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Summary
The ErCas12a nuclease, also known as MAD7, is part of a CRISPR/Cas system from Eubacterium

rectale and distantly related to Cas12a nucleases. As it shares only 31% sequence homology

with the commonly used AsCas12a, its intellectual property may not be covered by the granted

patent rights for Cas12a nucleases. Thus, ErCas12a became an attractive alternative for practical

applications. However, the editing efficiency of ErCas12a is strongly target sequence- and

temperature-dependent. Therefore, optimization of the enzyme activity through protein

engineering is especially attractive for its application in plants, as they are cultivated at lower

temperatures. Based on the knowledge obtained from the optimization of Cas12a nucleases, we

opted to improve the gene editing efficiency of ErCas12a by introducing analogous amino acid

exchanges. Interestingly, neither of these mutations analogous to those in the enhanced or Ultra

versions of AsCas12a resulted in significant editing enhancement of ErCas12a in Arabidopsis

thaliana. However, two different mutations, V156R and K172R, in putative alpha helical

structures of the enzyme showed a detectable improvement in editing. By combining these two

mutations, we obtained an improved ErCas12a (imErCas12a) variant, showing several-fold

increase in activity in comparison to the wild-type enzyme in Arabidopsis. This variant yields

strong editing efficiencies at 22 °C which could be further increased by raising the cultivation

temperature to 28 °C and even enabled editing of formerly inaccessible targets. Additionally, no

enhanced off-site activity was detected. Thus, imErCas12a is an economically attractive and

efficient alternative to other CRISPR/Cas systems for plant genome engineering.

Introduction

The importance of genome engineering in the establishment of

new crop varieties is increasing due to climate change and

population growth. It allows engineered crops to respond quickly

and specifically to the new conditions in order to continuously

provide the population with sufficient high-quality food. In many

laboratories involved in plant research, genome modification

using the RNA-guided target sequence-specific CRISPR (clustered

regularly interspaced short palindromic repeats)/Cas (CRISPR

associated) nucleases has become the method of choice. Shortly

after the first successful CRISPR/Cas-based genome manipulations

in eukaryotic cells had been conducted (Cong et al., 2013; Mali

et al., 2013), plant cells were edited for the first time (Li

et al., 2013; Shan et al., 2013). Eventually, CRISPR/Cas systems of

all types were adapted for the application in plants (Wada

et al., 2022). Modification of specific traits was achieved in major

food crops, including rice, maize and wheat as well as other

important crops, such as tomato, potato and soybean. These have

already been described in several reviews, for example Kumlehn

et al., 2018; Scheben et al., 2017; Schindele et al., 2018. Besides

classical mutagenesis, a wide variety of tools, based on modified

Cas enzymes, was developed and enables the induction of

predefined mutations (Capdeville et al., 2021; Zhu et al., 2020).

For example, mutations could be introduced which either

increased yield or resistance to negative biotic and abiotic

influences (Bandyopadhyay et al., 2020). This is of high interest

for breeders especially in the case of elite crops which are

characterized by a limited gene pool due to centuries of

inbreeding and, as a consequence of phenotypic selection for

preferred traits, have often lost their natural resistance to biotic

and abiotic stresses. One approach to overcome this issue is to

use CRISPR/Cas to combine the preferred traits of cultivars with

the beneficial traits of wild forms (Østerberg et al., 2017;

Schindele et al., 2020).

One decisive factor for the efficient use of CRISPR/Cas in plant

breeding is the editing efficiency of the nucleases: the efficiency

of the various CRISPR/Cas systems differs strongly among

different organisms. Particularly, the Cas12a orthologues show

strong variations in their editing efficiency when used in different

organisms. On the one hand, these differences might be due to

the chosen target sequences. Depending on their GC content or

chromatin structure, the enzymes might bind less efficiently to

the target DNA sequence and, thus, induce breaks at a lower

frequency. On the other hand, direct comparison of orthologues

showed differences in efficiencies at identical target sequences

(Malzahn et al., 2019; Moreno-Mateos et al., 2017; Zetsche

et al., 2015; Zhang et al., 2021b). In human cell lines, AsCas12a

and LbCas12a showed similarly high editing efficiencies (Zetsche

et al., 2015), whereas in plants, AsCas12a initially showed a very

low mutation rate (Bernab�e-Orts et al., 2019). Upon temperature

elevation, editing efficiencies increased significantly in case of the
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tested Cas12a orthologues. In contrast to AsCas12a, LbCas12a

showed solid editing efficiencies in protoplasts, even at lower

temperatures. In Arabidopsis plants, this was the case only upon

temperature increase. SpCas9, which was tested for comparison,

has a temperature optimum of 32 °C in plants whereas the

Cas12a orthologues AsCas12a, LbCas12a and Francisella novicida

Cas12a achieved the highest mutagenesis rates at 28 °C in plants

(Malzahn et al., 2019). Below 28 °C, however, Cas12a nucleases

showed a strongly reduced activity. The ongoing search for new

nucleases has yielded a number of new Cas12a systems for gene

editing in plants, such as Mb2Cas12a, which showed a tolerance

to lower temperatures in plants (Zhang et al., 2021b). Possible

approaches to circumvent this temperature sensitivity are the

introduction of mutations within the Cas12a protein sequence.

By replacing certain amino acids that interact with the target DNA

in the PAM-proximal region, it was possible to generate

AsCas12a nucleases that exhibited lower temperature sensitivity

and, accordingly, showed higher activity in human cell lines at

lower temperatures (Kleinstiver et al., 2019). Analogous to these

enhanced AsCas12a (enAsCas12a) variants, the corresponding

amino acid modifications were also inserted in LbCas12a, which

was already exhibiting a higher editing efficiency in plants

(Schindele and Puchta, 2020). The temperature-tolerant

LbCas12a (ttLbCas12a) variant created in this way showed high

editing activity in Arabidopsis, even at low temperatures. This

effect could be further enhanced at higher temperatures

(Schindele and Puchta, 2020). Furthermore, a variant, called

AsCas12a-Ultra, could be generated which not only showed

increased activity at targets with canonical 50-TTTV-30 PAM, but

additionally enabled efficient editing of targets with a 50-TTTT-30

PAM (Zhang et al., 2021a).

