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SUMMARY

Gene targeting (GT), the programmed change of genomic sequences by homologous recombination (HR), is
still a major challenge in plants. We previously developed an in planta GT strategy by simultaneously releas-
ing from the genome a dsDNA donor molecule and creating a double-stranded break (DSB) at a specific site
within the targeted gene. Using Cas9 form Streptococcus pyogenes (SpCas9) under the control of a ubiqui-
tin gene promoter, we obtained seeds harbouring GT events, although at a low frequency. In the present
research we tested different developmentally controlled promotors and different kinds of DNA lesions for
their ability to enhance GT of the acetolactate synthase (ALS) gene of Arabidopsis. For this purpose, we
used Staphylococcus aureus Cas9 (SaCas9) nuclease and the SpCas9 nickase in various combinations. Thus,
we analysed the effect of single-stranded break (SSB) activation of a targeted gene and/or the HR donor
region. Moreover, we tested whether DSBs with 5’ or 3’ overhangs can improve in planta GT. Interestingly,
the use of the SaCas9 nuclease controlled by an egg cell-specific promoter was the most efficient: depend-
ing on the line, in the very best case 6% of all seeds carried GT events. In a third of all lines, the targeting
occurred around the 1% range of the tested seeds. Molecular analysis revealed that in about half of the
cases perfect HR of both DSB ends occurred. Thus, using the improved technology, it should now be feasi-
ble to introduce any directed change into the Arabidopsis genome at will.

Keywords: Arabidopsis thaliana, double-stranded break repair, engineered nucleases, genome editing,

homologous recombination, targeted mutagenesis.

INTRODUCTION

It has been known for more than 20 years that gene tar-
geting (GT) by homologous recombination (HR) (Puchta
et al., 1996), or gene knockout by non-homologous end-
joining (NHEJ) (Salomon and Puchta, 1998), can be
achieved by the induction of double-stranded breaks
(DSBs) with sequence-specific endonucleases in plant
genomes. However, it was only with the development of
the CRISPR/Cas technology that tools became available
that can be used with ease in any molecular biology lab-
oratory, with new applications of the technology currently
transforming plant biology (Schiml and Puchta, 2016;
Mahas et al., 2017; Mahfouz, 2017; Malzahn et al., 2017;
Puchta, 2017). Using Cas9 nucleases for trait improve-
ment by knocking out specific genes by NHEJ, the tech-
nology has become routine for applications in agriculture
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(Baltes et al., 2017; Pacher and Puchta, 2017; Scheben
et al., 2017; Yin et al., 2017).

Unfortunately, despite DSB induction, the frequencies
for controlled genomic change by homologous recombina-
tion (HR) are still disappointing. Multiple studies per-
formed with different synthetic nucleases (Wright et al.,
2005; D'Halluin et al., 2008; Shukla et al., 2009; Townsend
et al., 2009; Ayar et al., 2013; de Pater et al., 2013; Watan-
abe et al., 2016) showed that the GT frequencies were low,
often below the 1% range. The reason for this is that, in
somatic plant cells, NHEJ is much more efficient than HR
in repairing DSBs (Knoll et al., 2014). Using Cas9-mediated
induction of DSBs, several strategies have been developed
to enhance HR-mediated GT frequencies in plants (for a
recent review see Steinert et al., 2016). The group of Dan
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Voytas, for instance, developed an innovative geminivirus
replicon-based strategy which enabled them to improve
GT frequencies in some plant species (Baltes et al., 2014;
Cermak et al., 2015). However, at least for monocots, no
fertile plants have been reported to be obtained with this
technology, as yet (Gil-Humanes et al., 2017; Wang et al.,
2017). The use of DNA oligonucleotides (Svitashev et al.,
2015; Sauer et al., 2016) has also been applied successfully
for gene correction in plants. In one attempt, a chimeric
sgRNA was used as a template for DSB repair (Butt et al.,
2017). Additionally, inhibition of NHEJ (Endo et al., 2016;
Nishizawa-Yokoi et al., 2016) can help to improve GT fre-
quencies. Nevertheless, although progress has been
achieved, in most cases the frequencies of GT are low and
further improvements are needed.

We chose a different strategy to overcome the limitations
of GT experiments in plants. Due to the low efficiency of
GT after DSB induction, a reasonable transformation fre-
quency is prerequisite for GT experiments. Unfortunately,
many crop plants are hard to transform and large amounts
of plant material have to be processed in vitro. The regener-
ation of edited cells into fertile plants presents an additional
challenge (Altpeter et al., 2016). Having these limitations in
mind, we developed the so-called in planta GT technology
(Fauser et al., 2012), which relies on a chromosomal donor
molecule, e.g. a stably integrated T-DNA, carrying the HR
donor sequence as well as the Cas9 expression cassette.
Cas9 expression leads to the simultaneous induction of
three DSBs. The HR donor molecule is excised out of the
genome at the same time as a DSB is induced at the target
locus to enhance HR (for principle see Figure 1). By
expressing the nuclease under a constitutive promoter, GT
can occur during plant development. The important factor
is the transfer of the targeting events in the germline to the
next generation. By simply screening seeds or seedlings,
clonal GT events can be identified. Thus, large amounts of
in vitro culture for obtaining hundreds of transformation
events could be avoided. We adopted the technology for
the use of the Cas9 nuclease of S. pyogenes (SpCas9) under
the control of a ubiquitin gene promoter in Arabidopsis and
were able to obtain GT events in the range of 1 out of 700
seeds (Schiml et al., 2014).

