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Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) is a powerful tool for genome engineering in plants. The RNA-
guided Cas9 endonuclease is usually delivered into plant cells as a DNA construct
encoding Cas9 and the single guide RNA (sgRNA). However, constitutive expression
of nucleases may cause off target mutations. In addition, DNA constructs can integrate
into the host genome, causing mutations and complicating regulatory approval. Instead
of DNA, here we deliver Cas9 through the Agrobacterium T4SS, accomplished by
fusion of the VirF T4SS translocation peptide to Cas9 (NCas9F). Co-cultivation of
Agrobacteria expressing NCas9F with yeast (Saccharomyces cerevisiae) harboring a
sgRNA targeting CANT showed that NCas9F was translocated via T4SS and induced
targeted mutations in the yeast genome. Infiltration of Nicotiana benthamiana leaves
with Agrobacteria expressing NCas9F and sgRNA-PHYTOENE DESATURASE (PDS)
resulted in targeted modifications at the PDS locus, albeit at a very low rate. In order
to increase the mutation frequency NCas9F protein was co-transported with a T-
DNA encoding sgRNA-PDS1. Next generation sequencing confirmed that this resulted
in targeted mutations at the PDS locus with a similar distribution but at a 5-fold
lower frequency as the mutations obtained with a T-DNA encoding both Cas9 and
sgRNA-PDS1. Similarly, infection with Tobacco rattle virus (TRV) encoding sgRNA-PDS2
combined with NCas9F protein translocation resulted in an equally high frequency
of PDS mutations in N. benthamiana compared to T-DNA encoded sgRNA-PDS1
combined with NCas9F protein translocation. Our results revealed that translocation of
NCas9F protein via the Agrobacterium T4SS can be used for targeted mutagenesis
in host cells instead of the permanent and constitutive expression of Cas9 from
a T-DNA.

Keywords: Agrobacterium tumefaciens, protein translocation, CRISPR/Cas, type 4 secretion system, genome
editing, Tobacco Rattle Virus (TRV)
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FIGURE 3 | CRISPR/Cas9 endonuclease-induced mutagenesis in N. benthamiana. (A) Schematic presentation of NCas9F translocation together with T-DNA
harboring the sgRNA-PDS1 expression cassette. (B) The PDS7 target fragment was amplified from N. benthamiana genomic DNA, isolated from nine biological
replicates (1-9), predigested with Ddel. The resulting 490 bp PCR products were digested with Ddel. Ddel-resistant 490 bp bands (arrow) were obtained from N.
benthamiana tissue co-transformed with translocated NCas9F protein and a T-DNA encoding the sgRNA-PDS1 cassette or with T-DNA (pDeCasPDS1) encoding both
Cas9 and sgRNA. (C) Sequence analysis of Ddel resistant PCR products after infiltration with NCas9F and T-DNA-sgRNA-PDS1 or pDECasPDS1. The Ddel site and
PAM are indicated. Insertions are shown in bold, deletions with dashes. Length of insertions and deletions are shown at the left. Numbers of multiple clones with the
same sequence are indicated at the right. (D) Deep sequencing analysis of the target sequence obtained from untreated tissue (WT) or tissue infiltrated with
Agrobacterium transferring NCas9F protein alone (P) or combined with a T-DNA expressing the sgRNA (P+T), or infiltrated with Agrobacterium transferring a T-DNA
expressing both Cas9 and sgRNA-PDS1 (T-DNA). The percentages of deletions (red), delins (green) and insertions (yellow) are indicated.

