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Abstract

Background: Multiplex CRISPR-Cas9-based genome editing is an efficient method for targeted disruption of gene
function in plants. Use of CRISPR-Cas9 has increased rapidly in recent years and is becoming a routine method for
generating single and higher order Arabidopsis thaliana mutants. Low entry, reliable assembly of CRISPR/Cas9 vectors
and efficient mutagenesis is necessary to enable a maximum of researchers to break through the genetic redun-
dancy within plant multi-gene families and allow for a plethora of gene function studies that have been previously
unachievable. It will also allow routine de novo generation of mutations in ever more complex genetic backgrounds
that make introgression of pre-existing alleles highly cumbersome.

Results: To facilitate rapid and efficient use of CRISPR/Cas9 for Arabidopsis research, we developed a CRISPR/Cas9-
based toolbox for generating mutations at multiple genomic loci, using two-color fluorescent seed selection. In

our system, up-to eight gRNAs can be routinely introduced into a binary vector carrying either a FastRed, FastGreen
or FastCyan fluorescent seed selection cassette. FastRed and FastGreen binary vectors can be co-transformed as a
cocktail via floral dip to introduce sixteen gRNAs at the same time. The seeds can be screened either for red or green
fluorescence, or for the presence of both colors. Importantly, in the second generation after transformation, Cas9 free
plants are identified simply by screening the non-fluorescent seeds. Our collection of binary vectors allows to choose
between two widely-used promoters to drive Cas enzymes, either the egg cell-specific (pECT1.2) from A. thaliana or the
constitutive promoter from Petroselinum crispum (PcUBi4-2). Available enzymes are “classical” Cas9 codon-optimized
for A. thaliana and a recently reported, intron-containing version of Cas9 codon-optimized for Zea mays, zCas9i. We
observed the highest efficiency in producing knockout phenotypes by using intron-containing zCas9i driven under
egg-cell specific pEC1.2 promoter. Finally, we introduced convenient restriction sites flanking promoter, Cas9 and fluo-
rescent selection cassette in some of the T-DNA vectors, thus allowing straightforward swapping of all three elements
for further adaptation and improvement of the system.

Conclusion: A rapid, simple and flexible CISPR/Cas9 cloning system was established that allows assembly of multi-
guide RNA constructs in a robust and reproducible fashion, by avoiding generation of very big constructs. The system
enables a flexible, fast and efficient screening of single or higher order A. thaliana mutants.
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Background

Generating targeted genetic changes in living cells and
organisms has historically been a great challenge in man
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gene function, production of new plant traits and devel-
oping new plant breeding strategies. During the past
decade, technological breakthroughs have finally ena-
bled plant genome editing [1-3]. The latest breakthrough
was achieved with the discovery of CRISPR/Cas-based
systems, a gene editing technology which allows us
to knock genes in or out [4-7]. Knocking out a gene in
plants involves expressing CRISPR/Cas and directing it
to a specific genomic locus using a guide RNA. There,
Cas protein induces sequence-specific DNA double-
strand breaks (DSBs), and the cell’s DNA repair mecha-
nism fixes the cut using non-homologous end joining
(NHEJ) or homology-directed recombination (HDR).
NHE] occurs most often, is highly efficient but inaccu-
rate, and tends to introduce errors in the form of small
insertions or deletions that are usually sufficient to knock
out the gene. This technique is widely used to produce
stable single and multiple mutants in various plant spe-
cies. It is a very valuable tool in studying gene function,
breaking the redundancy in multigene families and devel-
oping new plant traits [4, 8—12]. Although multiple Cas
proteins have been tested for gene editing in plants, Cas9
and Cpfl (now known as Casl2a) are currently most
widely used based on the nature of their interference
complex and their efficiency [9, 13-17]. CRISPR/Cas9
consists of two main components: the Cas nuclease and
a guide RNA (gRNA). The gRNA is made up of a single
guide RNA (sgRNA), a short, 17-20 nucleotide sequence
complementary to the target genomic DNA, and a tracr
RNA (trans-activating crRNA), which serves as a binding
scaffold for the Cas nuclease. The sgRNA and Cas protein
form a Cas/sgRNA complex which is guided to a specific
genomic locus site using Watson—Crick base pairing. This
results in the cleavage of target DNA sequences adjacent
to the PAM (protospacer-adjacent motif), a short, few-
nucleotide-long sequence that is crucial for Cas binding
[18, 19]. Recently, Griitzner et al. [20] reported that the
addition of 13 introns into the Cas9 coding sequence in
combination with two nuclear localization signals (NLS)
led to higher accumulation of the Cas9 in the nucleus
and significant improvement of editing efficiency.

In plants, two types of Agrobacterium-mediated tech-
niques are used to create transgenic lines carrying the
CRISPR/Cas system: in planta transformation and cal-
lus-based transformation [21-25]. The most typical
example of in planta transformation is floral dip-based,
where Arabidopsis egg cells have been suggested to be
the target of the T-DNA transferred by Agrobacterium
infection [21, 24, 26]. In case of callus-based systems,
excised or partially disrupted meristems are transformed,
subjected to antibiotic or herbicide selection, and then
carried through tissue culture to regenerate shoots and
roots from the transformed tissues [27-29]. Arabidopsis
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is highly amenable to in planta transformation, giving it
an additional advantage as a simple and efficient model
organism, compared to many other plant species where
in planta transformation methods have often failed and
which have to rely on, work- and time-intensive tissue
culture protocols.