As the frequencies were low, we were eager to find ways
to improve the system. We were able to recently show by
comparing the efficiency of different Cas9 orthologues for
mutation induction in Arabidopsis that the protein from S.
aureus (SaCas9) was more efficient than SpCas9 in obtain-
ing NHEJ-induced mutation frequencies (up to over 90%,
Steinert et al., 2015). Moreover, recent studies indicated
that in Arabidopsis the expression control by developmen-
tally regulated promoters such as an egg-specific promoter
(Wang et al., 2015) or a reproductive tissue-associated pro-
moter (Yan et al., 2015) might also enhance mutation fre-
quencies.

By using a mutated form of SpCas9 in which the open
reading frame was changed by a single amino acid in the
active site of one domain — making a nickase out of the
nuclease — we could show that intrachromosomal HR can
be induced to an even higher extent by a SSB than by a
DSB (Fauser et al., 2014). Furthermore, by the use of two
sgRNAs, leading the SpCas9 nickase to cutting sites within
close proximity of each other on opposite strands, 3' and
5 overhangs can be obtained (Schiml et al., 2016). As the
production of 3’ intermediates is an important step during
various HR reactions (Knoll et al., 2014), we speculated that
the direct induction of 3’ overhangs might be a more effi-
cient mediator of GT. We have shown previously that
SpCas9 and SaCa9 do not interfere with each other’s
sgRNAs in plant cells (Steinert et al., 2015). Thus, applica-
tion of both enzymes in the same cell can be used to
induce SSBs and DSBs at different sites, simultaneously
(Puchta, 2016).

Having this set of new tools in hand, we tested if any
combination of them would be able to sufficiently enhance
in planta GT efficiencies to make the technology feasible
for daily use for the plant community.

RESULTS

Comparison of intrachromosomal HR induction rates by
SpCas9 and SaCas9 nucleases and nickases

As we wanted to test the influence of the induction of SSBs
and the simultaneous induction of SSBs and DSBs on in
planta GT, we needed to define which Cas9 nuclease and
nickase orthologues would be most appropriate for this
application. First, we compared the Cas9 nucleases and
nickases of S. aureus and S. pyogenes for their potential to
induce intrachromosomal HR in the Arabidopsis reporter
line IU.GUS (Orel and Puchta, 2003; Puchta and Hohn,
2012). This reporter line contains a stably integrated,
homozygous, B-glucuronidase gene (uidA, GUS) disrupted
by a short spacer (Figure 2(a)). Upon DSB induction in the
spacer, functional restoration of the GUS gene can be
achieved via the synthesis-dependent strand annealing
(SDSA) pathway using an inverted homology located
upstream of the GUS gene. We used plant codon-opti-
mized clones of the SpCas9 nuclease and nickase (Fauser
et al., 2014), as well as the SaCas9 nuclease (Steinert et al.,
2015), as described before. We obtained a clone of the
SaCas9 nickase by mutation of aspartic acid to alanine at
position 10 within the RuvC domain of the SaCas9 ORF
(Steinert et al., 2015). This mutation is analogous to the
one used for production of the SpCas9 nickase (Fauser
et al., 2014). We combined the four enzymes with sgRNAs
targeting the spacer region of the reporter line. After floral
dip transformation of the constructs into the reporter lines,
we picked primary transformants and quantified GUS
activity via a 4MUG-assay. As described previously (Fauser
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Figure 1. Outline of the in planta GT approach as applied for the induction of a point mutation in the ALS gene of Arabidopsis.

The T-DNA construct that is transformed into Arabidopsis plants consists of the SaCas9 nuclease driven by the respective promoter (in orange), two sgRNA
expression cassettes, a HR donor (in green) and a transformation marker (in grey). One sgRNA targets the ALS (in yellow), the other recognizes a sequence
flanking the HR donor (in blue), which harbours a total of 1542 bp homology containing the S653N point mutation and silent mutations at the cutting site. DSB
induction leads to the activation of the target site and simultaneous release of the HR donor molecule, which can then can be used as template for repair of the

target locus by HR.

et al., 2014), the nickase induced HR more efficiently than
the nuclease in the case of SpCas9 (Figure 2(b)). Surpris-
ingly, such a difference was not found for SaCas9. More-
over, the induction of HR by the nickase of S. pyogenes
was about twice as efficient than with the nickase of S. au-
reus. Thus, we chose the combination of the most efficient
nuclease (S. aureus) and the most efficient nickase (S. pyo-
genes) for employment in the GT experiments that
followed.

Set up of the in planta gene targeting assay

To test whether new approaches might improve GT fre-
quencies in Arabidopsis, we chose the acetolactate syn-
thase gene (ALS, AT3G48560) as target. This enzyme is
essential as it is required for the synthesis of branched
chain amino acids. It is inhibited by sulfonylurea and imi-
dazolinon herbicides. However, several point mutations
rendering the enzyme resistant against specific herbicides
are known (Lee et al., 1988). One of these, used before by
Endo et al. (2006), is the exchange of a serine for an aspar-
agine at position 653 (S653N), conferring resistance to
imazapyr (IM). Therefore, we included the respective point
mutation in the HR donor sequence. This sequence
included 800 bp of homology on one side and 742 on the
other side of the break, which was located 120 bp from the
S653N point mutations (Figure 1). The homology arms are
flanked by S. aureus target sequences including a

© 2018 The Authors

NNGGGT PAM. This set up could be used simultaneously
for SSB induction by SpCas9-D10A, as its PAM (NGG) is
part of the same sequence motive. To avoid cutting the HR
donor, we introduced four more silent point mutations
spanning the sgRNA and PAM sequence within the repair
template (see Figure S3).

