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We report a comprehensive toolkit that enables targeted, specific modification of monocot and dicot genomes using a variety
of genome engineering approaches. Our reagents, based on transcription activator-like effector nucleases (TALENSs) and the
clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system, are systematized for fast, modular cloning
and accommodate diverse regulatory sequences to drive reagent expression. Vectors are optimized to create either single or
multiple gene knockouts and large chromosomal deletions. Moreover, integration of geminivirus-based vectors enables
precise gene editing through homologous recombination. Regulation of transcription is also possible. A Web-based tool
streamlines vector selection and construction. One advantage of our platform is the use of the Csy-type (CRISPR system
yersinia) ribonuclease 4 (Csy4) and tRNA processing enzymes to simultaneously express multiple guide RNAs (gRNAs). For
example, we demonstrate targeted deletions in up to six genes by expressing 12 gRNAs from a single transcript. Csy4 and
tRNA expression systems are almost twice as effective in inducing mutations as gRNAs expressed from individual RNA
polymerase lll promoters. Mutagenesis can be further enhanced 2.5-fold by incorporating the Trex2 exonuclease. Finally, we
demonstrate that Cas9 nickases induce gene targeting at frequencies comparable to native Cas9 when they are delivered on
geminivirus replicons. The reagents have been successfully validated in tomato (Solanum lycopersicum), tobacco (Nicotiana
tabacum), Medicago truncatula, wheat (Triticum aestivum), and barley (Hordeum vulgare).

INTRODUCTION species amenable to transformation (Brooks et al., 2014; Fauser
et al., 2014; Forner et al., 2015; Gao et al., 2015; Christian et al.,
2013; Liang et al., 2014; Shan et al., 2013; Sugano et al., 2014; Xu
et al., 2015; Zhang et al., 2014). Traits of commercial value have
also been created by targeted knockout of selected genes (Wang
et al.,, 2014; Clasen et al., 2016; Haun et al., 2014; Li et al., 2012,
2016). Alternatively, DSBs can be repaired by homology-
dependent repair (HDR), which copies information from a “donor”
DNA template. HDR typically occurs at lower frequencies than
NHEJ in somatic cells andis more challenging to achieve becauseit
requires introducing into the plant cell both the donor DNA mol-
ecule and the SSN expression cassette. As described below,
however, novel strategies to deliver these reagents have recently
realized some improvements in efficiency (Baltes et al., 2014;
Cermak et al., 2015; Fauser et al., 2012; Schiml et al., 2014).

Genome engineering is a rapidly emerging discipline that seeks to
develop strategies and methods for the efficient, targeted modifi-
cation of DNA in living cells. Most genome engineering approaches
use sequence-specific nucleases (SSNs), such as transcription
activator-like effector nucleases (TALENS) and clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 reagents,
to create a targeted DNA double-strand break (DSB) in a genome.
DNA repairthenachieves the desired DNA sequence modification.
DSBs are most frequently repaired by nonhomologous end joining
(NHEJ), which can create insertion/deletion (indel) mutations at the
break site that knock out gene function. TALEN- or CRISPR/Cas9-
mediated gene knockouts have been made in diverse plant
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(Fu et al., 2014), or dimeric CRISPR/Cas9 nucleases (Guilinger
et al., 2014; Tsai et al., 2014). Other diverse applications have
emerged, including targeted regulation of gene expression, tar-
geted epigenetic modification, or site-specific base editing
through deamination (La Russa and Qi, 2015; Kungulovski and
Jeltsch, 2016; Zong et al., 2017; Shimatani et al., 2017).

CRISPR/Cas9 is particularly useful for multiplexed gene editing
because target specificity is determined by short gRNAs rather
than proteins that must be engineered for each new target (Baltes
and Voytas, 2015). Several systems for simultaneous expression
of multiple gRNAs have been developed, and these most often
involve the assembly of multiple, individual gRNA expression
cassettes, each transcribed from a separate RNA polymerase I
(Pol 1) promoter (Xing et al., 2014; Ma et al., 2015; Lowder et al.,
2015). Multiple gRNAs can also be expressed from a single
transcript. Such polycistronic mMRNAs are processed post-
transcriptionally into individual gRNAs by RNA-cleaving enzymes.
These enzymes include the CRISPR-associated RNA endor-
ibonuclease Csy4 from Pseudomonas aeruginosa (Tsai et al.,
2014), the tRNA processing enzymes naturally present in the host
cells (Xie et al., 2015), and ribozymes (Gao and Zhao, 2014).

One significant remaining challenge in plant genome engi-
neering is achieving high frequency gene editing by HDR. As
mentioned above, HDR requires introducing into the plant cell
both a donor DNA molecule and a SSN expression cassette. DNA
sequence modifications incorporated into the donor template are
then copied into the broken chromosome. The in planta gene
targeting (GT) approach stably integrates the donor template into
the plant genome. This ensures that each cell has at least one copy
of the donor, which is released from the chromosome by a SSN,
making it available for HDR (Schiml etal.,2014; Fauseretal.,2012).
Another approach involves increasing donor template availability
by replicating it to high copy number using geminivirus replicons
(GVRs) (Baltes et al., 2014). GVRs make it possible to create
precise modifications without the need to stably integrate editing
reagents into the plant genome (Cermak et al., 2015).

Not all of the methods and approaches described above have
been implemented and optimized for use in plants. Although there
are several toolsets available for plant genome engineering (Ma
etal.,2015; Xingetal.,2014; Lowderetal., 2015), they are limited in
that they use a single type of DSB-inducing reagent (e.g., CRISPR/
Cas9), a single type of expression system (e.g., Pol lll promoters
for expression of gRNAs), or they were specialized for a single
application (e.g., gene knockouts). Here, we introduce a com-
prehensive, modular system for plant genome engineering that
makes it possible to accomplish gene knockouts, replacements,
altered transcriptional regulation, or multiplexed modifications. In
addition, the platform can be easily upgraded and adjusted to
accommodate novel reagents and approaches as they arise. Our
toolkit uses Golden Gate cloning for fast and easy assembly of
genome engineering constructs and flexibility in combining dif-
ferent functional modules for different applications. The functional
modules include TALE-based reagents (TALENs and TALE acti-
vators), CRISPR/Cas9 reagents (nucleases, nickases, catalyti-
cally inactive enzymes, and activators), various gRNA expression
approaches (single and multi-gRNA expression systems using Pol
lIlor Pol Il promoters), donor template plasmids for gene targeting,
and a variety of other expression cassettes (Trex2, Csy4, and
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GFP). Furthermore, a large set of promoters, terminators, codon-
optimized genes, and selection markers facilitate engineering
dicot or monocot genomes using T-DNA or non-T-DNA vectors
for Agrobacterium tumefaciens-mediated, biolistic, or protoplast
transformation. We also provide a user-friendly Web portal with
protocols, DNA sequences of all reagents, and Web-based tools
to assist in construct design. Finally, we validated our reagents in
six different plant species and report the use of genome engi-
neering to create modified Medicago truncatula plants.

RESULTS

Direct and Modular Assembly of Genome
Engineering Constructs

Our plant genome engineering toolkit provides two sets of vectors,
designated “direct” and “modular” (Figure 1). Both vector sets can
deliver to plant cells either TALENs or CRISPR/Cas9 reagents for
creating targeted DNA sequence modifications. The TALEN
vectors are fully compatible with our Golden Gate TALEN and TAL
Effector Kit2.0 (Cermak et al., 2011), and they use the highly active
A152/+63 TALEN architecture (Miller et al., 2011). The CRISPR/
Cas9 vectors include either wheat (Triticum aestivum) or Arabi-
dopsis thaliana codon-optimized versions of Cas9 for use in
monocots and dicots, respectively. Both versions of Cas9 contain
a single C-terminal nuclear localization signal.

The direct cloning vectors (numbering 31) enable rapid con-
struction of reagents for making targeted gene knockouts. They
consist of vector backbones (T-DNA or non-T-DNA), selectable
marker expression cassettes, and nucleases (i.e., Cas9 or the
TALEN backbone). However, they lack determinants for DNA
targeting (i.e., gRNAs or TALE repeats). Single or multiple gRNAs
can be added in a single step using a Golden Gate protocol (Engler
et al., 2008, 2009) (Figure 1A). Addition of TALENSs uses a three-
step Golden Gate protocol (see Supplemental Methods for as-
sembly protocols).

The modular vector set uses Golden Gate cloning to create
vectors for a diverse range of gene editing applications (Figure 1B;
Supplemental Methods, Protocol 5). There are three sets of
modular cloning vectors. Module set A contains ready-to-use
plasmids (currently numbering 61) with Cas9 or GFP expression
cassettes. Module A plasmids are also available that can be used
when assembling TALENSs with our Golden Gate kit (Cermak et al.,
2011). Module B plasmids (currently numbering 22) are used either
to add single or multiple gRNAs in a variety of expression formats
or to add a second TALEN monomer. Module C plasmids (cur-
rently numbering 22) may be used to add donor templates for gene
targeting, additional gRNA cassettes, or other expression cas-
settes, such as GFP, Trex2, or Csy4. Each expression cassette
has a similar architecture (Supplemental Figure 1): A common set
of restriction enzyme sites are used that allow for easy swapping of
regulatory elements (promoters and terminator sequences) or
coding sequences. If a reagent from a given set is not desired,
there are empty modules to serve as placeholders and still allow
for Golden Gate assembly. Finally, a transformation backbone can
be selected from a set (currently numbering 33) of T-DNA and non-
T-DNA vectors. Standard or GVR vectors are available with or
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Figure 1. Two Sets of Vectors for Direct Cloning or Modular Assembly of Genome Engineering Reagents.

(A) Direct cloning vectors were designed to speed up the cloning process. Specificity determining elements (QRNAs or TAL repeats) are cloned directly into

the transformation backbone (e.g., T-DNA).

(B) The modular assembly vectors enable combination of different functional elements. Specificity determining elements (JQRNAs, TAL repeats, and donor
templates for gene targeting) are first cloned into intermediate module vectors. Custom-selected modules are then assembled together into the trans-

formation backbone (e.g., T-DNA).

without one of the commonly used antibiotic selectable markers.
For most applications, creating a transformation vector using the
modular vector set is a two-step cloning process that can be
completed in five days; assembly of TALEN-based vectors usually
requires an additional cloning step.