enhance the mutation frequency (Farboud and Meyer, 2015). N.  expressing the sgRNA-PDSI1 in plant cells (Figure 3A). As a
benthamiana leaves were infiltrated with Agrobacterium strain  control infiltrations were performed with AGLI carrying a T-
AGLI expressing the NCas9F protein and harboring a T-DNA ~ DNA that would express both Cas9 and the sgRNA-PDSI in
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plant cells. Seven to ten days post infiltration, the tissue was
harvested and the DNA was extracted. To easily detect mutations
induced by the NCas9F nuclease, we used the loss-of-restriction-
enzyme method (Voytas, 2013), as the target sequence of the
sgRNA overlaps with a Ddel restriction site. To enrich for DNA
molecules carrying mutations, the genomic DNA extracted from
the infiltrated leaves was pre-digested with Ddel. A 490 bp
fragment was then amplified by PCR with primers flanking the
target sequence, and the resulting PCR products were again
digested with Ddel. Restriction digestion-resistant bands were
cloned and analyzed by sequencing (Figure 3B). As expected,
translocation of a T-DNA encoding both Cas9 and the sgRNA
resulted in restriction digestion-resistant PCR products in all
of the nine infiltrated leaves. Translocation of the NCas9F
protein together with a T-DNA encoding the sgRNA-PDS1
construct resulted in restriction digestion-resistant PCR products
in seven out of nine infiltrated leaves (Figure 3B). Deletions
ranging from 1 to 11 bp, single nucleotide insertions, and small
deletions combined with insertions were found (Figure 3C).
The sequences of the PCR products were very similar to
those obtained after transformation by a T-DNA encoding both
Cas9 and sgRNA, including deletions ranging from 1 to 9
bp, single nucleotide insertions, and combinations of deletions
and insertions (Figure 3C). The results showed that NCas9F
protein translocated through the T4SS into plant cells can form
an active nuclease together with a sgRNA expressed from a
translocated T-DNA.

Subsequently, we performed next generation sequencing
(NGS) to compare the efficiency of targeted mutagenesis after
NCas9F protein delivery with or without co-delivery of T-
DNA encoding a sgRNA with that after transfer of a T-DNA
encoding Cas9. Amplicons were generated by PCR from DNA
isolated from 2 to 3 independently infiltrated leaves from 2 to
4 plants and these were combined for each of the two delivery
methods. These PCR amplicons covering the protospacer and
PAM sequences were sequenced on a NovaSeq6000 system and
data analysis was done using a custom-made sequence analyzer
tool. The mutations obtained with the positive control (Cas9
+ sgRNA-PDSI1 on a T-DNA) included insertions (1-72 bp),
deletions (1-46 bp), and combinations of deletions and insertions
(delins). The majority of the mutations were insertions. A
mutation was present in around 23% of the reads (Figure 3D).
Translocation of the NCas9F protein alone resulted in a low
background of mutations as observed in untransformed tissue.
However, translocation of the NCas9F protein together with
T-DNA encoding sgRNA-PDSI resulted in similar mutations
(insertion of 1-27 bp, deletions of 1-49 bp and delins) in
similar ratios as the positive control but at a 5-fold lower
frequency (Figure 3D).

Targeted Mutagenesis With Translocated
NCas9F Protein and sgRNA Expressed by
TRV

Translocation of the T-DNA harboring the sgRNA expression
cassette and NCas9F protein may not always occur
simultaneously into the same cell and thus can lower the targeted

mutation frequencies in plants. To enhance the availability of the
sgRNA in the leaf cells, we applied the TRV system to express
the sgRNA. In contrast to T-DNA, the TRV system can spread
to neighboring cells and systemically through the whole N.
benthamiana plant (Ali et al., 2015a). Agrobacterium harboring
TRV to express the sgRNA and Agrobacterium expressing
NCas9F were simultaneously infiltrated into N. benthamiana
leaves for targeted modification of the PDS locus (Figure 4A). For
these experiments, the PDS2 target was used with an overlapping
Ncol site. Genomic DNA was extracted and the target sequence
was amplified directly by PCR. The 283 bp PCR fragments were
subjected to T7EI digestion for detection of mutations. The
presence of the expected T7EI digested DNA fragments were
only detected in the samples expressing sgRNA-PDS2 from
TRV that had received NCas9F after protein translocation from
Agrobacterium (Figure 4B). Using semi-quantification using
band intensities, targeted modification at the PDS locus was
obtained in this case at a frequency from 3 to 18%. Although this
cannot be directly compared to the NGS data, it indicated that
the frequency was similar as that obtained after NCas9F protein
translocation combined with T-DNA encoded sgRNA.