In the first set of experiments, the Cas9 open reading
frames were expressed by the constitutive PcUbiquitin4-2
promoter from Petroselinum crispum (PcUbi4-2). In all
experiments, the sgRNAs were set under the control of the
Arabidopsis U6-26 promoter. We designed seven con-
structs to copy the S653N point mutation into the genomic
ALS open reading frame (Figure 1). One approach is analo-
gous to our previously reported approach for ADH1 GT
(Schiml et al., 2014), inducing a DSB for induction of HR in
the target (ALS) as well as for excision of the HR donor,
but employs the SaCas9 nuclease instead of the SpCas9
nuclease. Four approaches aimed to induce SSBs instead
of DSBs either in the template or the HR donor or both. In
addition, we used the SpCas9 nickase for generating 50 bp
5 and 3’ overhangs spanning the S653N site and adapted
the silent mutations within our HR donor sequence accord-
ingly (for details see Figure S3). In approaches using both
SaCas9 and SpCas9-D10A simultaneously, we co-trans-
formed two T-DNAs with different selectable markers to
keep T-DNAs within a manageable size. In case we
released a single-stranded HR donor, we tested two

The Plant Journal © 2018 John Wiley & Sons Ltd, The Plant Journal, (2018), 94, 735-746
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Figure 2. Efficiency of HR induction by the SaCas9 and SpCas9 nucleases
and nickases as quantified by a fluorescent assay using a transgenic SDSA
reporter line.

(a) The SDSA-based reporter line (IU.GUS) consists of overlapping parts of
the B-glucuronidase gene. Induction of a lesion at the indicated target sites
leads to the restoration of the GUS ORF by HR. The SaCas9 and SpCas?9 tar-
get sequences are depicted above the chart, indicated by a blue and red
bar, respectively. The SpCas9 PAM is in red and completely contained
within the SaCas9 PAM (‘CAGGGT’), whose additional nucleotides are in
blue.

(b) Lesion- and enzyme-dependent HR induction as measured by activity of
restored GUS ORF via 4MUG-assay. Values are given in relation to a control
(IU.GUS) without lesion induction. Asterisks (*) indicate P-values of <0.05
for two-sample t-tests, one-sided with equal variance.

different target sites for nick induction in the target, one on
the strand complementary to the donor and one on the
donor-like strand.

The constructs were transformed into Arabidopsis via
the floral dip technique and at least 40 primary transfor-
mants per construct were selected for further cultivation
using their resistance to the transformation marker(s). We
observed impairments in plant vitality in the T1 generation
for the approaches involving DSB induction in ALS, but
not for approaches involving SSB induction, reflecting
NHEJ mutagenesis by DSBs which is absent for SSBs. To
test whether efficient DSB induction occurred at the target,
we amplified a polymerase chain reaction (PCR) fragment

containing the target site from 10 T1 plants transformed
with the SaCas9 nuclease and performed Sanger sequenc-
ing. As shown in Figure 3 as an example, the sequencing
chromatograms showed a pattern of multiple overlapping
bands, beginning exactly at the DSB site. This indicates
efficient DSB induction by the nuclease followed by NHEJ
repair.

To screen for GT events by HR, the seeds of the T1 lines
were harvested separately and screened on imazapyr (IM)-
containing medium. In the course of our analysis, we
determined how many of the independently transformed
lines produced resistant seedlings whilst also determining
how many resistant seedlings could be isolated per posi-
tive line (Table 1).

Surprisingly, we were not able to detect any targeting
events when an SSB was introduced in the genomic target
locus independently of whether a nuclease or nickase was
used to release the HR donor from the chromosomally-
integrated T-DNA construct. Additionally, the approaches
producing 3' or 5" overhangs resulted in hardly any or no
resistant plants (Table 1). Only DSB induction of the geno-
mic target locus lead to a significant number of resistant
plants. If the approach was combined with SSBs for HR
donor release, 5 out of 28 lines (18%) produced resistant
plants and in terms of excising the HR donor via DSBs the
ratio was higher (27%; 16 of 60 lines). In one of these lines
(DSB/DSB, UBI #14), the targeting event occurred at or
early after transformation, as practically all of the tested
progeny were resistant (1580 resistant plantlets, not
included in the ‘resistant plants (T2)" column but referred
to as ‘GT T1 lines’ in Table 1). When not taking this event
into account, 56 resistant seedlings were obtained in total.
Thus, in respective lines, about 1 out of 300 seeds was
resistant, which is higher than the frequencies we obtained
with SpCas9 before (1 out of 700; Schiml et al., 2014), indi-
cating that SaCas9 is not only more efficient for NHEJ
mediated mutation (Steinert et al., 2015), but also for HR-
mediated GT in Arabidopsis.

First 17nt of target sequence DSB

Figure 3. SaCas9 nuclease activity as measured by the induction of NHEJ
at the target site.

DNA was extracted from T1 plants transformed with SaCas9 and the sgRNA
targeting the ALS gene. The target locus was amplified and subjected to
Sanger sequencing. The chromatogram shows multiple overlapping
sequences starting at the site of DSB induction, indicating NHEJ-mediated
mutagenesis at high level.

© 2018 The Authors
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Table 1 Quantitative outcome of the different GT approaches

Amount of GT Positive
Induction GTV Amount of seeds (T2, GTT1 positive line IM-resistant Mean GT
in target excision Promoter T1 lines estimate) lines lines rate (%) plants (T2) rate (T2) (%)
DSB DSB PcUbi4-2 60 ~70 k 1 16 27 56 0.3
DSB SSB PcUbi4-2 28 ~40 k 0 5 18 8 0.14
SSB (+) SSB PcUbi4-2 39 ~70 k 0 0 0 0 0
SSB (+) DSB PcUbi4-2 40 ~60 k 0 0 0 0 0
SSB (-) SSB PcUbi4-2 40 ~80 k 0 0 0 0 0
3'overhangs DSB PcUbi4-2 33 ~20 k 0 1 3 1 0.2
5'overhangs DSB PcUbi4-2 35 ~30 k 0 0 0 0 0
DSB DSB AtCLV3 16 ~30 k 0 0 0 0 0
DSB DSB AtYAO 8 ~9 k 0 3 38 3 0.08
DSB DSB AtEC1.1/1.2 74 ~140 k 1 55 74 952 0.97
DSB SSB AtEC1.1/1.2 40 ~70 k 0 18 45 56 0.19
SSB (+) DSB AtEC1.1/1.2 40 ~100 k 0 2 5 3 0.05
SSB (+) SSB AtEC1.1/1.2 40 ~80 k 0 3 8 4 0.07
SSB (-) SSB AtEC1.1/1.2 40 ~90 k 0 5 13 21 0.22
3'overhangs DSB AtEC1.1/1.2 40 ~70 k 0 3 8 4 0.06
5'overhangs DSB AtEC1.1/1.2 40 ~60 k 1 21 53 219 0.65

