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Abstract

In nature, single-strand breaks (SSBs) in DNA occur more frequently (by orders of magnitude) than double-strand breaks
(DSBs). SSBs induced by the CRISPR/Cas9 nickase at a distance of 50-100 bp on opposite strands are highly mutagenic,
leading to insertions/deletions (InDels), with insertions mainly occurring as direct tandem duplications. As short tandem
repeats are overrepresented in plant genomes, this mechanism seems to be important for genome evolution. We investi-
gated the distance at which paired 5’-overhanging SSBs are mutagenic and which DNA repair pathways are essential for in-
sertion formation in Arabidopsis thaliana. We were able to detect InDel formation up to a distance of 250 bp, although
with much reduced efficiency. Surprisingly, the loss of the classical nonhomologous end joining (NHEJ) pathway factors
KU70 or DNA ligase 4 completely abolished tandem repeat formation. The microhomology-mediated NHEJ factor POLQ
was required only for patch-like insertions, which are well-known from DSB repair as templated insertions from ectopic
sites. As SSBs can also be repaired using homology, we furthermore asked whether the classical homologous recombination
(HR) pathway is involved in this process in plants. The fact that RAD54 is not required for homology-mediated SSB repair
demonstrates that the mechanisms for DSB- and SSB-induced HR differ in plants.

pathways of DSB repair: homologous recombination (HR) and
nonhomologous end joining (NHEJ; Puchta, 2005). Later re-
search revealed that plants also have two different subpath-

Introduction

Double-strand break (DSB) repair is crucial for the mainte-

nance of genome stability. In the last millennium, site-specific
nucleases like HO in yeast and I-Scel in mammals and plants
were applied to study DSB repair in eukaryotes (Jasin and
Haber, 2016, Puchta, 2016), which defined the two major

ways of NHEJ: the classical one (cNHEJ) characterized by the
involvement of DNA ligase 4 (LIG4) and the Ku heterodimer
that protects the double-stranded ends from degradation
(Friesner and Britt, 2003; Huefner et al, 2011), and the



microhomology-mediated, alternative pathway (aNHEJ), in
which polymerase Q (POLQ) plays a decisive role (van
Schendel and Tijsterman, 2013; Mateos-Gomez et al, 2015).
Following the development of artificial nucleases for gene
editing, interest in DSB repair has grown and many studies
have used synthetic enzymes to induce DSBs at different sites
in various organisms (Schmidt et al,, 2019a).

In contrast, only few studies have addressed the question
of how single-strand breaks (SSB) can result in genetic
change in eukaryotic genomes (Maizels and Davis, 2018).
With the discovery of the CRISPR/Cas system, it became
very easy to obtain a sequence-specific nickase from the
Cas9 nuclease by simply introducing a point mutation in
the active center of one of the two nuclease domains (Jinek
et al, 2012; Mali et al, 2013). Thus, SSBs can now be in-
duced at almost any position in the genome. Several studies
have addressed how SSBs are repaired in mammalian cells.
In the vast majority of cases, SSBs are simply religated by
DNA Ligase 1 (Abbotts and Wilson, 2017). If replication
occurs before ligation, SSBs are transformed into DSBs. If a
single-ended DSB is formed, it might be repaired by HR. If a
double-ended DSB is formed, repair occurs mainly by classi-
cal or alternative NHEJ, often leading to mutations at the
break site (Wu, 2007; Shibata, 2017).

Interestingly, for mammalian cells, conflicting results have
been published on whether the classical factors involved in
homologous DSB repair are also involved if homology is
used for SSB repair (Davis and Maizels, 2014; Vriend et al,
2016; Nakajima et al, 2018). This indicates that depending
on cell-type, SSBs themselves, and not only SSBs trans-
formed into DSBs, might induce HR but by a different
mechanism. The induction of two SSBs at a certain distance
on opposite strands efficiently induces mutations between
these nicks. This strategy was originally developed to en-
hance specificity of DSB induction by Cas9 in mammalian
cells: by the use of a nickase and two sgRNAs instead of a
nuclease with one sgRNA, 46 instead of 23 bases are in-
volved in defining specificity. In the case of the nickase, a
DSB with overhanging ends is produced. The resulting repair
led to a much broader spectrum of the allelic mutations, es-
pecially InDels (insertions/deletions) were larger in compari-
son to blunt-ended DSBs (Ran et al, 2013).

Using the Cas9 nickase, we previously showed that in the
model plant Arabidopsis thaliana, the induction of a single
SSB is hardly mutagenic but strongly enhances HR between
intrachromosomal repeats (Fauser et al, 2014). Moreover,
we were able to demonstrate that staggered breaks with 5'-
overhangs of about 50 nucleotides were especially muta-
genic, leading to a broad spectrum of insertions and dele-
tions (Schiml et al, 2016). Similar results were later reported
for mammalian cells (Bothmer et al,, 2017). Of special inter-
est was our finding that tandem sequence duplications arose
at high frequency, even at a distance of 100 bp between
nicks on opposite strands (Schiml et al., 2016).

SSBs are repair intermediates in base and nuclear excision
repair (NER; Roldan-Arjona et al, 2019). Due to their sessile

and autotrophic nature, plants are under constant threat
due to harmful ultraviolet (UV) irradiation. Dimerization of
pyrimidine bases is a major type of DNA damage induced
by UV light. Besides photolyases, NER is the main pathway
to repair UV-induced DNA damage in plants (Molinier,
2017). As it has been reported before that short tandem
duplications are statistically overrepresented in genomes of
plants such as rice (Vaughn and Bennetzen, 2014), the
paired SSB-induced formation of tandem duplication seems
to be an important mechanism for the evolution of plant
genomes in general.

Therefore, we set out to define the precise mechanism of
the process of duplication formation. A mechanism was pro-
posed before (Vaughn and Bennetzen, 2014) and further re-
fined by us (Schiml et al, 2016). According to this model,
tandem duplications arise by fill-in synthesis from a stag-
gered DSB with 5'-protrusions. It is tempting to speculate
that the formation of such DSBs might be initiated by repli-
cative DNA helicases. Both 5'-ends are set free and resected,
while simultaneously new DNA synthesis begins from the 3'-
ends. At some point, resection and synthesis will have
completely consumed the single-stranded protrusion, leaving
a blunt-ended DSB. The blunt-ended DSB can then be
sealed by ligation by cNHE} or aNHE} using microhomolo-
gies. Depending on the extent of 5'-end resection, deletions
or duplications of variable length are formed. Theoretically,
microhomologies could also be used for hybridizing of the
two 5'-overhangs early on. DNA synthesis fills in the single-
stranded gaps, while the protruding 5'-flaps are removed.
Finally, the remaining nicks are sealed by ligation (Figure
1A). In contrast, insertions that have been characterized be-
fore during DSB repair in plants often consist of various
shorter, sometimes also longer patches of DNA sequences
that have been copied from various sites mostly close to the
break by a synthesis-dependent strand annealing like mecha-
nisms (Figure 1B; Gorbunova and Levy, 1997; Salomon and
Puchta, 1998). Thus, the nature of the insertion as well as
their formation mechanism differs between paired, staggered
SSBs, and DSBs in plant cells.