To facilitate use of our toolkit, we developed online resources to
aid in vector selection and construct design (http://cfans-pmorrell.
oit.umn.edu/CRISPR_Multiplex/). Our website provides a com-
plete list of both direct and modular cloning vectors with de-
scriptions of key features, DNA sequence files, and relevant
protocols for downloading (see Supplemental Data Set 1 for the
list of vectors). Also available online is a “vector selection” tool that
uses a dropdown menu to help identify suitable intermediary
plasmids needed (e.g., module A, B, or C) or to select a trans-
formation backbone. The vector selection tool then provides a link
to the DNA sequence file of the selected plasmid that can be
downloaded in GenBank format. For multiplexed gene editing, our
“primer design and map construction” tool takes as inputa FASTA
file with the gRNA target sequences. A list is then prepared of all
the primer sequences needed to create a vector that expresses
multiple gRNAs using our tRNA, Csy4, or ribozyme expression
formats, and a GenBank file is created with the annotated se-
quence of the specified gRNA array in the selected plasmid
backbone.

Targeted Mutagenesis of Genes in M. truncatula Using
Direct Vectors

To test the functionality of the direct vectors, we designed a TALEN
pair to target two paralogous genes in M. truncatula (Medtr4g020620

and Medtr2g013650) (Figure 2A). The Arabidopsis ortholog is known
to play a role in phosphate regulation, and mutants hyperaccumulate
phosphate (Park et al., 2014). A T-DNA vector with the TALENs was
assembled using our Golden Gate assembly protocol (Supplemental
Methods, Protocol 1B) and transformed into M. truncatula. Eleven TO
plants were recovered and screened for targeted mutations at both
Medtr4g020620 and Medtr2g013650 using a PCR digestion assay.
Two TO plants (WPT52-4 and WPT52-5) produced PCR amplicons
that were resistant to restriction enzyme digestion (at both targets in
WPT52-4 and at one target in WPT52-5). Plant WPT52-4 was self-
fertilized, and T1 progeny were screened using the same PCR di-
gestion assay. Mutations were confirmed at both loci (Figure 2B).
Mutations in Medtr4g020620 were likely somatic, as only two of the
tested plants produced digestion-resistant amplicons of varying
intensity. However, mutations in Medtr2g013650 segregated as
expected for a trait transmitted through the germline, and one out of
eight tested plants was a homozygous mutant. This was confirmed
by DNA sequencing, which revealed four different Medtr4g020620
deletion alleles in a single plant, and an identical 63-bp deletion in
Medtr2g013650 in three of the tested T1 plants (Figure 2C). From the
eight T1 plants, we identified a single plant with mutations in both
genes. Thus, TALENs work efficiently in our direct vectors and induce
heritable mutations.

Expressing Multiple gRNAs by Csy4, tRNA-Processing
Enzymes, and Ribozymes

To harness one of the biggest advantages of the CRISPR/Cas9
system, the ability to target multiple sites simultaneously, our
modular cloning system provides vectors for multiplexed genome
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Figure 2. TALEN-Mediated Mutagenesis in M. truncatula Using Direct Cloning Vectors.

(A) Maps of two M. truncatula genes targeted for mutagenesis using a single TALEN pair. PCR primers used for screening in (B) are shown as green
arrowheads. The sequence of the TALEN target site is shown with TALEN binding sites underlined.

(B) Haelll PCR digestion screening of eight T1 progeny of plant WPT52-4. The amplified locus is indicated on the right. bar and ACTIN are controls that
amplify the transgene and a native gene, respectively. HM340 (D), wild-type product digested with Haelll; HM340 (UD), undigested wild-type product.
(C) DNA sequences of undigested amplicons from plant WPT52-4-4. The reference sequence of the unmodified locus is shown on the top. TALEN binding

sites are underlined. Haelll restriction site used for the screening is in red.

editing. Typically in multiplexed editing, independent Pol Ill pro-
moters are used to drive expression of each gRNA. One limitation
is that Pol lll expression requires a specific nucleotide in the first
position of the transcript. Furthermore, the size of the final array
can be cumbersome due to multiple, repeating promoter se-
quences. Processing polycistronic transcripts containing multiple
gRNAs provides an alternative to the use of independent Pol Il
promoters. The polycistronic message can be produced from
aPolll promoterthatis processed either by the Csy4 protein, tRNA
processing enzymes, or ribozymes (Nissim et al.,2014; Aeby et al.,
2010; Tang et al., 2016). Pol Il promoters provide flexibility in terms
of spatial and temporal control of expression in vivo, and they are
more likely to produce long transcripts, since Pol Il is not
hampered by the presence of short internal termination sites, as
is the case for Pol Ill (Arimbasseri et al., 2013). We sought to
compare the efficiency of targeted mutagenesis using five dif-
ferent gRNA expression systems, including three different
methods for processing polycistronic gRNA transcripts (Figure
3A). All vectors were assembled using our modular cloning
system and used two gRNAs to target two sites in the tomato
(Solanum lycopersicum) AUXIN RESPONSE FACTOR 8A (ARF8A)
gene, a positive regulator of flower development and fruit set
(N. Liu et al., 2014).

We created three vectors that use individual Pol lll promoters to
express each gRNA: two AtU6 promoters, an AtU6 and At7SL
promoter, or AtU6 and At7SL promoters combined with struc-
turally optimized gRNA scaffolds (Chen et al., 2013). The re-
maining three vectors produce a single transcript with gRNA
cassettes separated by 20-bp Csy4 hairpins (Tsai et al., 2014),
77 bp tRNAGY genes (Xie et al., 2015), or 15-bp ribozyme cleavage
sites (in addition to a synthetic ribozyme at the 3’ end of the
transcript) (Haseloff and Gerlach, 1988; Tang et al., 2016). Thanks
to the advantages over Pol lll promoters mentioned above, we
chose to use a Pol Il promoter to drive the expression of the
polycistronic gRNAs. Since Cas9 was expressed from a 35S
promoter, we chose Cestrum Yellow Leaf Curling Virus promoter
(CmYLCV) for gRNA expression to prevent use of duplicate
promoters. The CmYLCV promoter drives comparable or higher
levels of expression than the 35S or maize (Zea mays) ubiquitin
(ZmUbi) promoters in both dicots and monocots (Stavolone et al.,
2003), and the intensity of GFP expressed from this promoter was
similar to 35S-driven GFP in tomato protoplasts (Supplemental
Figure 2). Final vectors were cotransformed into tomato proto-
plasts along with a YFP expression plasmid. Transformation ef-
ficiency approximated 60%, as determined by counting YFP
positive cells.
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Figure 3. Comparison of Different Systems for Expressing Multiple gRNAs.

Long deletion plus insertion

(A) Structure of six constructs for expressing gRNA9 and gRNA10, which both target the tomato ARF8A gene. CmYLCV, Cestrum yellow leaf curling virus
promoter; Csy4, 20-bp Csy4 hairpin; tRNA, 77-bp pre-tRNAGY gene; rb, 15-bp ribozyme cleavage site; ribozyme, 58-bp synthetic ribozyme; AtUSG,

Arabidopsis U6 promoter; At7SL, Arabidopsis 7SL promoter.

(B) Possible editing outcomes due to expression of both gRNAs. Sequences targeted by gRNA9 and gRNA10 are shown on the top. Cleavage sites are

indicated by arrows.

(C) Overall mutation frequencies as determined by deep sequencing. Error bars represent se of three replicates (pools of protoplasts). Statistical significance

was determined by Tukey’s test. *P < 0.05 and **P < 0.001.

To assess mutation frequencies, the target site was PCR-
amplified from DNA prepared from the transformed protoplasts
and subjected to lllumina DNA sequencing (Supplemental Table
1). All of the expected types of mutations in the ARF8A locus were
revealed in all samples except for the nontransformed control
(Figures 3B and 3C; Supplemental Table 2; Supplemental Figures
3 to 7). Interestingly, the overall frequency of mutagenesis was
~2-fold higher with the Csy4 and tRNA expression systems
compared with constructs with two Pol Ill promoters. Although
the overall frequency of mutagenesis in the Csy4 sample was
consistently higher than in the tRNA sample across three repli-
cates, the difference was not statistically significant (Figure 3C;
Supplemental Table 3). The ribozyme showed lower frequencies
of most mutation types, particularly at the 3'-most gRNA target
site. We did not observe any enhancement in overall mutation
frequencies with the previously reported improved gRNA archi-
tecture (Chen et al., 2013). It is important to note that the mutation
frequencies were not adjusted to account for the ~60% trans-
formation efficiency; therefore, they are underestimates.

Deletion between the two CRISPR/Cas9 cleavage sites was the
most common mutation in all samples (Supplemental Figure 3).

Short indels at either one or both cleavage sites were more than
10-fold less abundant (Supplemental Figures 3 to 6). Inversions of
the intervening sequence and deletions combined with insertions
were more than 100-fold less frequent (Supplemental Figure 3).
Most insertions mapped either to the tomato genome or to the
vector, covering almost every region of the vector sequence
(Supplemental Figure 7).

Cas9 most frequently creates a blunt-ended DSB three nu-
cleotides upstream of the PAM sequence (Jinek et al., 2012). Inour
experiments, precise ligation of Cas9-cleaved DNA without
the intervening sequence would result in a deletion of 85 bp.
Gain or loss of nucleotides due to staggered Cas9 cleavage
(Jinek et al., 2012; Li et al., 2015) and/or exonuclease activity
could result in shorter or longer deletions. Strikingly, we ob-
served a very high frequency of precise ligation: On average,
83.5% of all reads with long deletions were deletions of 85 bp
(Supplemental Figure 8). These results suggest that if a single
gRNA was used, most instances of NHEJ repair would not
result in a mutation. Therefore, creating deletions with two or
more gRNAs should be a more efficient approach to achieve
targeted mutagenesis.
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We further tested the effectiveness of the polycistronic ex-
pression systems using eight gRNAs targeting four genes for
deletion in tomato protoplasts. We also monitored the effect of the
position of the gRNA in the array. gRNAs 49 to 56 (Supplemental
Table 4) were assembled directly into non-T-DNA protoplast
expression vectors in two different orders (Figure 4A). In one array,
the gRNAs were ordered from 49 to 56, and the order was reversed
in the second array. In addition, a vector expressing each gRNA
from a separate Pol lll promoter was constructed. Each pair of
gRNAs was designed to create an ~3-kb deletion to prevent
amplification of the nondeleted loci in subsequent PCR analysis
(Figure 4B). The seven vectors were transformed into tomato
protoplasts, and the frequencies of deletions induced by the first,
last, and one of the internal gRNA pairs in each array were
measured by quantitative PCR (Figure 4C). Consistent with the
previous experiment, the Csy4 expression system performed best
regardless of the position of the gRNA in the array. The tRNA
system was the next most effective, followed by the use of in-
dividual Pol lll promoters; the ribozyme system was the least
effective. gRNAs near the end of the Csy4 and tRNA arrays were
less efficient in mutagenesis relative to gRNAs in earlier positions
for the majority of tested loci, suggesting that position does have
an effect on gRNA activity. Nevertheless, regardless of position
effects, when Csy4 was used, the frequency of deletions was as
high or higher than the use of individual Pol Ill promoters, con-
firming the Csy4 is the most efficient system for multiplexed gene
editing.