Subsequently, 404 bp PCR fragments containing the target
sequence were subjected to Ncol digestion, since targeted
modification could lead to loss of the Ncol recognition site.
The appearance of Ncol-resistant DNA fragments confirmed the
T7E1 assay results suggesting the formation of mutations at the
target site (Figure 4C). Percentages of resistant bands were 3 to
15 %. The Ncol-resistant fragments were cloned into the pJET2.1
cloning vector and individual clones were analyzed by Sanger
sequencing. The results confirmed the presence of mutations at
the expected location (Figure 4D).

In order to exclude that the NCas9F protein was translocated
by other means than the T4SS, agroinfiltration was performed
using Agrobacteria expressing NCas9 without the C-terminal 37
amino acid translocation signal of the Agrobacterium virulence
protein VirF mixed with Agrobacterium harboring TRV to
express the sgRNA. Agrobacteria expressing NCas9F were used
as positive control. The target site was amplified using genomic
DNA as template and PCR products were digested by Ncol.
The positive control samples showed 11 and 16% Ncol-resistant
bands (Figure 4E). In contrast, no Ncol-resistant bands could be
detected in the NCas9 samples. These results showed that the
VirF translocation signal was required for gene editing and that
NCas9F was translocated via the T4SS.

TRV multiplies in N. benthamiana plants and isolated sap
containing the TRV viral RNA genomes is capable of re-infecting
new plants. The viral RNA enrichment strategy can eliminate
the need for T-DNA-based agroinfection of TRV. To confirm
this, wild-type N. benthamiana plants were infiltrated with
Agrobacterium harboring binary plasmids encoding TRV RNA1
and engineered RNA2-sgRNA-PDS2. Sap containing the RNA1
and engineered RNA2-sgRNA-PDS2 genomes was isolated and
applied to N. benthamiana leaves already infiltrated 1 day earlier
with Agrobacterium expressing NCas9F for targeted modification
of the PDSlocus. After 3-5 days, genomic DNA was extracted and
the target site was amplified by PCR. The 404 bp PCR fragment
was subjected to Ncol digestion to detect the loss of the targeted

Frontiers in Genome Editing | www.frontiersin.org

July 2020 | Volume 2 | Article 6


https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://www.frontiersin.org/journals/genome-editing#articles

Schmitz et al. CRISPR/Cas9 Mutagenesis via T4SS Translocation

!
¥

B E 12 1 2 3 4 5 C

1.2 3 45 6 7 C NCas9F + o+ - % = = s =

NCas9F + o+ + + + o+ NCas9 - - + o+ o+ O+ + -
sgRNA-PDS2 + + + + + + + - sgRNA-PDS2 + + + + + + + -

-—
Indels% 6 11 13 4 3 15 18 O Indels% 1116 0 O O O 0 O
c T 2 3 4 5 6 7 C F 1 2 3 4 5 6 7 8
NCas9F A T NCas9F + O+ o+ o+ o+ o+ o+ o+ *
sgRNA-PDS2 + + + + + + - sgRNA-PDS2 + + + + + + + + -

Indels% 3 4 5 3 3 4 9 7 0

D G
WT TTTGGTAGTAGCGACTCCATGGG WT TTTGGTAGTAGCGACTCCATGGG
+1 TTTGGTAGTAGCGACTCCCATGGG -2 TTTGGTAGTAGCGACT--ATGGG
-1 TTTGGTAGTAGCGACTC-ATGGG -3 TTTGGTAGTAGCGAC---ATGGG
-3 TTTGGTAGTAGCGAC---ATGGG -4 TTTGGTAGTAGCGAC----TGGG
-5 TTTGGTAGTAGCGA----—- TGGG -9 TTTGGTAGTAGCG-—-——————— G