In the current study, we analyzed up to which distance
the repair of paired 5'-overhanging SSBs can result in InDels.
Furthermore, we tested by mutant analysis whether a series
of key actors of different DNA repair pathways are required
for tandem duplication formation. Finally, we tested whether
the classical repair machinery of HR mediated, RAD54-
dependent DSB repair is also involved in SSB repair by HR in
plants.

Results

The influence of the 5'-overhang length on paired
nickase efficiency

We were able to show before that the induction of paired
SSBs on opposite strands at a distance of 52 bp resulting in
5'-overhangs is highly mutagenic (Schiml et al, 2014).



A Microhomology-independent pathway
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Figure 1 Models for the formation of tandem duplications and patch insertions. A, Models for the formation of tandem duplications from a stag-
gered DSB with 5'-overhangs. Release and degradation of both 5'-overhangs with simultaneous synthesis from the 3'-ends results in sequence
duplications of variable length. Microhomologies could theoretically be included for the hybridization of the 5’-overhangs. B, Model for the forma-
tion of patch insertions from a DSB. Microhomologies at the break site facilitate hybridization and copying of proximal sequence context through
an SDSA-like mechanism. Inserted sequences may originate from several distinct sequence templates. Chopped fragments with arrows indicate
DNA synthesis; chopped fragments without arrows indicate resection. Dotted bars with barrels indicate sequence context from remote chromo-

somal sites. Microhomologies are indicated in orange.

Furthermore, mutation efficiency did not decline when the
distance between the nicks was extended to 100 bp (Schiml
et al, 2016). Therefore, we were interested to study the re-
pair of even larger spaced nicks (Figure 2A). To get compa-
rable results, we used the same two loci in the genome as in
our previous study, namely ALCOHOL DEHYDROGENASE1
(ADHT1) and a heterochromatic locus adjacent to the centro-
mere of chromosome 3, which we refer to as heterochroma-
tin locus (Schiml et al, 2016). Three nick distances of
around 100 bp, 250 bp, and 600 bp were tested. Due to tar-
get sequence constraints, especially protospacer adjacent
motif (PAM) requirements, distances could not always be
matched to the nucleotide. All distances were tested in rela-
tion to the locus (Supplemental Table S1A), leading to six
constructs that were generated and transformed into
Arabidopsis Col-0 wild-type (WT) plants.

For all six approaches (three distances for each of the two
loci), 30 primary transformants were selected, pooled and
genomic DNA was purified. The respective target region was
amplified using specific barcodes for each approach and sub-
jected to next-generation sequencing (NGS) analysis. Due to
the long distance between the nicks, we used the Single

Molecule Real Time (SMRT) technology from Pacific
Biosciences for this experiment, which can produce average
read lengths of longer than 10 kb. In this way, we could en-
sure that the whole genomic region between the nicks is
captured on a single read and even longer insertions can be
properly identified. The long read length obtained from the
SMRT sequencing technology came at the cost of reduced
read number compared to lllumina technology, which was
used for the analysis of 50-bp spaced paired nick repair in
different mutant backgrounds below (read numbers for the
different approaches are shown in Supplemental Table S2).

Background noise increases with increasing amplicon size
due to a higher probability of a sequencing error within the
amplicon. In this study, background InDel rates were 0.20%
for the 1.1-kb amplicons (used for the amplification of the
600-bp nick distance approaches), and 0.15% for the 800-bp
amplicons (used for amplification of 100- and 250-bp nick
distances).

InDel for the 100-bp nick distance were found in every
3rd read at the ADH1 locus and more than every 20th read
at the heterochromatin locus (Supplemental Table S1B).
InDel frequencies were reduced but clearly above
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Figure 2 Influence of nick distance on the repair of paired nicks with 5'-overhangs. A, Paired nicks were induced in 5’-overhang configuration
with nick distances of 100, 250, and 600 nt. B, Paired nick InDel frequencies as well as nuclease InDel frequencies at the respective target sites were
determined at the ADH1 and heterochromatin (Het) loci. The ratio between the paired nick InDel frequencies and the nuclease InDel frequencies
at the respective target sites are shown. Concerning the nuclease InDel frequencies, only the values of the respective downstream targets were
used for calculation as, in case of the paired nicks, the upstream target is shared among the different approaches. Paired nickase is abbreviated as

pNickase.

background level for a nick distance of 250 bp, with InDel
rates in the 2% range for the ADHT and heterochromatin lo-
cus, respectively. In contrast, for a distance of 600 bp, rates
were on the same level as in case of the untransformed con-
trol plants and thus not discernible from background noise
(Supplemental Table S1B). Elevated InDel rates compared to
the background were consistent even when using a range of
filtering strategies based on InDel length and distance from
the nick region (see “Materials and Methods” as well as
Supplemental Tables S3 and S4).

These results indicate that the InDel frequency obtained
with paired nicks is highly dependent on nick distances.
However, as the drop in InDel frequency with increasing
nick distances might also correlate with the efficiency of
break induction at the individual target sites, we further an-
alyzed the mutation rate as proxy for cleavage efficiency at
the target sites using the Cas9 nuclease (Supplemental Table
S1C). Figure 2B shows the ratio between the InDel frequen-
cies of the paired nickase approaches and the cleavage effi-
ciencies of the nuclease at the individual target sites. With
increasing nick distances, a clear drop in relative InDel fre-
quencies can be observed, with the most dramatic drop oc-
curring between distances from 100 bp to 250 bp. This
suggests that the occurrence of two SSBs in opposite strands
with 5'-overhangs is only mutagenic at a maximum distance
of hardly more than 100 nucleotides.

