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CRISPR-Cas12a genome engineering systems have been widely used in plant research and crop breeding. To date, the performance and use
of anti-CRISPR-Cas12a systems have not been fully established in plants. Here, we conduct in silico analysis to identify putative anti-CRISPR
systems for Cas12a. These putative anti-CRISPR proteins, along with known anti-CRISPR proteins, are assessed for their ability to inhibit
Cas12a cleavage activity in vivo and in planta. Among all anti-CRISPR proteins tested, AcrVA1 shows robust inhibition of Mb2Cas12a and
LbCas12a in E. coli. Further tests show that AcrVA1 inhibits LbCas12a mediated genome editing in rice protoplasts and stable transgenic
lines. Impressively, co-expression of AcrVA1 mitigates off-target effects by CRISPR-LbCas12a, as revealed by whole genome sequencing. In
addition, transgenic plants expressing AcrVA1 exhibit different levels of inhibition to LbCas12a mediated genome editing, representing a
novel way of fine-tuning genome editing efficiency. By controlling temporal and spatial expression of AcrVA1, we show that inducible and
tissue specific genome editing can be achieved in plants. Furthermore, we demonstrate that AcrVA1 also inhibits LbCas12a-based CRISPR
activation (CRISPRa) and based on this principle we build logic gates to turn on and off target genes in plant cells. Together, we have
established an efficient anti-CRISPR-Cas12a system in plants and demonstrate its versatile applications in mitigating off-target effects, fine-
tuning genome editing efficiency, achieving spatial-temporal control of genome editing, and generating synthetic logic gates for controlling
target gene expression in plant cells.
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INTRODUCTION and Koonin, 2015; Makarova et al., 2020).

In order to fight bacterial CRISPR-Cas defense, bacteriophages

The CRISPR-Cas systems are acquired immune systems evolved
by microorganisms to prevent invasion of bacteriophages and
foreign genetic elements (Jinek et al., 2012). CRISPR-Cas systems
are present in approximately 40% of bacteria and 90% of archaea
(Grissa et al., 2007; Kunin et al., 2007). They can be broadly
divided into two classes and six types. Class 1 systems (types I, III,
and IV) have multi-protein effector complexes, while Class 2
systems (types II, V, and VI) use single protein effector molecules
(Jinek et al., 2012; Makarova et al., 2020). The type IT and type V
systems are the most extensively studied and widely used systems
for genome editing (Jinek et al., 2012; Makarova et al., 2020).
Type II CRISPR-Cas systems are further categorized into subtypes
(IT-A, 1I-B, and II-C) based on the genetic arrangement of CRISPR
loci and the sequence similarity of the Cas9 proteins (Makarova
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have evolved small proteins that inactivate the CRISPR-Cas
systems (Bondy-Denomy et al., 2013). In 2016, the first anti-
CRISPR (Acr) of CRISPR-Cas9, AcrlIC1, was reported (Pawluk et
al., 2016a). There are at least 44 type I Acr proteins identified
(https://tinyurl.com/anti-CRISPR). Among these Acr proteins,
AcrITAS and AcrIIA17 have been shown to exhibit multiple type
II anti-CRISPR-Cas9 activity (Garcia et al., 2019; Hwang and
Maxwell, 2023; Mahendra et al., 2020; Song et al., 2019), and
AcrlIC1 has been shown to inhibit diverse type II-C Cas9
orthologs (Harrington et al., 2017). Research on these type IT Acr
proteins revealed different inhibitory mechanisms that target the
loading of crRNA (Thavalingam et al., 2019; Wang et al., 2022;
Zhu et al., 2019), the recognition and binding of target DNA/
RNA (Dong et al., 2017; Liu et al., 2019; Shin et al., 2017; Yang
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and Patel, 2017), and the cleavage of target nucleic acid (Liu et
al., 2021; Sun et al., 2019). So far, type IT Acrs have been widely
explored for use as “off-switches” for CRISPR-Cas9 (Hwang and
Maxwell, 2023). Type II-C Acrs, AcrlIC1 to AcrlIC5 have been
successfully used to inhibit editing by NmeCas9 in human cells
(Lee et al., 2018; Pawluk et al.,, 2016a), AcrlIC3 have been
shown to repress CRISPR-dCas9 based transcriptional regulation
(Nakamura et al., 2019), AcrIIC1 and AcrilC3 have been shown
to control organ or cell type specific genome editing (Hoffmann et
al., 2019; Lee et al., 2019a). Type II-A Acrs, AcrlIA2, AcrlIA4,
and AcrlITA5, have been applied to reduce off-target editing in
human cells (Liang et al., 2020; Nakamura et al., 2019).
AcrlTA2 have been shown to inhibit gene drive (Basgall et al.,
2018), AcrlIA1 and AcrIIA2 have been shown to repress
CRISPR-dCas9 based transcriptional regulation (Nakamura et
al., 2019). Furthermore, AcrlIA4 have been shown to inhibit
gene drive (Basgall et al., 2018; D’Amato et al., 2024), repress
CRISPR-dCas9 based transcriptional regulation (Nakamura et
al., 2019), control organ or cell type specific genome editing
(Hirosawa et al., 2019; Hoffmann et al., 2019; Mathony et al.,
2020), mediate optical control of genome and epigenome editing
(Bubeck et al., 2018). Recently, AcrlIA4 was shown to inhibit
gene editing and activation mediated by the CRISPR-Cas9 system
in N. benthamiana (Calvache et al., 2022). Also, AcrlIA4 and
AcrIIA5 were used to inhibit base editing in Arabidopsis, N.
benthamiana, and poplar cells (Liu et al., 2023). These plant cell-
based assays demonstrated promising applications of anti-
CRISPR systems in plant engineering and synthetic biology.

At present, five Acr, AcrVA1 to AcrVAS5, have been identified
to target CRISPR-Cas12a systems (Marino et al., 2018; Watters
et al., 2018). AcrVA1 can bind to LbCas12a-crRNA complex to
trigger the truncation of the crRNA, hence inhibiting LbCas12a-
crRNA’s ability to bind to target DNA (Knott et al., 2019b;
Marino et al., 2018; Watters et al., 2018). AcrVA2 recognizes
and binds to the N-terminus of Casl2a, triggering its mRNA
disruption before translation is completed (Knott et al., 2019b;
Zhang et al., 2019). AcrVA4 is a dimeric protein that forms the
Cas12a-crRNA dimer, which subsequently inhibit DNA targeting
by CRISPR-Casl2a (Knott et al., 2019a; Knott et al., 2019b;
Peng et al.,, 2019; Zhang et al.,, 2019). AcrVAS5 inhibits
MbCas12a by acetylating the Lys635 residue required for PAM
interactions. The acetylation of this site provides sufficient steric
hindrance to block dsDNA binding and prevent cleavage (Dong et
al., 2019). Although the mechanism of AcrVA3 for Casl2a
inhibition is currently unclear, and studies have found that a
homolog of AcrVA3, AcrVA3.1, has dual inhibitory activity on
the type I-C and V-A CRISPR Cas systems (Marino et al., 2018).

Interestingly, most of the type V Acr proteins discovered so far
inhibit more than one Casl2a orthologue (Dong et al., 2019;
Knott et al., 2019a; Knott et al., 2019b; Marino et al., 2018;
Pengetal., 2019; Watters et al., 2018; Zhang et al., 2019). It has
been demonstrated that three type V-A Acrs (AcrVA1, AcrVA4,
and AcrVAS5) inhibit Casl2a in bacteria and human cells
(Watters et al.,, 2018). AcrVA1l was used to mimic an OFF
switch (NOT logic operation) inside a logic synthetic gene
network in mammalian cells (Kempton et al., 2020). Testing of
AcrVA1, AcrVA4, and AcrVAS5 showed AcrVA4 significantly
limited gene editing of LbCasl2a in yeast (Yu and Marchisio,
2021). Recently, AcrVA1 was shown to inhibit Casl2a gene
editing and regulation in N. benthamiana with a transient viral
delivery system (Calvache et al., 2022). These results lay the
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foundation for the application of type V Acr proteins. However,
further exploration is needed for the application of Acr proteins in
eukaryotes, especially in plants.