In theory, the CRISPR/Cas system should be able to
function and induce mutations in egg cells or zygotes.
However, several studies have demonstrated that the
occurrence of such early, complete mutations in the
first generation is rare in Arabidopsis and depends on
the strength and specificity of promoters driving the
Cas expression. When driven under ubiquitous pro-
moters, such as Cauliflower Mosaic Virus 35S promoter
(CaMV 35S) or parsley PcliBi4-2, a large number of edit-
ing events occur later in development, generating a high
degree of mosaicism in plants of the first generation
(T1) and the detection of mutations that are not neces-
sarily transmitted to the next generation. This indicates
that CRISPR/Cas9-induced mutations in Arabidopsis
occur mostly after the first embryonic cell division, at
various stages of plant development [13, 30-32]. The
use of more specific promoters to drive the expression
of Cas enzymes in Arabidopsis, such as egg cell-specific
PEC1.2, egg cell and early embryo-specific pDD45, or cell
division-specific pYAO promoter, led to a more efficient
generation of non-mosaic, biallelic mutants for multiple
target genes in Arabidopsis in the T1 generation [31-34].

Here, we developed a toolbox with a straightfor-
ward cloning protocol for assembly of multiple gRNAs
together into transfer DNA (T-DNA) vectors for Agro-
bacterium-mediated transformation into Arabidop-
sis. The assembly is based on an efficient combination
of simple Golden Gate and Gateway cloning methods,
allowing an average molecular biologist to reproducibly
assemble the constructs of interest. The T-DNA transfer
vectors contain FastRed, FastGreen or FastCyan fluo-
rescent seed selection markers for a fast seed selection
under fluorescent stereomicroscopes. We observed that
FastRed and FastGreen cassette containing vectors can
be easily co-transformed together as an Agrobacterium
cocktail to screen for the presence of both seed selection
markers in Arabidopsis seeds. This allows to double the
amount of target sgRNAs, while also allowing to avoid
generation of very large constructs that are difficult-
to-assemble and possibly unstable. Importantly, it also
enables screening for different combinations of mutants
in the same generation. The fluorescent seeds can be
screened fast and efficiently for successful transformation
events, as well for editing events already in T1 generation
avoiding the antibiotic-caused stress and plant growth
defects. In the T2 generation, Cas9-free plants carrying
the desired homozygous events in multiple genes can be
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easily identified by counterselection of non-fluorescent
seeds. Although we use Cas9 and intronized zCas9i from
Streptococcus pyogenes driven from PcliBi4-2 and pEC1.2
as examples in this study, we expanded our multicolor
T-DNA toolbox by introducing the SaCas9 from Staphy-
lococcus aureus and AsCasl2a from Acidaminococcus
into our T-DNA vectors for further system modifica-
tions. Both, SaCas9 and AsCasl2a, have different PAM
specificities, allowing to choose from a broader pool of
sgRNAs [13, 35]. At the same time, SaCas9 requires
longer PAMs compared to SpCas9, which should signifi-
cantly reduce the frequency of off-targets [13]. The PAM
requirement for AsCasI2a, on the other hand, is “TTTN”
which favors its use in targeting AT-rich genomic regions
and has been successively used to generate targeted
mutations as well as achieve transcriptional regulation in
different organisms. Moreover, differently from CRISPR-
Cas9 systems, AsCasi2a does not require tracrRNA and
RNase III for processing of mature crRNA. The transfor-
mation of pre-crRNA to mature crRNA is mediated by
intrinsic ribonuclease activities of Casl2a domains [35].
Finally, to expand the possibilities for future modification
of some of our T-DNA vectors, we introduced conveni-
ent restriction sites flanking the promoter, Cas9 and the
fluorescent seed selection cassette, to be able to select
any promoter, Cas protein or selection cassette of inter-
est. This adds an important element of modularity to our
system that is absent in many other current systems.

Results

An efficient assembly system for multiplexed CRISPR/Cas9
We sought to design an efficient and easy-to-use
CRISPR/Cas9 system for the plant research community.
Potential applications of such system would include, but
are not limited to: (1) simultaneous targeted mutagen-
esis at multiple Arabidopsis genomic loci; (2) generation
of targeted large deletions; (3) further modification of
single-site Gateway-based T-DNA vectors by introducing
newly discovered Cas proteins, more efficient promoters
to drive Cas expression or desired selection cassette.

We therefore developed a system that allows for a
reliable and routine assembly of multiple gRNAs into a
T-DNA destination vector already containing Cas9. The
assembly method combines both, Golden Gate assembly
and Single Gateway-based recombination (Fig. 1). Three
steps are required for assembly. The first step includes
generation of entry clones where sgRNAs are introduced
into a vector containing either the pU6 or pU3 promoter
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and gRNA scaffold via a simple oligo annealing tech-
nique. This is a single tube reaction and only requires
an annealed oligonucleotide pair to serve as the sgRNA
molecule of choice to be introduced into a convenient
BbslI restriction site (Fig. 1a; Additional file 1: Table S1).
We chose the oligo annealing technique for introduc-
ing 20 nt sgRNAs into Bbsl containing entry clones
based on its previous, highly successful application [13,
30, 32, 36-39]. These gRNA entry clones contain over-
hangs to enable a one-step Golden Gate assembly. This
step of cloning relies on Bsal which belongs to the Type
IIS restriction enzyme family that cleave outside their
respective recognition sequences (Fig. 1b, ¢; Additional
file 1: Table S2) [40]. We combined the efficiency and
versatility of the Golden Gate cloning approach with
another method that allows sequence-independent
cloning, namely single-fragment Gateway cloning. This
approach relies on the recombination between att sites
mediated via a commercially available enzyme set, LR
clonase (Thermo Scientific). Gateway cloning is used in
many fields and widely adopted vector collections have
been developed [6, 41-47]. The Gateway cloning has
been successfully used to generate multiplexed CRISPR-
Cas9 systems for plant genome editing [48—52]. There-
fore, the set of Golden Gate recipient vectors generated
in this study contain the ccdB counterselection cassette,
which is replaced by gRNA expression cassettes via single
Golden Gate reaction (Fig. 1b, c). After the Golden Gate
reaction, the recipient vector will contain all sgRNAs
assembled together with corresponding pl6 or pU3 pro-
moters and flanked by attL1 and attL2 sites for the final
single Gateway LR reaction (Fig. 1d). It is important to
mention that we refrained from using double, triple LR
reaction schemes, because the single Gateway LR reac-
tion in our hands always produced a higher number of
colonies and has thus greatly increased chances of suc-
cess under sub-optimal cloning conditions. Therefore, we
decided to design all our final T-DNA vectors with attR1
and attR2 sites for robustness and high cloning efficiency.
In the final LR reaction, all gRNA cassettes are recom-
bined together in the destination T-DNA vector that con-
tains the Cas9 gene, promoter to drive Cas9 expression
and fluorescent seed selection cassette of choice (Fig. 1d;
Table 1).