Defining DNA repair pathways involved in the
formation of tandem duplications

In order to define which repair pathways are involved in
tandem duplication formation, a larger number of
Arabidopsis mutant lines deficient in important DNA re-
pair factors were subjected to paired nick induction and
the repair outcome was analyzed. As the tandem duplica-
tions were very efficiently induced by a paired nick dis-
tance of 50 bp generating a staggered break with 5'-

overhangs, we used a previously applied experimental
setup (Schiml et al, 2016) for testing the involvement of
different DNA repair pathways. The enzyme machinery of
three different DSB repair pathways has been character-
ized in Arabidopsis in detail and we tested two represen-
tative members of each pathway. KU70 (Tamura et al,
2002) and DNA LIG4 (West et al,, 2000) are both involved
in cNHE). X-ray repair cross complementing 1 (XRCCT;
Charbonnel et al., 2010) and to a lesser extent poly(ADP-
Ribose)-polymerase 1 (PARP1; Babiychuk et al, 1998;
Metzger et al, 2013) are involved in aNHEJ, while
Radiation Sensitive 51 (RAD51; Li et al, 2004) and
Radiation Sensitive 54 (RAD54; Osakabe et al, 2006) are re-
quired for HR. As the rad51 mutant is sterile in its homozy-
gous form (Li et al, 2004), heterozygous mutants were
transformed and the obtained primary transformants subse-
quently screened for homozygous mutants which were then
used for the NGS analysis. We also tested nucleases that are
involved in the processing of DNA repair intermediates,
namely Meiotic Recombination 11 (MRE11; Hartung et al,
2006; Geuting et al, 2009), Excision Repair Cross
Complementation 1 (ERCC1; Hefner et al,, 2003; Dubest et al,,
2004), and Exonuclease 1a/b (EXO1la/b; Kazda et al, 2012;
Derboven et al, 2014). Moreover, the helicase RecQ4A
(Hartung et al,, 2007; Schropfer et al, 2014) and polymerase
epsilon Recovery Protein 3 (REV3; Kobbe et al, 2015), which
are both involved in DNA crosslink repair were also included.

In a first set of experiments, paired nicks were introduced
at the same sites in the heterochromatin locus as before
(Schiml et al, 2016). Accordingly, the respective constructs
were transformed into all different mutant backgrounds. If re-
quired, the transformation marker was changed to the phos-
phinothricin (PPT) resistance gene in some constructs, since
some of the insertion mutants carried T-DNAs with a
Kanamycin resistance marker. The seeds of the transformed
plants were sown on PPT or kanamycin containing medium,



respectively. After 3 weeks of growth, 30 primary transform-
ants for each of the mutant backgrounds were harvested and
their pooled DNA was analyzed by polymerase chain reaction
(PCR) amplification of the target site followed by lllumina se-
quencing of the amplicons.

In the WT, an InDel rate of around 24.6% was found, which
is comparable to our previous findings for a 50-bp nick dis-
tance at the heterochromatic locus (27.7% mutation rate;
Schiml et al, 2016). The occurrence of insertions and dele-
tions was determined for all mutants (Supplemental Figure
S1 and Supplemental Table S5). The two mutants represent-
ing the ctNHEJ pathway ku70 and lig4 differed drastically from
WT and all other tested mutants. While the number of dele-
tions increased, the number of insertions is dramatically re-
duced, resulting in a substantial change in the ratio between
both classes of events (Figure 3). The fact that both cNHE)
mutants show the same effect underlines that this outcome
is neither dependent on T-DNA integration nor related to
background mutations. Moreover, the obtained InDels differ
from all other samples. Whereas WT and all other mutants
show a bimodal deletion distribution with a peak at each of
the two nick sites (Figure 4; Supplemental Figure S2), ligé and
ku70 mutants show a nonbimodal and unimodal distribution
with a single peak in the center between the two nick sites,
respectively. Interestingly, we also saw a deviation in the case
of the xrcc1 mutant. Here, the bimodal distribution of the de-
letion was even more pronounced (Figure 4).

25—
e *kKK
5 20
2
o *kkK
= 15
)
c
©
© 104
(b}
(]
©
T 07
o

0_
YA NN B DD NS AN N0
K OILL S é')oe?f S .\@&&*o'\
(¢]
Q’+

Figure 3 Ratio between deletion and insertion frequencies in different
mutant backgrounds at the heterochromatin locus. Deletion and in-
sertion frequencies as percentage of total reads were determined at
the heterochromatin locus with nick distances of 50 nt in 5'-overhang
configuration. Insertion and deletion frequencies were 11.25% and
13.33% in WT, 1.61% and 24.04% in lig4, and 1.21% and 24.33% in
ku70, respectively. P-values were calculated using the Fisher’s exact
test, ****P <0.0001.

Defining the nature of the insertions induced by paired
nicks reveals that two distinct classes can be identified: tan-
dem duplications and patch insertions. Patch insertions con-
tain patches of DNA sequences that were copied from sites
mostly close to the break. For all genetic backgrounds, in a
first step insertions were ranked according to read number
using the Cas-Analyzer software. Beginning with the most
frequent insertions concerning read numbers, they were cat-
egorized either as tandem duplications or patch insertions,
until the read number per read dropped below ten reads.
This way, more than half of the reads could be evaluated for
all mutants (with read counts being usually around 100,000
per mutant, see Supplemental Table S5 for the numbers per
mutant). To make the classification as clear as possible, all
insertions not meeting the requirements of a tandem dupli-
cation, as perfect repetition of the immediate upstream se-
quence, were classified as patch insertion, even though in
few cases the origin of the insertion remained unclear.

In the WT, around 90% of the insertions could be classi-
fied as tandem duplications (Figure 5; Supplemental Table
S6). In stark contrast, for both cNHE} mutants, ligé and
ku70, only 20% and 10% of the insertions could be catego-
rized as tandem duplications, respectively. Interestingly, the
xrcc1 mutant showed almost exclusively tandem duplica-
tions. Since the total amount of insertions differs between
the genetic backgrounds (Supplemental Figure S3), the abso-
lute amounts of insertion types are best visualized as per-
centage of all reads (Supplemental Figure S4). Here, it can
be seen that in the case of ligd and ku70 genetic back-
ground, the absolute amount of patch insertions is not sub-
stantially different from the WT. However, tandem
duplications are almost completely absent, which constitutes
the only cause for the shift in relative amounts observed
above. This strongly suggests a key role of the cNHEJ path-
way in the formation of tandem duplications but no in-
volvement of all other factors tested.

The classical NHE) pathway is required for the
formation of tandem duplication independently of
the locus

In order to test whether cNHEJ factors are indeed essential
for tandem duplication formation and the alteration not
only arises from sequence specific peculiarities of a single lo-
cus, we also tested the same approach at the ADH1 locus
(Schiml et al, 2016). Analogous to the heterochromatin lo-
cus, we transformed the construct leading to a 5'-overhang
configuration with a nick distance of 50 bp in the WT, as
well as ligé and ku70 mutants. In the WT, we obtained a
general InDel frequency of 61% (Supplemental Figure S3),
which is higher than what was obtained for the heterochro-
matic locus (24.6%) and close to the 63% obtained by
Schiml et al. for the ADHT locus.