Multiplexed Mutagenesis in Tomato, Wheat, and
Barley Protoplasts

We further explored the effectiveness of the Csy4 system for
multiplexing by targeting six genes in tomato (Solyc069074350,
Solyc02g085500, Solyc029g090730, Solyc119071810, Solyc-
069074240, and Solyc029077390), three genes in wheat (ubig-
uitin, 5-enolpyruvylshikimate-3-phosphate synthase, and Mildew
locus O [TaMLQ]), and one gene in barley (Hordeum vulgare;
HvMLO). Each gene was targeted for deletion using two gRNAs.
To provide expression in cereals, we created vectors with ZmUbi,
switchgrass (Panicum virgatum) ubiquitin 1 (PvUbi1), and switchgrass
ubiquitin 2 (PvUbi2) promoters (Mann et al., 2011). The sequences of
PvUbIi1 and PvUbi2 were modified to remove Aarl, Sapl, and Bsal
sites, and the modified promoters were confirmed to drive high levels
of GFP expression in wheat scutella (Supplemental Figure 9). Next,
we designed Csy4 arrays of 12 gRNAs targeting the six genes in
tomato, six gRNAs targeting the three genes in wheat, and two
gRNAs targeting the single gene in barley. In tomato, the 35S pro-
moter was used to express Cas9, and the CmYLCV promoter drove
expression of the gRNAs. In wheat and barley, ZmUbi was used to
drive expression of Cas9, and the gRNA array was under control of
PvUbI1. To test whether the PvUbi1 promoter could be substituted
with the significantly shorter viral CmYLCV for gRNA expression in
monocots, we also designed a vector in which the two gRNAs tar-
geting the barley MLO gene were controlled by the CmYLCV pro-
moter. The final vectors expressing Cas9 and the gRNA array were
transformed into tomato, wheat, and barley protoplasts, and PCR
was conducted 2 d later to detect targeted deletions. Deletions of the
expected size were found in each targeted gene and verified by DNA
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sequencing (Figures 5to 7). Both CmYLCV and PvUbi1-driven gRNA
arrays induced targeted deletion of the barley MLO gene with similar
efficiencies (Figure 7B). Thus, we confirmed that our system is effi-
cient in simultaneously creating multiplexed, targeted gene deletions
in both dicots and monocots using up to 12 gRNAs.

Heritable, Multiplexed Mutagenesis in M. truncatula

To demonstrate the efficiency of our Csy4 multiplexing vectors in
whole plants, we used six gRNAs to target four M. truncatula genes
that encode nodule-specific cysteine-rich (NCR) peptides
(Supplemental Figure 10). More than 500 genes make up the NCR
family, and their small size, sequence identity, and overall number
pose challenges to traditional knockout/knockdown platforms
such as transposable elements (Tnt1), RNA interference, and
chemical mutagenesis. Three gRNA pairs were designed to each
delete one of three loci: NCR53, NCR54 (Medtr4g026818), and
NCR55 (Medtr3g014705). The NCR53 locus contains two homo-
logous NCR genes differing by several SNPs (Supplemental Data
Set 2) and separated by ~4 kb. The vector carrying the gRNA
array, Cas9 expression cassette, and bar resistance gene was
transformed into M. truncatula, and 46 phosphinothricin resistant
TO transformants were recovered and screened by PCR and direct
sequencing. Forty-three plants had mutations in NCR53, eight in
NCR54, and 12 in NCR55 (Table 1; Supplemental Table 5;
Supplemental Data Set 2). The mutations included deletions of the
NCR53 and NCR55 genes, resulting from simultaneous cleavage
attwo sites, as well as short indels in all three loci at a given target
site. Three plants had mutations in all three genes, 13 were double
mutants, and 27 had mutations in a single gene. Despite its re-
petitiveness, mutations at the NCR53 locus were exclusively long
deletions or inversions between the two cleavage sites in seven
out of 46 plants. No mutations were recovered at the gRNAS site,
likely due to two SNPs found at the target site. gRNA1, which
targets a site at NCR53, has two mismatches in the seed region to
asite at NCR54 and a PAM-disrupting mutation. Similarly, gRNA2
has two mismatches to a site at NCR54, oneineach ofthe 5’ and 3’
ends of the seed region. No off-target mutations were observed
from gRNA1 and gRNA2 at the NCR54 locus in the 46 plants,
further indicating that two mismatches in the target site are suf-
ficient to prevent off-target activity.

To confirm transmission of the mutations to the next generation,
plant #16 (with mutations in NCR53 and NCR54), plant #17 (with
mutations in NCR53 and NCR55), plant #27 (with mutations in all
three targets), and plant #40 (with mutations in NCR53) were self-
fertilized. Seven T1 seedlings from each TO parent were screened
by PCR and DNA sequencing for mutations in the respective
genes and for presence of the bar transgene (Supplemental
Figures 11Aand 11B). Mutations identical to those observedin the
TO parents were found in the NCR53 locus in the progeny of all four
tested plants (Supplemental Figure 11A). In two of the four plants
(plant #17 and plant #40), all tested progeny only showed the
mutated version of the NCR53 locus. Both the double mutant (plant
#16) and the triple mutant (plant #27) also transmitted the expected
mutations in NCR54 to their progeny, whereas only the triple mutant
(plant #27) and not the double mutant (plant #17) transmitted the
mutations in NCR55. Although we did not detect the wild-type allele
of NCR53 in TO plant #16 or the wild-type allele of NCR55 in the TO
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Figure 4. Evaluation of Eight gRNAs in Various Polycistronic Expression Systems and the Effect of Position in the Array on gRNA Activity.

(A) Structure of seven constructs for expressing gRNAs 49 to 56 targeting four tomato genes for deletion.

(B) Detection of deletions between gRNA sites using gPCR. Each gene is targeted for deletion with two gRNAs designed to create a 3-kb deletion to prevent
amplification of the nondeleted, wild-type template. Deletion frequency was quantified by gPCR using primers shown as red and blue arrowheads.

(C) Deletion frequencies in tomato protoplasts as measured by gPCR. Positions of respective gRNAs in the array are specified for each construct. Error bars

represent st of two replicates.

plant #27, wild-type alleles were recovered in the T1 progeny,
suggesting the TO plants might have been chimeric. Nevertheless,
the T-DNA insertion segregated away in several T1 progeny of
TO plants #16, #27 (including a triple mutant 27-6), and #40
(Supplemental Figure 11B), confirming that the mutations in these
plants were transmitted through the germline rather than created
denovointheT1. Thus, we have been able to show that mutations
in each of the genes are heritable. In addition, we showed that
mutations in all three genes can be transmitted simultaneously
from a triply mutant parent (plant #27) to its progeny. These results

show the feasibility of using the Csy4 system to effectively recover
heritable mutations in multiple genes.

Targeted Deletion of 58 kb in M. truncatula Using the tRNA
and Csy4 Multiplexing Systems

To further evaluate the Csy4 and tRNA systems for creating
chromosomal deletions in M. truncatula, we designed another set
of six gRNAs (MPC1 to MPC6) that target a 58-kb region on
chromosome 2 (Figure 8A). The region contains five candidate
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Figure 5. Multiplexed Mutagenesis Using the Csy4 System in Tomato Protoplasts.

(A) Maps of six tomato genes targeted for simultaneous deletion using 12 gRNAs. gRNA sites are shown as black arrows. Arrowheads represent primers
used to detect the deletions. Lengths of PCR products from the wild-type locus are shown on the right; lengths of the deletion products are in parentheses.
(B) Deletions of expected length were detected in each of the six genes by PCR. Blue and black arrowheads mark the unmodified and deletion products,
respectively. Wild-type DNA from nontransformed cells was used as template.

(C) DNA sequences of representative deletion products. The sequence of the unmodified locus for each of the six genes is shown on the top. gRNA target
sites are underlined and PAM sequences are in red.
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Figure 6. Multiplexed Mutagenesis Using the Csy4 System in Wheat Protoplasts.

(A) Maps of three wheat genes targeted for simultaneous mutagenesis using six gRNAs. gRNA sites are shown as black arrows. Arrowheads represent
primers used to detect the deletions. Lengths of PCR products from the wild-type locus are shown on the right; lengths of the deletion products are in

parentheses.

(B) Deletions of expected length were detected in each of the six genes by PCR. Blue and black arrowheads mark the unmodified and deletion products,
respectively. Wild-type DNA from nontransformed cells was used as template.
(C) DNA sequences of representative deletion products. The sequence of the unmodified locus for each of the three genes is shown on the top. gRNA target

sites are underlined and PAM sequences are in red.

genes identified by a genome-wide association study to be as-
sociated with symbiotic nitrogen fixation (Curtin et al., 2017). The
gRNAs were assembled (in the order from 1 to 6) into the direct
cloning T-DNA vectors that use either Csy4 or tRNA processing
enzymes (see Supplemental Methods, Protocols 3A and 3B), and
after transformation, DNA from randomly selected calli was tested
by PCR for potential chromosomal deletions. Primers were de-
signed 200 to 300 bp upstream and downstream of various target

sites throughout the locus (Figure 8A; Supplemental Table 6).
Results from this preliminary assay revealed all four possible
deletions (detectable using this set of primers) in the Csy4-
transformed calli, whereas only the 27-kb deletion between gRNA
sites MPC1 and MPC4 was detected in the calli transformed with
the tRNA multiplexing reagents (Figure 8B). Amplicons generated
from putative 58-kb deletions were sequence confirmed (Figure
8C). While still in tissue culture, we prescreened 46 TO plantlets
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Figure 7. Both CmYLCV and PvUbi1 Promoters Are Functional in Barley Protoplasts and Induce Targeted Deletions Using the Csy4 gRNA Expression

System.