The different experimental approaches are given by the first three columns of the table. The first column specifies the kind of DNA lesion
induced in the target, the second column specifies if a DSB or SSB is used for release of the HR donor. SSB (+) or (—) indicates whether the
SSB was induced in the sense or antisense strand of the ALS ORF in the target locus. The column ‘GT positive lines’ gives the number of
lines showing heritable GT events in the T2 generation. The column ‘GT T1 lines’ indicates the number of lines with TO or early T1 GT
events giving rise to solely IM-resistant T2 plants. The mean GT rate was calculated as follows: first the GT rate for each single GT positive
line was determined by dividing the number of resistant T2 plants by the total number of T2 seeds. Then the mean GT rate was calculated
by averaging the obtained GT rates of all GT positive lines. The abundant resistant plants from ‘GT T1 lines’ are excluded from the calcula-
tion, as the high numbers of resistant plants (all progeny) would distort the statistics. As the GT numbers are based on IM-resistant seed-

lings, they contain perfect as well as ectopic GT events.

Efficient in planta GT using egg cell-specific expression of
Cas9

As we did not find any indication that the induction of
SSBs is superior compared with that of DSBs for in planta
GT, we next tested whether tissue-specific promoters for
Cas9 expression can enhance GT efficiency in our system.
We selected the promoters of the stem cell identity regulat-
ing CLAVATAS (CLV3, AT2G27250) (van Ex et al., 2009), the
YAO gene (AT4G05410) which showed strong expression
in meristematic tissue (Yan et al., 2015), and the egg cell-
specific EC1.1 (AT1G76750, Sprunck et al., 2012). The
EC1.1 promoter was fused with the EC1.2 enhancer and
combined with the terminator of Pisum sativum rbcS E9
[encoding the small subunit (rbcS) of ribulose-1,5-bispho-
sphate carboxylase] which was found to strongly enhance
efficiency of egg cell-specific Cas9 expression (Wang et al.,
2015). The promoters were combined with the DSB/DSB
approach and analysed for GT efficiency as described
above. For CLV3 and YAO promoters, many primary trans-
formants died or were sterile, indicating strong meristem-
atic ALS mutagenesis. The surviving lines from these
promoters vyielded no improvement in GT frequency
(Table 1). Interestingly, the egg cell promoter (EC1) per-
formed extremely well: 55 out of 74 lines (74%) generated
heritable GT events. Again, as for the UBI promoter we

© 2018 The Authors

found one line with completely resistant progeny (899
plantlets, line DSB/DSB, EC #b5) indicating an early event
at, or shortly after, transformation. But even with the exclu-
sion of this line, we obtained 952 resistant plants, corre-
sponding to a mean GT frequency of 1% over all positive
lines. The superiority of egg cell-specific Cas9 expression
became more pronounced when GT frequencies of single
lines were considered (Figure 4). For the EC1 promoter,
around two-thirds of the lines were above the 0.5% GT
rate, more than one-third were above 1%, and individual
lines showed up to 6% GT frequency (excluding the line
showing 100% GT frequency). For the ubiquitin gene pro-
moter, only two lines reached above 1% efficiency apart
from the line showing 100% GT (Figure 4).

Having found an efficient promoter for our GT system,
we next tested again whether under these conditions,
induction of staggered DSB ends might enhance GT effi-
ciency. In addition, we readdressed the approaches involv-
ing the induction of SSBs in the targeted chromosomal
gene and for HR donor excision in combination with the
EC1 promoter. In this experiment, we were able to gener-
ate GT events for all approaches tested (Table 1). However,
frequencies of the approaches involving single nicks in the
target remained below the DSB/DSB approach. This
includes the DSB/SSB approach involving SSB for excision

The Plant Journal © 2018 John Wiley & Sons Ltd, The Plant Journal, (2018), 94, 735-746
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Figure 4. GT frequencies of single lines of selected approaches, DSB/DSB, UBI in blue; DSB/DSB, EC in red and 5’ overhang/DSB, EC in green (meaning 5’ over-

hangs in the target and DSBs for HR donor release).

The GT frequencies of individual GT positive lines are depicted. The numbers include perfect as well as ectopic GT events (for details on GT rate calculation see
Table 1). The DSB/DSB, EC approach emerges as the most efficient and most consistent approach, with a majority of the lines reaching the 1% range.

of single-stranded repair template(s), indicating that DSBs
for HR donor excision are superior, as was already indi-
cated from the experiments with constitutive Cas9 expres-
sion. Regarding staggered breaks, we found induction of &'
overhangs was a much more potent mediator of GT events
than 3’ overhangs. For the 5 overhang approach, 53% of
the lines yielded GT events, and again one of these appar-
ently occurred in egg cells or early zygotes soon after
transformation (5'/DSB, EC #19) producing only resistant
plantlets (1704 in number). The mean GT of the other lines
was around 0.6%.