In ku70 and ligé mutants, InDel frequencies were even
higher with 68% and 80%, respectively. The increase in InDel
frequency stems solely from an increase of deletion frequen-
cies, whereas insertion frequencies were strongly reduced, just
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Figure 4 Distribution of deletions and insertions in different mutant backgrounds at the heterochromatin locus. The distribution was determined
at the heterochromatin locus with nick distances of 50 nt in 5'-overhang configuration. Illumina sequencing data were evaluated using the Cas-
Analyzer online tool. Nick induction of the upstream target occurs between positions 74 and 75, nick induction of the downstream target be-

tween positions 125 and 126.

as found for the heterochromatin locus. This leads to pro-
nounced increases in the deletion/insertion ratio, which was
9.5 for the WT, but 352 for ku70 and 449 for lig4. Even
though the magnitude of this shift is smaller than at the het-
erochromatin locus, the direction of the effect is sustained.
Concerning the different insertion categories, we obtained
in general lower tandem duplication frequencies at the
ADH1 locus, which might be an effect of local sequence
context. In the WT, 54% of insertions could be classified as

tandem duplications, compared to 90% at the heterochro-
matin locus. However, for ku70 and ligé mutants, this was
only 14% and 11%, again showing a tremendous reduction
(Figure 6). This effect becomes even clearer when looking at
the frequency of tandem duplications as percentage of all
reads. In the WT 3.0% of all reads were tandem duplications,
whereas in ligé and ku70 only 0.27% and 0.19% of all reads,
respectively, were tandem duplications (Supplemental Figure
S5). These findings lend further support to the hypothesis
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distances of 50 nt in 5'-overhang configuration. Insertions were classi-
fied as tandem duplications and patch insertions. The respective
amounts are presented as percentage of total insertions. P-values were
calculated using the Fisher’s exact test, ****P<0.0001.

that the cNHEJ pathway plays a key role in the formation of
tandem duplications. Supplemental Tables S7 and S8 show a
detailed overview of deletion and insertion frequencies as
well as the amount of paired-end reads that met quality
standards and were evaluated.

POLQ is required for patch insertions but not for
tandem duplications

As Polymerase Q is a key actor of aNHEJ, we expected that
the loss of this factor would have major consequences for
paired nick repair. The obstacle to testing this was the fact
that POLQ is indispensable for T-DNA integration (van

Kregten et al, 2016). To obtain a polg mutant carrying a T-
DNA expressing the Cas9 nickase, the following strategy was
devised. In addition to the T-DNA carrying sgRNAs and Cas9
nickase for the heterochromatic locus, a second “helper” T-
DNA was co-transformed by flower dipping that contained
only a POLQ overexpression cassette with a UBIQUITIN pro-
moter but no selection marker. The rationale behind this was
that transient POLQ expression from the co-transformed T-
DNA might lead, in some cases, to integration of the desired
T-DNA without concomitant integration of the POLQ-
expressing T-DNA, which would complement the mutant
persistently.

Accordingly, primary transformants would have to be
screened for plants carrying only the desired T-DNA but not
the “helper” T-DNA. Eighty homozygous polg mutant plants
(teb-5; Inagaki et al, 2006; Klemm et al, 2017) were trans-
formed by flower dipping in this way. All obtained seeds
were evaluated by sowing them on individual plates con-
taining PPT. This way, PPT resistant plants were obtained
and genotyped. Eventually, 16 individual primary transform-
ants could be identified by PCR. However, screening for inte-
gration of the “helper” T-DNA revealed only four individual
plants containing the desired T-DNA, but no POLQ expres-
sion cassette.

These plants were grown to maturity and from their prog-
eny 30 T-DNA containing individuals each were analyzed by
NGS. We were only able to detect the expected InDels at
the heterochromatic locus in the progeny of one of the four
lines, and only these individuals were evaluated. In the other
cases, most probably due to aberrant T-DNA integration,
only the selection marker but not the nickase was integrated
in a functional form. Concerning this, it is essential to men-
tion that the polg mutant has to be regarded separately



from all others as POLQ is indispensable for T-DNA integra-
tion. Thus, even by heterologous expression of POLQ, it can-
not be expected that T-DNA integration is fully restored or
that aberrant T-DNA integration occurs at a similar fre-
quency (here being much more frequent in case of polg). In
all other genetic backgrounds, primary transformants that
harbor the T-DNA in a dysfunctional form are negligible
when pools of 30 plants are analyzed. In polqg mutants, dys-
functional T-DNA carriers or plants that gained resistance
by other means are enriched as the rate of these abnormal
resistance gainers is constant, whereas the rate of functional
T-DNA carriers is strongly reduced in case of polg mutants,
causing a shift in the ratio.

Fortunately, using the progeny of the remaining T1 line,
we were able to characterize the repair of paired 5'-over-
hang SSBs in the absence of POLQ. Indeed, our analysis
revealed a pattern of insertions and deletions differing from
all other mutant backgrounds. A more pronounced bimodal
deletion distribution was found in the WT (Figure 7A). The
difference in deletion and insertion frequency becomes most
apparent when the ratio between both is calculated. The
polg mutants show a three-fold decrease in comparison to
the WT (in contrast to the ten-fold increase of the cNHE)
mutants; Figure 7B; Supplemental Table S5). Moreover, polg
mutants show almost exclusively tandem duplications,
whereas patch insertions are almost lost completely (Figure
7C). Thus, the repair pattern observed in the absence of
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POLQ is strongly different than the WT and differs even
more from the cNHE) mutants. This is somewhat reminis-
cent but also more severe than that in xrcc1 background
(see Figures 3 and 4). The latter finding suggests the aNHEJ
pathway with a key role of POLQ and to a lesser extent of
XRCC1 in the formation of patch insertions.

Supplemental Figure S6 shows an overview of the five
most frequent insertions and deletions in all different ge-
netic backgrounds according to the read count.

The classical DSB-mediated HR pathway is not in-
volved in homology-mediated SSB repair

In contrast to paired SSBs on opposing strands, single SSBs
are extremely common lesions in Eukaryotic cells. Although
those are mainly repaired by simple religation, homology
might also be used for their repair. Various studies showed
that SSBs induce HR in eukaryotes. Indeed, this might be
due to the presence of this kind of lesion itself or due to its
transformation into a DSB during replication. Therefore, we
asked whether the classical HR pathway is required for this
process in plants as conflicting results have been published
for mammalian cells (Davis and Maizels, 2014; Vriend et al.,
2016; Nakajima et al,, 2018). In former studies, we were able
to elucidate the role of various proteins involved in DSB-
induced HR by crossing two different intra-chromosomal HR
reporter constructs into a variety of DNA-repair mutants
(Mannuss et al, 2010; Roth et al, 2012). DSB induction by
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Figure 7 Evaluation of deletion and insertion analysis in polg mutant background. A, Distribution of deletions and insertions in polg T2. lllumina
sequencing data were evaluated using the Cas-Analyzer online tool. Nick induction of the upstream target occurs between position 74 and 75,
nick induction of the downstream target between position 125 and 126. B, Ratio of deletion/insertion in polg T2. C, Distribution of insertion types
in polg T2. Insertions were classified as tandem duplications and patch insertions. The respective amounts are presented as percentage of total
reads. All data were determined at the heterochromatin locus with nick distances of 50 nt in 5'-overhang configuration. P-values were calculated

using the Fisher’s exact test, ****P<0.0001.