FIGURE 4 | NCas9F translocation and TRV-based targeted mutagenesis in N. benthamiana. (A) Schematic presentation of the TRV-based sgRNA expression and
NCas9F translocation. (B) The PDS2 target fragment was amplified from N. benthamiana genomic DNA, isolated from seven biological replicates (1-7) and one

(Continued)
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FIGURE 4 | control sample without sgRNA (C). The resulting 283 bp PCR products were digested with T7EI endonuclease. T7El-digested fragments (arrows) were
observed from tissue co-transformed with NCas9F protein and TRV encoding the sgRNA-PDS2 cassette. % indels is indicated. (C) Purified 404 bp PCR products
were digested with Ncol to determine loss of the targeted restriction site. Ncol-resistant fragments (arrow) were observed from tissue co-transformed with NCas9F
protein and TRV encoding the sgRNA-PDS2 cassette. % indels is indicated. (D) Alignment of the mutations after transformation with the NCas9F protein and TRV
encoding the sgRNA-PDS cassette. (E) The PDS2 target fragment was amplified from N. benthamiana genomic DNA, isolated from two biological NCas9F replicates
(with VirF translocation signal), five biological NCas9 replicates (without translocation signal) and 1 untransformed control sample (C). The 404 bp PCR products were
digested with Ncol. Ncol-resistant fragments (arrow) were observed from tissue co-transformed with NCas9F protein and TRV encoding the sgRNA-PDS2 cassette.
% indels is indicated. (F) TRV was replicated in the wild-type N. benthamiana plants and the extracted sap containing viral RNA was applied to the N. benthamiana
plants that had been infiltrated with Agrobacteria expressing NCas9F, 1 day earlier. The PDS2 target fragment was amplified from the genomic DNA, isolated from
eight biological replicates (1-8) and 1 control sample without sgRNA (C) and subjected to Ncol digestion. Ncol-resistant fragments (arrow) were observed from tissue
co-transformed with NCas9F protein and enriched TRV encoding the sgRNA-PDS2 cassette. % indels is indicated. (G) Sequence analysis of mutations in
Ncol-resistant PCR products shown in (F). The PAM sequence is gray and the Ncol site is underlined. Deletions are indicated by dashes.

restriction site. The appearance of Ncol-resistant DNA fragments
after translocation of NCas9E only in the samples expressing
sgRNA-PDS2, demonstrated the formation of mutations at the
PDS locus (Figure 4F). Percentages of resistant bands were 3-
9%. Sanger sequencing reads of the cloned Ncol-resistant DNA
fragments confirmed the formation of targeted mutations at the
PDS2 target (Figure 4G).

DISCUSSION

In this study we demonstrated that the Cas9 protein of the
type II bacterial CRISPR system can be translocated from
Agrobacterium into yeast and plant via the T4SS, if provided
with the translocation peptide of the Agrobacterium virulence
protein VirF. This corroborates previous findings showing the
translocation of heterologous proteins through this T4SS after
fusion to the VirF translocation peptide (Vergunst et al., 2000,
2005; Schrammeijer et al., 2003; Hodges et al., 2006; Rolloos et al.,
2015).

Mutations induced by the translocated NCas9F and T-DNA-
or viral-expressed sgRNA were similar to mutations induced
when Cas9 and sgRNA were both expressed from a T-DNA.
However, the mutation frequencies were lower with translocated
NCas9F protein and T-DNA-expressed sgRNA than with T-
DNA-based expression of both Cas9 and sgRNA. The lower
frequencies could be due to limiting levels of translocated
NCas9E the brief presence of NCas9F in the host after
translocation, lower activity of the NCas9F protein compared
to the Cas9 protein, or because transfer of T-DNA expressing
sgRNA and the translocated NCas9F protein may not always
occur simultaneously into the same cell. For targeted mutagenesis
this approach would still be efficient in comparison to integration
of T-DNA since no lines need to be selected with only one T-DNA
copy and no progeny lines need to be isolated that have lost the T-
DNA in the next generation. Furthermore, our strategies would
be of great value in vegetatively propagated crops, where removal
of integrated T-DNA is one of the main issues.