In this study, we developed a computational and experimental
pipeline for type V-A Acr proteins discovery and validation. Then,
we established a versatile plasmid interference system in E. coli
for rapidly characterizing Acrs. We evaluated the inhibitory
effects of putative Acr proteins and known Acr proteins (Marino
et al., 2018; Watters et al., 2018) using a versatile plasmid
interference system in E. coli and a genome editing system in
plants. Our analysis pinpointed AcrVA1 as the most robust Acr
protein for the inhibition of two widely used Cas12a orthologs in
plants, LbCas12a (He et al., 2024; Tang et al., 2018; Tang et al.,
2017; Tang et al.,, 2019) and Mb2Casl2a (Hui et al., 2024;
Zhang et al., 2021). Focusing on LbCas12a and AcrVAL1 in rice,
we showed in planta expression of AcrVA1l can effectively
mitigate off-target effects and generate transgenic plants that are
resistant to Casl2a genome editing. With inducible and tissue
specific promoters, we demonstrated fine-tuned spaciotemporal
control of genome editing. Finally, we built logic gates for
sophisticated control of readouts in plant cells. Together, our
work established a versatile system for the characterization of
anti-CRISPR-Cas12a Acrs and their use for plant genetic
engineering.

RESULTS

In vivo characterization of known and putative anti-
CRISPR-Cas12a systems

To identify novel anti-CRISPR (Acr) genes, we developed a
decision-tree-based model that incorporate five features (Figure
1A). Through this decision tree-based approach, we identified
four potential Acr genes in Lachnospiraceae bacterium ND2006
(Table S1 in Supporting Information), and these genes are
clustered together on the same strand, potentially forming an
operon (Figure S1A in Supporting Information). Furthermore,
Proksee (Grant et al., 2023) analysis of the genome revealed that
these genes are in the vicinity of genomic hotspots, such as
transfer and recombination of mobileOG categories (Table S2 in
Supporting Information). We applied this Acr annotation
strategy to another Casl2a-containing species, Porphyromonas
macacae strain COT-192 OH2631, which identified two potential
Acrs located within prophage segments in this species (Table S1
in Supporting Information). These genes in the genome are
organized alongside adjacent proteins containing a helix-turn-
helix (HTH) motif (Figure S1A in Supporting Information). The
protein sequence length of these six genes falls within the typical
range distribution of all identified anti-CRISPR proteins (Figure
1B). We further investigated the gene distribution by performing
BLAST analysis on the six proteins against the NR database,
revealing their phylum-specific distribution (Figure S1B in
Supporting Information). The protein structures encoded by
these genes, as predicted by RoseTTAFold, display a significant
enrichment in helix and loop structures (Figure S1B in
Supporting Information). It is noteworthy that AcrVA1, AcrVA4
and AcrVAS5 exhibited different types of high concentration of
helix and loop regions (Figure S2A and B in Supporting
Information), suggesting these previously characterized Acr
proteins inhibit Cas12a through various mechanisms (Marino,
2023) that may be different from those of the candidate Acr
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Figure 1. In vivo characterization of multiple anti-CRISPR-Cas12a systems. A, The pipeline employed for identifying potential anti-CRISPRs. B, The protein length distribution of
the six potential anti-CRISPRs. C, Stages of CRISPR-Cas12a mechanism and type V-A anti-CRISPR mechanisms. Left panel: the stages of CRISPR-Cas12a mechanism. In the
expression stage, the CRISPR array is transcribed into pre-crRNA, then the Cas12a proteins express by Cas genes processed it into single crRNA (violet, light red, and crimson,)
that act as guides for Cas nucleases (blue). In the interference stage, the Casl2a nuclease guided by crRNA finds cognate sequences and binds to target binding sites. In the
cleavage stage, the target DNA is cleaved and degraded. Right panel: the mechanisms of type V-A anti-CRISPR. AcrVA1, AcrVA4, and AcrVAS5 exert inhibitory functions by
inhibiting the binding of Cas-crRNA complexes to DNA. AcrVA1 (purple) cleaves Cas12a’s crRNA, AcrVA4 (yellow) form a Cas12a dimmer. AcrVAS5 (Dark Blue) inhibits Cas12a
via post translational acetylation (Ac). D, Schematic overview of designed plasmids and procedure of plasmid interference assays for anti-CRISPR activity analysis in E. coli.
AmpR, ampicillin resistance; KanR, kanamycin resistance; SpecR, spectinomycin resistance. E-H, The results of above plasmid interference assays. E, The bar plot of colony
forming units (cfu) of each anti-CRISPR against Mb2Cas12a in E. coli. Each dot represents a biological replicate. Each target contains three biologicals. F, Bar graphs show the
calculated inhibitory activity of each anti-CRISPR against Mb2Cas12a in E. coli. Inhibitory activity of each anti-CRISPR was shown in percentage by calculating the ratio of cfu
between E. coli transformed with Cas12a plasmid with PAM+ matching spacer and that of the only matching spacer. Each dot represents a biological replicate. Each target
contains three biological replicates. Error bars represent the mean valuestSD (ns, P>0.05; ****, P<0.0001, one-way ANOVA, Dunnett’s test). G, The bar plot of cell units of each
anti-CRISPR against LbCas12a in E. coli. Each dot represents a biological replicate. Each target contains three biologicals. H, Bar graphs show the calculated inhibitory activity of
each anti-CRISPR against LbCas12a in E. coli, Inhibitory activity of each anti-CRISPR was shown in percentage by calculating the ratio of cfu between E. coli transformed with
Cas12a plasmid with PAM+ matching spacer and that of the only matching spacer. Each dot represents a biological replicate. Each target contains three biological replicates.
Error bars represent the mean valuestSD (ns, P>0.05; ***, P<0.0001, one-way ANOVA, Dunnett’s test).
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proteins identified here (Figure 1C and Figure S2C in Supporting
Information).

Plasmid interference assays have been successfully adopted in
screening type II-A and II-C Acrs against diverse CRISPR-Cas9
systems (Bondy-Denomy et al., 2013; Forsberg et al., 2019;
Rauch et al., 2017; Song et al., 2023; Song et al., 2022; Uribe et
al., 2019) and screening AcrVAS5 against MbCas12a (Dong et al.,
2019). To assess the cleavage activity of Mb2Casl2a and
LbCas12a in bacteria, we first employed a depletion assay based
on a double-antibiotics selection system in E. coli (Zhong et al.,
2023) (Figure S3 in Supporting Information). To investigate the
inhibitory activity of putative type V-A Acr proteins, we first
developed a plasmid interference system in E. coli by using
compatible bacterial plasmids harboring an exogenous CRISPR-
Cas12a system, an exogenous type V-A Acr (AcrVA), and a target
spacer with or without PAM sequence (Figure 1D). The inhibitory
activity of each Acr can be measured by calculating the cfu
(colony forming units) and the cfu ratio between E. coli
transformed with Casl2a+spacer containing PAM and E. coli
transformed with Casl2a+spacer without PAM. We chose
Mb2Casl12a, which is efficient Casl12a (Hui et al., 2024; Zhang
et al., 2021) and highly homologous to MbCas12a whose strain
contains the AcrVA, and LbCasl2a, which is widely used in
eukaryotes (Liang et al., 2023; Ren et al., 2023; Tang et al., 2017;
Tang et al., 2019; Zetsche et al., 2015; Zhong et al., 2018; Zhou
et al., 2023). For Mb2Cas12a, we found AcrVA1 showed most
pronounced inhibition effect, followed by AcrVAS5, while AcrVA4
barely exhibited any inhibitory activity in E. coli (Figure 1E and F).
For LbCas12a, we compared the six putative Acr proteins with
AcrVA1l, 4 and 5. Consistent with Mb2Cas12a, LbCas12a was
strongly inhibited by AcrVA1; however, AcrVAS5 failed to show
inhibition activity in E. coli (Figure 1G and H), which was
consistent with the previously reported in vitro data and the data
in mammalian cells (Marino et al., 2018; Watters et al., 2018).
Overall, our plasmid interference assays in E. coli identified
AcrVA1 as a potent anti-CRISPR protein for both Mb2Cas12a and
LbCas12a, and AcrVAS5 as a mild anti-CRISPR protein for
Mb2Casl2a, not for LbCas12a. The absence of inhibitory effects
on LbCasl2a by the six putative Acr proteins suggest they are
either pseudo Acr proteins or their potential inhibitory activity is
beyond the detection limit in this bacterial assay.