To this end, we constructed eight Golden Gate entry
vectors harboring pl6 or pli3-based cassettes (pRU41—
pRU48) and six Golden Gate recipient vectors (pSF463,
pSF464, pSF278, pSF279, pSF280 and pRU325) for testing

(See figure on next page.)

Fig. 1 CRISPR/Cas cloning strategy. a Oligo annealing-based cloning of chosen gRNAs into pRU41-48 entry vectors containing pU6 and pU3
promoters. b, ¢ Golden Gate assembly of up to eight gRNAs into corresponding intermediate vectors containing attL1-attL2 for single Gateway LR
reaction. d Final single Gateway assembly into T-DNA vectors containing PcUBi4-2 or pEC1.2 promoters driving Cas9 of interest. The vectors contain
one of three fluorescent seed selection cassettes, FastRed, FastGreen and FastCyan
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Table 1 T-DNA vectors for fluorescent seed selection

Page 5 of 14

Destination vector Addgene no. Gateway adapters Promoter:Cas Plant selection Bacterial selection
pRUO51 167677 attR1-attR2 PcUBI4-2:SpCas9 FastRed Spectinomycin
pRU052 167678 attR1-attR2 PcUBi4-2:5pCas9 FastGreen Spectinomycin
pRU053 167679 attR1-attR2 pEC1.2:5pCas9 FastRed Spectinomycin
pRUO54 167680 attR1-attR2 pEC1.2:5pCas9 FastGreen Spectinomycin
pRU321 167681 attR1-attR2 PcUBI4-2:5aCas9 FastRed Spectinomycin
pRU320 167682 attR1-attR2 PcUBi4-2::SaCas9 FastGreen Spectinomycin
pRU322 167683 attR1-attR2 pECI1.2:SaCas9 FastGreen Spectinomycin
pRUO55 167684 attR1-attR2 pECI1.2:AsCas12a° FastRed Spectinomycin
pRU205 167685 attR1-attR2 PcUBIi4-2:AsCas12a FastGreen Spectinomycin
pRU319 167686 attR1-attR2 pEC1.2:SpCas9 FastRed Spectinomycin
pRU292 167687 attR1-attR2 PcUBI4-2:zCas9i FastRed Spectinomycin
pRU293 167688 attR1-attR2 pUBI4-2:zCas9i FastGreen Spectinomycin
pRU294 167689 attR1-attR2 pECT.2:zCas9i FastRed Spectinomycin
pRU323 167690 attR1-attR2 PcUBi4-2:zCas9i FastCyan Spectinomycin
pRU324 167691 attR1-attR2 pEC1.2:2Cas9i FastCyan Spectinomycin
pRUOG1 167692 attR1-attR2 PcUBi4-2:AsCas12a FastRed Spectinomycin
pRU206 167693 attR1-attR2 pEC1.2:AsCas12a FastGreen Spectinomycin
pRU295 167694 attR1-attR2 pECI1.2:zCas9i FastGreen Spectinomycin

T-DNA vectors for FastRed, FastGreen and FastCyan selection
2The vectors with all three elements replaceable using restriction sites

assembly for up to eight gRNA cassettes into a single vec-
tor (Fig. la—c, Additional file 1: Tables S1, S2). We found
assembly of all eight gRNAs cassettes via Golden Gate
was easily achieved and the efficiency for the Golden
Gate assembly into intermediate vectors was gener-
ally between 70 and 90% (between 7 and 9 colonies out
of 10 had correct assembly of gRNAs). All the colonies
generated after the final single Gateway LR reaction were
positive (based on 10 independent single Gateway LR
reactions).

The T-DNA vector module contains plasmids car-
rying Cas9, zCas9i or Casl2a variants that have been
previously used in higher plants (Table 1; Additional
file 2: Figure Sla). They are plant codon-optimized
SpCas9, SaCas9, zCas9i and AsCasl2a variants [13, 20,
30, 53]. The expression of the different Cas variants is
driven either under PclUBi4-2 or pECI1.2 promoter [13,
31, 32]. Differently from Cas9 and intronized zCas9i,
SaCas9 and AsCasl2a have different requirements
concerning the interaction between crRNA (CRISPR
RNA) and tracrRNA (trans-activating crRNA) and pre-
viously developed entry vectors, such as pEn-Sa_Chi-
mera and pYPQ133-STU-As (Addgene ID 138100) can
be used for gRNA cloning [13, 54]. pEn-Sa_Chimera
contains the Arabidopsis pU6-26 promoter, followed
by the spacer for cloning the 20 nt sgRNA sequence
using BbsI restriction sites and tracrRNA specific to

SaCas9. This cassette is flanked by attL1-attL2 recom-
bination sites for an easy single-step Gateway cloning
into pRU320, pRU321 and pRU322 T-DNA vectors for
fluorescent seed selection. For cloning into the vectors
containing AsCasi2a, pYPQ133-STU-As entry clone,
developed by Zhang et al. can be used [54]. pYPQ133-
STU-As contains AsCasl2a crRNA scaffold flanked
by the hammer head (HH) and hepatitis delta virus
(HDV) ribozymes and a sgRNA cloning site between
HH and HDV. Such cassette harboring different sgR-
NAs can be subcloned into pRU41-pRU48 vectors
using Bbsl restriction sites and used for cloning into
intermediate vectors.