(A) Map of the barley MLO gene targeted for deletion using two gRNAs. gRNA sites are shown as black arrows. Arrowheads represent primers used to detect
the deletions. Length of the PCR product from the wild-type locus is shown on the right; length of the deletion product is in parentheses.

(B) Deletions between the gRNA38 and gRNA39 sites were detected in the barley MLO gene when either the CmYLCV or PvUbi1 promoters were used to
express the gRNAs. Blue and black arrowheads mark the unmodified and deletion products, respectively. Two replicates (pools of protoplasts) of the

experiment are shown.

(C) DNA sequences of representative deletion products. The sequence of the unmodified locus for each of the three genes is shown on the top. gRNA target

sites are underlined and PAM sequences are in red.

from each of the Csy4 and tRNA transformations for the 27- and
58-kb deletions. The putatively positive plantlets were transferred
to soil, grown into mature plants and screened again by PCR.
Three Csy4 TO plants were identified with the 58-kb deletion and
two plants with the 27-kb deletion. For the tRNA TO plants, one
plant had the 27-kb deletion (Figure 8B). The wild-type sequence
within the 58-kb deleted region could still be amplified with
a different set of primers, suggesting that all plants were het-
erozygous or chimeric. One plant (WPT228-5) appeared tobea TO
homozygous mutant for the 27-kb deletion, since we failed to
recover a PCR amplicon from the wild-type allele (Figure 8B).

To test for heritable transmission of the deletions, TO plants
WPT228-28 (Csy4, heterozygote or chimeric for the 58-kb de-
letion) and WPT227-28 (tRNA, heterozygote or chimeric for the
27-kb deletion) were self-fertilized, and T1 plants were screened
for the segregating chromosomal deletions. Eight out of 12 T1
seedlings produced bands of the expected size for the 58-kb
deletion in WPT228-28 progeny, and seven out of seven T1
seedlings showed bands expected for the 27-kb deletion in
WPT227-28 progeny, confirming germline transmission in these
lines (Figure 8B). In addition, the wild-type allele was not detected
in two out of the eight WPT228-28 T1 seedlings, suggesting the

Table 1. Multiplex Targeted Mutagenesis in M. truncatula Using Cas9 and Csy4

No. of TO Plants (out of 46)

Deletion between gRNA Inversion between gRNA Indel at gRNA Site #1

Indel at gRNA Site #2 Indels at Both gRNA Total

Target Gene Sites Sites Only Only Sites Mutant

NCR53 17 4 11 1 23 43
(multicopy)

NCR54 0 0 0 8 0 8

NCR55 7 0 5 0 1 12
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Figure 8. Targeted Deletion of 58 kb in M. truncatula.

WPT228-28-1 (-/+)

WPT228-28-12 (-/-)

(A) Map of the region on chromosome 2 targeted for deletion. Cyan rectangles represent individual genes. gRNA sites are shown as black arrows. Primers for

detection of deletions are shown below as green arrows.

(B) PCR detection of large deletions in callus tissue, TO, T1, and T2 plants. Primers used to detect deletions of different sizes are indicated on the right of each
gel picture. Primer pairs F1a/R1a, F1b/R1b, Fic/R1c, F1d/R1d, and F1e/R1e amplify the nondeleted wild-type sequence. Primers bar F2/R2 amplify the bar

transgene. NT, no template control.

(C) DNA sequences of the 58-kb deletion events amplified with primers F3/R5 from callus tissue and TO plants transformed with the Csy4 vector. The
reference sequence of the unmodified locus is shown on the top. gRNA target sites are underlined and PAM sequences are highlighted in red.
(D) Phenotypes of T1 plants heterozygous and homozygous for the 58-kb deletion. Note the dwarf stature of the mutants. Images have been adjusted to

minimize soil noise by decreasing the brightness of the white and neutral color channels. All images have been adjusted equally.



two seedlings are homozygous mutants. The bar transgene was not
detected in three heterozygous WPT228-28 seedlings, indicating
the loss of T-DNA insertion and confirming that the mutations were
not created de novo in the T1 (Figure 8B). To determine whether we
could recover homozygous mutants in a transgene-free back-
ground, T1 plant WPT228-28-1, heterozygous for the 58-kb de-
letion andlacking the T-DNA insertion, was self-fertilized, and seven
T2 seedlings were screened for the presence of the deletion. PCR
and sequencing identified two homozygous and three heterozy-
gous nontransgenic plants (Figure 8B).

The lower overall mutation frequencies compared with those
observed in the NCR gene editing experiment are likely due to the
significantly larger size of deletions being sought. An inverse
relationship between Cas9-mediated deletion frequency and size
has been observed previously in both mammalian and plant cells
(Canver et al., 2014; Xie et al., 2015; Ordon et al., 2017).

Enhancing Targeted Mutagenesis with Trex2

To increase the frequency of NHEJ-induced mutations, sequence-
specific nucleases can be coupled with exonucleases to promote
end resection and prevent precise ligation. Previously, coex-
pression of the human 3’ repair exonuclease 2 (Trex2) with
a meganuclease resulted in a 25-fold enhancement in gene dis-
ruption frequencies in human cells (Certo et al., 2012). In plants,
overexpression of exonuclease 1 (Exo1) significantly enhanced
the frequency of DSB resection in rice (Oryza sativa) calli (Kwon
et al.,, 2012), and Trex2 increased the mutagenesis frequency
when codelivered to plant cells with a meganuclease (Luo et al.,
2015). Based on these data and our observation that the majority
of Cas9-induced breaks are rejoined precisely, we tested the
effect on mutagenesis of expressing Trex2 with Cas9 and a single
gRNA. We used gRNAs that target two different sites in the tomato
ANTT1 gene and one site in the barley MLO gene. Individual gRNAs
were cloned under the control of the AtU6 or TaU6 promoters,
combined with a dicot or monocot optimized Trex2-P2A-Cas9
fusion, and tested in tomato and barley protoplasts. We saw
a modest 1.5- to 2.5-fold increase in indel frequencies in the
presence of Trex2 compared with the samples without Trex2 in
barley (as measured by the T7El assay) (Figure 9A). Similar results
were obtained in tomato (as measured by both T7El and DNA
sequencing) (Figures 9A and 9B). Sequencing revealed a trend
toward longer deletions in the Trex2 samples in both tomato and
barley (Figures 9B and 9C). Whereas no deletions =10 bp were
detected in the samples lacking Trex2, they represented
77% (tomato) and 100% (barley) of all mutations recovered in
samples expressing Trex2. Insertions of up to 42 bp were found
in samples without Trex2 (Supplemental Figure 12) but not in the
samples expressing Trex2, suggesting that deletions were in-
duced preferentially in the presence of the exonuclease.

Gene Targeting with Cas9 Nickases

Several strategies have been developed to decrease the fre-
quency of off-target mutagenesis by CRISPR/Cas9. Among these
are the use of paired Cas9 nickases, which create a DSB by in-
troducing nicks on opposite DNA strands. Paired nickases have
on-target cleavage efficiency comparable to wild-type Cas9 in
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human cells and plants (i.e., Arabidopsis and rice) and reduce off-
target activity up to 1500-fold (Ran et al., 2013; Schiml et al., 2014;
Mikamietal.,2016). We created Cas9 nickase variants by mutating
the catalytic residues in the conserved RuvC (D10A) and HNH
(H840A) nuclease domains. Module A vectors were then created
that express Cas9 variants with individual or combined mutations
(the latter resulting in a catalytically dead Cas9 enzyme).

We were interested in exploring whether paired Cas9 nickases
can also promote GT in plants using a previously described to-
bacco (Nicotiana tabacum) transient GT assay. In this assay,
a defective gus:nptll transgene is restored by cleavage and ho-
mologous recombination (Figure 10A) (Wright et al., 2005; Baltes
etal., 2014). We designed a pair of gRNAs in PAM-out orientation
that overlapped by 5 bp (—5 bp offset) and should create a 29-bp
overhang (Figure 10A). To stimulate GT, the reagents were de-
livered to the plant tissue on the Bean yellow dwarf virus (BeYDV)
replicons (Baltes et al., 2014; Cermak et al., 2015) available in our
toolkit as T-DNA transformation backbones. The readout was the
number of blue (GUS positive) spots and intensity of staining in
tobacco leaves (Supplemental Figure 13A).

We first compared the GT frequencies induced by a single nick
or DSB. The number of GT events induced by single nicks was
around 70% of the GT events induced by a DSB (Figure 10B). No
significant differences in GT frequencies were observed between
the D10A and H840A nickases. Then, we compared the GT effi-
ciencies using paired nickases that induce double nicks resulting
in 29-bp 5’ overhangs (AtD10A) and 3’ overhangs (AtH840A). We
observed 2-fold increase in GT with 5’ overhangs compared with
3’ overhangs. The number of GT events induced by double nicks
creating 5’ overhangs was even higher than the number of GT
events induced by the wild-type Cas9 nuclease. This is in
agreement with observations in human cells (Ran et al., 2013).

To confirmthe nature of the GT events on the molecular level, we
extracted DNA from infiltrated tobacco leaves and PCR amplified
both junctions of the inserted sequence (Supplemental Figure
13B). Allsamples except the one that was infiltrated with the vector
expressing noncutting gRNAs, yielded products of expected size
for both junctions. Six to 10 bacterial clones for each junction from
each sample were analyzed by sequencing, which revealed
precise integration of the donor template in all clones (Figure 10C).
These data suggest that the overall frequency and precision of GT
induced by nickases is comparable to the nuclease-based ap-
proach, which we have previously shown can be used to efficiently
recover plants with heritable modifications created by GT (Baltes
et al., 2014; Cermak et al., 2015).

To see whether the nickase approach is applicable for GT in
amonocot species, we targeted an in-frame insertion of a T2A-GFP
cassette into the third exon of the ubiquitin gene in wheat scutella,
using Wheat dwarf virus (WDV) replicons as described by Gil-
Humanes et al. (2017). We observed GFP expression consistent with
insertion into the ubiquitin locus (Supplemental Figures 14A to 14C),
suggesting the feasibility of this approach across different species.

DISCUSSION

Genome engineering promises to advance both basic and applied
plant research, and we developed a comprehensive reagent
toolkit to make the latest genome engineering technologies
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Figure 9. Trex2 Enhances Mutagenesis in Tomato and Barley Protoplasts.