DNA free gene-editing has been successfully applied using
other methods including delivery of in vitro produced transcripts
or ribonucleoproteins (RNP) (Woo et al., 2015; Zhang et al., 2016;
Chen et al., 2019). Such methods were also shown to reduce off-
target mutations. However, for these approaches additional steps
like isolation of protoplast or RNPs is required. For proteins

translocation using Agrobacterium transformation no special
skills are needed.

In our experiments using sgRNA-PDS1, small insertions,
mainly consisting of 1 bp insertions, were detected 4-5 times
more often than deletions. It has been reported that Cas9 might
produce staggered ends with 5'overhangs, that will results in
predictable 1 bp insertions after repair (Zuo and Liu, 2016;
Shou et al, 2018). In previous experiments with Arabidopsis
thaliana we did not observe this relatively high number of
small insertions. Other reports on targeted mutagenesis in N.
benthamiana with CRISPR/Cas9 genome editing using the loss-
of-restriction enzyme method also did not detect high levels of
small insertions (Nekrasov et al., 2013; Ali et al., 2015b; Lowder
et al., 2015; Yin et al.,, 2015). High levels of small insertions
were, however, reported in Arabidopsis after induction of DSBs
with CRISPR/Cas9 using NGS (Fauser et al., 2014). This suggests
that the outcome of repair of DSBs induced with CRISPR/Cas9
in plants is also dependent on the target sequence. Indeed,
in mammalian cells it was shown that the sgRNA sequence
determines the frequency of staggered ends produced by Cas9
activity (Gisler et al., 2019). This repair mechanisms might have
been partly responsible for the observed A insertions in our
experiments, but cannot explain the frequent T insertions. These
single A and T insertions are consistent with the “A-rule” which
states that polymerases are known to preferentially incorporate
deoxyadenosine-monophosphate (1AAMP) when template base
coding is not available (Strauss, 2002).

When we tested whether both NCas9F and the sgRNA could
be translocated from Agrobacterium into plant cells together, this
resulted only in a very low level of targeted modifications. For
translocation through the T4SS, most proteins need to become
unfolded, since the size of the channel is too narrow (20-30 A)
(Li and Christie, 2018) to accommodate large or rigid proteins.
Cas9 is a large multi-domain protein in complex with a sgRNA
of about 10 nm (Shibata et al., 2017) and unfolding is required
for transfer through the T4SS canal, probably resulting in a loss
of the interaction with the sgRNA. Since the sgRNA contains no
signal for transport through the T4SS, it probably will not enter
the cell if the interaction with Cas9 is disrupted. Therefore, T-
DNA-mediated or virus-mediated mechanisms for delivering the
sgRNA proved much more effective.

To improve the transfer of the sgRNA into the majority of
the cells, we used Agrobacterium for delivery of a TRV system
for sgRNA expression. After initial expression from the T-DNA,
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TRV can spread sgRNA into the leaf cells more efficiently than a
standard T-DNA, as TRV -once formed- not only can replicate,
but also can move from cell to cell through plasmodesmata (Ali
et al., 2015b). One of the other advantages of the TRV system
is that the RNA genomes (RNA1 and RNA2-sgRNA) become
enriched in plants by replication, and the sap extracted from such
plants containing RNA1 and RNA2-sgRNA can be used to infect
new plants. When such sap is applied to plants infected by an
Agrobacterium strain that can translocate NCas9F, this can lead
to targeted mutations. Any mutant recovered from this system
will be completely T-DNA free, which is highly desired in plant
biotechnology and crop breeding. In addition, viral RNA can
be lost in next generations or in regenerated plants from leaf
tissue, which would result in plants mutated at the target locus
but without any transgenes.

In summary, our experimental data confirmed the efficient
delivery of the NCas9F protein into yeast and plant cells via the
T4SS of Agrobacterium. This can be used as an alternative to T-
DNA-based transgenic systems for generation of non-transgenic
targeted modifications in the plant genome.
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