(pSF463, pSF464, pSF278, pSF279, pSF280 and
pRU325) for Single-step Gateway reaction to be deliv-
ered into pRUO055, pRU205, pRU061 and pRU295
T-DNA vectors for fluorescent seed selection.

As illustrated in the Fig. 1, our assembly of a multi-
plex CRISPR/Cas9 T-DNA vector takes three steps
and requires very basic molecular biology techniques.
Importantly, PCR is not used for any cloning step,
which reduces the likelihood that mutations will occur
within the CRISPR/Cas9 components and obviates the
need for control sequencing. Having established the
system, we next tested our vector systems for genome
editing. The following work mainly focuses on testing
vectors expressing Cas9 and zCas9i under pECI1.2 or
PclUBi4-2 promoters.
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The game of colors—a cocktail of FastRed and FastGreen
vectors for a faster screening of editing events

Into each T-DNA vector carrying the Cas9 cassette
we have introduced pOLEI::OLE]I fusion tagged either
with GFP (FastGreen), tagRFP (FastRed) or mTur-
quoise2 (FastCyan) to be able to screen seeds with red,
green or cyan fluorescence simply by using a fluores-
cent stereomicroscope (Fig. 1d; Table 1; Additional
file 1: Table S1A). As described previously, FAST (flu-
orescence-accumulating seed technology) is based
on the expression of OLE1 (OLEOSIN1) translational
fusions, under the control of its native pOLE1 pro-
moter, thus accumulating fluorescence on the oil body
membranes in the developing seeds of Arabidopsis [56].
Arabidopsis seeds accumulate a large quantity of oil
bodies, which are surrounded by phospholipid mem-
branes with embedded proteins within the cell [56].
Oleosins are abundant structural proteins embedded
in oil body membranes, have an important function
in regulating the size of oil bodies and confer freezing
tolerance upon seeds [55]. Among all oleosins, OLE1 is
the most abundant in Arabidopsis seeds [57, 58].

The aim of using fluorescent seed selection was to
reduce the length of time for: (1) identifying the trans-
genic lines in T1 carrying the desired events; (2) obtain-
ing homozygous, CAS9-free mutants in T2 generation.

In addition, we decided to test whether the T-DNA
constructs, carrying FastRed or FastGreen, can be com-
bined together via simple Agrobacterium-based co-
transformation. Immediately before dipping Arabidopsis
flowers, we mixed the two Agrobacterium cultures in
equal proportions together into one cocktail. In T1 gen-
eration, we were able to screen either for red or green
fluorescent seeds, or both colors together (rates of 3—4%
single color seeds and 0.5-1% of two-color seeds, based
on four independent co-dipping experiments, 16 plants
co-dipped in each experiment). Dependent on the filter
set available in the users’ fluorescent stereomicroscopes,
the seeds can be screened for both colors either by
switching the filters in-between or by using the long pass
filters for green fluorescence to select the yellow color
seeds. In T2 generation, we noticed that around 70% of
independent two-color seed lines contained mostly yel-
low seeds (between 33 and 95% of total number of seeds)
suggesting that, although coming from two separate vec-
tors and independent bacteria, FastRed and FastGreen
cassettes containing T-DNAs often enter into a com-
mon locus and co-segregate together (Fig. 2; Additional
file 2: Figure S1b). Screening of non-fluorescent seeds
in T2 (counter-selection) allowed us to obtain Cas9-free
homozygous mutants. We used cuclcuc2 double mutants
as examples to demonstrate the application of our Fas-
tRed and FastGreen co-transformation system.
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Simultaneous targeting of different Arabidopsis loci using
FastRed and FastGreen strategy

First, we tested our system for simultaneously creat-
ing targeted deletions in Arabidopsis CUCI and CUC2
loci. The CUP-SHAPED COTYLEDON genes CUCI
and CUC2 encode a pair of NAC transcription factors
required for shoot meristem initiation. They are function-
ally redundant and the seedlings of each single mutant
show little morphological phenotype while the double
mutant completely lacks a shoot meristem and produce
completely fused cotyledons [59-62]. To increase the
chance of obtaining different mutant alleles and large
deletions, we picked three sgRNAs for each, CUCI and
CUC2, located in different exons and distributed along
the coding sequence (Fig. 3a). The three sgRNAs for each
gene were expressed either under the pli6 or pU3 pro-
moter as indicated in the cloning setup (Fig. 1a).

The T-DNA expression vector for CUCI contained
FastRed and the vector for CUC2—FastGreen selec-
tion marker. To compare the efficiencies, we used con-
structs containing either pEC1.2 or PclUBi4-2 promoter
driving Cas9 expression. Both, FastRed and FastGreen
constructs, were co-dipped together as an Agrobacte-
rium cocktail into wild-type Col-0 plants to generate
seeds with single or both colors. To verify the stability of
these vectors, we sequenced and verified all the elements
before and after transformation into Agrobacterium. In
the first generation after transformation (T1), we selected
the fluorescent seeds containing both colors using fluo-
rescent stereomicroscope, germinated them on plates
and genotyped. We identified heterozygous (3/19; 15.8%
for pECI1.2 and 6/22; 22.7% for PclUBi4-2 construct) and
biallelic (3/19; 15.8% efficiency for pECI.2 and 3/22;
11.1% for PclBi4-2 constructs) double mutants of cuc-
Icuc2 (Fig. 3b). We also identified 1/19 (5.3%) and 3/22
(13.6%) chimeric plants in pEC1.2 and PcUBi4-2 experi-
ments, accordingly. Although the overall number of
events was higher in the co-transformation experiments
where the PclBi4-2 was used to drive Cas9, we noticed
that more biallelic mutants were found in T1 when
PEC1.2 promoter was used. This is consistent with previ-
ous studies where pEC1.2 was shown to produce biallelic
and heritable events already in T1.