(A) T7 endonuclease | assay results for two sites in tomato and one site in barley. Two replicates (pools of protoplasts) and an average fold increase in
mutagenesis frequency are shown for the tomato sites. The average fold increase in the two experiments is shown at the top.

(B) DNA sequences of NHEJ-derived mutations found in bacterial clones of PCR products that encompass the gRNA target site in the tomato ANTT gene.
Mutations are shown in 15 of 92 bacterial clones derived from tomato cells transformed with Cas9 and gRNA only and 26 of 88 bacterial clones derived from
cells transformed with Cas9, gRNA, and Trex2. Sequences of three clones containing insertions at the gRNA site found in the sample lacking Trex2 are not
shown. The reference sequence is shown on the top. The 20-bp gRNA target site is underlined and the PAM sequence is highlighted in red.

(C) DNA sequences of NHEJ-derived mutations found in bacterial clones of PCR products that encompass the gRNA target site in the barley MLO gene.
Mutations are shown in 18 bacterial clones derived from barley cells transformed with Cas9 and gRNA only and 19 bacterial clones derived from cells
transformed with Cas9, sgRNA, and Trex2. The samples were enriched for mutations by digesting the PCR amplicons with Ncol before cloning. The
reference sequence is shown above; the 20-bp gRNA target site is underlined and the PAM is highlighted in red. The sequence of the Ncol recognition site is
in italics. The 1-bp insertion is highlighted in green.
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(A) lllustration of the gene targeting approach in tobacco. gRNAs gNt_F2 and gNt_R2 target the defective gus:nptll transgene stably inserted in the tobacco
genome. The missing coding sequence is restored through homology directed repair using the donor template, resulting in a functional GUS gene.

(B) Effect of single and double nicks on gene targeting in tobacco. The Cas9 genes and gRNAs were delivered to tobacco leaves on a BeYDV replicon by
agroinfiltration. The leaves were stained in an X-Gluc solution 5 d later, and blue (GUS positive) spots were quantified by image analysis. Data were
normalized to the Cas9 nuclease sample. Error bars represent the se of 5 independent experiments. AtCas9, Cas9 nuclease; AtD10A, Cas9 D10A nickase;

AtH840A, Cas9 H840A nickase; (-gRNA), no gRNA control.

(C) DNA sequences of the left and right recombination junctions from leaves infiltrated with the D10A paired nickase construct. Multiple bacterial clones were
sequenced and were identical. Junctions at both ends of each homology arms are shown.

available to the plant science community. Both TALENs and
CRISPR/Cas9 can be easily combined with a variety of regulatory
sequences, transformation vectors, and other DNA modifying
enzymes, making it possible to rapidly assemble reagents nec-
essary to make single and multigene knockouts as well as gene
replacements.

Using our flexible, modular system, we evaluated four different
multi-gRNA expression strategies in tomato protoplasts to ach-
ieve multiplexed editing. A polycistronic gRNA transcript, when
processed by the bacterial Csy4 ribonuclease, resulted in almost
2 times higher mutation frequencies compared with the commonly

used strategy in which each gRNA is expressed from an individual
Pol Il promoter. Furthermore, the position of the gRNAs in the
array has only a modest effect on activity, and the last gRNAs inan
array of eight perform comparably to gRNAs expressed in-
dependently from Poll Il promoters. Although the frequencies
observed with Csy4 were comparable to the previously described
tRNA processing system (Xie et al., 2015), we favor the Csy4
system because it consistently gave us higher frequencies of
deletions in tomato protoplasts, and the multi-gRNA transcripts
are shorter andless repetitive (i.e., Csy4 recognition sites are 20 bp
versus 77 bp for tRNAs). Although the Csy4 system requires
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expression of the Csy4 ribonuclease in the plant cell, and no extra
factors are required for tRNA processing, the Csy4 gene is rela-
tively short (561 bp = 187 amino acids), and we typically express it
as P2A fusion to Cas9 without any observable phenotypic con-
sequences to transgenic plants.

Although we have previously shown that gRNA transcripts
processed by ribozymes efficiently induce mutagenesis in rice,
tobacco, and Arabidopsis (Tang et al., 2016), of the polycistronic
RNA processing mechanisms tested in this study, ribozymes
resulted in the lowest mutation frequencies. One difference be-
tween the two studies is that we expressed Cas9 and the gRNA
array from separate promoters, whereas Tang et al. (2016) used
asingle transcription unit to express both the Cas9 and the gRNAs.
Furthermore, the frequency of deletions created by two gRNAs
was not directly measured in the previous study. It is possible that
coordinate expression of Cas9 and gRNAs from a single tran-
scription unit, which is not possible in the current version of our
cloning system due to its modular structure, might be essential to
achieve higher gene editing frequencies using ribozyme pro-
cessing. Whether this is true remains to be elucidated. Never-
theless, we demonstrate Csy4 and tRNA expression systems
efficiently process multi-gRNA transcripts and enable high effi-
ciency multiplexed gene editing.

Analysis of mutations resulting from cleavage of a single gene
with two gRNAs revealed that ~85% of DSBs were precisely li-
gated. This is consistent with the high frequency of precise repair
observedin mouse and humancells (Lietal.,2015; Geisingeretal.,
2016). Since DSBs induced by a single gRNA are also likely ac-
curately repaired, we favor the use of two gRNAs toinduce loss-of-
function mutations. Precise repair can be used to your advantage
to make the mutation of choice, and there are no concerns about
creating functional gene isoforms through non-frameshiftindels or
alternative splicing. Furthermore, the targeted deletions can be
detected by PCR, making the screening for mutants significantly
easier. This is particularly valuable, if not essential, when simul-
taneously mutagenizing several genes, as screening for loss of
restriction enzyme sites, T7 assays, or direct DNA sequencing is
time-consuming and costly. Targeted deletions might also be
valuable for editing noncoding sequences, including promoters
and regulatory sequences, where short indel mutations may not
be effective. Moreover, engineering complex traits will likely re-
quire an efficient multiplexed editing platform. Here, we show that
combinations of different gene deletions can beinducedin asingle
experiment using a single vector, highlighting the potential of this
approach to speed up candidate gene evaluation. Using our Csy4-
based system, we successfully deleted up to six genes in tomato,
wheat, and barley protoplasts and in M. truncatula plants, dem-
onstrating the versatility of this system across a variety of plant
species. Finally, the high level of precision in NHEJ repair also
opens up an opportunity for targeted and precise gene insertion/
replacement, independent of HDR (Geisinger et al., 2016).

As an alternative to knocking out genes with two or more
gRNAs, we also show that Trex2, in combination with Cas9,
increases the length and frequency (2.5-fold) of NHEJ-mediated
deletions in both tomato and barley. A single study that combined
Trex2 with Cas9 for gene editing in human cells reported a similar
2.5-fold increase in mutagenesis (Chari et al., 2015). When Trex2
was used in combination with TALENS, a 3- to 4-fold enhancement

was observed (Certo et al.,, 2012; Luo et al., 2015), whereas
a 25-fold increase was achieved when a meganuclease was used
as the DSB-inducing agent (Certo et al., 2012). The differences in
fold enhancement between the three types of nucleases may be
caused by different levels of Trex2 activity on different types of
DNA ends induced by Cas9 (blunt), TALENs (5’ overhang), or
meganucleases (3' overhang, the preferred substrate of Trex2).
Interestingly, Certo et al. (2012) detected a bias toward small
deletions when they combined Trex2 with meganucleases and
TALENS, but the study of Chari et al. (2015) as well as our data
indicate that the deletion length increases when Trex2 is used with
the CRISPR/Cas9 system. Nevertheless, deletions seem to be
induced preferentially in the presence of Trex2, regardless of the
type of nuclease used to create the DSB since the lower frequency
ofinsertions compared with the no Trex2 control is consistentin all
studies.

Cas9 nickases are frequently used because they reduce the risk
of off-target mutations (Ran etal., 2013; Choetal.,2014; Shenetal.,
2014; Mikami etal.,2016). Single nickases do not induce detectable
levels of on-target NHEJ-mediated mutagenesis (Cong et al., 2013;
Ran et al., 2013; Fauser et al., 2014), whereas paired nickases,
which create two adjacent nicks in the target sequence, induce
mutations at efficiencies comparable to native Cas9 (Ran et al,,
2013; Schiml et al., 2014; Mikami et al., 2016). Paired nickases also
efficiently induce gene targeting in human cells (Mali et al., 2013;
Ran et al., 2013), and, here, we demonstrate that paired nickases
constructed using our modular system induce gene targeting in
tobacco and wheat with efficiencies comparable to the nuclease.
Consistent with the data from human cells (Mali et al., 2013; Ran
et al., 2013), paired nickases that create 5’ overhangs induced GT
more frequently than those creating 3’ overhangs. In a separate
study (Fauser et al., 2014), single nickases were found capable of
promoting GT in Arabidopsis at frequencies exceeding the nucle-
ase; however, we observed that GT frequencies with single
nickases were above background in both tobacco and wheat, but
they were lower than the GT frequency achieved with the nuclease
and paired nickases. The high frequency of GT observed by Fauser
etal. (2014) with a single nick may in part be due the proximity of the
donor template, which was integrated into the chromosome ad-
jacent to the nick site. Indeed, significantly lower GT frequencies
were observed in human cells when single nickases were used with
extrachromosomal donors (Ran et al., 2013), although other factors
such as donor architecture and cell type could contribute to the
observed differences between studies. Nevertheless, we show that
paired nickases, which have been shown to have minimal off-target
effects in plants (Mikami et al., 2016), can be used for efficient GT in
both monocots and dicots.