In planta characterization of select anti-CRISPR systems
for inhibition of Cas12a-mediated genome editing

To further compare these Acr proteins, we next examined their
abilities to block LbCas12a-mediated gene editing in plants, using
rice as our test platform. We designed two types of all-in-one
vectors, the first containing Cas12a expression unit and crRNA
expression unit, and the second containing Casl2a expression
unit, crRNA expression unit, and Acr expression unit. We
selected the OsPDS-cRO1 site with high editing activity by
LbCas12a as previously shown in rice (Tang et al., 2018; Tang et
al., 2017). First, we compared these Acr proteins in rice
protoplasts (Figure 2A). The editing efficiency of LbCas12a was
64.4%; when AcrVA1 was co-expressed, the editing efficiency of
LbCas12a was 0.25%, which was close to the detection limit of
amplicon sequencing (Figure 2B). By contrast, co-expression of
AcrVA4, AcrVAS5, AcrCO1, AcrC02, AcrC0O3, AcrC04, AcrCO5,
or AcrCO6 did not exhibit any inhibitory effects (Figure 2B). To
further verify that the significant decrease in editing efficiency
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was due to co-expression of AcrVA1, not due to co-expression of
any other protein, we tested four endogenous rice loci using all-
in-one vectors co-expressing LbCas12a, crRNA, and eYFP. The
data from all four target sites showed that co-expression of eYFP
did not reduce genome editing efficiency, suggesting the observed
reduction of genome editing efficiency by AcrVA1 was indeed
AcrVAL1 specific (Figure S4 in Supporting Information).

We also conducted rice stable transformation to compare
genome editing efficiency at the OsPDS-cRO1 locus when an Acr
protein was co-expressed (Figure 2C). When LbCasl2a was
expressed alone, 61.1% editing efficiency and 44.4% biallelic
editing efficiency were observed. When AcrVA1l was co-
expressed, the mutation efficiency and biallelic editing efficiency
was reduced to 5.3% and 0.0%, respectively, indicating
significant inhibition of LbCasl2a genome editing by AcrVA1l
in rice. Among the other eight Acr proteins tested, AcrVA4 and
AcrC03 also significantly reduced genome editing efficiency, with
35.0% and 23.1% editing efficiencies, respectively (Figure 2D).
Interestingly, such inhibitory effects by AcrVA4 and AcrCO3
were not observed in the bacterial plasmid interference assay
(Figure 1G and H) and the rice protoplast assay (Figure 2B),
suggesting that stable transformation of plants is a more sensitive
system for the detection of potential inhibitory effects of Acr
proteins (Figure 2D).

Next, we used multiplexed editing to further compare AcrVAI,
AcrVA4, AcrVAS5, and AcrCO3 for inhibition effects of LbCas12a
in rice protoplasts. Very strong inhibition of LbCasl2a by
AcrVA1 was observed at all four target sites (Figure 2E). AcrVA4
showed significant inhibition at three out of four target sites:
0OsGW2-cR0O1, OsCirc25329-cR0O1, and OsMPK21-cRO1 (Figure
2E). AcrVAS5 only showed slight reduction of LbCas12a editing at
one target site (OsGW2-cRO1), while AcrCO3 failed to reduce
editing efficiency at all four sites (Figure 2E). However, none of
the Acr proteins could alter the editing profiles of LbCasl2a
(Figure S5 in Supporting Information), suggesting they do not
change the mode of action of LbCasl2a. To confirm these
observations, we conducted stable rice transformation using
these same constructs except AcrCO3. Analysis of T, lines
showed that LbCas12a resulted in 63.6%, 59.1%, 77.3%, and
86.4% editing efficiency at the four target sites, respectively. After
co-expression of AcrVA1, the editing efficiency was significantly
reduced to 15.8%, 5.3%, 5.3%, and 5.3%, respectively (Figure
2F). After co-expression of AcrVA4 or AcrVAS, the editing
efficiency of all four loci was also decreased, but to a less extent
(Figure 2F). These data suggest that AcrVA1 is a very potent
anti-LbCas12a protein, with much stronger inhibitory effects
than AcrVA4 and AcrVAS5 in rice protoplasts and stable lines.

To investigate generality of the above observation, we also
tested the effects of AcrVA1, AcrVA4, AcrVAS, and AcrCO3 on
Mb2Cas12a with multiplexed editing at the same four target sites
in rice. As with LbCas12a, Mb2Cas12a’s genome editing activity
was greatly inhibited by AcrVA1 (Figure 2G). However, none of
the other three Acr proteins showed inhibitory effects on
Mb2Cas12a in rice protoplasts (Figure 2G). Furthermore, while
AcrVA1 could inhibit Mb2Cas12a, it did not change genome
editing profiles (Figure S6 in Supporting Information). We then
tested these systems using rice stable transformation. In stable
rice lines, Mb2Cas12a generated 65.0%, 60.0%, 75.0%, and
75.0% genome editing efficiency at the four target sites,
respectively (Figure 2H), very similar to the LbCasl2a system
(Figure 2F). Among 20 independent T lines, no single edit could

https://doi.org/10.1007/511427-024-2704-7


https://doi.org/10.1007/s11427-024-2704-7

Protoplast transformation

2s12,
= < 800
( *% Plasmid DNA extraction S - . T
o y £ transformation S
UL & ZC F 400 g o
OR = — —»  Amplicon 5 S 8 5
2512 deep sequencing = 200 4 E 5 5 : . :
o Protoplasts 0.0 oxen
o T T T T T T T T
) W2 N » 5 & & O >  ®
st F SN EEEE IS
3e O X X X X X X X
k= G A A N
F FFFF FFFF
c D ISR N S RN RS R RV RN
25125 Stable transformation : Tested TO lines Mutated TO lines  Bi-mutation
m Targeted site act (number; ratio) (number; ratio)
( 2 [P—— Recovery of TO plants LbCas12a 18 11;61.1% 8;44.4%
robacterium . ;
% &JE oo e i Regeneration DNA extraction LbCas12a+AcrVAT 19 1;5.3% 0;0.0%
\\ ) LbCas12a+AcrVA4 20 7 ;35.0% 2;10.0%
----- » p —» C_° LbCas12a+AcrVAS 21 11;52.4% 6,28.6%
\ /i\\ | 0sPDS.  LbCas12a+AcrCo1 21 12;57.1% 5:19.2%
calli \ cRO1 LbCas12a+AcrC02 18 11;61.1% 5,23.5%
I l | LbCas12a+AcrC03 26 6:23.1% 4:15.4%
A LbCas12a+AcrC04 27 23;85.2% 13,48.1%
Amplicon LbCas12a+AcrC05 20 12;60.0% 7:35.0%
Sanger sequencing LbCas12a+AcrC06 20 11;55.0% 6:30.0%
E F
100.05 [7] control [[] LbCas12a Targeted
80.0 [ LbCas12a+AcrVA1 [ LbCas12a+AcrVA4 sites LbCas12a LbCas12a+AcrVA1 LbCas12a+AcrVA4 LbCas12a+AcrVA5
" | M LbCast2artAcvAS [l LbCast2a+AcrCO3 Tested TO * Bi-mutation* Tested TO Mutation Bi-mutation Tested TO Mutation Bi-mutation Tested TO Mutation B

0sGW2-cRO1 22 14,636% 7 ,31.8% 19 3;158% 1:5.3% 20 9,450% 5.250% 21 8,381% 6,286%

0sCirc25329-cR01 22 13 ;59.1% 7 ; 31.8% 19 1, 5.3% 0;0.0% 20 8;40.0% 4;20.0% 21 8,381% 0;0.0%

Mutation (%)
8 &8 8
o o o

OsMPK21-1-cR0O1 22 17 ;77.3% 12, 54.6% 19 1, 5.3% 0:0.0% 20 9:450% 2:10.0% 21 11,52.4% 11,52.4%

OsCKX4-cRO1 22 19,86.4% 16, 72.7% 19 1, 5.3% 0:0.0% 20 12,60.0% 6,30.0% 21 12,57.1% 9:42.9%