In addition to the CRISPR/Cas systems commonly used to date,

a relatively unknown CRISPR/Cas system is of particular interest

for gene editing-based plant breeding. ErCas12a is a class 2 type

V CRISPR/Cas system from Eubacterium rectale, and originates

from a bacterial strain isolated in Madagascar which, presumably,

shows a greater protein sequence divergence from its closest

relatives due to long-term separate evolution. Thus, ErCas12a

shows only a 31% sequence homology with the commonly used

AsCas12a. Despite the notable differences from previous Cas12a

systems, ErCas12a has already been successfully applied in

mammalian cells, zebrafish, bacteria and also in plants (Lin

et al., 2021; Liu et al., 2020; Price et al., 2020; Wierson et al.,

2019; Zhang et al., 2021b). ErCas12a showed stable editing in

protoplasts, which could be improved upon temperature eleva-

tion (Zhang et al., 2021b) The required PAM sequence was

initially designated as 50-YTTN-30. However, studies showed that

PAMs with 50-TTTN-30 result in a higher editing efficiency (Lin

et al., 2021). In this, they share a commonality with the better-

known Cas12a nucleases which also require a T-rich PAM

sequence.

Based on the knowledge obtained from the optimization of

other Cas12a nucleases (Kleinstiver et al., 2019; Schindele and

Puchta, 2020), we opted to improve the gene editing efficiency of

ErCas12a at lower temperatures and, thus, to improve its usability

in plants.

Results

Similarly to the already well-characterized Cas12a orthologues,

ErCas12a recognizes T-rich PAM sequences. It shares the highest

similarity with AsCas12a and uses an identical crRNA (Maksimova

et al., 2019; Zetsche et al., 2015). In numerous organisms,

including mammalian cells, zebrafish as well as rice and wheat,

ErCas12a was shown to provide robust cleavage activity (Lin

et al., 2021; Liu et al., 2020; Wierson et al., 2019; Zhang et al.,

2021b). However, a strong target sequence- and temperature-

dependent variance of the efficiency was observed. Partially, this

could be overcome by increasing the cultivation temperature or

by applying brief heat shocks. However, not all plants can be

grown under such conditions. Thus, the engineering of nucleases

to achieve stable editing efficiencies is of utmost interest for

breeders.

Since the editing efficiency of ErCas12a has not yet been tested

in Arabidopsis thaliana, we selected five different target sites in

the ECA3 gene for which extensive data are already available

following mutagenesis with different LbCas12a variants (Schin-

dele and Puchta, 2020). The target sites in the ECA3 gene were

accompanied by the PAM sequences 50-TTTA-30 and 50-TTTC-30

(Figure 1a). Transgenic plants were cultivated for 2 weeks on

appropriate selection medium at either 22 °C or 28 °C. Editing
efficiency analysis was performed using quantitative TIDE analysis

(Brinkman et al., 2014) after sequencing of the affected gene

segment (Figure 1c,d).

At 22 °C, at Target 2, Target 3 and Target 4, efficiencies of

10.3%, 9.3% and 13.0% were measured on average across 40

plants. At Target 1 and Target 5, not a single plant showed

significant editing. Increasing the temperature to 28 °C resulted

in editing of Target 1 and 5 with an efficiency of 13.1% and

8.6%, respectively. The three targets that already showed editing

at 22 °C showed an editing increase by 1.6-, 2.1- and 1.4-fold at

28 °C, respectively. When the data of individual plants are

considered, it is noticeable that a majority of the individual plants

were not edited, especially when cultivated at 22 °C. In fact, the

average values were raised by individual plants whose editing

efficiencies reached up to 86%. At 28 °C, such high values

occurred more frequently at the population level, but some also

showed efficiencies in the average range. Strikingly, Target 1 and

Target 5 demonstrated stable resistance to editing by ErCas12a at

22 °C, whereas a slight increase of the cultivation temperature to

28 °C allowed at least minor editing. Regarding the distribution

of the individual values in the boxplots, it appears that, despite

the low average efficiency, especially at 28 °C, in some individual

plants an editing efficiency of more than 50% could be achieved.

In a few individual plants, an editing efficiency of more than 75%

could be detected. By and large, however, our results demon-

strate that the average efficiency obtained with ErCas12a is

rather low in Arabidopsis.

Evaluation of the most efficient crRNA set-up

Two different versions of a compatible crRNA length have been

described for ErCas12a: A longer version of the pre-crRNA with a

length of 56 nt, which splits into a 35 nt direct repeat and

a 21 nt spacer, or a shorter, mature version of the crRNA,

consisting of 42 nt, starting with a 21 nt direct repeat, followed

by a 21 nt spacer sequence. In human cells, both versions of the

crRNA were tested and did not reveal significant differences in

editing efficiency (Maksimova et al., 2019). A possible disadvan-

tage of the 56 nt version could be the presence of five

consecutive thymidine bases in the DNA sequence encoding the

crRNA, which represent a possible termination signal for

polymerase III. This could result in the generation of truncated

and incomplete crRNAs which would consequently have a

negative impact on crRNA efficiency. Furthermore, according to
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sequence comparisons, the crRNA in the 56 nt version shows a

completely identical sequence to the non-processed crRNA of

AsCas12a. However, the AsCas12a is standardly used with the

42 nt-long crRNA (Zetsche et al., 2015). Therefore, we tested

both versions in Arabidopsis. In addition, to enhance the activity

of other Cas12a orthologues, crRNAs are often flanked by the

self-cleaving hammerhead (HH) ribozyme and the ribozyme from

the hepatitis-delta-virus (HDV) to support crRNA processing (Gao

et al., 2018; Tang et al., 2017). In case of the non-processed

crRNA of AsCas12a, which has an identical sequence to the 56 nt

crRNA, flanking with ribozymes led to an increase in crRNA

expression and, thus, enhanced activity of AsCas12a (Gao

et al., 2018). Therefore, approaches using both crRNA versions,

56 nt or 42 nt, flanked with ribozymes, were included in our test.