As expected, the cuclcuc2 double mutants exhibited a
severe shoot phenotype with fused cotyledons (Fig. 3b).
In our hands, the cuclcuc2 mutants were not viable
and therefore we had to maintain heterozygous T1
lines. To check if the detected mutations in both genes
were stably transmitted from T1 to T2 generation, we
took two T1 lines from pECI1.2::Cas9 and four lines
from PclUBi4-2::Cas9 co-dipping experiment which
were heterozygous for one mutation and homozygous
for the other, left them to self-pollinate, selected the
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Fig. 2 Fluorescent seed selection in T1 and T2 generations after Agrobacterium-mediated transformation. Green, red or yellow (two color)
fluorescent seeds are selected in T1 generation, genotyped for editing events and the non-fluorescent, Cas9-free, seeds of T2 progenies are
screened for stably inherited mutations. Scale bars =100 um
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non-fluorescent seeds and checked the segregation
and type of mutations in the following T2 generation.
The resulting T2 lines segregated and we were able to
detect a high rate of seedlings showing double mutant
phenotype.

We sorted 36 non-fluorescent seeds of two T2 lines,
one derived from pECI.2:Cas9 (T2-5) and the other
one from PclUBi4-2::Cas9 (T2-18) co-dipping experi-
ments, for more detailed segregation analysis. In case
of pEC1.2::Cas9 (T2-5) line, we detected 5/36 individu-
als (13.9%) with a heterozygous mutation for one of the
CUC genes and homozygous for the other gene. In case
of PcliBi4-2::Cas9 (T2-18) line, we found 23/36 individu-
als (63.9%) heterozygous for one of the CUC genes and
homozygous for the other gene (Fig. 3d, e). We further
verified the absence of Cas9 by PCR using Cas9-specific
primers in these lines. Thus, following all these results,
our multiplex CRISPR/Cas9 system allows to use at least
three sgRNAs/gene and the combination of two con-
structs to target two genomic loci simultaneously. Such
strategy also provides flexibility in the screening strategy
where generation of different combinations of mutants is

required (e.g., generation to two pairs of double mutant,
in addition to a quadruple mutant).

To test if we can efficiently target a higher number
of sgRNAs using the same construct, we cloned three
sgRNAs for CUCI and two sgRNAs for CUC2 into the
same vector carrying Cas9 under pECI1.2 promoter. The
resulting vector contained five gRNA cassettes in total.
In T1, we could obtain biallelic cuclcuc2 (16%; 4/25 for
PEC1.2::Cas9 and 14.3%; 4/28 for PcUBi4-2::Cas9), het-
erozygous (5/25; 25% for pEC1.2::Cas9 and 7/28; 25% for
PclUBi4-2::Cas9) with similar ratio compared to the co-
transformation strategy. This suggest that stacking up
at least five gRNAs into the same vector does not affect
their efficiency. In T2 generation, we were able to identify
a number of segregating lines containing Cas9-free and
carrying different types of mutations (Fig. 3c). Using the
co-dipping technique and stacking up to five gRNAs into
one vector we obtained mostly point mutations (about
85% for CUC1 and 50% for CUC2, based on 14 independ-
ent T2 lines), occasionally large deletions (about 5% for
CUCI and 21% for CUC2, based on 14 independent T2
lines) and small deletions or insertions (about 29% for



Ursache et al. Plant Methods (2021) 17:111

Page 8 of 14

a
gRNAT gRNA2 gRNA3
ATG
CUC1 (AT3G15170)
gRNAT gRNA2 gRNA3
v
| 1830 bp
ATG
CUC2 (AT5G53950)
[+
Number of cucicuc2 Mutation
dark seeds = phenotype/ incuct
dark seeds
PEC1.2::Cas9 co-dipping T2-3 28/174 (16.1%) 12/28 (42.9%) +G gRNA1

PpEC1.2::Cas9 co-dipping T2-5 28/356 (7.9%  6/28 (21.4%)

PcUBi4-2::Cas9 co-dipping T2-8 33/176 (18.7%) 8/42 (19%) +G gRNA1

PcUBi4-2::Cas9 co-dipping T2-14 37/197 (18.8%) 1/21 (4.8%)  +G gRNA1

PcUBi4-2::Cas9 co-dipping T2-18 68/308 (22.1%) 30/48 (62.5%) +G gRNA1

PcUBI4-2::Cas9 co-dipping T2-15 40/124 (32.3%) 8/36 (22.2%) +G gRNA1

PEC1.2::Cas9 (one vector) T2-5  14/89 (15.7%) 6/28 (21.4%) +G gRNA1

PEC1.2::Cas9 (one vector) T2-7  25/158 (15.8%) 10/25 (40%)  +A gRNA3

PEC1.2::Cas9 (one vector) T2-15  37/127 (29.1%) 3/35 (8.6%)  +A gRNA1/-444bp

PECT1.2::Cas9 (one vector) T2-16  46/121 (38%)  2/36 (5.5%)  -1bp gRNA1

PcUB4i-2::Cas9 (one vector) T2-1 25/245 (10.2%) 24/36 (66.7%) +G gRNA2
PcUBi4-2::Cas9 (one vector) T2-7 53/138 (38.4%) 16/42 (38.1%) +T gRNA1
PcUB4i-2::Cas9 (one vector) T2-14 48/171 (28.1%) 12/50 (24%)  +G gRNA1