0.0- -
* : (number; ratio)
\Xﬁ'
&
80.0 717 control [7] Mb2Cast2a
[I Mb2Cast2a+AcrVA1 [] Mb2Cas12a+ActVA4 Targeted
60.04 [l Mb2Cas12a+ActVA5 [[] Mb2Cas12a+AcrC03 sites Mb2Cas12a Mb2Cas12a+AcrVA1 Mb2Cas12a+AcrVA4 Mb2Cas12a+AcrVAS
- P Tested TO on® Bi: jon Tested TO i Bi-mutation Tested TO Mutati Bi ion Tested TO Mutatic Bi:
S 8
~40.0 & 0sGW2-cRO1 20 13;65.0% 4;200% 20 0;0.0% 0;0.0% 20  14;70.0% 6;30.0% 31 6;19.4% 3;9.7%
s S
o
] é:.s OsCirc25329-R01 20 12;60.0% 6;30.0% 20 0;0.0% 0;0.0% 20 8;40.0% 5;250% 31 5;16.1% 1;3.2%
S
S 20.0
2200 ; OsMPK21-1cROT 20 15;75.0% 11;55.0% 20 0;0.0% 0;0.0% 20  16;80.0% 9:45.0% 31 10;32.3% 7;22.6%
v
Q|
ol £ OsCKX4-cRO1 20 15;75.0% 5;250% 20 0;0.0% 0;00% 20  18;90.0% 5;25.0% 31 18;58.1% 6;19.4%
qs»\ qs»\ QS" q§‘ *: (number;ratio)
L L £ v
N4 AN
& & & edi
N\ O
X N

Figure 2. Efficient in planta inhibition of LbCas12a and Mb2Cas12a genome editing by anti-CRISPR systems. A, Editing activity evaluation workflow of Cas12a nucleases
without anti-CRISPR or with anti-CRISPR in rice protoplasts. See details in Methods. The all-in-one plasmid harbors cassettes expressing Cas12a, crRNA or/and anti-CRISPR. B,
Editing efficiency of protoplasts transformed with LbCas12a nucleases without anti-CRISPR or with nine different anti-CRISPR in OsPDS-cRO1 site. Editing efficiency was
quantified by NGS of PCR amplicons. Each dot represents a biological replicate. Each target contains three biological replicates. Error bars represent the mean valuestSD (ns,
P>0.05; ****, P<0.0001, Ordinary one-way ANOVA, Dunnett’s test). C, Editing activity evaluation workflow of Cas12a nucleases without anti-CRISPR or with anti-CRISPR in
rice through Agrobacterium-mediated transformation. The all-in-one plasmid harbors cassettes expressing Cas12a, crRNA or/and anti-CRISPR. D, The mutant rates of LbCas12a
nucleases without anti-CRISPR or with nine different anti-CRISPR in OsPDS-cRO1 site in rice T lines. E, Editing efficiency of protoplasts transformed with LbCas12a nucleases
without anti-CRISPR or with four different anti-CRISPR in four sites (multiplex editing, include OsGW2-cR01, OsCirc25329-cR01, OsMPK21-1-cRO1, OsCKX4-cR01). Editing
efficiency was quantified by NGS of PCR amplicons. Each dot represents a biological replicate. Each target contains three biological replicates. Error bars represent the mean values
18D (ns, P>0.05; *, P<0.05; **, P<0.01; **, P<0.001; *** P<0.0001, Ordinary one-way ANOVA, Dunnett’s test). F, The mutant rates of LbCas12a nucleases without anti-
CRISPR or with three different anti-CRISPR in four sites in rice T lines. G, Editing efficiency of protoplasts transformed with Mb2Cas12a nucleases without anti-CRISPR or with
four different anti-CRISPR in four sites. Editing efficiency was quantified by NGS of PCR amplicons. Each dot represents a biological replicate. Each target contains three biological
replicates. Error bars represent the mean values£SD (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001, one-way ANOVA, Dunnett’s test). H, The mutant rates of
Mb2Cas12a nucleases without anti-CRISPR or with three different anti-CRISPR in four sites in rice T, lines.
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be detected at all four target sites when AcrVA1 was co-expressed
(Figure 2H). Significant reduction of genome editing efficiency
was observed with AcrVAS5, not with AcrVA4, at all four target
sites (Figure 2H). These in planta data is consistent with the
bacterial plasmid interference assay (Figure 1E and F). Taken
together, our data suggest strong in planta inhibition of LbCas12a
and Mb2Casl2a by AcrVAI, mild inhibition of LbCasl2a and
Mb2Casl2a by AcrVAS5. While AcrVA4 to some extent could
inhibit LbCas12a in transgenic plants, they failed to exhibit such
effects on Mb2Cas12a. Since AcrVA1 has excellent performance
in inhibiting both Casl12a nucleases, we decided to focus on
AcrVA1 to demonstrate its innovation applications in plants.

Reduced off-target effects of LbCas12a in rice by anti-
CRISPR effector AcrVAl

Previous studies have shown that type II Acrs such as AcrlIA2,
AcrlIA4, and AcrlIAS can reduce the off-target effects of Cas9 in
animal cells (Garcia et al., 2019; Liang et al., 2020; Rauch et al.,
2017). To test whether type V-A Acr can reduce off-target effects
of Cas12a genome editing in plants, we selected a total of 19 T,
plants for whole genome sequencing (WGS), including four lines
edited by LbCas12a, six lines edited by LbCas12a+AcrVA1, and
five lines edited by LbCas12a+AcrVAS5, along with control plants
(Figure 3A and B). Sequencing reads of all plants were mapped to
the rice genome (Table S3 in Supporting Information) to reveal
the mutations identified in different plant groups (Figure 3C). The
number of all insertions and deletions (InDels) observed in
Agrobacterium only (Agro only: plants regenerated from Agro-
bacterium-mediated transformation of a control vector without
the LbCasl2a system) control plants ranged from 71 to 96,
attributed to somatic clonal variation induced by tissue culture.
The number of all InDels in LbCas12a ranged from 106 to 115,
indicating off-target occurrence within the genome (Figure 3D).
The number of all InDels in LbCas12a+AcrVA1 ranged from 85
to 96, similar to the control plants (Figure 3D), indicating a great
reduction of genome-wide off-target effects of LbCasl2a by
AcrVA1. The number of all InDels in LbCas12a+AcrVA5 ranged
from 93 to 106, showing slight reduction off-target mutations in
the rice genome (Figure 3D). These mutations appeared to be
present in all genomic regions across the genome, especially in
intergenic and repeat region (Figure 3E). The number of SNVs
observed in the Agro only control plants ranged from 99 to 129
(Figure 3F), indicating SNV somatic clonal variation induced by
tissue culture. The number of SNVs in LbCas12a plants ranged
from 171 to 233, indicating off-target occurrence within the
genome; The number of SNVs in LbCasl2a+AcrVA1l ranged
from 115 to 159, and the number of SNVs in LbCas12a+AcrVA5
ranged from 142 to 157, indicating reduced off-target mutations
by AcrVA1 and AcrVAS (Figure 3F). These mutations appeared
to be present in all genomic regions across the genome (Figure
3G). Further analysis showed that C:G>T:A and C:G>A:T
mutations were predominant mutation types (Figure S7A in
Supporting Information). Analysis of the allele frequencies of
InDels and SNVs among T, lines showed similar patterns among
transgenic T, lines, revealing mostly somaclonal variation
features (Figure S7B and C in Supporting Information).

We also used the Cas-OFFinder (Bae et al., 2014) to predict
potential off target sites dependent on crRNAs. With WGS data,
we analyzed top off-target sites with mismatches < 5 of four
target sites (Figure 3H and Figure S7D in Supporting Informa-
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tion). Off-target mutations were detected in three such off-target
sites in LbCas12a edited plants (Figure 3H). However, only one
off-target site was edited in LbCas12a-edited lines when AcrVA1l
or AcrVAS5 was expressed (Figure 3H). Together, our results
demonstrated that AcrVA1 and AcrVAS can mitigate off-target
effects of LbCas12a in rice.