The structure of the different constructs is schematically shown in

Figure 1b.

To determine which crRNA set-up was the most efficient for

editing using ErCas12a, four constructs were created which

differed in crRNA construction but were otherwise identical. As

described above, the crRNAs consisted of either 42 nt or 56 nt

and both versions were also tested flanked by ribozymes in the

HH-crRNA-HDV structure. The boxplots in Figure 1 show

the distribution of the individual values of each crRNA,

summarizing the values at the five different targets (Figure 1e,f).

The average values show that at both temperatures tested, the

strongest editing efficiency for the individual target sequences

was achieved using the short crRNA flanked by the two ribozymes

HH and HDV, which is why we used this constellation for all

further analyses in this study.

Protein engineering of ErCas12a for efficient editing in
plants

It has been previously shown in other systems that an increase in

temperature is crucial for better editing efficiency by Cas12a

orthologues (Moreno-Mateos et al., 2017; Zhang et al., 2021b).

At lower temperatures, especially below 28 °C, Cas12a nucleases

show a significant reduction in their activities. Based on the

modifications in the enAsCas12a (Kleinstiver et al., 2019) or

Figure 1 Gene editing in plants with ErCas12a. (a) Overview of the five target sites in the ECA3 gene. (b) Overview of the expression cassettes used to

evaluate the four different approaches to crRNA construction. Nuclease expression was controlled by the constitutive promoter PcUbi4-2 and the pea3A

terminator. Expression of crRNAs was controlled by the polymerase III promoter AtU6-26 and a polyT sequence as a termination signal. The crRNAs were

composed of either 21 nt direct repeats (DR) and 21 nt spacer sequence (S) or 35 nt direct repeat and 21 nt spacer sequence. Both versions, the 42 nt-long

and the 56 nt-long were tested in separate approaches, either with flanking ribozymes (HH and HDV) or without ribozyme flanking. (c) Boxplots show the

editing efficiencies in transgenic T1 plants at the tested target sites (1–5) at temperatures of 22 °C and 28 °C. The boxes represent the upper and lower

quartiles, and the median is depicted as a solid black line in the boxes. In addition, the mean value of the data is shown as a cross. The values that are still

within 1.5 times the interquartile range are indicated by the antennas. Outliers that fall outside this value are represented by black dots. n = 40 if not

specified otherwise, P-values were calculated using the Mann–Whitney-U test: *P < 0.05. (d) Summary of relative editing efficiencies. The average values of

about 40 plants which were tested for each target and the two different temperatures are shown. (e) Boxplots of the editing efficiency of ErCas12a in

combination with differently modified crRNA constructs at 22 °C and 28 °C. (f) Overview of relative editing efficiencies, given as average values of ten

tested plants per target and for each crRNA set-up at both different temperatures.
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ttLbCas12a variants (Schindele and Puchta, 2020), which

mediated temperature tolerance, we searched for the corre-

sponding amino acids in ErCas12a. These amino acid sub-

stitutions supposedly lead to an increased efficiency due to a

stronger interaction between the nuclease, the crRNA and the

target DNA (Kleinstiver et al., 2019; Schindele and Puchta, 2020).

However, ErCas12a exhibits an evolutionary distance from the

other Cas12a proteins which made the identification of

homologous amino acids challenging. To identify corresponding

amino acids that can form interactions with the target DNA, the

amino acid sequence of ErCas12a was compared with that of

AsCas12a and LbCas12a (Table 1). As a result, many highly

conserved stretches between the proteins, as well as some areas

of lower conservation, could be identified. High conservation

exists at the N-terminal region, as well as in the REC1 domain

where the interaction with the crRNA/DNA heteroduplex occurs

(Yamano et al., 2016). In addition, there is high conservation in

the WED II/PI domain and especially in the region where the RuvC

I and RuvC II single motifs and the bridging helix are present. The

amino acids whose substitutions were responsible for

the enhanced efficiency of the ttLbCas12a variant, D156

(Schindele and Puchta, 2020), and had the main influence on

the function of enAsCas12a, E174 (Kleinstiver et al., 2019), are

located within the REC1 domain where the interaction with the

crRNA/DNA heteroduplex occurs. Both amino acids are acidic,

negatively charged amino acids and, thus, exhibit structural

similarity. No conservation, on the other hand, is evident

concerning these amino acids between ErCas12a and the other

orthologous Cas12a nucleases, since lysine, a basic, positively

charged amino acid, is present at this position in ErCas12a. The

strong activity of enAsCas12a and ttLbCas12a is likely mainly due

to the change in charge, based on a substitution of acidic amino

acids by the large, basic amino acid arginine. In this way, new

contacts to the target DNA can be established. In the case of

ErCas12a, however, lysine, a basic, positively charged amino acid,

is already present at this position. The other amino acid

substitutions of S542R/K548R in enAsCas12a and G532R/

K538R in enLbCas12a, took place in the WED-II/PI domain. In

ErCas12a, D532 and K538 are located at these sites, and lysine is

highly conserved at this position between the examined Cas12a

nucleases.