Anumber of different toolkits for plant genome engineering have
been published within the past two years (Xing et al., 2014; Xie
etal.,2015; Maetal.,2015; Lowderetal.,2015; Zhang et al., 2016;
Liang etal.,2016; Vazquez-Vilaret al.,2016; Kimetal. 2016; Ordon
et al.,, 2017). However, all have limitations: Most do not offer
flexibility in the gene editing platform (TALENs or CRISPR/Cas9);
some reagents are optimized for a non-target organism (e.g.,
humans); typically, thereis little choice in promoters for expressing
targeting reagents; most systems are limited to a single vector
type (e.g., T-DNA); applications are limited to NHEJ-mediated
gene knockouts; and most reagents are validated in only one or



two model species. Although two studies have made their ap-
proaches compatible with a wider variety of vectors and reagents,
such as the D10A Cas9 nickase and Cas9-based transcriptional
activators and repressors (Lowder et al., 2015; Vazquez-Vilaretal.,
2016), they remain limited in other aspects. For example, the
Lowder et al. (2015) toolkit limits gRNA expression to Pol llI
promoters, requires an 8-d assembly process, and lacks cross-
compatible and adaptable expression vectors; the Vazquez-Vilar
et al. (2016) toolkit requires a time-consuming binary cloning
approach and lacks substantial evaluation of the multiplexed gene
editing vectors. In comparison, our plant genome engineering
platform provides the user with an option to choose the desired
reagent from a comprehensive set of expression cassettes, in-
cluding TALENs, TALE-VP64, TALE-VPR, Cas9, D10A Cas9
nickase, H840A Cas9 nickase, dCas9, dCas9-VP64 and dCas9-
VPR, GFP, Trex2, and Csy4 with versions codon optimized for use
in dicots ormonocots. For Cas9-based genome editing, the toolkit
enables assembly of vectors with all gRNA expression systems
described to date, including two dicot and four monocot Pol Il
promoters. Furthermore, multiplexed systems based on Csy4,
tRNA, and ribozymes are available that can be combined with Pol Il
promoters. All reagents can be assembled into T-DNA or non-T-
DNA vectors with or without one of the three most common plant
selectable markers driven by dicot or monocot promoters. Faster
direct or flexible modular cloning protocols are available. While
previous studies focused on evaluating reagents in the model
species Arabidopsis, rice, and tobacco, here we provide evidence
thatin addition to tobacco, our systemis functional and effective in
two important dicot and two monocot crop species.

To the best of our knowledge, our toolkit is the first designed to
facilitate gene targeting through homologous recombination. We
include GVR-based vectors, which were first demonstrated to
work in proof of concept experiments in tobacco (Baltes et al.,
2014) and more recently to effectively introduce heritable targeted
insertions into the tomato genome at frequencies 3- to 9-fold
higher than standard T-DNA (Cermak et al., 2015). We have also
used WDV replicons to target insertion of a selectable marker into
the wheat ubiquitin locus (Gil-Humanes et al., 2017); here, we
show GVRs work in combination with paired nickases. Moreover,
our modular system is also compatible with the in planta gene
targeting approach described earlier (Fauser et al., 2012). An in-
tegral element in a gene targeting strategy is the DNA donor
template, which carries custom modifications being introduced in
the target genome. All of the module C plasmids in our toolkit
include a unique restriction site for insertion of the donor template,
and we provide protocols for assembly of the donor template
plasmids for both the replicon and in planta gene targeting
methods (see Supplemental Methods, Protocol 4). All together,
ourtoolkit enables the most efficient plant gene targeting methods
currently available.

In addition to the commonly used 35S and maize ubiquitin
promoters, the current version of our cloning system includes
seven other dicot and three monocot promoters. These include
constitutive viral, bacterial CmYLCV, M24, FMV, and nos), or plant
(AtUbi10, OsAct1, PvUbi1, and PvUbi2) promoters, which provide
a range of expression strengths in a variety of plant species
(Stavolone et al., 2003; Sahoo et al., 2014; Maiti et al., 1997; Norris
etal., 1993; McElroy et al., 1990; Mann et al., 2012). We have also
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included the Arabidopsis Ec1.2 and YAO promoters, which are
egg cell and embryo sac/pollen specific, respectively. Although
Arabidopsis was not our target species in this study, these two
promoters have been shown to enhance mutagenesis in Arabi-
dopsis when used to drive Cas9 expression (Wang et al., 2015;
Yan et al., 2015). In our toolkit, these promoters can drive either
Cas9 expression or the polycistronic gRNA arrays. Due to the
universal structure of the modular vectors, new combinations of
promoters and coding sequences can be easily added. The
versatility of the toolkit is further increased by its optimization for
Golden Gate assembly, one of the most popular DNA assembly
methods. We have made the T-DNA backbones derived from the
commonly used pCAMBIA vectors free of most relevant type lls
restriction sites, Aarl, Bsal, Esp3l, and Sapl. Aarl, Sapl, and Bsal
sites were also removed from the CmYLCV, PvUbi1, and PvUbi2
promoters, and the activity of the modified promoters was verified
in plants to ensure these modifications do not affect expression
levels. Since the Golden Gate modules can be easily modified to
contain other genes, the system can be adopted for applications
beyond genome engineering, such as synthetic biology.

Finally, the ability to alter transcription levels of endogenous
genes is often desirable. Transcriptional activation domains have
been fused to both TALEs and Cas9 to enable targeted gene ac-
tivation (Lowder et al., 2015; Vazquez-Vilar et al., 2016). Although
these custom transcription factors have proven effective (W. Liu
et al., 2014; Piatek et al., 2015; Lowder et al., 2015; Vazquez-Vilar
etal., 2016), they have mostly been tested on reporter genes driven
by synthetic or minimal viral promoters. Therefore, the increase in
expression levels might not be sufficient to induce phenotypic
changes when endogenous genes are targeted (Lowder et al.,
2015). To overcome the modest levels of gene activation, Chavez
etal. (2015) recently showed that fusions of dCas9 or TALE proteins
to a strong transcriptional activator VPR mediate up to 320-fold
higher activation of endogenous targets compared with fusions to
VP64 alone. Although further optimization of artificial plant tran-
scriptional regulators is needed, at present, we provide modules
with fusions of both VP64 and VPR activator domains to TALEs and
dCas9 for transcriptional activation, as well as modules with dCas9
only, which has been shown to be equally effective in transcriptional
repression as dCas9 fusions to repressor domains (Piatek et al.,
2015; Vazquez-Vilar et al., 2016).

Inconclusion, we would like to note that due to our toolkit’s modular
design, it can be easily updated with new functions, and we intend to
incorporate new tools as they become available. Given the ease and
speed of reagent construction and the availability of user-friendly
protocols and online tools, we hope our platform will accelerate
progress in plant functional genomics and crop improvement.

METHODS

Direct and Modular Vector Library Construction

Direct TALEN cloning vectors pDIRECT_37-39J were first constructed by
Gibson assembly (Gibson et al., 2009) of PCR products containing parts of
pCLEAN-G126 backbone (Thole et al., 2007; GenBank accession no.
EU186082), selection marker cassettes, the OsADH 5’ untranslated region
amplified from the rice (Oryza sativa cv Nipponbare) genome (Sugio et al.,
2008), 35S promoter, 3152/+63 TALE scaffolds including 3xFLAG epitope
and SV40 NLS, Esp3l flanked ccdB cassette, Bsal-flanked LacZ cassette,
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ELD and KKR heterodimeric Fokl variants (Doyon et al., 2011), and Ara-
bidopsis thaliana heat shock protein 18.2 (HSP) terminator amplified from
the Arabidopsis genome (Nagaya et al., 2010). In the process, Esp3l
recognition sites were removed from the nptll gene and the ELD Fokl
coding sequence, Bsal from the ccdB gene, and the Bglll site from the HSP
terminator. Unique restriction sites were inserted to flank the promoter and
terminator in the dual TALEN expression cassette. TALE sequences from
pTAL plasmids (Cermak et al., 2011) were used and 19 bp of sequence
immediately upstream of the first Esp3l site in TALEN1 and downstream of
the second Bsal site in TALEN2 were recoded to include unique primer
binding sites for colony PCR and sequencing of both TALE repeat arrays.
pCAMBIA-based vectors pDIRECT_21-23J were constructed accord-
ingly, except they were first made with an Ascl and Sacl flanked ccdB
cassette, later replaced with the Ascl/Sacl fragment from the pCLEAN-
based vectors containing the dual TALEN expression cassette; and unique
restriction sites were inserted to flank the selection marker gene. For
expression in monocots, the ZmUbi1 promoter was PCR amplified from
pAHC25 (Christensen and Quail, 1996) and cloned between Ascl and Sbfl
sites of pDIRECT_21J and pDIRECT_23J to replace the 35S promoter and
create pDIRECT_25K and pDIRECT_26K.

To create the first module plasmids, the Bsal LacZ cassette in pTC102 (a
derivative of pDIRECT_37J with translation initiation sequence optimized
for dicots) was replaced with a second Esp3l ccdB cassette to create
pTC163. The first and second TALEN cassettes were PCR amplified from
pTC163 (splitting the P2A sequence between the two cassettes and re-
moving the Aarl site from it) and a Bael site containing fragment was
amplified from pTC130 (Cermak et al., 2015), using three pairs of
primers containing Aarl sites with distinct 4-bp overhangs. The first three
module plasmids pMOD_A1001, pMOD_B2000, and pMOD_C0000
were constructed by inserting each of these three PCR fragments into
BsaX| and Pmll-linearized pTAL3 (Cermak et al., 2011) using Gibson as-
sembly. To generate the first CRISPR/Cas9 modules pMOD_A0101 and
pMOD_B2515, PCR fragments containing 35S promoter, AtCas9 gene
codon-optimized for Arabidopsis (Fauser et al., 2014) and the HSP ter-
minator, or the AtU6 gRNA cassette were inserted into Aarl-linearized
pMOD_A1001 and pMOD_B2000 by Gibson assembly. Similarly, an At7SL
gRNA cassette was inserted into Nael and Xhol cut pMOD_CO0000 to create
pMOD_C2516. All remaining module plasmids were derived from these
initial plasmids through replacing the gene cassettes and promoters using
the unique restriction sites Ascl, Sbfl, Xhol, and Sacl, or in case of multi-
gRNA plasmids, through Golden Gate assembly of PCR products con-
taining the specific elements. TaCas9 was codon optimized for wheat
(Triticum aestivum) and Gibson assembled from nine gBlocks (Integrated
DNA Technologies). Cas9 nickases and catalytically dead variants were
made by Gibson assembly of PCR products containing the specific mu-
tations into the Cas9 nuclease modules. Cas9 and TALE transcriptional
activators were constructed by Gibson assembly of fragments into TALEN
and dCas9-containing modules. The VPR activators were built first, using
the tripartite VPR transcription activation domain described by Chavez
et al. (2015). The VP64 activators were derived from the VPR modules by
deleting the p65 and RTA domains by restriction cloning. The Csy4 genes,
codon-optimized for dicots (tomato [Solanum lycopersicum] + Arabi-
dopsis) and monocots (wheat andrice), were synthesized as gBlocks along
with the P2A ribosomal skipping sequence and Gibson assembled into
Sbfl- and Sall-digested pMOD_A0101 and Sbfl- and BstBI-digested
pMOD_A1510, respectively. Trex2 was cloned similarly, except it was PCR
amplified from pExodus CMV.Trex2 plasmid (Certo et al., 2012) containing
the mouse version of the gene that we previously observed had robust
activity in plant cells. The CmYLCV (without the Aarl site) and FMV pro-
moters were synthesized as gBlocks. The PvUbi1 and PvUbi2 promoters
were amplified from pANIC10A (Mann et al., 2012), each as a set of
overlapping PCR fragments to enable removal of Aarl, Bsal, and Sapl sites
through Gibson assembly. The Nos promoter and rbcsE9 and 35S