Fine-tuning of LbCas12a genome editing in rice via
constitutive expression of AcrVAl

Based on AcrVA1’s strong effects of inhibiting on-target and off-
target editing, we explored an idea of using AcrVA1 to fine-tune
genome editing by LbCas12a. We took a sequential transforma-
tion approach (Figure 4A). We first obtained stable transformed
rice plants expressing AcrVA1 with nptll resistance gene and
screening with G418. After qPCR analysis, plants with different
levels of AcrVA1 expression are propagated to obtain seeds
(Figure 4A and B). Subsequently, these transgenic plants were
transformed with the CRISPR-LbCasl2a multiplexed genome
editing construct based hygromycin resistance gene and screen-
ing with hygromycin (Figure 4A). Mutation analysis was
conducted on the CRISPR-LbCasl2a plants after secondary
transformation. We found that in the plants that do not express
AcrVA1, the mutation efficiency of the four loci was 73.9%,
60.9%, 82.6%,100% and the efficiency of biallelic mutation was
43.4%, 21.7%, 39.1%, 56.5%, respectively; In plants with low
expression of AcrVA1, the mutation efficiency at four loci was
57.1%, 35.7%, 50.0%, 42.9% and the efficiency of biallelic
mutation was 14.3%, 14.3%, 7.1%, 21.4%, respectively,
indicating a decrease in editing efficiency; In plants with high
expression of AcrVA1, the mutation efficiency at four loci was
10.0%, 0.0%, 6.67%, 13.3% and the efficiency of biallelic
mutation was 0.0%, 0.0%, 0.0%, 3.3%, respectively, indicating a
significant decrease in editing efficiency and biallelic mutation
efficiency (Figure 4C). Thus, these results suggest we can use
transgenic AcrVA1 plants to fine-tune CRISPR-Cas12a genome
editing efficiency. Based on our off-target analysis, tuning down
genome editing efficiency would help enhance targeting specifi-
city in the plant genome. Furthermore, the over 7-fold reduction
of genome editing efficiency observed in AcrVA1 high expression
lines suggest that it is possible to engineer AcrVA1 expression
plants that are largely resistant to Casl2a-mediated genome
editing (Figure 4D).

Spaciotemporal control of LbCas12a genome editing in rice
by inducible and tissue-specific expression of AcrVA1l

To further explore tunability of LbCasl2a-mediated genome
editing, we wanted to test inducible and tissue specific promoters
to drive AcrVA1 expression. Toward this end, we designed two
AcrVA1 expression patterns, one by an estrogen-inducible
promoter (e.g. XVE promoter) (Tang et al., 2016; Zhang et al.,
2010; Zuo et al., 2000) (Figure 5A) and the other by a root-
specific promoter (e.g., OsRCc3 promoter) (Jeong et al., 2013;
Yan et al., 2020) (Figure 5E). The expression box for the chimeric
estrogen receptor protein activator (XVE) is located downstream
of the terminator of the AcrVA1 expression cassette (not shown).
Estrogen inducible expression of AcrVA1, coupled with consti-
tutive expression of the CRISPR-LbCas12a system, would help
achieve chemical inducible genome editing in plant cells (Figure
5B). We test the systems in rice protoplasts. In the absence of
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Figure 3. Minimizing off-target effects of LbCas12a by AcrVAT1 in rice by whole-genome sequencing. A, Three groups of controls are included for assessing different background
mutations. B, Multiple Ty lines edited by different Acr-included editor constructs are chosen for assessing off-targeting by WGS. C, Genome-wide distribution of SNVs in all
sequenced samples. D, Number of InDels mutations in all sequenced samples. Each dot represents a biological replicate. Each target contains two to six biological replicates.
Different small letters indicate significant differences (P<0.05; one-way analysis of variance, LSD post hoc test). E, Average number of InDels mutations in per 1 Mbp genomic
region. F, Number of single nucleotide variation (SNV) mutations in all sequenced samples. Each dot represents a biological replicate. Each target contains two to six biological
replicates. Different small letters indicate significant differences (P<0.05; one-way analysis of variance, LSD post hoc test). G, Average number of SNV mutations in per 1 Mbp
genomic region. H, Genome-wide landscape analysis of part gRNA-dependent off-target mutations.

AcrVAL in the construct, the editing efficiency of LbCas12a at
four target sites is 33.8%, 14.4%, 45.3%, and 50.7%; when
AcrVAL1 is constitutively expressed, the editing efficiency of the
four targeted sites is 0.51%, 3.71%, 1.91%, and 0.34% (Figure
5C). As expected, AcrVA1 significantly reduced the editing
efficiency of LbCasl2a. However, without the addition of f-
estradiol, the pXVE::AcrVA1 CRISPR-LbCas12a generated sub-

https://doi.org/10.1007/511427-024-2704-7

stantially lower editing efficiency than the CRISPR-LbCasl2a
construct at the four targeted sites: 8.7%, 8.6%, 22.0%, and
29.4%, indicating a leaky expression of the XVE promoter (Tang
et al., 2016). When B-estradiol was added, the editing efficiency
of the pXVE::AcrVA1l CRISPR-LbCasl2a construct at four
targeted sites was significantly reduced: 0.73%, 3.97%, 2.18%,
and 1.95%, similar to the level when AcrVA1 was constitutively
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Figure 4. AcrVAl-expressing plants are resistant to Cas12a genome editing. A, Schematic overview of sequential transformation. B, Relative expression level of AcrVA1 in 12
T; transgenic plants. C, The mutant rates of LbCas12a nucleases without anti-CRISPR or with the different AcrVA1 expression level in four sites in rice. D, Potential applications

of AcrVAl-expressing plants in tunable genome engineering.

expressed (Figure 5C). We next evaluated the effectiveness of
inducible expression of AcrVA1 in stable transgenic plants, using
the same multiplexed CRISPR-LbCas12a construct. As a control,
the LbCas12a construct generated high genome editing efficiency
at four target sites (ranging from 59.1% to 86.4%); when
AcrVA1l was expressed by the strong pZmUbil promoter, the
genome editing efficiency was drastically reduced at all four
target sites (ranging from 5.3% to 15.8%) (Figure 5D). When
pXVE::AcrVA1 was present in the constructs, slight reduction of
genome editing efficiency was observed at the four target sites
(ranging from 16.7% to 55.6%), indicating leakiness of the XVE
promoter (Figure 5D). Strong reduction of genome editing
(ranging from 10.0% to 35.0%) occurred when B-estradiol was
added in the tissue culture medium (Figure 5D), indicating
inducible repression of genome editing effects. Together, our data
from rice protoplasts and stable transgenic plants demonstrate
efficient control of LbCas12a genome editing by using a chemical
inducible promoter to drive AcrVA1 expression.

To demonstrate tissue-specific genome editing, we used a root-
specific promoter, pOsRCc3 (Jeong et al., 2013; Yan et al., 2020),
to drive AcrVA1 expression. Based on this design, we expected to
see great reduction of genome editing in root cells, but not in the
aboveground tissue (Figure 5F). We compared this construct
(Figure 5E) with LbCas12a and LbCas12a+pZmUbil::AcrVA1l in
rice protoplasts. Impressively, we did not see any reduction of
genome editing efficiency at the four target sites in leaf cells,
when AcrVA1 was expressed by the root-specific promoter; By
contrast, significant reduction of genome editing in root cells was
observed (Figure 5G). Hence, our data suggest tissue-specific
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depletion of genome editing can be achieved by tissue-specific
expression of an Acr protein such as AcrVAL.

Construction of logic gates with CRISPRa and anti-CRISPR
systems in plant cells

The T-rich PAM requirement of Casl2a has also made it an
efficient transcriptional regulatory tool, for targeting A-T rich
promoter regions (Campa et al., 2019; Griffith et al., 2023; He et
al., 2024; Tang et al., 2018; Tang and Zhang, 2023; Zhou et al.,
2023). To evaluate the effect of AcrVA1 on LbCasl2a-based
transcriptional activation, we generated CRISPRa systems with
and without the co-expression of AcrVA1l (Figure 6A). One
targeted site per gene was designed in the promoter regions of
four independent endogenous genes in rice: OsER1, OsGW7,
OsWaxy, and OsMIR528. It is noteworthy that our CRISPRa
system has achieved robust transcriptional activation (3.9 to 9.7-
fold) of all four genes, based on the rice protoplast assay (Figure
6B). Strikingly, none of the four genes was transcriptional
activated by CRISPRa when AcrVA1 was co-expressed (Figure
6B), suggesting strong inhibition of dLbCasl2a mediated
CRISPRa by AcrVAl.