Furthermore, using existing crystal structures of AsCas12a

(Yamano et al., 2016) and LbCas12a (Yamano et al., 2017), the

bioinformatic calculation of a theoretical model of the ErCas12a

protein structure was performed using the bioinformatics online

tool SWISS-MODEL (Bertoni et al., 2017). The comparison of the

crystal structures with the calculated model of ErCas12a showed

a high structural similarity between the orthologous Cas12a

proteins and ErCas12a. The majority of the two structures could

be visually overlapped using PyMOL for visualization since most of

the secondary structures occupy almost identical positions

(Schr€odinger, 2015). The analogous amino acids (Table 1), which

were determined by the alignment of the protein sequences, are

also localized at comparable positions in the calculated model

(Figure 2a). Although the structure of ErCas12a is a theoretically

calculated model, it can nevertheless provide first indications that

the homologous amino acids might be located at conserved

positions in both proteins. Accordingly, substitutions comparable

to the ones described for the generation of improved AsCas12a

and LbCas12a variants, might lead to comparable effects on the

editing efficiency.

Analysis of the enErCas12a and ErCas12a-Ultra variants

An enErCas12a variant was generated analogously to enAs-

Cas12a and enLbCas12a, with amino acid substitution K172R as

an analogue to D156R in enLbCas12a and E174R in enAsCas12a.

Because of the earlier mentioned charge differences between the

respective amino acids, it was uncertain if this lysine in ErCas12a

takes on the same function and if the effect of the substitution by

arginine would lead to an effect comparable to the one described

for enAsCas12a and enLbCas12a. Unlike lysine, arginine contains

a hydrophilic, basic-reacting guanidino group that acts as a very

strong base and provides more opportunities for interactions than

the amino group in lysine (Berg et al., 2018). Furthermore,

analogously to the efficient AsCas12a-Ultra variant, a ErCas12a-

Ultra variant was generated that contained the two mutations

I527R and F843L. The AsCas12a-Ultra variant was generated in

another attempt to reduce the temperature sensitivity of

AsCas12a and achieve constant activity even at lower

Table 1 Conservation level of amino acids in Cas12a orthologues

Temperature-

tolerant Enhanced Ultra

AsCas12a E174 S542 K548 M537 F870

LbCas12a D156 G532 K538 N527 E795

ErCas12a K172 D532 K538 I527 F843

Conservation Minor Minor Completely Mostly Completely

The table shows the amino acids substituted by arginine for the temperature-

tolerant and enhanced variants of AsCas12a and LbCas12a, respectively, as well

as the amino acids that were changed in the Ultra variant. The homologous

amino acids in ErCas12a are marked in bold and the conservation level is

indicated depending on their biochemical properties (minor, mostly or

completely).

Figure 2 Comparison of ErCas12a and ErCas12a variants. (a) Shown is a model of the experimentally confirmed structure of the AsCas12a-crRNA/DNA

complex (NCBI code 5B43; top left), and a theoretical model of ErCas12a calculated based on the model of the AsCas12a-crRNA/DNA complex, with

crRNA/DNA duplex optically inserted (top right). AsCas12a is shown in grey, ErCas12a in turquoise and the corresponding crRNA and DNA in orange and

pink, respectively. In the close-up of the PAM-proximal region, the PAM sequence is highlighted in pink ([�4T], [�3T], [�2T], [�1A]), and the three amino

acids altered in the variants of AsCas12a and ErCas12a are shown in green. (b) Overview of relative editing efficiencies, shown as averages of 20–40 plants

tested for each target and the two different temperatures. (c) Plot of editing efficiency of enErCas12a and ErCas12a Ultra variants compared with ErCas12a

at 22 °C and 28 °C. Boxplots show the distribution of editing efficiency of individual plants for each tested target (1–5) at temperatures 22 °C and 28 °C,

respectively. The boxes represent the upper and lower quartiles and the median is drawn as a solid black line in the boxes. In addition, a cross represents the

respective mean value of the data. The values that are still within 1.5 times the interquartile range are indicated by the antennas. Outliers that fall beyond

this value are represented by black dots. The number of analysed plants for each variant and target is specified in the table, P-values were calculated using

the one-way ANOVA test: *P < 0.05; **P < 0.01; ***P < 0.001.
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temperatures (Zhang et al., 2021a). In the case of AsCas12a-

Ultra, substitution of the amino acids M537R and F870L resulted

in a significant increase in editing efficiencies, even at lower

temperatures (Zhang et al., 2021a). The editing efficiency of the

different variants was tested just like the editing efficiency of

wild-type ErCas12a: at the five ECA3 target sites and by

comparing the editing efficiency with that of wild-type ErCas12a.

The average values showed a slightly higher editing efficiency of

enErCas12a compared to ErCas12a (Figure 2b,c). For both

ErCas12a and enErCas12a, the average editing efficiency at

28 °C was higher than at 22 °C. A 1.2- to 1.7-fold stronger

editing efficiency of enErCas12a was detected when the
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temperature was increased to 28 °C. Comparing the median of

these two variants, no clear difference could be detected

between ErCas12a and enErCas12a. On the other hand, no

editing activity of ErCas12a-Ultra could be detected, neither at

22 °C nor at 28 °C. In contrast to the other two lines, no

individual plants displaying higher editing efficiencies could be

observed in this case.

Analyses of the ErCas12a a-helix1 variants

Analogously to the generation of the highly efficient ttLbCas12a,

the sole substitution of the amino acid K172 was of particular

interest to improve ErCas12a. Additionally, we searched for

further amino acids that could play key roles in the protein–DNA
interaction within the REC1 domain and whose exchange could

lead to enhanced interactions within the protein. In proximity of

K172 at position 169 lies a negatively charged aspartic acid that

could possibly represent the actual equivalent to D156 from

LbCas12a or E174 from AsCas12a. Furthermore, we searched for

amino acids in the same region that either had a negative charge

or were small and nonpolar or uncharged. In these cases, a

substitution by the large, positively charged arginine, would likely

have the greatest effect and might enable additional interactions

with the DNA, which could have implications for editing

efficiency. Thus, the three amino acids D169, K172 and A175

were selected due to being located in the a-helix structure which

is likely analogous to the a-helices in which the amino acids D156

and E174 are positioned in LbCas12a and AsCas12a, respectively.