sequence-specific nucleases in these reporter constructs
results in the restoration of a marker by single-strand
annealing (SSA; DGU.US line), or by a synthesis-dependent
strand annealing (SDSA)-mediated gene conversion (IU.GUS
line), respectively (Orel et al, 2003). Both lines carry as
marker gene the bacterial uidA gene (GUS), which codes for
the enzyme B-glucuronidase (Figure 8A). However, the se-
quence is interrupted by a short spacer sequence and is
therefore not functional. The sequence can be restored by
induction of a break in the spacer region and subsequent re-
pair according to the respective mechanism. The efficiency
of the reaction can be measured by the restored B-glucuron-
idase activity.

We were able to show that RAD54, which catalyzes the
strand exchange reaction in HR (Tavares et al, 2019) is one
of the major factors involved in gene conversion in somatic
plant cells. In contrast, RAD54 plays no role in SSA
(Mannuss et al, 2010; Roth et al, 2012). To investigate
whether DSB-induced and SSB-induced HR share similar
mechanisms in plants, we used the T-DNA insertion mutant
line rad54-1. The setup was identical to our previous experi-
ments (Mannuss et al., 2010; Roth et al, 2012) with the only
difference being that single SSBs instead of DSB were in-
duced in the same transgenic recombination lines as before.

For SSB induction, we used the previously published T-
DNA constructs pDe-SpCas9-D10A+-SSA and pDe-SpCas9-
D10A+SDSA (Fauser et al, 2014). The sgRNAs of both con-
structs (SSA, SDSA) bind in the respective spacer of the

A LB
| Gl | CCAGCGGCCECCTAGEGATAACAGGGTAATAGTCTAGA
DGU.US GGTCGCCGGCGGATCCCTATTGTCCCATTATCAGATCT
sgRNA
LB
IU.GUS : hph 355 P

corresponding reporter line. The expression vectors were
transformed into the respective reporter lines via
Agrobacterium-mediated transformation, the progeny sown
on selection medium and 2-week-old primary transformants
(approximately 20 seedlings) selected for further analysis. For
measurement of the HR efficiency, we applied a 4-methyl-
umbelliferyl-galactopyranoside (4-MUG) assay for [B-glucu-
ronidase activity in combination with a Lowry assay as
previously described (Fauser et al, 2014; Steinert et al,
2015). Three biological replicates for each line were subse-
quently analyzed in the 4-MUG assay.

For better comparability between the reporter back-
grounds, we normalized the data to the respective WT. No
difference between the rad54 mutant and the respective
WT reporter lines could be identified (Figure 8B). Thus, in-
volvement of RAD54 in the repair of these reporter sub-
strates could be excluded. This demonstrates that SSB in
contrast to DSB-induced gene conversion is RAD54-
independent.

Discussion

A wealth of information has been accumulated over the
years on how DSB are repaired in various eukaryotic
genomes and what kind of genetic consequences this repair
reaction can have. Due to the development of the field of
gene editing, interest in the topic has recently massively in-
creased. By now, DSB-induced genome engineering has
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Figure 8 SSB-induced HR. A, Intrachromosomal HR reporter transgenes DGU.US and IU.GUS. In case of DGU.US, the 3-glucuronidase activity is re-
stored by SSA; in case of IU.GUS via gene conversion. The guide sequence is indicated by a black bar, the PAM sequence is indicated by a red bar
and highlighted in red. LB, left border, RB, right border, 35S P, 35S promoter, NosT, nopaline synthase terminator, bar, bar resistance, hph, hygrom-
ycin resistance, GUS, B-glucuronidase. B, Relative recombination frequency in rad54. The recombination frequencies of the rad54-1 mutant lines
in the respective reporter backgrounds DGU.US and 1U.GUS relative to the WT WT = 1 are shown. Three biological replicates were performed for

each line (n = 3), the error bars indicate the standard deviation.



become the standard technology for a large number of
eukaryotes applied in many thousands of labs worldwide.
Although SSBs occur in orders of magnitude more often
than natural DSBs (Cao et al, 2019) in the lifetime of a cell,
much less information has been obtained on SSB repair
mechanisms. The availability of tools for SSB induction was
limited for many years (Kim et al,, 2012; Metzger et al, 2013;
Katz et al, 2014; Wu et al, 2015). As by a simple mutation
the Cas9 nuclease can be transferred into a nickase (Jinek et
al, 2012), it became extremely easy to study SSB repair any-
where in the genome. Moreover, the induction of nicks by
Cas9 has also been used for the development of different
new genome engineering technologies. The first application
of the Cas9 nickase was the induction of staggered SSBs on
opposite strands to enhance Cas9 specificity of DSB induc-
tion (Mali et al, 2013; Ran et al, 2013). Later on, nickases
were applied to mimic the replicating strand during base
editing (Komor et al, 2016) and most recently for prime
editing (Anzalone et al, 2019).

We started to use the Cas9 nickase for genome engineering
in plants and could show that the induction of a single nick
itself is not very mutagenic (Fauser et al, 2014). This was
hardly surprising as most SSBs are repaired by simple religa-
tion. Only if a SSB is transformed into a DSB during replica-
tion, it might become mutagenic. In contrast, the paired
nickase approach can be applied efficiently to induce herita-
ble changes in Arabidopsis at a similar efficiency as DSB in-
duction (Schiml et al, 2014), a fact that was later confirmed
by others for rice (Oryza sativa; Mikami et al, 2016).

Over the course of these studies, we realized that besides
deletions, insertions often arise during the repair of the
paired nicks. Most of these insertions consist of simple tan-
dem duplications of the sequence between the nicks
(Schiml et al, 2014, 2016). The model proposed to explain
their formation (Schiml et al, 2016) is simple and shown in
Figure 1. By simple templated DNA synthesis from both
ends, the stretch between the staggered nick is duplicated
and then the resulting double stranded ends are ligated ei-
ther with or without the use of microhomologies.