PcUBI4-2::Cas9 (one vector) T2-8 33/176 (18.7%) 8/44 (18.2%) +G gRNA1

+7bp/-889bp gRNA1 -1214bp (GRNA1-2)

Col-0

cucicuc2 cucicuc2
(from T2-18) (from T2-5)
d e
Mutation To-18 cuct
in cUC2 ,6 g TGATGTGTTTAACGGTTGE6G6 AGGCCAA
3 3 TGATGTGTTTAACGGTTGGECGEBAGECCAA
1
+C gRNA3 2 L *
3| [« %
== |
5 | * N
6 }# E
+9bp gRNA1 ; L g cuc2
9 “3 CTA TCTCCBA
+7/-18bp gRNAT 112 E : % CTAGC TCTCCOATY
+T gRNA2 LA,
14 [ ]
+T gRNA1 15
16 | [+
-1bp gRNA1 TeH
190 | [« cuct
-1bp gRNA1 20 ] ceeTTGE GAGAGAAGAGTTGT
g; ‘!;] : COGTTGETAAGAGA  --====-======" JSAGAGAAGAGTTGT
+A gRNA1 2] [+ _ +7bp 889 bp
24 [ [T+ o
-12150p gRNAT-2 | 25 LI Ll g MW\M M,\’ N\ﬂ ﬂ \
27 9
+G gRNA1 zg g § cuc2
30 D « g JTATTACCACTACGA AAGGAGGAGGAGGAGI
-1215bp gRNA1-2 31 K O | iTATTACCACTACGA: === ===+ - AAGBAGGAGGAGGAG!
32 -1214bp
+7bp/-18bp gRNA1 : F] *
+9bp gRNA1 36 T«

Fig. 3 Example of the application of co-dipping strategy. a Graphical representation of CUCT and CUC2 genes and positions of gRNAs. b cuclcuc2
knockout cotyledon phenotype in the isolated p£C1.2:Cas9 (T2-5) and PcUBi4-2:Cas9 (T2-18) lines. ¢ Segregation analysis of the selected T2 lines.
Counting the non-fluorescent seeds and evaluating cucicuc2 phenotype among the non-fluorescent seeds were performed independently. d
Segregation analysis in 36 wild-type looking individuals derived from non-fluorescent seeds from the selected pEC1.2:Cas9 (T2-5) and PcUBi4-2:Cas9
(T2-18) lines. Yellow color indicates homozygous, green indicates heterozygous and grey color indicates wild-type individuals. The asterisks indicate
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mutations in pEC1.2:Cas9 (T2-5) and PcUBi4-2:Cas9 (T2-18) lines as identified by sequencing. Scale barinb = 1 mm

CUC2 and none detected for CUCI, based on 14 inde-
pendent T2 lines).

Given that the vectors we generated have maximum
capacity of eight gRNAs, the number can be doubled to
sixteen using co-transformation technique. This provides
a powerful tool for generation of high order Arabidopsis
mutants. The system described here has been successfully
applied to generate several important high order Arabi-
dopsis mutants: quintuple gelp22/gelp38/gelp49/gelp51/
gelp96 (gelp™™) mutant lacking the core root endoder-
mis suberin polymerization machinery, nonuple endo-
dermis-specific laccase lacl;3;57;8;9;12;13;16 (9 x lac)
mutant and a quadruple myb41-myb53-myb92-myb93

(quad-myb) with mutations in four transcription fac-
tors essential for promoting endodermal suberin forma-
tion [63-65]. In case of gelp?™™, a co-dipping strategy
was employed using two different FastRed and Fastgreen
vectors which were harboring in total 10 sgRNAs to tar-
get five endodermis-specific GELP genes (two sgRNAs/
gene). Using this strategy, we were able to efficiently
obtain different order gelp mutants, including two differ-
ent gelp?" alleles by screening the non-fluorescent seeds
from twelve different T2 lines (96 individuals in total).
Although we could not detect large deletions in gelp?"
screen using two sgRNAs/gene, we were able to iden-
tify small events, such as single nucleotide insertions,
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deletions or few nucleotide deletions in either of the two
sgRNAs or both [65]. This suggests that choosing at least
two sgRNAs to target one gene increases the chances
of successful gene editing, as well as obtaining different
multiple mutant alleles.

Flexible CRISPR/Cas T-DNA vectors for further modification
and improvement

Currently, new Cas proteins and their modifications
are being discovered and reported at a high rate [7, 13,
15-17]. Some of them are more efficient than others,
with different binding properties and different PAM
sites. Therefore, we decided to modify some of our vec-
tors in order to enable a fast and easy swapping of the
promoter to drive Cas, Cas itself and the plant selection
cassette. The vectors pRU055 and pRU319 have Kpnl
restriction sites flanking the promoter pEC1.2, as well as
SgsI or Ascl sites flanking the Cas9 sequence and Hin-
dlll restriction sites flanking the fluorescent seed selec-
tion cassette (Fig. 4a). All these restriction sites allow for
a fast and efficient replacement of all three elements in
the future. Vectors pRU051, pRU052, pRU292, pRU293,
pRU294 and pRU295 allow an easy replacement of Cas9
and selection cassette. Our vectors could be easily modi-
fied for generating tissue-specific CRISPR by replacing
PclBi4-2 or pECI1.2 with a tissue-specific promoter of
interest, for example.

To demonstrate the advantage of our modular cloning
system, we decided to replace the Cas9 in the destination
vector pECI1.2:SpCas9 (pRU319) with a recently pub-
lished optimized version of Cas9, zCas9i, containing 13
introns and two NLS signals flanking the zCas9. zCas9i
has been reported to dramatically improve the edit-
ing efficiency already in the primary T1 transformants.
According to Griitzner et al,, none of the primary trans-
formants obtained with a zCas9 lacking introns driven
under pRPS5a promoter displayed a knockout mutant
phenotype, whereas between 70 and 100% of the trans-
formants generated with the zCas9i displayed mutant
phenotypes [20]. Since in our hands, non-modified Cas9
is much more efficient, we wondered what degree of
improvement in efficiency of zCas9i we would obtain in
our system with a better-working, unmodified Cas9.