In the further course, this a-helix will be referred to as a-helix1.
The D169R and A175R variants showed on average editing

efficiencies which were comparable to that of ErCas12a

(Figure 3a,b). For variant K172R, successful edits were observed

at both tested temperatures. The average values indicate slightly

increased editing efficiencies for all tested targets compared to

ErCas12a and a stronger activity at 28 °C. Compared to

ErCas12a, editing at 22 °C was increased between 1.5- and

1.7-fold at three of the five tested targets. At 28 °C, only two out

of five targets, target 3 and 4, showed an increase in efficiency,

by 1.5- and 1.6-fold compared to ErCas12a with an editing

efficiency of approximately 30%.

Analyses of the ErCas12a a-helix2 variants

In addition to the before-mentioned variants, substitutions of

three amino acids, E152, K153 and V156, located in another

adjacent a-helix structure, were also tested. This structure is from

now on referred to as a-helix2. Depending on the folding of the

protein, mutations in this area could lead to further interactions in

the protein/crRNA/DNA complex or have effects on the position

of other a-helices, which could indirectly lead to further

interactions. In the case of the E152R and K153R variants,

successful edits were detected in individual plants (Figure 3c,d).

The average values indicate similar editing efficiencies to

ErCas12a at all five targets tested. An exception to this finding

was the occurrence of a high editing efficiency of K153R at 22 °C
which can be traced back to a few individuals showing very high

editing efficiency. However, this effect could not be reproduced

at 28 °C. In the case of the variant V156R, already at 22 °C, a
slight increase in editing was observed at two of the tested

targets compared to ErCas12a. At 28 °C, at three targets, a

strikingly higher editing efficiency, with averages between 30%

and 40%, could be achieved.

Generation and validation of an improved ErCas12a
variant

Due to the already notable increase in editing efficiencies,

especially at 28 °C, which were achieved with the two variants

V156R and K172R, we generated a new variant, called

improvedErCas12a (imErCas12a), which combines both sub-

stitutions. By combining these two variants, a dramatic increase

in editing efficiency was achieved (Figure 4). Already at 22 °C,
strong average editing efficiencies between 30% and 50% were

achieved at the targets 2, 3 and 4. This number increased to over

50% at 28 °C. Importantly, imErCas12a also enabled editing of

the formerly inaccessible targets 1 and 5 at 28 °C with

efficiencies of 41.4% and 27.2%, respectively. A closer look at

the graphs shows that, already at 22 °C, editing efficiencies of

more than 50% could be achieved at target 2 in half of the tested

plants. At targets 2, 3 and 4, individual editing efficiencies of

more than 75% were observed. At 28 °C, a median of over 50%

editing efficiency could be achieved at three targets. While other

variants failed to edit targets 1 and 5, we achieved robust editing

at both targets by using imErCas12a. Remarkably, despite the

mediocre average editing efficiency of 27.2% at target 5, single

plants showed efficiencies of up to 70%. This demonstrates the

clear superiority of the imErCas12a variant over the previously

described variants and the wild-type ErCas12a. However, no

change in the repair pattern of the induced breaks could be

detected, indicating that the protein modifications only alter the

frequency of break induction and not the break pattern itself

(Data S1–S4).

Off-target analysis of the improved ErCas12a variant

To date, the specificity of gene editing using ErCas12a has only

been investigated in mammalian cells in vivo (Liu et al., 2020) and

in regenerated rice plants (Lin et al., 2021).In both cases, no

editing at non-predetermined sites has been described. For

Arabidopsis, the specificity of ErCas12a has not yet been

described. Furthermore, the question arose whether the signif-

icant increase in activity of imErCas12a compared to ErCas12a

could also lead to lower specificity and, accordingly, higher off-

target activity. In general, Cas12a nucleases show high target

specificity (Kim et al., 2016, 2017; Kleinstiver et al., 2016).

However, for enAsCas12a with increased editing efficiency,

increased editing at non-matching targets could also be observed,

most notably at similar target sites accompanied by different PAM

Figure 3 Quantitative determination of the editing efficiency of the ErCas12a variants. Overview of relative editing efficiencies of the a-helix1 variants (a)

and the a-helix2 variants (c), given as average values of 20–40 plants tested for each target and the two different temperatures. (b) and (d) Plot of editing

efficiencies of tested variants compared with ErCas12a at 22 °C and 28 °C. Boxplots show the distribution of editing efficiencies of individual plants for

each tested target (1–5) at temperatures of 22 °C and 28 °C. The boxes represent the upper and lower quartiles, and the median is drawn as a solid black

line in the boxes. In addition, a cross represents the respective mean value of the data. The values that are still within 1.5 times the interquartile range are

indicated by the antennas. Outliers that fall beyond this value are represented by black dots. The number of analysed plants for each variant and target is

specified in the tables, P-values were calculated using the one-way ANOVA test: *P < 0.05; **P < 0.01; ***P < 0.001.
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sequences (Kleinstiver et al., 2019). To determine the off-target

activity of ErCas12a and imErCas12a in Arabidopsis we chose a

target in the SUC1 gene which is part of the highly conserved

SUCROSE CARRIER (SUC) gene family that consists of nine

homologous genes (SUC1–SUC9). Within those genes, we found

five potential off-targets with one to three mismatches compared

to the on-target sequence (Figure 5a). Analysis of the editing

efficiencies at the on- and off-target sites was performed using
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TIDE analysis as described before. The average values show that

imErCas12a can only edit the on-targets with noteworthy

efficiency, at both 22 °C and 28 °C. ErCas12a could neither

efficiently edit the on-targets at 22 °C or 28 °C, nor could it

efficiently edit any of the five possible off-targets. ImErCas12a

also showed a low editing efficiency at 22 °C. The on-target

editing of ErCas12a could not be increased, even when the

temperature was increased to 28 °C. ImErCas12a already showed

an increase in editing at 22 °C, which could be further increased

at the on-target SUC1 at 28 °C. In the off-target analysis, neither

efficient editing could be detected for imErCas12a, nor were

there any individual outliers in the off-targets. All average values

lie in the single-digit range. Based on the detected values of the

editing efficiencies at the off-target sequences, a high specificity

of imErCas12a can be confirmed.