Encouraged by the above data, we set to engineer program-
mable logic circuitry in plant cells by sophisticated control of
CRISPRa and the corresponding anti-CRISPR system. We
implemented five logic gate components in our system, which
included a cassette expressing two fluorescent reporters: eYFP
and mCherry (A1 cassette), a cassette expressing mCherry while
the eYFP is driven by a minimal promoter that can be activated
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Figure 5. Fine-tuning and tissue-specific genome editing in rice by using LbCas12a and AcrVAl. A, Schematic of the AcrVA1 based induced genome editing, dual RNA
polymerase II promoter for LbCas12a and crRNA expression. The AcrVA1 is driven by an estrogen inducible promoter. B, Diagram showing the results of AcrVA1 based induced
genome editing in plant cell without estradiol or with estradiol. C, Editing efficiency of protoplasts transformed with the LbCas12a nucleases without anti-CRISPR or with two
different AcrVA1 expression editor in four sites. Editing efficiency was quantified by NGS of PCR amplicons. Each dot represents a biological replicate. Each target contains three
biological replicates. Error bars represent the mean values+SD. Different small letters indicate significant differences (P<0.5; one-way ANOVA, Dunnett’s test). D, The mutant
rates of LbCas12a nucleases without anti-CRISPR or with two different AcrVA1 expression editor in four sites. E, Schematic of the AcrVA1 based tissue specific genome editing,
dual RNA polymerase IT promoter for LbCas12a and crRNA expression. The AcrVA1 is driven by a root specific promoter pOsRCc3. F, Diagram showing the results of AcrVA1
based root specific genome editing in aboveground cell and root cell. G, Editing efficiency of protoplasts transformed with the LbCas12a and two different AcrVA1 expression
editor in four sites. Editing efficiency was quantified by NGS of PCR amplicons. Each dot represents a biological replicate. Each target contains two or three biological replicates.
Error bars represent the mean valuesSD. Different small letters indicate significant differences (P<0.5; one-way ANOVA, Dunnett’s test).

by dLbCasl2a-mediated CRISPRa (A2 cassette), a cassette
expressing the dLbCasl2a CRISPRa (B1 cassette), a cassette
expressing AcrVA1l (C1 cassette), and a cassette conferring
inducible expression of AcrVA1 by estrogen (C2 cassette; note the
expression box for chimeric estrogen receptor protein activator
(XVE) is located downstream of the terminator of the AcrVA1l
expression cassette (not shown)) (Figure 6C). Based on these
cassettes, we could create four major logic gates: TRUE (A1),
FALSE (A2), YES (A2+B1), and IMPLY (A2+B1+Cl); In
addition, ‘YES’ and ‘IMPLY’ logic gates can be alternatively
generated by using inducible expression of AcrVA1 (Figure 6C
and D). We tested these logic gates plasmids in rice protoplasts.
The eYFP signals appeared to faithfully represent the logic gate
design (Figure 6E), and the eYFP readout was further quantified
by normalizing to mCherry (Figure 6F). In our logic gate design,
we also expressed crRNAs to target the promoters of OsERI,
OsGW7, OsWaxy, and OsMIR528 for transcriptional activation.

https://doi.org/10.1007/511427-024-2704-7

However, we found that with the presence of the XVE promoter,
with or without addition of B-estradiol, there was strong
repression of CRISPRa (Figure 6G), suggesting that leaky
expression of AcrVA1 exerted a much stronger on interference
of CRISPRa.

DISCUSSION

With the rapid development of the CRISPR-Cas systems for
diverse applications in animals (Asad et al., 2022; Fu et al.,
2013; Kaminski et al., 2016; Miyamoto et al., 2024; Yang et al.,
2017; Yin et al., 2017) and plants (Fan et al., 2024; Lee et al.,
2019b; Li et al., 2020; Liang et al., 2023; Liu et al., 2022; Ren et
al., 2023; Tang et al., 2024; Tang and Zhang, 2023; Xu et al.,
2020; Zhong et al., 2023; Zhong et al., 2019; Zhou et al., 2019;
Zhou et al., 2022), the necessity of controlling the CRISPR-Cas
systems has been revealed. Anti-CRISPR or Acr proteins are
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Figure 6. Efficient in planta suppression of CRISPRa by AcrVA1 and its use for construction of a synthetic circuit. A, Schematic of the CRISPRa and CRISPRa+AcrVA1, dual
RNA polymerase II promoter for LbCas12a and crRNA expression. In CRISPRa+AcrVA1, the AcrVA1 is driven by RNA polymerase II promoter, TAD refers to the transcriptional
activation domain. B, Transcriptional activation by CRISPRa and transcription activation is inhibited by CRISPRa+AcrVA1 in OsER1, OsGW?7, OsWaxy and OsMIR528 in rice.
Each dot represents a replicate. each target contains three biological replicates, each biological contains two technology replicates. Error bars represent the mean valuesSD (ns,
P>0.05; **, P<0.001; *** P<0.0001, one-way ANOVA, Dunnett’s test). C, Schematic diagram of constructs components in synthetic genetic circuits. Al: the mCherry and
eYFP (eYFP, enhanced green fluorescence protein;) is driven by the cauliflower mosaic virus 35S promoter; A2: the mCherry is driven by the cauliflower mosaic virus 35S
promoter; the eYFP is driven by a minimal plant promoter (positions —66 to +18 of the cauliflower mosaic virus (CaMV) 35S promoter), TS refers to the target sites of CRISPRa
system based on dLbCas12a, and the sequence is PAM+crRNA; B1: CRISPRa; C1: AcrVA1 driven by RNA polymerase II promoter; C2: AcrVA1 driven by an estrogen inducible
promoter. D, Schematic of synthetic genetic circuit. E, Representative images of mCherry and eYFP expressing protoplasts in different synthetic genetic circuit in rice protoplast. F,
Normalized eYFP/mCherry ratios of different synthetic genetic circuit in rice protoplast. Each dot represents a biological replicate. Each target contains three biological replicates.
Different small letters indicate significant differences (P>0.05. one-way ANOVA, Dunnett’s test). G, Transcriptional activation by CRISPRa and transcription activation is
inhibited by CRISPRa+AcrVA1 (expression by induced expression of promoters) in OsER1, OsGW7, OsWaxy and OsMIR528 in rice. Each dot represents a replicate. each target
contains two or three biological replicates. Error bars represent the mean values+SD (ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001; ***, P<0.0001, unpaired ¢ test).

natural effectors evolved to inhibit CRISPR-Cas systems (Bondy-  (Bondy-Denomy et al., 2013; Pawluk et al., 2016b; Pinilla-
Denomy et al., 2013). At present, the main methods for  Redondo et al., 2020), 2) searching in bacterial genomes with
discovering Acr genes include: 1) using aca/acr gene search  self-targeting spacers (Hynes et al., 2017; Marino et al., 2018;
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Watters et al., 2018; Watters et al., 2020), 3) searching in phage
genomes resistant to CRISPR (Meeske et al., 2020), and 4)
Applying high-throughput screening platforms (Jia and Patel,
2021). After obtaining candidate Acr proteins, multiple in vitro
and in vivo experiments are needed to quickly screen and confirm
these proteins (Forsberg et al., 2019; Pawluk et al., 2016a;
Rauch et al., 2017; Song et al., 2023; Song et al., 2022; Watters
et al., 2020). For example, AcrlIA13-15, AcrVA1, AcrVA4, and
AcrVAS5 were screened and identified via the TXTL screening
reactions(Watters et al., 2018; Watters et al., 2020); AcrIE5-7,
AcrIF11,12, AcrllIA12, AcrlIA16-19, AcrVA1l, AcrVA2, and
AcrVA3 were validated by phage plaque assay (Bondy-Denomy
et al., 2013; Mahendra et al., 2020; Marino et al., 2018; Osuna
et al., 2020); AcrlIC1-5, AcrlIA1-4, AcrlIA7-11, and AcrlIA22-
34 were identified by using plasmid interference systems
(Forsberg et al., 2019; Forsberg et al., 2021; Pawluk et al.,
2016a; Rauch et al., 2017; Song et al., 2023; Song et al., 2022;
Uribe et al., 2019).