Molecular analysis of recombination events

The production of a functional marker alone does not
prove that the GT event was due to perfect HR. Indeed,
often besides perfect GT events, the break can be repaired
by a combination of HR and NHEJ at the target locus or
due to copying processes of the homology from the locus
to the HR donor with concomitant integration of the donor
elsewhere in the genome, leaving the targeting site undis-
turbed (‘ectopic targeting’; Puchta and Fauser, 2013). To
discriminate between these possibilities, we performed
molecular analysis of a large number of resistant seed-
lings. Because we only introduced subtle changes in the
target locus, we could not perform Southern blot analysis
to unambiguously prove perfect GT. Therefore, we per-
formed PCR followed by Sanger sequencing over the tar-
get locus.

We amplified the ALS locus using primers outside the
homology region to prevent amplification of HR donor
sequences from the integrated T-DNA (Figure 5). In total,
we analysed 171 IM-resistant plants across all approaches.
Of these, 88 showed perfect GT (51%) including the

intended S653N and silent mutations as well as correct
junctions (see Figure 6 for an example of a perfect target-
ing event). Here, 20 of the 86 plants tested positive were
already biallelic for the GT allele. Monoallelic and biallelic
plants were differentiated by the chromatogram showing a
mixed signal or only the GT allele signal, respectively. We
found for all approaches that resulted in resistant plants —
independent of the promoter or the DNA lesion applied —
perfect targeting events. The molecular analysis is summa-
rized in Table 2 (for details on individual lines, see
Table S1). In addition, we tested several perfect GT events
for segregation. They all behaved as expected: progeny of
biallelic GT plants remaining biallelic, whereas heterozy-
gous GT plants showed 3:1 segregation of the GT allele.
We checked several of the GT positive plants for presence
of the transgene and identified two transgene-free
homozygous GT plants (DSB/DSB, UBI #13-1 and DSB/
DSB, UBI #13-4).

However, it is noteworthy that different targeting event
classes were not equally distributed between events.
Whereas for the SaCas9 nuclease-based targeting, at least
in half of the cases (36 of 72 in the case of the egg cell and
29 of 39 in the case of the ubiquitin gene promoter) perfect
GT could be achieved, in case of the 5’ overhangs only 4
out of 34 events turned out to have a perfectly modified
ALS gene.

We hypothesized that ectopic targeting, the copying of
sequence information from the native ALS to the HR
donor, is responsible for IM resistance in plants not show-
ing perfect GT. If the missing N-terminal part of the ALS
and parts of the promoter are copied to the HR donor, a
completely functional, IM resistance-mediating ALS cas-
sette would be generated (Figure S1). To confirm this

© 2018 The Authors
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Figure 5. Molecular characterization of GT events by sequencing over the target locus.

The primer combination FW183/FW58 binding completely outside the homology regions of the ALS locus was used to verify perfect gene targeting events by
the presence of the S653N point mutation, the silent mutations and both correct junctions on one single amplicon. The primer FW57 binds inside the homology
region and, together with FW183, will amplify not only native and perfectly targeted ALS genes but also ectopic GT events. Presence of the S653N and silent
mutations on this amplicon together with a lack of amplification of the same mutations with FW183/FW58 primer pair were classified as ectopic GT event. For
an explanation on ectopic GT events, see Figure S1.

Start ALS ORF stop

Upstream junction

(chromatogram
is rev. compl.) Silent mutations S653N Downstr. junction
ALS TTGTCGTTACATA CCAGCEGCGAGGGT TCCCGAGTGGTGG tccaaaaaaaaaa
NRRERN 0 I T 1< NENRNL: : (REAN NERRARE
GT vector TTACATA CCTGCAGCGCGTGT TCCCGAACGGTGG TCCAAAAA
ATATGTAACGACAA CCTGCAGCGCGTGT TCCCGARACGGTGG TCCAAAAAAARAAA
DSB/DSB, ‘ N
EC #b5-5

Figure 6. Example of the molecular structure of a perfect GT event.

The chromatograms of a homozygous GT plant (DSB/DSB EC 5-5) are aligned with the native sequence and its modified part on the HR donor (labelled ‘GT vec-
tor’). The chromatogram shows perfect match with the HR donor, not the native sequence. For the upstream junction on the left, in contrast to the three other
chromatograms, the sequencing reaction was performed with a reverse primer, so the chromatogram is the reverse complement of the aligned sequences.
Heterozygous GT plants were identified by showing overlaid signals from both the GT and WT allele at the modification sites.
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Table 2 Molecular analysis of representative GT events

Total analyzed Perfect GT Rate in %
DSB/DSB, UBI 39 29 74
DSB/SSB, UBI 8 7 88
3’ overh./DSB, UBI 1 1 100
DSB/DSB YAO 2 1 50
DSB/DSB EC 72 36 50
DSB/SSB EC 2 2 100
SSB+/DSB EC 1 1 100
SSB+/SSB EC 4 4 100
SSB—/SSB EC 6 1 17
5' overh./DSB EC 34 4 12
3" overh./DSB EC 2 2 100
Total 171 88 51

hypothesis, we used another primer combination specifi-
cally designed to amplify such events, where one primer
binds to the expected upstream elongation of the HR
donor whereas the other primer binds in the distal homol-
ogy region to provide amplification independent from inte-
gration site. As one primer binds outside the homology
region, the native HR donor cannot be amplified. The
native ALS locus will always be co-amplified, but wild-type
(WT) plants can be distinguished from ectopic GT plants
by not additionally showing S653N and silent mutations in
Sanger sequencing of the amplified junction. We analysed
40 non-perfect GT events and classified 39, due to the
respective expected pattern, as ectopic GT events. In addi-
tion, we found in these IM-resistant T2 seedlings in many
cases homozygous mutations destroying the ALS ORF (Fig-
ure S2). If not for ectopic GT events, such plants would
lack a functional ALS and would not be able to survive.

To sum up, our molecular analysis demonstrated that
the in planta GT strategy using the SaCas9 nuclease under
egg cell specific promoter can result in perfect GT events
within the range of 1%.