Discussion

Influence of the crRNA system on ErCas12a editing

At the beginning of this study, we tested the optimal structure of

the crRNA of ErCas12a for application in plants. The coding DNA

sequence of the pre-crRNA (Maksimova et al., 2019) contains five

consecutive thymidine bases in the 35 nt-long direct repeat

which can also be recognized as a premature termination

sequence when expressed under the control of a RNA polymerase

III promoter (Gao et al., 2017). Using the mature 42 nt crRNA, it is

possible to bypass the consecutive thymidine bases of the coding

DNA sequence and, thus, the premature termination of

transcription. On the other hand, studies using LbCas12a in rice

showed that using the non-processed pre-crRNA can work better

than the short, processed crRNAs (Xu et al., 2017). In this study,

we compared the non-processed crRNA with the processed

crRNA, and both variants were also tested with flanking

ribozymes. In previous work in rice and wheat protoplasts, no

difference was found between the 56 nt and the 42 nt ribozyme-

flanked crRNA (Lin et al., 2021), whereas we found that the 56 nt

crRNA, flanked by ribozymes, performed considerably worse at

22 °C than its shorter counterpart. In addition, its efficiency could

not be enhanced by increasing the temperature to 28 °C. In

agreement with the results of Xu et al., 2017 using LbCas12a

in rice, the 42 nt crRNA without ribozymes showed low activity.

Most studies on this topic found that the use of flanking

ribozymes with the mature crRNA achieves robust editing by

Cas12a nucleases in plants (Gao et al., 2018; Lin et al., 2021;

Schindele and Puchta, 2020; Tang et al., 2017; Zhang

et al., 2021b). In this study, we could confirm that ErCas12a

has comparable crRNA expression requirements for gene editing

approaches as other Cas12a orthologues.

Establishment of optimized ErCas12a variants

ErCas12a has not yet been used in Arabidopsis but experiments in

rice, wheat and maize showed partly comparable activity with

Figure 4 Quantitative determination of the editing efficiency of engineered ErCas12a variants. Overview of the relative editing efficiencies of engineered

ErCas12a variants (a), given as average values of 20–40 plants tested for each target and the two different temperatures. (b) Plot of editing efficiencies of

the tested variants at 22 °C and 28 °C. Boxplots show the distribution of editing efficiencies of individual plants for each tested target (1–5) at

temperatures of 22 °C and 28 °C. The boxes represent the upper and lower quartiles, and the median is drawn as a solid black line in the boxes. In

addition, a cross represents the respective mean value of the data including the outliers. The values that are still within 1.5 times the interquartile range are

indicated by the antennas. Outliers that fall beyond this value are represented by black dots. The number of analysed plants for each variant and target is

specified in the table, P-values were calculated using the one-way ANOVA test: *P < 0.05; **P < 0.01; ***P < 0.001.
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LbCas12a in protoplasts (Lin et al., 2021; Zhang et al., 2021b). In

this study, we observed stronger target sequence-dependent

variations in editing efficiencies of ErCas12a compared to

LbCas12a as well as a temperature sensitivity comparable

to other Cas12a systems (Malzahn et al., 2019; Schindele and

Puchta, 2020; Zhang et al., 2021b). Editing by ErCas12a resulted

in low efficiencies at all five tested targets at 22 °C; two targets

were completely inaccessible for ErCas12a-mediated gene edit-

ing. While increasing the temperature to 28 °C resulted in

enhanced editing efficiencies, the average remained below 20%

at all targets.

Based on knowledge obtained from former Cas12a nuclease

improvements, we designed several ErCas12a variants, of which

two, K172R and V156R, showed higher efficiencies at some

targets. By combining these variants, we obtained an improved

ErCas12a which enabled robust editing at all targets (Figure 4),

including those that were previously inaccessible to every other

tested ErCas12a variant and enLbCas12a (Schindele and

Puchta, 2020). At target 1, imErCas12a even outperformed the

highly efficient ttLbCas12a variant at 22 °C (Schindele and

Puchta, 2020).

For both the amino acid substitution K172R as well as V156R, it

can be seen that arginine can form more interactions with

neighbouring structures in the predicted structure (Figure S1). In

the case of K172R, additional contacts with the backbone of the

DNA in the PAM-proximal region as well as additional hydrogen

Figure 5 Quantitative determination of off-target editing efficiency of imErCas12a. (a) Overview of the on-target site in the SUC1 gene, as well as the five

off-target sites SUC5 to SUC9. The nucleotides highlighted in red indicate the mismatches in each sequence. (b) Schematic structure of the ErCas12a

expression cassettes, which are analogous to the expression cassettes used to determine editing efficiencies in the ECA3 gene. The guide was designed to

address the target in SUC1. (c) Overview of the relative editing efficiencies of ErCas12a and imErCas12a, given as average values of ten tested plants for the

on-target, and the examined possible off-target sequences. The editing efficiency was determined at the two different temperatures, 22 °C and 28 °C. (d)

Boxplots show the distribution of editing efficiencies of individual plants at the respective targets (SUC1/SUC5–SUC9) at temperatures of 22 °C and 28 °C.