In this study, we established an efficient plasmid interference
system for rapid screening of type V-A Acr proteins, and this
approach was not used in identifying type V-A Acr proteins
before. We tested three known type V-A Acr proteins (AcrVA1,
AcrVA4, and AcrVAS5) and 6 promising Acr candidate proteins
(AcrCO1 to AcrC06) identified from our computational pipeline.
These Acr proteins were further assessed in rice, both transiently
and stably, for their potential inhibitory effects on CRISPR-
Casl2a mediated genome editing. Among them, AcrVAl
exhibited strong inhibitory activity against LbCasl2a and
Mb2Cas12a in E. coli and rice, and our results are consistent
with those observed in prokaryotes and human cells (Marino et
al., 2018; Watters et al., 2018). The identification of AcrVA1 as a
potent anti-CRISPR protein for both LbCas12a and Mb2Cas12a is
very important because LbCas12a is the most robust and widely
used Casl2a in plant genome engineering (Liang et al., 2023;
Renetal, 2023; Tang et al., 2018; Tang et al., 2017; Tang et al.,
2019; Zheng et al., 2023; Zhong et al., 2018; Zhou et al., 2023)
and Mb2Casl2a and its variant greatly expand the targeting
range in plant genome engineering (Hui et al., 2024; Zhang et
al., 2021). Based on the plasmid interference system, we detected
anti-CRISPR activity of AcrVA5 on Mb2Casl2a, but not on
LbCasl12a (Figure 1E-H). Interestingly, AcrVAS exerted inhibi-
tory effects on genome editing activity of both LbCasl2a and
Mb2Casl2a in stable transgenic rice plants (Figure 2F and H),
while such effects were not detected in rice protoplasts (Figure 2E
and G). These data suggest the stable transformation system is
more sensitive for the detection of anti-CRISPR effects, especially
for Acr proteins with weak activities. Indeed, in stable transgenic
plants, we were able to see mild inhibitory activity of AcrVA4 on
LbCas12a, but not on Mb2Cas12a (Figure 2F and H).

Our observation of various levels of inhibitory effects by these
three Acr proteins can be first explained by their different modes
of action. AcrVA1 can directly destroy crRNAs, while AcrVA4
and AcrVAS5 only introduce small modifications the CRISPR-
Casl2a RNP complex (Figure 1C). Furthermore, AcrVAl
originates from a single locus, while AcrVA4 and AcrVAS5
originate from the same locus and may have a complementary
and additive effect by working together (Marino, 2023; Marino et
al., 2018; Watters et al., 2018). Our result is consistent with the
previous observation that AcrVA1 can perform multiple rounds
of cleavage and truncate up to 95% of Casl2a-bound crRNAs,
even at sub-stoichiometric levels (Knott et al., 2019b). By
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contrast, AcrVA4 and AcrVAS5 have a greater dependence on
concentration: both Acr proteins exhibit better activity at high
concentrations (Dong et al., 2019; Watters et al., 2018; Zuo et
al., 2000). In addition, AcrVAS5 was found only in Moraxella
bovoculi strains (strains 22581, 28389, and 33362) that appear
to have lost their deacetylases (Dong et al., 2019; Watters et al.,
2018; Zuo et al., 2000), it is possible that prokaryotic deacetylase
present in E. coli (Starai and Escalante-Semerena, 2004; Xu et al.,
2019) or a similar enzyme encoded by OsHDA714 in rice (Xu et
al., 2021) may reverse the acetylation of Casl2a by AcrVAS5,
hence significantly masking its inhibitory effect in both systems.
Out of six new Acr proteins tested, only AcrC0O3, with a predicted
compact structure (Figure S1C in Supporting Information),
displayed some inhibitory activity on LbCasl2a meditated
genome editing (Figure 2D). Further investigation of AcrC03’s
potential anti-CRISPR activity and mode of action is needed.

Since AcrVA1 was confirmed to have excellent anti-CRISPR-
Casl2a activity in plants, we focused on the use of AcrVAI1 to
control CRISPR-Cas12a genome editing and CRISPRa. We first
demonstrated that AcrVA1, when co-expressed, could be used for
mitigating off-target effects of CRISPR-Cas12a, based on the WGS
analysis of edited rice plants (Figure 3). That promoted us to
further show, in a sequential transformation approach, that
AcrVAl-expressing plants were resistant to LbCas12a mediated
genome editing (Figure 4). Furthermore, we demonstrated
inducible anti-CRISPR effect in both rice cells and plants (Figure
5A-D). Altogether, these experiments showcased the use of
efficient anti-CRISPR proteins for sophisticated control of
CRISPR-Casl2a mediated genome editing applications.
CRISPR-Cas12a can be used to make efficient gene drive systems
to manipulate insect population (Sanz Juste et al., 2023). Under
complex feeding and behavioral conditions, anti-driven inhibi-
tion based on AcrlIA4 inhibits gene driven transmission in the
age-structured population of Anopheles gambiae (D’Amato et al.,
2024). Should a gene drive be implemented in plants, we
anticipate the possible use of AcrVA1 to block the spread of a
Casl2a-based gene drive system into unintended populations.
Many potential applications of Acr proteins rely on their ability to
regulate genetic circuits based on CRISPRa and CRISPRi
(Kawasaki et al., 2023; Kempton et al., 2020; Nakamura et al.,
2019; Yu and Marchisio, 2021). In this study, we also showed
AcrVAL1 can strongly inhibit Casl2a-based CRISPRa, as shown
in tobacco cells (Calvache et al., 2022). Based on this principle,
we demonstrated the engineering of logic gates and control of
endogenous gene expression in plant cells (Figure 6). Previously,
inducible and tissue-specific genome editing was demonstrated
with CRISPR-Cas9 in plants (Decaestecker et al., 2019; Wang et
al., 2020). Here, we demonstrated inducible and tissue-specific
inhibition of Cas12a genome editing and CRISPRa, providing an
opposite means of regulation.

Because AcrVAIl targets crRNAs which are very conserved
among different CRISPR-Cas12a systems, we anticipate AcrVA1
to be one of the most powerful and broad-spectrum Casl2a
inhibitor, which will not only inhibit engineered high-activity
LbCasl2a variants such as ttLbCasl2a (Huang et al., 2021;
Schindele et al., 2023) and LbCas12a-RRV (Zhang et al., 2023),
but also other Cas12a orthologs beyond LbCasl2a and Mb2Ca-
s12a (Li et al., 2023; Zhang et al., 2021). The systems that we
developed and demonstrated suggest promising applications of
AcrVALl in plant genome engineering and synthetic biology.
However, not all applications require the use of a strong Acr
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protein like AcrVA1l. For example, AcrVAS5 can significantly
reduce off-target effects (Figure 3D-H), while not severely affect
the on-target editing efficiency (Figure 2D-H). It may be more
practical to use a weaker Acr protein such as AcrVAS5, rather
than a stronger one such as AcrVAl, for mitigating off-target
effects in plants. Hence, it is worthwhile to screen for additional
novel Acr proteins with various inhibitory activities on different
Casl2a proteins in plants, based on the pipeline that we
established in E. coli and in plants (Figures 1 and 2).

METHODS

Data mining

To identify novel anti-CRISPR (Acr) genes, we developed a
decision-tree-based model that incorporate five features, includ-
ing gene length, gene location (being contained in genome
islands or prophages), codon usage bias, gene function, and the
presence of adjacent HTH (Helix-turn-helix) containing proteins
near our target protein-coding genes. Genome islands were
annotated using IslandViewer4 (Bertelli et al., 2017), and
prophages were detected using PHASTER (Arndt et al., 2016).
hmmscan were used to identify whether the downstream protein-
coding genes encode the HTH domain. Furthermore, Proksee
(Grant et al., 2023) analysis of the genome revealed that the
candidate genes are in the vicinity of genomic hotspots, such as
transfer and recombination of mobileOG categories. Moreover, we
further investigated the gene distribution by performing BLAST
analysis on the candidate proteins against the NR database,
revealing their phylum-specific distribution. The protein struc-
tures encoded by these genes, as predicted by RoseTTAFold,
display a significant enrichment in helix and loop structures.

Construction of the vectors

The vectors used in bacteria were constructed by Gibson
assembly. DNA sequences were synthesized and cloned into
bacterial expression vectors. The vectors used in plant were
constructed based on the backbone of pTrans_210d (Addgene
Plasmid #91109). To construct the singular editing vectors,
LbCas12a gene was rice codon optimized and synthesized in DNA
fragments, which were cloned into pTX770 by Golden Gate
Assembly to generate pYSS125. To obtain the singular target site
expression cassette named pHY14, the synthesized oligos were
annealed and assembled into pTX771 by Golden Gate Assembly.
To obtain the Acr proteins expression cassette named MOD_C,
the DNA sequences of the nine Acr genes were rice codon
optimized and synthesized. Then the DNA fragments were cloned
into pMOD_C4810ec, separately, by Golden Gate Assembly to
generate pHY37-43, pHY73, and pHY74. We assembled the
expression vectors pHY44-50, pHY75, pHY77 and pHY31
(control, No Acr) by Golden Gate Assembly using pTrans_210d,
pYSS125 (LbCasl2a expression cassette), pHY14 (crRNA
expression cassette), and MOD_C (Acr proteins expression
cassette or control).

