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The CRISPR/Cas12a system can be used in a wide range of organisms. However, in plants, efficent
editing by Casl12a was hampered due to the lower temperatures required for plant cultivation
(Malzahn et al., 2019). Recently, we engineered animproved, temperature-tolerant variant of Cas12a
from Lachnospiraceae bacterium, ttLbCasl12a, which has shown dramatically increased editing
efficiencies compared to LbCas12a in Arabidopsis at the standard cultivation temperature of 22°C
(Schindele and Puchta, 2020). Furthermore, we could show that, by using ttLbCas12a, gene targeting
(GT) efficiencies can be elevated considerably, both in Arabidopsis and tobacco (Huang et al., 2021;
Merker et al., 2020). Nevertheless, even when using ttLbCas12a, some target sites remain highly
resistant to editing. Evidence is accumulating that especially heterochromatic sites are more
recalcitrant to editing (Weiss etal., 2022). Recently, it was demonstrated that the incorporation of 13
intronsinto the Cas9 coding sequence dramatically improves the editing efficiency in plants (Grutzner
et al., 2021). Based on these findings, an intron-containing ttLbCas12a construct (ttLbCas12a-i) was
established to investigate whether editingin plants could be furtherimproved.

The ttLbCas12a-i variant was generated similarly to the respective Cas9-intron variant (Griitzneretal,,
2021). Short introns from Arabidopsis genes with canonical donor and acceptor sites (AGGT) were
equally placedinto the coding sequence with an average distance of 200-400 nt (exon size). Due to the

smaller size of ttLbCas12a compared to SpCas9, only 10 introns were introduced into the coding
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sequence (Supplemental Data 1). The resulting ttLbCas12a-i ORF was optimized forimproved splicing
efficiency using the NetGene2 intron splice site prediction software
(http://www.cbs.dtu.dk/services/NetGene2/). The intron-containing ttLbCas12a coding sequence was
cloned into a T-DNA expression vector (Figure 1a, top) as previously described for ttLbCas12a
(Schindele and Puchta, 2020). First, we selected seven different target sites to compare the editing
efficiency of ttLbCas12a-iwith ttLbCasl2a. Here, we mainly focused on target siteswithlow to medium
editing efficiencies of ttLbCas12a. Two sites werelocated inthe ECA3geneand fivein heterochromatic,
pericentromeric DNA adjacent to centromere |, Il and IV (Figure 1a, bottom). Using the floral dip
method, Arabidopsis thaliana were transformed with T-DNAs containing therespective crRNAs as well
as the twovariants. To determine the editing efficiency, 17-20transgenicplants each were grown for
two weeks at 22°C. Subsequently, the gDNA of each individual whole plant was extracted and then
assessed by TIDE analysis. Asshownin Figure 1b and c, three target sites showed hardly any editing in
case of ttLbCas12a (T1-T3), anotherthree showed low-to-medium editing efficiencies (T4-T6) and one
showed medium-to-high editing efficiencies (T7). The new construct ttLbCasl2a-i surpassed
ttLbCas12a significantly in terms of editing efficiency at every single target. On average, ttLbCas12a-i
was between 1.3-fold to 6.8-fold more efficient than ttLbCas12a. Thisimprovementis also highlighted
at the populationlevel, where, for the majority of the respective targets and plants, higherand more
consistent editing efficiencies could be observed in case of ttLbCasl2a-i. However, the most
tremendousimprovements were obtained in case of the three targets that had been barely edited by
ttLbCas12a. By using ttLbCas12a-i, all of these targets became accessible for editing. Beyond that,
almost every single plant showed much higher editing efficiencies in case of ttLbCas12a-i. Based on
these results, we aimed to investigate whether also GT could be furtherimproved by using ttLbCas12a-
i. Therefore, we performed GT experiments in Arabidopsis, using the ALS selection system and same
setup as previously described for ttLbCas12a (Merker et al., 2020). Using the floral dip method, A.
thaliana were transformed with T-DNAs containing the respective GT constructs. For both variants,
100 transgenicplants each were grown at 22°C, propagated and, in the following generation, analyzed
for GT events. We determined the percentage of linesrevealing GT events and assessed the total GT
efficiency in terms of percentage of GT events per line (Figure 1d). The percentage of lines with GT
events was onlyslightly higherin case of ttLbCas12a-i compared to ttLbCas12a. However, concerning
the total GT efficiency, a dramaticincrease could be observed in case of ttLbCas12a-i compared to
ttLbCas12a, which correspondedtoa2.7-fold increase. If the GT efficiencies of the individual linesare
takeninto account, the difference betweenttLbCas12aand ttLbCas12a-i becomes evenmore apparent
(Figure 1e): While in case of ttLbCas12a, lessthan a third of the positive lines showed GT efficiencies
above 1%, in case of ttLbCas12a-i, more than three-quarter of the positive lines did. To analyze the