Boxes represent the upper and lower quartiles, and the median is drawn as a solid black line in the boxes. In addition, the mean value of the data is shown

as a cross. The values that are still within 1.5 times the interquartile range are indicated by the antennas. Outliers that lie outside this value are represented

by black dots.
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bonds with the base at the 30 end of the PAM might form. The

resulting enhanced editing efficiency is in line with results from

other studies, which showed that non-negatively charged amino

acids within DNA-interacting protein domains increase editing

activities of different Cas12a orthologues, probably due to

improved DNA binding (Zhang et al., 2021b, 2023). However, it

should be kept in mind that this structure only reflects a probable

model of ErCas12a and that the crRNA/DNA duplex was only

visually inserted into the model, based on the analogous

AsCas12a. Thus, this model does not necessarily correspond to

the actual structure. However, at this point, the use of the

calculated model of ErCas12a and inserted crRNA/DNA duplex

offers a possible explanation for the slight increase in editing due

to the replacement of L172R. Polar interactions between amino

acids and the DNA backbone may lead to stabilization of the

protein/DNA complex (Luscombe et al., 2001). In the case of

V156R, it is likely that steric repulsion may occur at this site

between the two helices, in which case the a-helix2 would

distance itself from the other helix. Because of the short random

coil connection of three amino acids between a-helix1 and a-
helix2, the altered positioning of a-helix2 is likely to affect a-
helix1 as well. In turn, the altered positioning of a-helix1 could

also strengthen the binding between the nuclease and the crRNA/

DNA duplex in conjunction with lysine 172. This could also lead to

an increase in editing efficiency of the V156R variant. The

presumably stronger binding of the nuclease to DNA, due to

the single mutation K172R, only led to a minor increase in

efficiency. Similarly, the possible structural change of the protein,

due to the substitution of V156R in a region where PAM-proximal

binding of DNA occurs, suggests a slight increase in efficiency.

Only the combination of the two substitutions V156R and K172R

led to a substantial increase in editing efficiencies. The respective

variant, imErCas12a, exhibited much stronger editing at all

targets compared to the two variants with only one of the two

mutations.

Interestingly, the other ErCas12a tested variants did not show

an increase in editing efficiencies (Figures 2 and 3) and partially

even resulted in a loss of nuclease activity (Figure 2). Especially for

the enErCas12a and ErCas12a-Ultra variants, these results are not

in line with expectations. In the case of enErCas12a, the third

substituted amino acid lysine 538 was conserved between the

ErCas12a and AsCas12a. The substitution of lysine 172 to

arginine, which is also part of the enErCas12a variant, individually

resulted in a slight increase in editing activity (Figure 3). However,

the two additional mutations of aspartic acid 532 and lysine 538

to arginine, respectively, completely abolished the slight positive

effect of the first mutation. Although this observation was also

made in the case of LbCas12a with the comparison between the

two variants enLbCas12a and ttLbCas12a (Schindele and

Puchta, 2020), the closer similarity of ErCas12a to AsCas12a led

to the assumption that the effect that was observed for

enAsCas12a was likely to be reproducible in the case of

enErCas12a (Kleinstiver et al., 2019). Of the two amino acids

aspartic acid 532 and lysine 538, lysine 538 showed the highest

conservation between the orthologous Cas12a nucleases,

whereas aspartic acid 532 was not conserved between the

orthologues. Accordingly, it can be assumed that the conserved

lysine 538 performs a comparable function in all orthologues.

However, mutation of this amino acid did not cause a reduction

in nuclease activity in enAsCas12a, so it seems more likely that

substitution of aspartic acid 532 by arginine caused the reduction

in editing efficiencies. A similar effect was likely achieved by

substitution of glycine 532 by arginine in LbCas12a (Schindele

and Puchta, 2020).

Despite the high degree of conservation, essential differences

can nevertheless exist between the nucleases, as was observed

when analysing the ErCas12a-Ultra variant. Here, the correspond-

ing amino acids methionine 537 and phenylalanine 870 in

AsCas12a and isoleucine 527 and phenylalanine 843 in ErCas12a,

respectively, were almost completely conserved between

AsCas12a and ErCas12a, since isoleucine and methionine, as

non-polar, hydrophobic amino acids, are both likely to have

similar properties in the protein structure. Therefore, an increased

editing efficiency was expected when the amino acids were

exchanged, analogously to the effect observed in the AsCas12a-

Ultra variant (Zhang et al., 2021a). However, the opposite was

true for ErCas12a. In fact, no significant editing by the ErCas12a-

Ultra variant was detected at any of the targets, even at increased

temperatures. Phenylalanine 843 in ErCas12a, and at position

870 in AsCas12a, is highly conserved between the two

orthologues and is located in the region that, at least in

AsCas12a, interacts with the stem loop of the crRNA, possibly

strengthening the stability of the Cas12a/crRNA complex. Using

the two examples of enErCas12a and ErCas12a-Ultra, it is again

clear that, despite seemingly similar structures, orthologous

nucleases nevertheless differ from each other and that essential

differences in properties exist.

Off-target activity of ErCas12a and imErCas12a

The nucleases enAsCas12a, which showed much more efficient

editing at on-target sequences (Kleinstiver et al., 2019), as well as

ttLbCas12a, with exceedingly efficient editing at the respective

target sites, showed at least partially lower specificity (Kleinstiver

et al., 2019; Schindele and Puchta, 2020). The possibility of

increased editing at off-targets by increased editing activity also

exists in the case of imErCas12a. In general, Cas12a nucleases are

more specific than Cas9 nucleases and, accordingly, show less

off-target effects (Xu et al., 2017). On the one hand, due to the

increased editing efficiency, there is some likelihood that

imErCas12a might also show higher off-target activity. To date,

no off-target activities of ErCas12a have been detected in mice

and rats (Liu et al., 2020), nor have any off-target events been

detected in plants (Lin et al., 2021). ImErCas12a also shows no

editing of off-target sites, neither at 22 °C nor at 28 °C,
confirming its high specificity in plants. The enhancement of

the interaction of imErCas12a with the target DNA in the PAM-

proximal region does not seem to affect the specificity of

imErCas12a, contrary to was has been observed in the case

of ttLbCas12a. Taken together, we added a new nuclease variant

to the toolbox for efficient and target-specific gene editing in

plants.