DISCUSSION

We recently adopted the in planta GT strategy (Fauser
et al., 2012) for use with the CRISPR/Cas system (Schiml
et al., 2014). We applied SpCas9 under the control of a
ubiquitin gene promoter and were able to produce seed-
lings with GT events at a frequency of about one targeting
event out of 700 seedlings, independent of whether the
event was due to perfect or one-sided HR. This was a dis-
appointing low frequency, too small to be useful for most
plant molecular biology laboratories. In the current com-
munication, we addressed three different parameters by
which alone or in combination the efficiency of the proce-
dure might be improved: The nature of the lesion inducing
enzyme, the nature of the DNA lesion itself and the pattern
of expression of the enzyme during plant development.

Besides the ‘classical’ Cas9 nuclease from S. pyogenes
(Fauser et al., 2014), we also adapted other bacterial Cas9
nucleases for use in plant genome engineering. In the
course of these studies, we discovered that at least in the
case of Arabidopsis the use of Cas9 from S. aureus in com-
bination with specific PAM sequences leads to much
higher mutation frequencies based on DSB-induced NHEJ
(10 to 30% in comparison with 60 to almost 100%). There-
fore, we expected that the replacement of the SpCas9 by
the SaCas9 nuclease would improve in planta GT frequen-
cies. Comparing the data of our previous work (Schiml
et al., 2014) with the data obtained here (in both cases
using the same ubiquitin gene promoter) indicates that this
is indeed the case (1 out of about 300 instead of 1 out of
700 seedlings). Thus, at least for Arabidopsis, it is gener-
ally advisable, and if due to its more restricting PAM
requirements feasible, to use the SaCas9 nuclease instead
of the SpCas9 nuclease for DSB induction, irrespective of
whether HR- or NHEJ-based changes are desired.

It has been demonstrated that Cas9 nucleases can be
converted into nickases simply by inducing a mutation in
one or the other active centres of the enzyme, which both
independently induce an SSB (Jinek et al., 2012). Interest-
ingly, in respect to efficiency, nickases and nucleases dif-
fered in our experiments in their efficiencies of HR
induction, if we compare the proteins of both organisms.
As shown in Figure 2, we found that the nickase of SpCas9
outcompetes that of SaCas9 by a factor of two, in the
induction of intrachromosomal HR. Although we have no
easy explanation for this result, it was fortunate for our
experiments that we could combine the best available
nuclease (SaCas9) with the best available nickase (SpCas9).
Both enzymes could be used simultaneously within the
same approach (Puchta, 2016), as we were able to show
that their respective sgRNAs do not interfere with each
other in Arabidopsis cells (Steinert et al., 2015).

For the purpose of gene editing by NHEJ, the nickase
was used in conjunction with two sgRNAs that recognized
sequences on opposite strands 30 to 50 bp apart to induce
paired nicks, resulting in a DSB with a longer 3' or 5’ over-
hangs. Therefore, the specificity of DSB induction could be
dramatically increased by enlarging the recognition site
from 23 to 46 nt (Mali et al., 2013). With the setup of a
SpCas9 nickase for plants (Fauser et al., 2014), we gained a
tool that enabled us to induce not only SSBs instead of
DSBs, but also DSBs with single-stranded (ss) overhangs
(Schiml et al., 2014) — in contrast with DSBs with blunt
ends as produced by the SpCas9 nuclease. We were hope-
ful that both kinds of approaches might improve in planta
GT efficiency. Using transgenic HR reporter constructs
(Puchta and Hohn, 2012) in previous experiments, we
found indications that SSBs are more efficient than DSBs
in inducing intrachromosomal recombination (Fauser
et al., 2014). Therefore, we tested whether the induction of
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SSBs in the ALS gene would enhance GT efficiency. In
addition, we speculated that two flanking nicks on the
same strand might lead to the release of a single-stranded
HR donor, leaving behind a single-stranded gap that could
again be filled in by DNA synthesis. This scenario would
enable multiple excision events, resulting in multiple
copies of single-stranded repair templates for HR which
might enhance efficiency. Accordingly, we also tested
whether the induction of two SSBs for HR donor excision
improves GT efficiency. The two approaches were also
combined by simultaneously using SSB induction for both
HR donor and template. As shown in Table 1, when using
two different promoters, instead of an enhancement using
SSBs we obtained a dramatically smaller number of resis-
tant seedlings in most cases. It was only for DSB induction
in the ALS gene whereby frequencies were moderately
higher. Nevertheless, with both promoters used in this
study, DSBs immediately adjacent to both sides of the HR
donor for its release outperformed SSBs in respect to the
percentage of positive lines as well as in respect to the
number of resistant seedlings, by two to 10 times. This
demonstrates that although it is helpful to cut the HR
donor out of the genome using a nuclease, the most
important step for initiating HR is the induction of a DSB
within the target locus. Indeed, we showed some time ago
that ectopically integrated sequences can be used for GT
without cutting them out of the genome, although at a low
efficiency (Puchta, 1999). In line with our results, the group
of Dan Voytas recently reported that they found no indica-
tion that induction of SSBs in the target locus would out-
compete DSBs in replication associated GT (Cermak et al.,
2017).

As SSBs, in contrast to DSBs, are not repaired by the
error prone NHEJ which excludes all mutated junctions
from re-cutting, we expected that SSBs would be espe-
cially well suited for GT approaches. The explanation as to
why this is not the case may be due to the differing mecha-
nisms of DSB-induced and SSB-induced HR. Over the
years, considerable evidence was accumulated in multicel-
lular eukaryotes, including plants, that indicated that DSB-
induced GT is best described by the SDSA mechanism of
recombination (Puchta, 1998; Paix et al., 2017). We were
able to define key factors involved in SDSA in plants (Roth
et al., 2012). Therefore, it will be interesting to test with the
same approach whether the same proteins are also
required for SSB repair via HR. Conflicting results were
reported from mammalian cells whether SSB- and DSB-
induced HR share the same key factors (Davis and Maizels,
2014; Vriend et al., 2016).