terminators were amplified from pFZ19 (Zhang et al., 2010) and pCAMBIA
vectors. The remaining promoter fragments were obtained by PCR am-
plification from the respective genomic DNAs. The tRNAGY sequences
used to create the multi-gRNA constructs were amplified from tomato cv
MicroTom genomic DNA, while the Csy4 and ribozyme sequences were
synthesized as parts of primers for Golden Gate assembly. Finally, the
empty modules pMOD_A0000 and pMOD_B0000 were created by ligating
annealed oligonucleotides carrying unique restriction sites into the Ascl
and Sacl sites in pMOD_A0101 and Ascl and Agel sites in pMOD_B2103.
The T-DNA transformation backbones were derived from pCAM-
BIA1300, 2300, and 3300 vectors by Gibson assembly of the CmP/ccdB
selection cassette amplified from pMDC32 (Curtis and Grossniklaus, 2003)
using primers carrying Aarl sites specifying 4-bp overhangs designed to
accept inserts from the three modules, into Hindlll- and BamHI-digested
pCAMBIA backbones. In addition, pTRANS_210d-250d are modified
versions of the resulting vectors with Aarl, Bsal, Esp3l, and Sapl sites
removed from the vector backbone by Gibson assembly of backbone
fragments overlapping at the mutated sites. pTRANS_250d and
pTRANS_260d contain PvUbi1 and PvUbi2 promoters that were directly
assembled into these vectors as described above. All non-T-DNA trans-
formation backbones are derived from pTRANS_100. This vector was
created de novo by Gibson assembly of two PCR products, one containing
the spectinomycin resistance gene and bacterial origin of replication
amplified from pTC14 (Cermak et al., 2011) and the other containing the
Aarl-flanked CmR/ccdB selection cassette from the T-DNA transformation
vector pTRANS_210. The selection marker cassettes were then inserted
into this vector by restriction cloning from the T-DNA transformation
backbones. The GVR transformation vectors were built by Gibson as-
sembly from modified pCAMBIA backbone (without Bsal and Esp3l sites)
and geminivirus elements described by Baltes et al. (2014), Cermak et al.
(2015), and Gil-Humanes et al. (2017). All CRISPR/Cas9 direct cloning and
Cas9 only vectors were assembled by Golden Gate assembly from
modules A, B, and C. To create the Cas9 only vectors, the transformation
backbones were modified to accept the insert from a single module.

Gene Editing in Medicago truncatula

For targeted mutagenesis of the Medtrdg020620 and Medtr2g013650
genes, a pair of TALENs was assembled into pDIRECT_39J using Protocol
1B (Supplemental Methods), resulting in pSC1 and transformed into an
Agrobacterium tumefaciens strain EHA105 for whole-plant transformation
of the M. truncatula accession HM340 using an established protocol
(Cosson et al., 2006). The resulting plants were screened for putative
mutations using a PCR digestion assay with primers listed in Supplemental
Table 6 and the Haelll restriction enzyme. The digestion-resistant products
were cloned and several clones were sequenced to identify the mutations.
For combinatorial deletion of NCR genes, the six gRNAs were assembled
into pDIRECT_23C along with the CmYLCV promoter using Protocol
3A (Supplemental Methods), resulting in pSC2 and transformed into
A. tumefaciens EHA105. To detect the targeted gene deletions and
short indels at each gRNA site, the three loci were PCR amplified from
TOand T1 plants using primers listed in Supplemental Table 6. The PCR
products were first directly sequenced. PCR products from samples
containing both the long deletion and nondeletion alleles were gel
purified before sequencing and sequenced separately. Samples that
showed overlapping sequence traces starting at either gRNA site in-
dicative of indel mutations were cloned and several clones were se-
quenced to identify the type of mutations. For targeted deletion of the
58-kb region on chromosome 2, the six gRNAs were assembled as
Csy4 or tRNA arrays driven by the CmYLCV promoter into pDIR-
ECT_23C using Protocols 3A and 3B (Supplemental Methods), yielding
pSC3 and pSC4, respectively, and transformed into M. truncatula
accession HM340 as above. Targeted deletions in the resulting TO, T1,
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and T2 plants were detected using primers listed in Supplemental Table
6, cloned, and sequenced.

Determining the Efficiency of Multi-gRNA Expression Systems in
Tomato Protoplasts by Deep Sequencing

To build vector pTC303, expressing the two gRNAs from AtU6 and At7SL
promoters, and pTC363 expressing each gRNA from an individual AtU6
promoter, the gRNA spacers were first cloned into pMOD_B2515 (module
B with AtU6 promoter, used for both pTC303 and pTC363), pMOD_C2515
(module C with AtU6 promoter, used for pTC363), and pMOD_C2516
(module C with At7SL promoter, used for pTC303) using Protocol 2A
(Supplemental Methods). The resulting plasmids were assembled together
with pMOD_A0101 into the pTRANS_100 protoplast vector using Protocol
5 (Supplemental Methods). pAH750, expressing the gRNAs with struc-
turally optimized scaffolds from AtU6 and At7SL promoters, was con-
structed accordingly, except the gRNA spacers were cloned into
pMOD_B2515b and pMOD_C2516b, the respective module B and C
plasmids that carry the optimized gRNA repeats. The Csy4, tRNA, and
ribozyme expression cassettes were created directly in protoplast vectors
pDIRECT_10C (Csy4) and pDIRECT_10E (tRNA and ribozyme) using
Protocols 3A, 3B, and 3C (Supplemental Methods), resulting in pTC364
(Csy4), pTC365 (tRNA), and pTC366 (ribozyme). Next, protoplasts were
isolated from tomato cv MicroTom as described by Zhang et al. (2013), with
minor modifications. Leaves from one to two sterile grown (26°C with 16 h
light) ~4-week-old plantlets were sliced into thin strips with a sharp razor,
transferred to the enzyme solution (1.0% cellulase R10, 0.25% macer-
ozyme R10, 0.45 M mannitol, 20 mM MES, 1X MS salts, and 0.1% BSA),
andincubated 15 hat25°C and 40 rpmin the dark. The digested product was
filtered through a 40-pm cell strainer (Falcon) and pipetted directly on top of
0.55 M sucrose solution. The rest of the protocol followed Zhang et al. (2013),
except W5 solution (2 mMMES, 1564 mM NaCl, 125 mM CaCl,,and 5 mM KCl)
was used as washing buffer. The CRISPR/Cas9 constructs were co-
transformed into ~200,000 cells along with the YFP expression plasmid
pZHY162 (Zhang et al., 2013), the protoplasts were resuspended in W5
solution and kept at 25°C in the dark. For all samples 2 d later, the trans-
formation efficiency was determined by counting the YFP-positive cells using
image analysis, and genomic DNA was isolated and used as a template for
the deep sequencing library preparation, as described by Cermak et al.
(2015). Briefly, 40 ng of protoplast genomic DNA was used as template to
amplify a 354-bp region of the ARF8A locus encompassing the gRNA9 and
gRNA10 target sites with primers TC324F and TC324R (Supplemental Table
6), which have overhangs complementary to Nextera XT indices. PCR
products were purified with Agencourt AMPure XP beads (Beckman Coulter)
and 5 pL of the purified PCR product was used as template for the second
PCR to attach dual indices and lllumina sequencing adapters. PCR
products were purified with Agencourt AMPure XP Beads, quantified,
and pooled. The pooled libraries were enriched for fragment sizes in the
range 250 to 700 bp using BluePippin (Sage Science) and sequenced on
an lllumina MiSeq platform (ACGT). An average of 140,000 reads per
sample was generated (Supplemental Table 1; http://www.ebi.ac.uk/
ena/data/view/PRJEB13819). Sequence data analysis was done as
described previously (Cermak et al., 2015), except different sequence
variants were manually sorted into specific groups. All data are presented
as the mean of three biological replicates (three separate pools of pro-
toplasts) =+ skt. To test for the significance of the difference between the
samples, Tukey test for multiple comparison of means in R (version 3.2.4
RC) was used (Supplemental Table 4).

Testing Multi-gRNA Expression Systems in Tomato Protoplasts
by qPCR

The Csy4, tRNA, and ribozyme arrays of eight gRNAs (Supplemental Table
4) were created directly in protoplast vectors pDIRECT_10C (Csy4) and
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pDIRECT_10E (tRNA and ribozyme) using Protocols 3A, 3B, and 3C
(Supplemental Methods), resulting in pTC634 (Csy4, gRNA order
49-56), pTC635 (Csy4, gRNA order 56-49), pTC636 (tRNA, gRNA order
49-56), pTC637 (tRNA, gRNA order 56-49), pTC638 (ribozyme, gRNA
order 49-56), and pTC639 (ribozyme, gRNA order 56-49). To construct
the vector with eight gRNAs each expressed from an individual AtU6
(Pol lll) promoter, four AtU6:gRNA cassettes were first assembled into
each pMOD_B2203 and pMOD_C2200 (resulting in pTC643 and
pTC644)using Protocol 3, except the first, last, and each reverse primer
were redesigned to bind the AtU6 sequence. The AtU6 cassettes were
amplified from Banl-digested pTC363 (first cassette), a Hindlll and
SgrAl fragment from pTC363 (intermediary cassettes), and a BsaHI
fragmentfrom pTC363 (last cassette). The 35S terminator was removed
from pTC644 by SnaBl/Eco53kl-mediated release of the terminator
fragment and religation of the backbone, resulting in pTC645. pTC643
and pTC645 were assembled along with pMOD_A0101 into the non-T-
DNA vector pTRANS_100 using Protocol 5, resulting in the final vector
pTC646.