Future applications of imErCas12a

Can the cutting efficiency of imErCas12a be further improved?

This will most probably be the case as the example of LbCas12a

demonstrates: Recently, besides the already known activity

enhancing mutation D156R (Schindele and Puchta, 2020), two

other mutation could be identified by saturation mutagenesis,

that in combination resulted in the variant LbCas12a-RRV

showing a further increase of editing efficiency (Zhang

et al., 2023). On the other hand, the integration of introns in

the ORF of ttLbCas12a lead to drastic enhancement of gene

editing and gene targeting frequencies (Schindele et al., 2023).

Thus, it might well be that by applying or even combining these
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strategies new versions of imErCas12a might be able to compete

with, or even outcompete LbCas12 variants in the long run.

Besides its use as an efficient nuclease for the knock-out of

genes in plants, there are a number of further applications that

can be envisaged using imErCas12a: There is a direct correlation

between the efficiency of DSB induction and the frequency of

homologous recombination-based gene targeting in plants

(Huang et al., 2021; Schindele et al., 2023; Wolter

et al., 2018). Moreover, efficient DSB induction is a critical

prerequisite for successful plant chromosome engineering

(R€onspies et al., 2022). DNA-binding modules based on

Cas12a-like enzymes have also been used for base editing (BE)

(Gaillochet et al., 2023; Kleinstiver et al., 2019) and transcrip-

tional control (Tang et al., 2017) before. Here, especially Cas12a-

mediated BE was shown to rely on the enhanced protein–DNA
interaction of engineered variants as BE based on wild-type

Cas12a orthologues showed only little activity in plants (Cheng

et al., 2023; Gaillochet et al., 2023). Moreover, due to its

similarity to other Cas12a systems, established and highly

efficient multiplexing approaches should be adoptable for

imErCas12a-mediated targeting of multiple loci (Zhang

et al., 2021b). Last but not least, imErCas12a might also be an

attractive tool for application in other organisms than plants,

especially if they require lower cultivation temperatures.

Methods

T-DNA constructs

Coding sequence of ErCas12a was obtained codon optimized for

Arabidopsis from biocat GmbH (Heidelberg, Germany) (Data S1).

T-DNA constructs used in this study are based on the previously

described pDe-LbCas12a plasmid (Wolter and Puchta, 2019).

Exchange of the Cas12 coding sequence was performed via AscI

digestion and subsequent ligation resulting in pDe-ErCas12a.

Variants were generated via PCR-based site-directed mutagene-

sis, inducing codon changes listed in Data S2.

Gateway compatible entry-vectors containing expression cas-

settes for crRNAs are based on pEn-RZ-AsCas12a (Tang

et al., 2017). Sequences of the 56 nt and 42 nt crRNAs as well

as of the employed ribozymes are listed in Data S3. crRNA

programming of the entry-vector was achieved using oligos

which were inserted into the entry-vector as annealed oligos. The

programmed crRNAs were transferred from the entry-vector to

the destination vectors via Gateway LR reaction.

Plant transformation and cultivation

Arabidopsis plants were transformed via floral dip using the

Agrobacterium strain GV3101, as previously described (Clough

and Bent, 1998). T1 plants were grown on GM with cefotaxime

(500 mg/L) and an appropriate selection marker for 2 weeks at

either 22 °C or 28 °C with 16 h light per day. Genomic DNA was

extracted using the method of Edwards et al., 1991.

Analysis of gene editing efficiency

Amplification of regions of interest was performed from genomic

DNA using the proof-reading polymerase Q5� High-Fidelity DNA

Polymerase (New England Biolabs). Sanger sequencing was

performed by Eurofins Genomics GmbH. TIDE-analysis (Brinkman

et al., 2014) was performed using a decomposition window from

position 150–620 and an indel size range of 35 bp. Low-level

editing efficiencies of <10% were considered noise and not true

editing. Gene editing efficiencies of every plant are listed in

Data S4. Statistical differences were calculated using the Mann–-
Whitney-U test or the one-way ANOVA test.
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Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Data S1 ErCas12a coding sequence codon optimized for

Arabidopsis thaliana.

Data S2 Codon changes induced in order to generate ErCas12a

variants.

Data S3 Coding sequences for used ErCas12a crRNAs and

ribozymes.

Data S4 Editing efficiency of different ErCas12a variants.

Figure S1 Transformation of the protein structure of ErCas12a in

the PAM-proximal region. Shown is a close-up of the PAM-

proximal region (top) of the theoretical ErCas12a structure, with

crRNA/DNA complex optically inserted and of the a-helix2 region

(bottom). Highlighted is the PAM in pink ([�4T], [�3T], [�2T],

[�1A]), the ErCas12a structure in turquoise, the DNA in pink and

the crRNA in orange. In the top left image, the amino acid lysine is

depicted in green at position 172, as it is present at this position in

wild-type ErCas12a. The top right image shows potential

interactions calculated by PyMOL, resulting from a substitution

by arginine. The lower left image shows the amino acid valine in

green at position 156, as present at this position in wild-type

ErCas12a. The lower right image shows potential interactions

calculated by PyMOL, resulting from substitution by arginine. In

all four images, dashed lines in yellow indicate the possible polar

contacts as well as their distances in angstroms (�A).
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