Interestingly, the nature of these insertions differs drasti-
cally from what we (Salomon and Puchta, 1998) and others
(Gorbunova and Levy, 1997) found occurring during DSB re-
pair in plant cells. Here, insertions are mostly a patchwork
of different short and in some cases also longer sequences.
These insertions are clearly templated, being copied from ec-
topic sites originating not from immediate context as the
tandem duplications, but still mostly from close proximity.
In addition, the sequence immediately upstream of the dele-
tion and the sequence immediately upstream of the tem-
plate for the insertion usually show a few nucleotides of
microhomology. The formation of such insertions can be
easily explained by a synthesis dependent strand annealing
like copying mechanism (Salomon and Puchta, 1998) as
shown in Figure 1.

As in plants, the germline is set aside late during somatic
growth, insertions might well be transferred to the next

generation. Thus, patterns of DNA repair are fixed geneti-
cally and play a role in genome evolution. This is indeed the
case for short tandem duplications as they are overrepre-
sented in different rice cultivars (Vaughn and Bennetzen,
2014). For a better understanding of plant genome evolu-
tion, it was important to learn more about their genesis.

Moreover, the controlled directed formation of tandem
duplications might also be of great interest for application
in genome engineering. Whereas by now chromosomal
sequences can be deleted (Siebert and Puchta, 2002) or
inverted (Schmidt et al, 2019b) or even chromosomal trans-
locations (Pacher et al, 2007; Beying et al, 2020) can be
achieved by DSB induction, no such technology has been
developed for the formation of duplications. It has been
shown in a seminal study that by Cas9 nuclease induced de-
letion formation within transcription factor binding sites of
a promotor region, yield and fruit quality can be changed in
tomato (Rodriguez-Leal et al, 2017). By the paired nickase
approach, it should be possible to induce shorter sequence
duplications in promoters to generate more binding sites for
specific transcription factors (Wolter and Puchta, 2018).

To test up to which length the induction of such tandem
duplications could be induced artificially, we tested paired
nicks with distances of 100 bp to 600 bp. Inducing 5'-over-
hangs, we found that from the practical point of view only
duplications of up to 100 bp can be achieved at a frequency
feasible for genome engineering. Paired 5'-overhang nicks at a
distance of 250 bp are still mutagenic but only to a very small
extent, whereas by a longer distance the repair of paired 5'-
overhang SSBs becomes totally independent from one an-
other. Our finding also correlates with naturally occurring tan-
dem duplications in rice. Here, few duplications of more than
100 bp could be detected (Vaughn and Bennetzen, 2014). It
is tempting to speculate that structures carrying paired nicks
are destablized by an incoming replicative DNA helicase.
However, those structures might only fall apart and result in
a DSB with overhanging ends, if both SSBs are close by. If the
second nick is too far away, 250 bp or more, the structure
might not immediately be transformed into a DSB.

We also sought to define which DNA repair factors are
involved in the process of insertion formation during
paired 5'-overhang SSB repair. Although we tested a
dozen of different mutants of genes involved in DNA re-
pair pathways, only a few seem to be relevant for inser-
tion formation and most mutant backgrounds did not
differ from WT. It turned out that the cNHEJ pathway is
indispensable for the formation of tandem duplication. In
contrast to all other mutants, both the ku70 as well as
the lig4 mutant had a massive defect in the formation of
this insertion class. We could confirm this finding by test-
ing two independent loci for each cNHE] mutant. This
was surprising, as it indicates that the KU70/80 hetero-
dimer that is protecting double stranded DNA ends from
nucleolytic attacks either directly protects longer single
stranded overlaps of up to 100 bases efficiently from deg-
radation and/or is enhancing their fill-in reaction.



This might be related to the fact that cNHE] is also in-
volved in keeping the two ends of a DSB in close contact to
avoid uncontrolled ligation with other broken chromosome
ends (Schmidt et al, 2019b; Beying et al, 2020). Such a func-
tion is also supported by the fact that in the absence of
cNHE) more deletions are formed and beyond that, a unique
unimodal deletion distribution can be observed with the
most frequent deletion in the center of the two nicks. This
distribution might be explained by a mechanism where, due
to the lack of binding of the KU heterodimer, the 5'-over-
hangs are accessible for degradation. In case the 5'-over-
hangs are resected to a point where hybridization between
the complementary 5'-overhangs is no longer possible, fill-in
synthesis from the 3’-end and subsequent ligation would re-
sult in deletions predominantly in the center of the two
nicks. Dependent on the extent of 5'-resection on both sites,
deletions can also be further enlarged towards the nicks.
This also becomes apparent, if the underlying sequences are
taken into account (Supplemental Figure S6).

In ku70, deletions extend from the center of the two nicks
either to both or one of the two nick sites, which can be
explained by either an even or nearly even resection on
both sites. Even though it shows much lower affinity to
ssDNA, it was shown in vitro that KU70 can associate with
ssDNA overhangs and protect them from exonuclease deg-
radation (Krasner et al, 2015; Yuan et al, 2015). This is also
in line with the deletion pattern observed in WT where
deletions predominantly occur at the nick sites and also
becomes apparent, if the underlying sequences are taken
into account (Figure 4; Supplemental Figure S6). Next to a
deletion similar to those of ku70, which is the most abun-
dant concerning read number, deletions prone to one of
the two nick sites are highly abundant that are completely
absent in ku70. As KU70 has a much lower affinity to
ssDNA, it is possible that in WT the induced staggered DSB
is either repaired independently of KU70, generating dele-
tions similar to those of ku70, or that KU70 preferentially
binds to one of the two overhangs, generating deletions pri-
marily at one of the two nick sites.

Previously, we found indications for a role of microhomol-
ogies in the formation of some tandem duplications (Schiml
et al, 2016). As POLQ is the central player not only of
aNHEJ (Mateos-Gomez et al., 2015) but also of T-DNA inte-
gration (van Kregten et al, 2016; Nishizawa-Yokoi et al,
2021), we were eager to test whether POLQ is also required
for tandem duplication formation. Since the Arabidopsis
polg mutant is not stably transformable by Agrobacterium
via floral dip (van Kregten et al, 2016; Nishizawa-Yokoi et
al, 2021), little information of its molecular role in DSB re-
pair could previously be obtained. Here, we overcame this
challenge using POLQ overexpression. Together with the T-
DNA carrying the expression cassettes for Cas9 nickase and
the sgRNAs, we transiently overexpressed POLQ on a second
“helper” T-DNA to achieve integration. Although the proce-
dure was far from efficient, we were able to analyze a larger
number of repair events in the progeny from one T1 plant

that carried the T-DNA with a functional nickase but no
“helper” T-DNA. Hence, although the number of plants and
the number of reads obtained is smaller than used for all
other mutants, our results demonstrate that the formation
of tandem duplications is not dependent on POLQ. In con-
trast, patch insertions were absent in the polqg mutant back-
ground as well as in the xrcc1 background indicating that
aNHEJ is required for their formation. This is in line with
various studies from different genetic systems, which show
that templated insertions are a POLQ-mediated end joining
specific signature (reviewed in Schimmel et al., 2019).