An essential conserved step in HR in all eukaryotes is
the resection of the double-stranded DNA ends to longer
ss 3' overhangs (or review see Daley et al., 2015). It was
therefore temping to speculate that the production of a
DNA structure mimicking such an intermediate at the

© 2018 The Authors

target locus, by the use of the paired nickase approach,
might boost GT efficiencies. We had previously set up the
paired nickase approach for plants (Schiml et al., 2014) and
were able to demonstrate that the induction of this kind of
lesion can induce NHEJ efficiently, leading to not only
deletions but also to tandem duplication within the target
site (Schiml et al., 2016). Unfortunately, application of this
approach did not result in higher GT frequencies than with
the use of the nuclease, independent of the promoter used
(see Table 1). Even more surprising was the fact that the
production of 5" ends resulted in more IM-resistant plants
than with the 3'ends, at least with the egg cell specific pro-
moter. Interestingly, a superiority of 5 over 3' overhangs
on GT efficiencies has been reported for mammalian cells
before (Mali et al., 2013; Bothmer et al., 2017). A similar
result was also recently found in transient assays in
tobacco cells (Cermak et al., 2017), although no GT events
were regenerated and characterized on the molecular level.
Our study demonstrates the importance of molecular char-
acterization for the evaluation of GT events, as for most of
the seedlings the IM resistance was due to ectopic and not
due precise GT in the case of the 5’ overhang approach (30
out of 34 tested). Consequently, the induction of 5 over-
hangs cannot be regarded as a feasible alternative to the
induction of a DSB for in planta GT.

The use of specific promoters for Cas9 expression
turned out to be crucial for the production of heritable
mutations in Arabidopsis. In the early days, little success
was achieved using CaMV 35S promoters. We were able to
improve this efficiency by the use of a ubiquitin gene pro-
moter (Fauser et al., 2014), and subsequently with the use
of an egg cell specific gene promoter whose expression
was earlier reported to be efficient for obtaining NHEJ-
based mutants (Wang et al., 2015). The decisive factor
seems to be to enable Cas9 expression at a high level in
cells that contribute to the germline. Based on these obser-
vations, it became important to test a number of develop-
mentally regulated promoters to determine if they could
improve GT efficiency. Results showed that an egg cell-
specific promoter worked best for improving in planta GT
— more than by any other means - by enhancing the num-
ber of positive lines and also the number of resistant
plants per line by more than a factor of three, on average.

Our molecular analysis revealed that in almost all tested
cases, the restoration of IM resistance was due to a target-
ing event based on HR. In principle, not every targeting
event has to be due to the repair of both ends of the DSB
by HR using the donor as template. Two other possible
outcomes were envisaged (Puchta and Fauser, 2013). The
first being one-sided events, by which only one end of the
DSB is repaired by HR and the other end is repaired by
NHEJ. This is a phenomenon that was recognized even in
the earliest studies of DSB-induced GT in plants (Puchta
et al., 1996; Puchta, 1998). Conversely, the copying process
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cannot only occur into the genome at the site of the DSB,
but also from this genomic site onto the HR donor that
then integrates elsewhere in the genome (‘ectopic target-
ing’, see Figure S1). Due to the selection procedure applied
in this study, we only found ectopic GT events besides per-
fect events. One-sided events escaped selection because
by NHEJ the ALS ORF would lose its function, instead of
gaining resistance. For most setups (Table2 and
Table S1), we found perfect and ectopic targeting at similar
frequencies, it was only for the 5’ overhangs that ectopic
targeting outnumbered perfect events by a factor of more
than 8. This indicates that a free genomic 5 end might
especially favour the copying process onto the free 3’ end
of the HR donor, as the genomic end itself cannot be elon-
gated by a DNA polymerase.

It will be interesting to test whether it will be possible to
further improve the efficiency of in planta GT by express-
ing Cas12a (Cpf1) (Zetsche et al., 2015, 2017a,b; Kleinstiver
et al., 2016), instead of Cas9, under the control of the egg
cell-specific promoter. Cas12a produces short 5 overhangs
and repair of the induced DSB by NHEJ does not often
result in mutations of the PAM and sgRNA binding
sequence, thus enhancing the opportunity for DSB-induced
repair by HR. Although based on small numbers, a recent
study using biolistic transformation of rice indicated that
with the use of Cas12a from Francisella novicida GT of up
to 8% can be achieved (Begemann et al., 2017) and by the
use of Cas12a RNPs from Lachnospiraceae bacterium
ND2006 up to 10% in Chlamydomonas (Ferenczi et al.,
2017).

Due to the lack of satisfying frequencies, many attempts
have been undertaken using synthetic nucleases to
enhance GT frequencies in plants by one or other means
[for review see (Steinert et al., 2016)]. However, as it is hard
to obtain a bigger number of positive GT events in plants,
many studies draw their conclusions on a relatively small
sample size, with the danger of overestimating the success
of the respective means. In contrast, in this study we pro-
duced a large data set obtaining more than 1000 heritable
GT events in the T2 generation. We are therefore confident
that the use of SaCas9 in combination with the egg cell
specific promoter will be an important step forward in giv-
ing standard plant molecular biology laboratories the pos-
sibility to change Arabidopsis genes in a predefined
manner. In this study we used selection to detect targeting
events. However, the frequency we obtained was in the 1%
range for most lines. This makes it feasible to identify per-
fect GT events with simple molecular screening protocols,
without the need of any selection. A simple PCR screen of
T2 seedlings of a few 100 lines, at most, transformed with a
single T-DNA containing the HR donor and the Cas9
expression cassette should guarantee the identification of
the line with the desired genome modification.