In addition to zCas9i, we also replaced the FastRed cas-
sette with FastGreen and a newly generated FastCyan to
produce a set of destination vectors containing zCas9i
driven either under pECI1.2 or PcUBi4-2 and combined
with FastRed, FastGreen or FastCyan fluorescent seed
selection markers (Fig. 4b; Table 1; Additional file 2:
Figure S1). We introduced the FastCyan-based fluores-
cent seed selection cassette to be able to sort the seeds
not only in the red and green spectrum, but also in the
cerulean spectrum. To test the efficiency of these newly
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generated plasmids, we chose SGN3 (SCHENGEN 3) as a
target gene. SGN3 encodes a receptor-like kinase with an
important function in maintaining the integrity of Cas-
parian strips, lignin-based barrier in the root endoder-
mis. In the absence of SGN3, discontinuous patches of
lignin can be easily observed using Basic Fuchsin staining
[66—68]. For comparison, we introduced three sgRNAs
to target SGN3 into the vectors containing zCas9i and
Cas9 lacking the introns (Fig. 4c). In both cases, Cas9
or zCas9i were driven either under PclBi4-2 or pECI1.2
promoters. In T1 generation, we assessed the number of
sgn3 knockout phenotype appearing in different lines.
We observed that the highest number of knockout phe-
notypes (32/51, 62.7%) were displayed by the T1 line
generated using intron-containing zCas9i driven under
pECIL2 promoter. In comparison, the same promoter
driving regular, intron-less Cas9, generated 30% (15/50)
knockout phenotype displaying individuals (Fig. 4d-e).
Although zCas9i driven under ubiquitous PclBi4-2 pro-
moter generated significantly lower number of knockouts
in T1 generation (5/50, 10%), it was still higher com-
pared to the same promoter driving regular Cas9 (3/50,
6%) (Fig. 4e). To check the inheritance of the knockout
phenotypes, we generated T2 lines and checked two lines
from each construct, pEC1.2::Cas9 and pECI1.2::zCas9i.
In all four lines we could confirm homozygous sgn3 phe-
notype by selecting non-fluorescent, Cas9-free, seeds
(Fig. 4f). These results show that zCas9i indeed repre-
sents a significant improvement over intron-less variants,
even when compared in a system in which intron-less
Cas9 shows a reasonable efficiency. Our data indicates
that the pECI::zCas9i construct reported here is a highly
efficient vector for the generation of biallelic mutants
already in T1 generation.

Conclusions

In this study, we developed and tested a two-color based
multiplex CRISPR/Cas9 toolbox that consists of Golden
Gate- and Gateway-compatible vectors, all of which are
available at Addgene (https://www.addgene.org). The
vectors allow to assemble up to eight (sixteen in case of
co-dipping) gRNAs. The T-DNA vectors we developed
contain either FastRed, FastGreen or FastCyan cas-
sette which: (1) simplifies the cloning strategy by avoid-
ing the generation of very large constructs; (2) simplifies
the screening method in the first generation (T1) where
only fluorescent seeds are selected, as well as in sec-
ond generation (T2) where Cas9 presence is counter-
selected by picking non-fluorescent seeds and which
are then checked for the desired editing events; (3) pro-
vides ability to easily screen for different, higher order
mutants in the same generation. To demonstrate mul-
tiplexing, we cloned three independent gRNAs in each
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Fig. 4 CRISPR/Cas T-DNA vectors for further modification and improvement. a Schematic representation of T-DNA vector (pRU319) containing
Kpnl, Sgs! and Hindlll restrictions sites flanking the promoter, Cas gene and selection cassette, accordingly. b FastCyan seed selection based on
seed-specific pOLE:OLET-mTurquoise2 expression. Yellow arrows indicate the positive fluorescent seeds. ¢ Schematics of SGN3 gene showing the
positions of the chosen sgRNAs. d Basic Fuchsin (gray) staining of lignin-based Casparian strips in the isolated T1 generation biallelic sgn3 mutants
generated using pFC1.2:Cas9 and pEC1.2:zCas9i constructs. e Segregation analysis in T1 generation in pEC1.2:Cas9, pEC1.2:zCas9i, PcUBi4-2:Cas9 and
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vector simultaneously, co-transformed them together
into Arabidopsis, an approach that has not yet been
explored. The T-DNA vectors contain either pECI.2 or
PcUBi4-2 promoter to drive Cas9, intron-containing
2Cas9i, SaCas9 or AsCasl2a and fluorescent seed selec-
tion cassette of choice—FastRed, FastGreen or FastCyan.

Moreover, most of the vectors we generated can be easily
modified to be able to introduce any promoter, Cas gene
or selection cassette of interest. Although we could occa-
sionally obtain large deletions by using three sgRNAs to
target the same gene, most of the detected mutations
were either single nucleotide insertions or deletions.
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However, we demonstrated here and with an example
of generating the quintuple gelp mutant that, by increas-
ing the number of sgRNAs, we increase the chance of
choosing the more efficient sgRNAs for gene editing
and obtaining different multiple mutant alleles. Further
research on how the distance between sgRNAs affects
the chance of obtaining higher number of large deletions,
is required.

In summary, we believe that the toolbox presented here
will be very useful in plant research and plant synthetic
biology, due to its streamlined, easy-to-use and efficient
cloning and selection system. Moreover, its modularity
and flexibility will allow researcher to easily build-on and
improve the system in the future.