The CRISPR/Cas9 constructs were transformed into tomato pro-
toplasts as described above. Purified protoplast DNA was extracted
48 h later and used with Luna Universal gPCR Master Mix (NEB) fol-
lowing the manufacturer’s protocol. All samples were run in technical
triplicate of two biological replicates (two separate pools of proto-
plasts) in a 384-well format on a LightCycler 480 Instrument (Roche).
All gPCR primers are listed in Supplemental Table 6. Primers for
the genomic locus SGN-U346908 control were previously described
(Expdsito-Rodriguez et al., 2008). All data are presented as the mean =
st with each sample relative to the levels of total DNA as measured by
the genomics locus control.

Gene Editing in Tomato, Wheat, and Barley Protoplasts

To build the tomato construct pTC362 with 12 gRNAs targeting six genes,
two arrays of six gRNAs were cloned into pMOD_B2203 (with CmYLCV
promoter) and pMOD_C2200 using Protocol 3S1 and the two arrays were
assembled together with the Csy4-Cas9 module pMOD_A0501 into the
non-T-DNA transformation backbone pTRANS_100 using Protocol
5 (Supplemental Methods). The wheat vector pJG612 was built accordingly
using the version of Cas9 optimized formonocots inpMOD_A1510, asingle
array of six gRNAs driven by the PvUbi1 promoter in pMOD_B2112
and an empty module pMOD_C0000. Similarly, pMOD_A1510, pMOD_B
2112 (PvUbit), or pMOD_B2103 (CmYLCV), the empty pMOD_C0000
modules, and the transformation backbone pTRANS_100 were used to
construct the barley (Hordeum vulgare) vectors expressing two gRNAs
from the PvUbi1 (pTC441) or CmYLCV (pTC437) promoters, targeting for
deletion the MLO gene. Tomato protoplasts were isolated and trans-
formed as described above. Wheat protoplasts were isolated from
~10-d-old plantlets of the bread wheat cv Bobwhite 208. Seeds were
surface sterilized by rinsing in 70% ethanol for 10 min and soaking for
30 minina 1% sodium hypochlorite solution and aseptically grownin MS
medium at 24°C undera 16-h light cycle. Approximately 20 plantlets were
harvested in each experiment, cut into ~1-mm strips with a razor blade,
and digested with an enzyme solution (1.5% cellulase R10, 0.75%
macerozyme R10, 0.6 M mannitol, 10 mM MES, 10 mM CaCl,, and 0.1%
BSA, pH 5.7). The remaining steps were identical as in the protocol for
protoplast isolation from tomato described above. Barley protoplasts
were isolated from cv Golden Promise using the same protocol, except
leaves from 9- to 14-d-old plantlets (22°C with 16-h light cycle) were
used. The CRISPR/Cas9 constructs were cotransformed into ~200,000
cells along with the GFP expression plasmid pMOD_A3010, and the
protoplasts were resuspended in W5 solution and kept at 25°C in the
dark. Genomic DNA was isolated 2 d after transformation, and targeted
deletions were detected using primers listed in Supplemental Table 6,
cloned, and sequenced.
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Gene Editing with Trex2

Individual gRNAs were cloned into pMOD_B2515 (AtU6 promoter, for tomato)
and pMOD_B2518 (TaU6 promoter, for barley) using Protocol 2A and as-
sembled with 35S:Trex2-P2A-AtCas9 in pMOD_A0901 (for tomato) or ZmUbi:
Trex2-P2A-TaCas9 in pMOD_A1910 (for barley) and the empty module
pMOD_CO0000 into the protoplast transformation backbone pTRANS_100 to
create pTC391 (QRNA23, tomato ANT7), pTC393 (QRNA24, tomato ANTT), and
pTC436 (gRNA3S8, barley MLO) using Protocol 5. The control plasmids pTC392
(QRNA23, tomato ANTT), pTC394 (gRNA24, tomato ANTT), and pTC440
(gRNA38, barley MLO) without Trex2 were constructed accordingly, except
35S:AtCas9 in pMOD_A0101 and ZmUbi:TaCas9 in pMOD_A1110 were
used instead of the Trex2 containing modules. The constructs were
transformed into tomato and barley protoplasts as described above, and
genomic DNA was extracted 2 d later. The ANT7 and MLO loci were
amplified by PCR (see Supplemental Table 6 for primers), and the gene
editing rates were determined using T7 endonuclease | according to the
manufacturer’s protocol (NEB). Gel images were analyzed using ImageJ
(Schneider et al., 2012). In addition, the ANT7 PCR products were cloned
and sequenced to determine both frequency and type of mutations. For
barley, the PCR products were first digested with Ncol to enrich for
mutations, and only the digestion-resistant product was gel purified,
cloned, and sequenced.

Gene Targeting with Cas9 Nickases in Tobacco and Wheat

Individual gRNA spacers were cloned in module B (pPMOD_B2515
for tobacco [Nicotiana tabacum] or pMOD_B2518 for wheat) or C
(PMOD_C2516 for tobacco or pMOD_C2518 for wheat), downstream of an
AtU6 and At7SL or two TaU6 promoters. The GT donors were inserted into
the resulting module C plasmids using Protocol 4 (Supplemental Methods).
A promoter-less T2A-gfp-nos terminator cassette with 747- and 773-bp-
long flanking homology arms, and a 2530-bp-long functional gus:nptll
gene fusion were used as donor templates for wheat and tobacco, re-
spectively. Finally, the B and C modules were assembled with selected
module A Cas9 variants (nuclease, D10A nickase, H840 nickase, or dead
Cas9 expressed from either 35S or ZmUbi promoter into a BeYDV
[PTRANS_201] or WDV [pTRANS_203] replicon vectors) and used for
Agrobacterium infiltration of tobacco leaves (pJG363, pJG365, pJG367,
pJG369, pJG370, pJG380, and pJG382) or biolistic bombardment of
wheat scutella (pJG455, pJG456, pJG480, pJG481, pJG484, pJG486,
pJG488, and pJG493). Note that plasmids pJG455-pJG493 above used
the octopine synthase terminator sequence instead of the more efficient
HSP terminator used in the published modules. The TaCas9 coding se-
quence and the rest of the plasmids were identical with the newer modules
included in the current vector set. Four different transgenic lines (Wright
et al., 2005) were used to determine gene targeting frequencies in tobacco
as previously described (Baltes et al., 2014), with minor modifications.
Leaves from 1 to 6 weeks old plants were used for Agrobacterium leaf
infiltration. For each leaf, one-half was infiltrated with a control plasmid
pLSLZ.D.R (Baltes et al., 2014) that served as a reference to control for
transformation efficiency and the other half with one of the CRISPR/Cas9
constructs. Four to six leaves were infiltrated with each construct in each
experiment. Five days after infiltration, the leaf tissue was stained in the
X-Gluc solution. Whole leaves were scanned and the stained area was
quantified by image analysis using Imaged (Schneider et al., 2012). The GT
frequencies were normalized to the pLSLZ.D.R control and displayed
relative to the Cas9 nuclease construct. For molecular analysis, genomic
DNA was extracted from two infiltrated leaves per sample (three leaf
punches were taken from each leaf and pooled) and used as a template for
PCR to amplify the left and right recombination junctions using primers
listed in Supplemental Table 6. PCR products from both leaf samples were
cloned and sequenced. To determine GT frequencies in wheat, immature
wheat scutella (0.5-1.5 mm) were isolated from primary tillers harvested

16 d after anthesis and used for biolistic transformation. Scutella isolation
and culture conditions were as described by Gil-Humanes et al. (2011).
Biolistic bombardment was performed using a PDS-1000 gene gun.
Equimolar amounts (1 pmol DNA mg~" of gold) of plasmid were used for
each experiment with 60 g of gold particles (0.6 um diameter) per shot.
GFP images of transformed tissue were taken 7 d after transformation and
GFP positive cells were counted. The GT frequencies were normalized to
the Cas9 nuclease construct.

Accession Numbers

The deep sequencing data are available under the European Nucleotide
Archive accession number PRJEB13819 (http://www.ebi.ac.uk/ena/data/
view/PRJEB13819). All vectors are publicly available from Addgene
(plasmid 90997-91225) and the ABRC. Annotated vector sequences are
available from Addgene and from http://cfans-pmorrell.oit.umn.edu/
CRISPR_Multiplex/.

Supplemental Data

Supplemental Figure 1. Universal architecture of expression cas-
settes with unique restriction sites shown.

Supplemental Figure 2. GFP expression mediated by different pro-
moter/terminator combinations in tomato protoplasts.

Supplemental Figure 3. Frequencies of mutations induced using
different systems for gRNA expression in tomato protoplasts.

Supplemental Figure 4. Short indel sequence variants detected at
gRNA site 9.

Supplemental Figure 5. Short indel sequence variants detected at
gRNA site 10.

Supplemental Figure 6. Short indel sequence variants detected at
both gRNA sites 9 and 10.

Supplemental Figure 7. Insertions from the ARF8A locus mapped to
the vector pTC364.

Supplemental Figure 8. Long deletion sequence variants detected
between gRNA sites 9 and 10.

Supplemental Figure 9. GFP expression mediated by different
promoters in wheat scutella.

Supplemental Figure 10. Multiplexed targeted mutagenesis in Med-
icago truncatula using Cas9 and Csy4.

Supplemental Figure 11. Analysis of T1 progeny from four Medicago
truncatula TO plants with mutations in NCR53, NCR54, and NCR55.

Supplemental Figure 12. Sequences of insertions detected at the
ANTT site #2 in tomato protoplast samples without Trex2 expression.

Supplemental Figure 13. Detection of gene targeting in tobacco
leaves.

Supplemental Figure 14. Gene targeting with Cas9 nickases and
geminivirus replicons in wheat.

Supplemental Table 1. Sequencing and read filtering data.

Supplemental Table 2. Frequencies of individual mutation types
among all ARF8A sequencing reads.

Supplemental Table 3. Multiple Tukey test results.

Supplemental Table 4. Sequences of the gRNA sites used in the
qPCR experiment.

Supplemental Table 5. Genotypes of 46 Medicago truncatula
hygromycin resistant TO plants transformed with a Cas9 Csy4
construct expressing six gRNAs targeting three genes.
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Supplemental Table 6. List of primers used in this study.
Supplemental Methods. Protocols for vector assembly.
Supplemental Data Set 1. List of vectors included in the toolset.

Supplemental Data Set 2. Sequences of NCR53, NCR54, and NCR55
loci targeted for deletion in 46 Medicago truncatula TO plants.
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