Thus, we could demonstrate that the two different classes
of insertions arising during the repair of paired 5'-overhang
SSBs depend on the action of two different pathways of
NHE): Whereas the cNHE] pathway is required for tandem
insertions, the aNHE] is essential for patch insertion forma-
tion. These results further suggest that tandem duplications
are generally formed by a microhomology-independent
pathway, as factors of cNHEJ but not aNHE], which is typi-
cally involved in microhomology-dependent repair, are re-
quired for tandem duplication formation.

Previously, we were also able to demonstrate that SSBs ef-
ficiently induce HR between intrachromosomal repeats
(Fauser et al, 2014; Steinert et al, 2015). However, surpris-
ingly, when applying the Cas9 nickase for gene targeting we
found that SSBs are by far less efficient than DSBs in pro-
moting HR reaction between a chromosomal DSB and extra-
chromosomal piece of DNA (Wolter et al, 2018). The
mechanism of DSB-induced gene targeting in plant cells was
elucidated long ago (Puchta, 1998). It is described best by
the synthesis dependent strand annealing mechanism of HR
(Huang and Puchta, 2019). We were able to demonstrate
this before using the same experimental setup as in this
study to show that DSB repair by HR induced gene conver-
sion depends on the classical factors catalyzing strand ex-
change in the SDSA reaction: Knocking out RAD54 leads to
a strong reduction of HR efficiency (Roth et al,, 2012). The
fact that we were not able to achieve this reduction using
the same reporter line in an identical genetic background
clearly demonstrates that SSB repair by HR is not accom-
plished via a mechanism involving strand exchange, at least
in the context of local direct or inverted repeats. It is impor-
tant to mention that SSB induction using those reporter
lines in combination with 4-MUG in WT results in increased
HR frequencies compared to DSB induction (Fauser et al,
2014). This shows that the different outcomes between DSB
induction in the rad54 mutant background from our previ-
ous experiments and SSB induction described here cannot
be attributed to a reduced GUS restoration and thus more
mutagenic NHEJ for a SSB (Roth et al., 2012).

Our findings are in agreement with studies in mammals.
(Davis and Maizels, 2014) postulated an alternative pathway
for repair of DNA nicks distinct from canonical double-
strand break repair. This pathway is independent of RAD51
as well as BRCA2, and was dependent on the donor mole-
cule. In fact, it was even inhibited by those two factors.



Therefore, we can conclude that SSBs are not processed into
DSBs followed by HR repair but rather that the nick itself
stimulates HR. Further research will help to identify the fac-
tors that are essential in SSB-induced gene conversion in
eukaryotes.

Materials and methods

Plant growth and transformation

All A. thaliana lines used in this study were in the
Columbia-0 (Col-0) background. All mutants were obtained
as T-DNA insertion lines from the SALK or GABI collection,
respectively (Supplemental Table S9). The rad54-1 lines were
crossed into the GUS reporter lines stably carrying the re-
porter constructs DGU.US-1 and 1U.GUS-8 characterized in
(Roth et al, 2012). Stable transformation of Arabidopsis was
performed according to the floral dip method (Clough and
Bent, 1998).

Seeds were sown on agar plates containing germina-
tion medium (GM: 4.9-g L1 Murashige and Skoog me-
dium, 10-g L1 saccharose, pH 5.7, 7.6-g L1 plant-agar) or
on substrate containing 1:1 Floraton 3 (Floragard
Vertriebs GmbH, https://www.floragard.de/) and vermic-
ulite (Deutsche Vermiculite Dammstoff GmbH, http://
www.vermiculite.de/), with 16-h light (Phillips, Master,
TL-D 36W/840) and 8-h darkness at 22°C.

T-DNA constructs

The CRISPR/Cas9 nickase and nuclease constructs used in
this study are based on the Gateway compatible pEn-
Chimera and pDe-Cas9(-D10A) previously described (Fauser
et al, 2014). The plant resistance cassette (nptll) of the desti-
nation vector was changed to PPT or gentamycin via Hindlll,
if the insertion lines carried T-DNAs with kanamycin resis-
tance. CRISPR target sequences were inserted as annealed oli-
gonucleotides into pEn-Chimera (see Supplemental Tables
$10 and S11 for oligonucleotides used in this study). The pro-
grammed sgRNA expression cassettes were transferred into
pDe-Cas9-D10A-Gent via Gateway LR reaction. The con-
structs for the paired nickase approach were generated as de-
scribed before (Schiml et al, 2014).

DNA preparation from plant tissue

Two different protocols were used for DNA extraction from
plant tissue. For routine applications a time optimized pro-
tocol (1) was used, for NGS analysis a quantity and purity
optimized (2) protocol was used.

(a) Rosette leaves or whole plantlets were homogenized
with a pestle. Five hundred microliters Shorty extraction
buffer (200-mM Tris—HCI, 200-mM LiCl, 25-mM EDTA, 1%
sodium dodecyl sulfate (SDS)) were added followed by cen-
trifugation at 12,000g for 5 min. Three hundred microliters
supernatant were transferred to 300 pL isopropanol and
gently mixed for the precipitation of DNA. The precipitated
DNA was pelleted by centrifugation at 13,500g for 10 min.
The supernatant was discarded and the pellet washed once
with 70% ethanol. The dried pellet was resuspended in 100-

200-puL TE buffer (10-mM Tris, 1-mM EDTA) depending on
the quantity of plant material used.

(b) About 15-35 plantlets 2-3 weeks post germination
were ground below freezing temperature with mortar and
pestle pre-cooled in liquid nitrogen. Subsequently, 5-mL iso-
lation buffer (0.1-mg-mL ' sodium disulfite, 4.2-mL DNA ex-
traction buffer (63.76-g:L ' sorbitol, 12.11-g-L ' Tris, 1.86-
gL ' EDTA, pH 75), 42-mL nuclei lysis buffer (24.22-g-L '
Tris, 18.61-g-L ' EDTA, 11688-g:L ' NaCl, 20-g:L ' cetyl tri-
methylammonium bromide, pH 8.0), 800-mL 5% sarkosyl so-
lution (50 gL ' N-lauroylsarcosin) was added. After
thorough mixing, the sample was incubated at 65°C for 1 h.
Protein separation was achieved by one round of chloroform
extraction using 5 mL of chloroform and centrifugation at
5,000¢ and 4°C for 5 min. RNA was degraded by adding
100-uL RNase to the supernatant and incubating at room
temperature for 20 min. The DNA was then precipitated by
adding 5 mL of pre-cooled isopropanol (—80°C), gentle mix-
ing by inversion, and centrifuged at 5,000¢ and 4°C for 10
min. The pellet was washed once with 70% ethanol, dried,
and resuspended in 200-500-pL TE buffer depending on the
amount of plant material used.