Multiplex LbCas12a and Mb2Cas12a editing vectors pHY263-
266 and pHY289-293 were constructed by Golden Gate
Assembly of pTrans_210d, MOD_A (pYSS125: LbCasl2a ex-
pression cassette or pYSS119: Mb2Cas12a expression cassette),
MOD_B (pHY239: multiplex crRNA expression cassette or
pHY241: multiplex crRNA expression cassette), and MOD_C
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(Acr proteins expression cassette or control).To construct the
MOD_B with crRNA sequences for multiplex editing, three
fragments (crRNAO1-HDV-HH-DR-crRNAO2 (4 bp), crRNAO2-
HDV-HH-DR-crRNAO3 (4 bp), crRNAO3-HDV-HH-DR-
crRNAO4) were synthesized by Sangon Biotech (Shanghai,
China), flanked with Bsal restriction enzyme sites. The final T-
DNA recombinant expression vectors were constructed with
Golden Gate reactions. Using the identical vector construction
method, we created the fine-tuning and tissue-specific genome
editing vectors, CRISPRa vectors and genetic circuits vectors.
Sanger sequencing was used to confirm the integrity of all
vectors. Table S4 in Supporting Information provides a compre-
hensive list of constructs used in this study. Table S5 in
Supporting Information provides a comprehensive list of the
crRNAs utilized in this study. Table S6 in Supporting Information
provides a comprehensive list of the Oligos and sequence utilized
in this study.

Plasmid interference assay

The Acr protein expression vectors and empty control vector (no
Acr) were first transformed in E. coli DH50 to make the
competent cell with ampicillin selection. Then, the plasmid
containing Casl2a with crRNA and the plasmid containing
target site spacer without (W/o) PAM or spacer with (W/) PAM
were transformed into the competent cell at the same time by
heat shock transformation. The co-transformed E. coli were
selected on solid LB medium containing kanamycin, ampicillin,
and spectinomycin. The resulting colonies were counted using
Image]J (https://imagej.net/) Software.

Rice protoplast transformation

The Japonica cultivar Nipponbare rice seedlings were cultivated
on 1/2 MS solid medium for a period of 10-12 days in the absence
of light at a temperature of 28°C. The preparation and
transformation of rice protoplasts were conducted in accordance
with our previously published protocols (Ren et al., 2021a; Tang
et al., 2017). In brief, leaves or roots of rice seedlings were finely
sliced into strips measuring 0.5-1.0 mm and immersed in an
enzyme solution. After a 30 min vacuum infiltration, the sliced
tissue underwent incubation in darkness at 25°C with gentle
agitation (60—80 rpm) for 6 h. The resulting digestion mixture
was then filtered through a 40 pm nylon mesh. Following two
washes with W5 washing buffer, the protoplasts were meticu-
lously examined and counted under a microscope. The final
concentration of protoplasts was adjusted to 2x10° per milliliter.
For protoplast transformation, 30 pg of plasmid DNA in 30 pL
(1 pg pL1, prepared using the Qiagen Midiprep kit) was gently
combined with 200 pL of protoplasts and 230 pL of 40% PEG
transformation buffer. After a 30 min incubation in darkness, the
reactions were terminated by the addition of 900 pL. W5 washing
buffer. The protoplasts were then subjected to low-speed
centrifugation and transferred to a 12-well culture plate for
further incubation in darkness at 32°C for a duration of 48 h.

Rice stable transformation

The Japonica cultivar Nipponbare was used for the stable
Agrobacterium-mediated transformation of rice, based on a
protocol established in our lab (Lowder et al., 2015; Zhou et
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al., 2021). Briefly, rice seeds underwent dehulling, sterilization,
and subsequent cultivation on solid N6-D medium. Pre-cultured
rice calli were subjected to transformation by inoculating
Agrobacterium EHA105 carrying the recombinant expression
vector. Following a 3-day co-cultivation of rice calli with
Agrobacterium in the co-culture medium, the calli were rinsed
with sterile water and transferred to N6-S medium for a selective
period of 2 weeks. The newly propagated calli were then
transferred to RE-III medium and cultured for an additional 2
weeks. Resistant calli were transferred to fresh RE-III medium
every two weeks until regenerated plants were successfully
achieved.

Detection and quantification of genome editing

The harvested rice protoplasts or tissue from stable transgenic
plants were used for DNA extraction utilizing the CTAB method
(Stewart and Via, 1993). Quantification of targeted mutagenesis
was carried out through next-generation sequencing (NGS) of
PCR amplicons utilizing barcoded primers (Ren et al., 2021b; Wu
et al., 2022a). Sequencing of the PCR amplicons was performed
on an Illumina HisegX platform. Subsequent data analysis was
executed using the CRISPRMatch (You et al., 2018) and
CrisprStitch (Han et al.,, 2024). To genotype T, lines, Sanger
sequencing of PCR amplicons was applied, adhering to a
previously established protocol (Zhou et al., 2017). The obtained
sequencing data were then analyzed using the CRISPR-GE
DSDecodeM software (Xie et al., 2017).

RNA extraction and qRT-PCR

RNA extraction was executed utilizing the SteadyPure Plant
RNA Isolation Kit (Accurate Biology, China), followed by reverse
transcription using the HiScript III 1st Strand cDNA Synthesis Kit
(Vazyme, China). Real-time quantitative polymerase chain
reaction (qQPCR) was carried out by employing the ChamQ
Universal SYBR qPCR Master Mix (Vazyme, China) by following
the manufacturer’s guidelines, with OsActin mRNA used as an
internal control. The 2-2AC method was used to calculate the
relative levels of gene expression. To ensure reproducibility, two
biological replicates (comprising two independent mutant leaves)
were examined. The experiment was independently conducted
three times, yielding similar and consistent results.

Whole-genome sequencing and data analysis

The rice plants identified through screening with Sanger
sequencing were transplanted into growth chambers and
cultivated at 28°C with a 12-hour light/12-hour dark cycle.
After 5-6 weeks of cultivation, 10-15 cm leaf samples were
collected from each plant, placed in self-sealing bags or 50 mL
centrifuge tubes, rapidly frozen in liquid nitrogen, and stored in a
—80°C ultra-low temperature freezer. Two to six leaf samples
were collected from each plant for backup. The DNA samples
were sent to Novogene Company in Beijing, using the Illumina
NovaSeq platform for resequencing. The average sequencing
data for each sample was 20 Gb, with an average depth of
approximately 50% to 60X%. We followed a similar WGS analysis
pipeline as we previously demonstrated (Wu et al., 2022a; Wu et
al., 2022b) . Briefly, the returned whole-genome sequencing data
underwent quality control and filtering using SKEWER software.
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The filtered data were aligned to the rice reference sequence
using BWA software. Picard and Samtools were employed to
mark duplicate reads and generate BAM files. The GATK software
was used for quality correction of insertions, deletions, and base
substitutions. The analysis of whole-genome single nucleotide
variations (SNVs) was conducted using LoFreq, MuTect2, and
VarScan?2 software. The analysis of whole-genome insertions and
deletions (InDels) was performed using MuTect2, VarScan2, and
Pindel software. Bedtools and BCFtools were used to obtain files
for SNVs and indels. CRISPR RGEN Tools were utilized to predict
potential off-target sites in the rice genome. Data processing,
analysis, and graphical representation were carried out using the
R and Python.

Data analysis

The data were analyzed with the GraphPad Prism 9.0 software,
and the figures were made using the Adobe Photoshop and
Adobe Illustrator software.

Data availablitily statement

Backbone vector pTrans_210d (Addgene Plasmid #91109) is
available from Addgene. The high-throughput sequencing and
WGS data sets generated from this study are available at Beijing
Institute of Genomics Data Center (http://bigd.big.ac.cn) under
BioProject PRJCA023882. The code of Acr proteins mining has
been uploaded to the Github site https://github.com/pudongkai/
acrDetector.
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