nature of GT events, i.e. to assess whether GT events constitute perfect or ectopic GT events, molecular
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analysis of selected positive plants was performed (Figure 1d). It turned out that perfect GT events
were obtained at similarfrequencies by using either of the variants.

Takentogether, our results demonstrate that the introduction of intronsinto the coding sequence of
ttLbCas12a dramatically improves both gene editing and gene targeting in Arabidopsis, so that even
heterochromaticand other hardly accessibletargets becomeeditable. In anindependent study, it has
very recently been shown that the addition of 8 introns into the ttLbCas12a coding sequence can
enhance editing efficienciesinbarley(Lawrenson et al.,2022). Thus, in general, theinclusion of introns
into ORFs of Cas nucleases seemsto be avery promising way to enhance the editing efficiencyin mono-
as well as dicotyledonous plant species.

It has already been shown before thatthe inclusion of introns leads to higher mutation frequendies by
Cas9in Arabidopsisdue toarelatedincreasein protein levels (Gritzneretal., 2021). We assume that
the enhanced accessibility of heterochromatic sites to editing is also due to the presence of higher
amounts of nuclease in the cells. This expression boostis promoter-independent, making ttLbCas12a-
i a valuable noveltool forthe plant community, enabling a wide variety of applications. Itis espedially
promising in cases where the induction of several or multiple breaks with high efficiency is required,
such as multiplexing. Moreover, the use of ttLbCas12a-i might also improve gene editing efficiendies

in otherorganisms that require cultivation temperatures similar to plants.
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Figure 1: Improvement of gene editing and GT using ttLbCas12a-i. (a) Cas12a expression cassettesfor
gene editing. The D156R mutation is highlighted, introns are represented by gray bars. The target
sequencesand regions are given. (b) Table showing the editing efficiencies determinedby TIDE analysis
as mean values for the respective target sites and variants. Editing efficiencies of the variants were
determined for each of the tested target sites and individual transgenic plants grown at 22°C. (c)
Distribution of editing efficiencies of individual plants for both ttLbCas12a variants. lllustrated are the
editing efficiencies of each of the analysed transgenic plants at the tested target sites (T1-T7) for both
variants at 22°C. Data are presented as boxplots, each box represents the 25th and 75th percentile,
the median is indicated by a black line, whiskers encompass the 1.5x interquartile range and data
beyond that is shown as outliers. Fold increases for ittLbCas12a-i compared to ttLbCas12a at each
target siteareshown.T1: n=20,T2: n=20,T3: n=17, T4:n=17,T5: n=18, T6: n =20, T7: n=20. P
values were calculated using the one-way ANOVA-test: *P<0.05, **P <0.01, ****P < 0.0001. (d) Table
showingthe GT efficiencies and molecular analysis of GT events. The number of analysed T1lines, the
number and percentage of positive T1 lines and the total GT efficiency are shown on the left side of
the table. The total GT efficiency is defined as the average of GT efficiencies of each individual line
including the lines without GT events. The number of analysed positive T2 plants and the numberand
percentage of T2 plants with perfect GT eventsare shown onthe rightside of the table. (e) Distribution
of GT efficiencies of the individual lines for both variants at 22°C. The GT efficiencies of the individual
positive lines are arranged in descending orderfor both variants. GT events were detected for 83 out

of 100 and 87 out of 100 linesin case of ttLbCas12a and ttLbCas12a-i, respectively.
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