Materials and methods

Plant growth and transformation

In all experiments Arabidopsis thaliana Columbia (Col-
0) ecotype was used. The seedlings were germinated on
solid half-strength Murashige and Skoog (MS) medium
without addition of sucrose. CUCI (At3g15170), CUC2
(A£5¢53950) and SGN3 (AT4G20140) genes were cho-
sen as targets for CRISPR/Cas9 targeting. The seeds of
T1 and T2 generations were surface sterilized, sown on
plates, incubated for 2 days at 4 °C for stratification, and
grown vertically in growth chambers at 22 °C, under
continuous light (100 uE). The phenotypic analyses were
performed on 6-day-old seedlings. For Agrobacterium-
mediated transformation, siliques of flowering plants
were removed and a solution of resuspended Agrobac-
terium cells carrying corresponding CRISPR constructs
with sucrose and SILWETT (5% of sucrose and 0.06%
Silwet L-77) was directly applied to flower buds by pipet-
ting. In case of co-transformation, FastRed and FastGreen
vectors were transformed separately into Agrobacterium
and grown overnight in 5 ml cultures at 28 °C. The cul-
tures were centrifuged for 10 min at 4000 rpm, the pel-
lets resuspended in sucrose and Silwet L-77 solution. The
resuspended FastRed and FastGreen pellets were mixed
in equal amount to make a cocktail for transforming both
constructs at same time.

Generation of CRISPR/Cas9 vectors

The primers used to generate all vectors are indicated
in Additional file 1: Table S1. pChimera (Addgene ID
61432) [30] was used as a template to generate pRU41,
pRU43, pRU45 and pRU47 vectors (Additional file 1:
Table S1). The pRU42, pRU44, pRU46 and pRU48 were
generated by replacing the pli6 promoter with plU3. The
corresponding Bsal sites were introduced to generate
compatible overhangs in all the entry clones as shown in
Fig. 1. The intermediate vectors pSF463, pSF278, pSF464,
pSF279, pSF280, pSF325 were generated by introducing
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the corresponding Bsal sites into pPDONR221 containing
ccdB cassette and flanking attL1 and attL2 recombination
sites ready for single fragment Gateway cloning (Addi-
tional file 1: Table S2). The final T-DNA vectors were gen-
erated using pDe-Cas9 as template (Addgene ID 61433)
[30]. The FastRed, FastGreen and FastCyan selection
cassettes were amplified from pFRm43GW (Addgene ID
133748), pFG7m34GW (Addgene ID 133747) [69] and
UBQ::NLS-mTurquoise2 [70] vectors and introduced into
pDe-Cas9 vector in place of PPT selection using HindIII
(FastDigest, Thermo Fisher Scientific, Catalog Number
FDO0504) restriction sites. Different Cas9 and Casl2a
variants, as well as zCas9i were amplified from vectors
pDe-SaCas9 [13], pYPQ220 (Addgene ID 86208) [53] and
PAGM47523 (Addgene ID 153221) [20] and introduced
by replacing Cas9 using Sgs/ (FastDigest, Thermo Fisher
Scientific, Catalog Number FD1894) restriction sites in
pDe-Cas9 vector. pECI1.2 was amplified from pHEE401E
(Addgene ID 71287) [31] vector and introduced into dif-
ferent vectors by replacing the Pcl/Bi4-2 promoter vector
using Kpnl (FastDigest, Thermo Fisher Scientific, Cata-
log Number FD0524) restriction sites. All vectors gener-
ated in this study are shown in Table 1; Additional file 1:
Tables S1, S2 and are deposited at Addgene plasmid
repository (https://www.addgene.org). The primers used
for generating modification of the vectors are shown in
Additional file 1: Table S3. The primers for introducing
the required gRNAs into the entry vectors are indicated
in Additional file 1: Table S4 and the detailed proce-
dure of generating T-DNA vectors carrying the gRNAs
is described in Additional file 3: Materials and methods.
Benchling (https://www.benchling.com) platform was
used to find the optimal sgRNAs. The sites of the chosen
sgRNAs are indicated in the Fig. 3 (for CUCI and CUC2
genes) and Fig. 4 (for SGN3 gene). The sgRNA target
sites were always located in exons with the first sgRNA in
close proximity to translation start site.

Screening of CRISPR mutants

Fluorescent seeds of T1 plants carrying FastGreen, Fas-
tRed and FastCyan cassettes, as well as non-fluorescent
seeds of T2 lines were screened using Leica MZ16FA
Fluorescence Stereomicroscope. The filters used for dif-
ferent colours are as follows: DSR (LEICA 10447227)
for FastRed; GFP3 (LEICA 10447217) for FastGreen;
CFP (LEICA 10447409) for FastCyan; GFP2 (LEICA
10447221) for yellow seeds carrying both FastRed and
FastGreen constructs.

Genomic DNA of transgenic CRISPR T1 and non-
transgenic T2 plants was extracted using CTAB method
[71]. The leaves and flowers were used for DNA extrac-
tion. The plant material was crushed using pipette tips
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directly in 100 pl CTAB buffer and incubated for 40 min
at 65 °C. 100 pl of chloroform/isoamyl alcohol (16/1
ratio) was added, mixed by inverting and centrifuged
for 5 min at max speed. The upper phase was collected,
mixed with 50 ul of isopropanol and incubated overnight.
Next day, the samples were centrifuged for 10 min at
maximum speed. The liquid was discarded and, after dry-
ing, the pellet was resuspended in 50 pl of water. Prim-
ers used for genotyping and sequencing are indicated in
Additional file 1: Tables S5; S6.

Lignin staining and confocal microscopy

ClearSee-adapted Basic Fuchsin staining for lignin was
performed as described earlier [72]. Confocal pictures of
Basic Fuchsin stained sgn3 mutant roots were obtained
using Zeiss LSM 880 confocal microscope. The excitation
and emission spectra for Basic Fuchsin are 561 nm and
570-650 nm accordingly.
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