Sequencing of DNA

In order to determine guide RNA efficiencies, the respective
target regions from 10 pooled transgenic plants each, trans-
formed with the T-DNA harboring the Cas9 nuclease pro-
grammed to target the individual target sites, were amplified
and subjected to TIDE analysis (Brinkman et al,, 2014). In or-
der to determine paired nick InDel frequencies, the respec-
tive target regions from untransformed plant DNA samples,
to determine the background signal generated by sequenc-
ing errors, as well as plants transformed with the T-DNA
were amplified and subjected to NGS. Two different meth-
ods were used for NGS applications, the lllumina HiSeq plat-
form (Bentley et al, 2008) and the Pacific Biosciences SMRT
platform (Eid et al,, 2009). For both methods, sequencing as
well as library preparation was performed by Eurofins GATC
(Konstanz). The lllumina HiSeq platform was used for paired
end sequencing of small amplicons up to a size of 300 bp.
Up to 20 different amplicons were pooled and sequenced si-
multaneously. By including different barcodes on the pri-
mers, the reads could be demultiplexed after sequencing
(see Supplemental Tables S12 and S13 for barcodes used).
The starting material for library preparation was 100 pL of
PCR products at 10 ng-uL '. Due to limitations of the
HiSeq platform to amplicons below 400 bp, the SMRT se-
quencing platform was used for the larger amplicons up to
1,000 bp. Analogous to the HiSeq platform, multiple ampli-
cons were sequenced simultaneously in the same sequenc-
ing run by using barcodes on the primers (see Supplemental
Table S14 for barcodes used).

Analysis of InDels using lllumina short-reads

Analysis of paired nick repair in the different mutant back-
grounds was based on reads generated using lllumina. HiSeq
reads were demultiplexed and paired-end reads were



merged using CLC Genomics Workbench (Qiagen). The
merged and sorted reads were aligned to the reference se-
quence and further analyzed using Cas-Analyzer (Park et al,
2017). Statistical comparison of InDel frequencies between
WT and mutant backgrounds was conducted based on read
counts using Fisher’s exact test implemented in R.

Analysis of InDels using PacBio long reads

We based the distant nick repair analysis on reads generated
using PacBio SMRT sequencing long reads. Demultiplexing
was carried out with sabre v0.3 (https://github.com/najoshi/
sabre), allowing one mismatch. A mean of 25% of reads
could not be assigned to a barcode and were discarded.
BBmap v38.38 (Bushnell, 2014) was used to attempt to res-
cue reads with unknown barcodes. However, a mean of
<2% of reads with unknown barcodes could be recovered.
To avoid any cross contamination, the rescued reads were
not concatenated with the demultiplexed reads. All reads
over 300-bp longer than the locus length were excluded.
Reads were mapped to locus reference sequences using min-
imap2 v2.15 (Li, 2018) with default PacBio parameters (-x
map-bp). InDel information for each read was extracted
from the alignment CIGAR strings using pysam v0.15.2
(Heger et al, 2014). Since long InDels were the focus of the
analysis, small InDels <3 bp were excluded from all samples
including the WT background sample. To further validate
this filtering approach, we also applied an alternative filter
that excluded InDels <10 bp. For both InDel length filters,
we further tested the effect of filtering InDels based on three
possible distances to the nick region (overlapping, 200-bp
upstream/downstream, and any distance).

Analysis of B-glucuronidase activity

To quantify SSB-induced HR, conventional GUS staining was
performed as previously described (Orel et al., 2003) 14 days
after sowing seeds on agar plates containing germination
medium (GM) with the corresponding selection marker
(gentamycin) and cefotaxime.

The detailed quantification of the Cas9-nickase activity
was performed using a 4-MUG assay (Weigel and
Glazebrook, 2002). For each line, T1 seeds were sown on se-
lection media containing GM and gentamycin. After 14 days
of growth, for each line 200 mg of plant material of inde-
pendent primary transformants (approximately 20 seedlings)
was collected thrice, constituting the biological replicates,
and frozen in liquid nitrogen. Without thawing, the plant
material was ground to fine powder and 150 pL of GUS ex-
traction buffer (50-mM sodium phosphate, 10-mM EDTA,
0.1% SDS, and 0.1% Triton X-100) was added. After centrifu-
gation at 4°C, 10 pL of the supernatant was transferred to
1-mL GUS extraction buffer containing 1-mM 4-MUG. To
record the enzyme kinetics, after each incubation step of 10
min at RT, 100 puL were removed from the reaction and
added to 900 L of 1-M sodium carbonate stop buffer. The
fluorescence measurement was carried out in an Infinite
M200 PRO multimode plate reader (Tecan Group Ltd.) with
excitation at 365 nm and emission at 455 nm. All replicates

of the lines in the DGU.US background showed a B-glucu-
ronidase conversion rate of approximately 1 nmol-(min*ug)

!, For the samples in the IU.GUS background we measured
rates of around 0.12 nmol-(min*ug) . GUS data are shown
in Supplemental Table S15.

Measurement of protein concentrations

For normalization of the obtained conversion rates to the
protein concentration in the different samples, a Lowry as-
say was performed (Lowry et al, 1951). For this, proteins
from 50 pL of the supernatant used for the 4-MUG assay di-
luted in 1 mL of H,O were precipitated by adding 2% Na-
Desoxychelate and 30% TCA. The precipitated proteins were
dissolved in 2-ml Lowry D (2% Na,COs in 0.1 n NaOH +
2% CuSO,*5H,0 + 4% K/Na tartrate, 25:1:1) and 5% SDS as
well as the Folin-Ciocalteu reagent (Folin/H,O 1:2) were
added under vortexing. After 60 min incubation in the dark,
the protein complexes were measured at 650 nm. The pro-
tein concentrations were calculated using a BSA standard
curve.

Accession numbers

Sequence data of the genes used in this article can be found
at The Arabidopsis Information Resource with the accession
numbers listed in Supplemental Table S9. Deep sequencing
data that support the finding of this study have been depos-
ited in SRA (accession: PRJNA727456). Custom scripts for
data analysis of the PacBio reads are available on GitHub
(https://github.com/ascheben/CutAnalyser/tree/master/pb
indels). Statistical data are shown in Supplemental Table S16.

Supplemental data

The following materials are available in the online version of
this article

Supplemental Figure S1. Deletion and insertion frequen-
cies in different mutant backgrounds at the heterochroma-
tin locus.

Supplemental Figure S2. Distribution of deletions and
insertions in different mutant backgrounds at the hetero-
chromatin locus.

Supplemental Figure S3. Deletion and insertion frequen-
cies in ligé and ku70 at the ADH1 locus.
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