10 % (Shukla et al. 2009), and; 50 % (Zhang et al.
2012) of the total product molecules. Nevertheless, the
assay for frame-shift restoration by NHEJ was sensitive
enough to measure DSB induction by nucleases.

Another limitation in the use of the NHEJ-based assay is
when the recognition site contains stop codons in the three
(5'-3') reading frames as was the case for the T1461 TA-
LEN, which we designed from within an intron sequence
(Table 1). While this limitation is not expected for most
sites, especially when the recognition site is within an
exon, this issue may occur for sites in un-translated regions
or introns, therefore, it should be taken into consideration
when selecting a recognition site or designing a cleavage
reporter. The positioning of additional base-pairs outside of

the TALEN target sites was also found to be a way to shift
additional (ATG) start codons out-of-frame, such that un-
cleaved reporter constructs would not show constitutive
LUC expression. This approach was conducted for the Tfs-
494-5' site, where a frame-initiating start codon was shifted
by positioning additional base-pairs in 5’ and 3’ positions
relative to the nuclease target site. It was found that the
problem of stop codons in the T1461 site could, in theory,
be mitigated by assaying for its cleavage in a reverse
complementary orientation.

One important feature of the assay we describe, which
was not conducted in earlier reports (Mahfouz et al. 2011;
Tovkach et al. 2009; Zhang et al. 2012), is the normali-
zation of the transformation frequency in each experiment.
This feature allowed us to obtain quantitative and repro-
ducible findings for the cleavage efficiency of nucleases,
and can be seen from the small standard error between
replicas in all LUC assays shown here, as well as from the
small variation between experiments. Interestingly, the
QQR ZFN that we used as a positive control had a higher
nuclease activity than all three custom-designed TALENs
that we tested. This finding might be due to the fact that the
QQR ZFN had an artificial target optimized for zinc-finger
protein binding, causing it to be a ‘gold standard’ for
custom-designed nucleases for many years in a broad range
of species (Shi and Berg 1995; Desjarlais and Berg 1993;
Kim et al. 1997; Lloyd et al. 2005; Marton et al. 2010).
Additionally, the homodimeric QQR ZFN targets what is
essentially, aside from the spacer sequence, a palindrome
formed by two recognition sites as inverted repeats. These
palindrome-like targets differ from the targets of the
heterodimeric TALENs we surveyed. We hypothesized
that the combination of palindrome-like targets with
homodimeric nucleases could allow for more efficient
cleavage than non-palindromic targets with heterodimeric
nucleases. Contrary to this expectation, we found little or
no activity for homodimeric TALENSs (Fig. 7). The reason
for that finding might be that the recognition sites (22-
26 bp), in the homodimeric TALEN target sites, formed
long stem-loop structures that provided a poor substrate for
cleavage. Indeed, we calculated Gibbs Energy values
(Zuker 2003) that showed the stem-loop structures possible
between the 22-26 bp repeats in the homodimeric TALEN
targets were threefold more thermodynamically stable than
between the 9 bp repeats in the QQR ZFN target. Another
relevant aspect of the ZFN versus TALENs comparison,
which supports the greater versatility of TALENS, is that
we have not been able to design a valid ZFN to our At-
CRU3 gene target (data not shown) while we have suc-
ceeded, with no earlier experience, to obtain 2 (out of the 3
we tested) active TALENSs (Fig. 6).

In conclusion, the assay described here enabled us to test
the cleavage efficiency of a known nuclease (QQR ZFN) as
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well as of three custom-made TALENS that were targeted to
the AfCRU3 gene. This assay requires only basic plant
molecular biology research skills (e.g. Agrobacterium cul-
ture and N. benthamiana leaf injection) as well as standard
equipment (e.g. a luminometer), and can be carried out
within a few days. Assuming that the activity of TALENsina
preliminary transient screen correlates well with their
activity against genomically-embedded target sites in
planta, as shown by Zhang et al. (2012), our results support
the view of TALENSs as a versatile platform for genome
editing. Other target and nuclease combinations can be sur-
veyed in our vectors owing to the unique cloning sites that are
compatible with those previously reported for TALEN
generation (Zhang et al. 2012; Cermak et al. 2011). This
assay can also be adapted to the next generation of site-
specific DNA cleavage technologies, such as the Strepto-
coccus pyogenes-derived type II clustered regularly inter-
spaced short palindromic repeats (CRISPR) system, where
the cleavage of target DNA can be directed by a guide RNA
construct (Cong et al. 2013; Mali et al. 2013).
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