EXPERIMENTAL PROCEDURES
T-DNA constructs used in this study

We used the previously described Gateway® (Thermo Fisher Scien-
tific Inc., https://www.thermofisher.com) compatible pDe-Sa-Cas9
and pEn-Sa-Chimera plasmids (Steinert et al., 2016) for the S. au-
reus based constructs. For the S. pyogenes Cas9 nickase-based
constructs, we used the previously described pEn-C1.1 and pDe-
Cas9-D10A (Schiml et al., 2014), although the kanamycin resistance
cassette was exchanged to gentamycin via Hindlll, to allow co-
transformation with pDe-Sa-Cas9 based constructs, which also
carry a kanamycin resistance gene. The SaCas9 nickase was con-
structed by PCR-based site-directed mutagenesis. CRISPR target
sequences were inserted as annealed oligonucleotides into pEn-
Sa-Chimera and pEn-C1.1 using FW1-FW10 (see Table S2 for oli-
gos used in the study). The programmed sgRNA expression cas-
settes were transferred from the entry vectors into pDe-Sa-Cas9 or
pDe-Cas9-D10A-Gent via the Gateway LR reaction. When two
sgRNAs were inserted into the destination vectors, the first sgRNA
was transferred via the Mlul and Bsu36l sites, and the second
sgRNA was transferred via LR reaction as previously described
(Schiml et al., 2014). The HR donor was synthesized by GeneArt®
(Thermo Fisher Scientific Inc.) and consisted of the following fea-
tures in the given order: Aatll site, protospacer and PAM
(NNGGGT) for SaCas9, upstream homology, silent mutations at
the cutting site, downstream homology containing the S653N
mutation, protospacer and PAM (NNGGGT) for SaCas9, Pacl site.
The HR donor was inserted into the sgRNA containing destination
vectors in reverse orientation using Aatll and Pacl sites (for
sequence information of final constructs, see Sequences S1-S10).
The CLAVATA3 and YAO promoters were amplified from Ara-
bidopsis genomic DNA using primers FW18 + FW19 or
JP20 + JP21, respectively, and inserted into pDe-Sa-Cas9 in the
place of the PcUbiquitin4-2 promoter, via EcoRl. The egg cell-speci-
fic promoter was amplified from pHEE2E-TRI (Wang et al., 2015)
(ordered from Addgene), using FW37 + FW38, and inserted into
pDe-Sa-Cas9 analogously. The CLAVATA3 terminator was ampli-
fied from Arabidopsis genomic DNA using FW20 + FW55 and
inserted into pDe-Sa-Cas9-CLVP in the place of the pea3A-termina-
tor, via Sacl. The rbcS-E9 terminator was amplified from PHEE2E-
TRI using primers FW39 + FW40, and inserted into pDe-Sa-Cas9-
ECP analogously. sgRNA cassettes were inserted into the destina-
tion vectors with exchanged promoters and/or terminators as
described above. The silent mutations on the HR donor were
adjusted for the 3’ overhang approach via Gibson Assembly® (New
England Biolabs, NEB, https://www.neb.com/). The silent muta-
tions on the resulting HR donor were further modified for the 5’
overhang approach via PCR-based site-directed-mutagenesis (fol-
lowing the NEB protocol for Q5 polymerase) using primers
FW66 + FW67. All plasmids are freely available on request.

Plant transformation, selection and handling

All Arabidopsis plants used in this study were of the Columbia-0
background. They were transformed via Agrobacterium-mediated
transformation as previously described (Clough and Bent, 1998;
Agrobacterium strain GV3101). Seeds were sown on agar plates
containing germination medium [GM: 4.9 g/L Murashige & Skoog
medium (Murashige and Skoog, 1962), 10 g/L saccharose, pH 5.7,
7.6 g/L plant-agar] or on a substrate containing 1:1 Floraton 3
(Floragard Vertriebs GmbH, www.floragard.de, Oldenburg, Ger-
many) and Vermiculite (Deutsche Vermiculite Dammstoff GmbH,
www.vermiculite.de, Sprockhovel, Germany).
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In pilot experiments, we tested different concentrations of
imazapyr (IM) for the efficient identification of GT events. This
was done by generating lines with a T-DNA transgene with an
ALS ORF carrying the changes that would also be introduced
by successful GT. Thus, we defined the optimal IM concentra-
tion for selection as 5 pm. Primary (co)transformants carrying
the GT construct(s) were first identified under axenic conditions
on the respective selection media (kanamycin and/or gen-
tamycin) and then transferred to soil substrate and grown to
maturity in the green house. Seeds were harvested for each
plant separately. The total weight was determined to estimate
seed numbers. After surface sterilization using 4% sodium
hypochlorite, and stratification at 4°C overnight, the seeds for
each line were sown independently on 5 um IM-containing med-
ium. After 14 days of growth, the number of resistant seedlings
were counted. DNA of representative seedlings was purified for
molecular analysis as described previously (Edwards et al.,
1991).

Analysis of p-glucuronidase activity

For the intrachromosomal recombination assay, transgenic seed-
lings carrying transgenes of both the recombination trap and the
respective Cas9 expression cassette were harvested 14 days after
sowing on agar plates containing germination medium (GM) with
corresponding selection markers and cefotaxime. Extraction and
quantification of B-glucuronides activity by a 4-MUG assay was
performed as previously described (Fauser et al., 2014).

Molecular characterization of GT events

To characterize precise GT events, amplicons were generated
from purified DNA of IM-resistant seedlings using primers FW58/
FW183, followed by Sanger sequencing (GATC Biotech) using pri-
mers FW56 to check for S653N, silent mutations and the down-
stream junction and FW42 to check the upstream junction. To
detect ectopic GT events, amplicons were generated using pri-
mers FW57/FW183 and Sanger sequencing was performed as
described above using FW56 and FW42.
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