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Xu et al., 2019; Gao, 2021; Huang et al., 2021; Li et al.,
2021c; Xia et al., 2021; Zhan et al., 2021; Puchta et al., 2022).
To date, three major CRISPR/Cas mediated precision
genome editing svstems have been developed and suc-
cessfulty applied in plants such as homologr-directed DNA
repair (HDR)-mediated targeted gene replacement or gene
targeting (Sun et al., 2016; Li et al., 2019; Li and Xia, 2020; Lu
et al., 2020; Chen et al., 2022a; Puchta et al., 2022), base
editing (Komor et al., 2016; Nishida et al., 2016; Gaudelli
etal.,2017; Li et al., 2017; Lu and Zhu, 2017; Shimatani et al.,
2017; Zong et al.,, 2017; Hua et al.,, 2018; Wei et al,
2021; Tian et al., 2022) (Figure 1), and prime editing (An-glone
et al., 2019; Butt et al., 2020; Jiang et al., 2020; Hua et al.,
2020a; Li et al., 2020c; Lin et al., 2020; Tang et al., 2020; Xu
et al, 2020a, 2020c; Lu et al.,, 2021; Wang et al,
2021b; Perroud et al., 2022) (Figure 2). Among these three
precise editing technologies, HDR enables the installation or
replacement of all kinds of mutations or various lengths of
fragments in a predefined manner, representing the hotv grail
of genome editing. However, although various strategies
have been attempted in the past decade (for review, please
check Zhan et al.,, 2021; Puchta et al., 2022; Chen et al.,
2022a), HDR remains challenging in plants due to the facts
that once the double-strand breaks (DSBs) are generated b
CRISPR/Cas nucleases the predominant repair mechanism
in cells is nonhomologous end joining (NHEJ) which usualty
results in random indels, as well as the obstacles in delivery
of sufficient donor repair template (DRT) into the vicinity of
the DSB and competition with the original DNA strand/frag-
ment to be replaced in plant cells (Li et al., 2019; Lu et al.,
2020; for review, please check Li and Xia, 2020; Zhan et al.,
2021; Chen et al., 2022a). In contrast, base editing and prime
editing are two alternative promising strategies for precise
genome editing without a DSB and a DRT. Whereas
base editing has emerged as an alternative and effective tool
to HDR-mediated gene replacement for precise single base
substitution of an allele with a single SNP, facilitating precise
gene editing b transition of one single base to another in a
programmable manner (Komor et al., 2016; Nishida et al.,
2016; Gaudelli et al., 2017) (Figure 1A-C), prime editing en-
ables the installation of all 12 tvpes of base substitutions and
small indels, and substantiallv expands the scope and
capabilities of precision genome editing (An.glone et al,,
2019) (Figure 2A).

Since the development of the first generation of base editor
(BE) and prime editor (PE) for base editing and prime editing
in mammalian cells (Komor et al., 2016; Nishida et al.,
2016; Gaudelli et al., 2017; An.glone et al., 2019), diverse
strategies have been exploited to optimi-g these two editors in
order to improve the precise editing efficiency and specificitv,
and to expand targeting scopes in plants (Li et al., 2020d; Molla
et al., 2021; Hua et al., 2022). Here, we summari-g the latest
developments of various BEs and PEs, as well as their appli-
cations in plants. We also provide recommendations in selection
of the proper BEs or PEs in practical applications in plants.
Moreover, we propose the perspectives for further optimi-gtion

of these two editors. We trutv believe this review will provide a
valuable clue to the readers on how to select the appropriate
BEs and PEs, as well as future perspectives to streamline these
two editors into the routine and customi-gd platform for both
fundamental biological studies and crop improvement.

BASE EDITORS AND THEIR
APPLICATIONS IN PLANTS

Base editing is a breakthrough technologv that can precisetv
and efficientty achieve single base transition or transversion at
target sites without inducing DSBs and the need for a DRT.
Three BEs are currenttv in use: cvtosine base editors (CBEs) for
C:G to T:A transition (Figure 1A), adenine base editors (ABEs)
for A:T to G:C transition (Figure 1B) and C-to-G base editors
(CGBEs) for C:G to G:C transversion (Figure 1C). Precise base
editing enables a single nucleotide substitution in a specific
target gene to generate either loss-of-function or gain-of-
function mutations, thus greativ accelerating functional anno-
tation, crop improvement, de novo domestication or directed
evolution of target genes in crop plants (Ren et al., 2018; Bharat
et al., 2020; Kuang et al., 2020; Zeng et al., 2020; Xu et al.,
2021a; Yan et al., 2021; Tan et al., 2022). Since the report of the
first generation of CBE and ABE in 2016 (Komor et al., 2016)
and in 2017 (Gaudelli et al., 2017) in mammalian cells, re-
spectively, manv efforts have been attempted in order to
optimi-g and upgrade these two BEs in plants.

Cytosine base editors

The first-generation CBE was engineered by fusing a rat crti-
dine deaminase rAPOBEC1 to the N-terminus of an impaired
dead Cas9 (dCas9) (Cas9 with D10A and H840A mutations) to
generate rAPOBEC1-dCas9 and designated as CBE1 (Komor
et al., 2016) (Figure 1D). The substitution of C to T in DNA is
created by deaminating the cvtosine (C) into uracil (U) in the
exposed non-target DNA strand, and the subsequent DNA
repair and replication results in C to T base conversion (Figure
1A). The cellular base excision repair (BER) mechanism en-
ables C:G to T:A transition in vivo, while recogni-gs anv G:U
base pair as a mismatch. The BER activitv eliminates the uracil
with the help of uracil N-gtvcosrvlase (UNG), resulting in a low
efficiencv of the CBE1 svstem (Komor et al., 2016). To improve
base editing effi
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Figure 1. Structural representations of clustered regularly interspaced short palindromic repeats (CRISPR)/nicking CRISPR-associated
protein 9 (nCas9)-mediated base editing and the so far developed base editors

(A) CRISPR/nCas9-mediated cvtosine base editing. A cvtosine base editor (CBE), which is composed of a catatvticaltv impaired nCas9(D10A) and a crtidine
deaminase, binds to the target sequence in the genomic DNA in a guide RNA (gRNA)-programmed manner. The crtidine deaminase catalv.gs
the deamination of cvtosine (C) in a narrow window of the non-target and makes the base change from C to U (uracil) at a target site. U is recogni-gd
as thvmine (T) during DNA replication, resulting in a C G to T A transition. (B) CRISPR/nCas9-mediated adenine base editing. An adenine base editor (ABE)
is composed of an adenosine deaminase and nCas9(D10A) fusion binding to the target site in a gRNA-programmed manner. The adenosine deaminase
catalv.gs an A (adenine) to | (inosine) change at the target site. During replication, the original A is replaced with G (guanine). Finaltv, AT to G C conversion
is achieved in the non-target DNA strand. (C) CRISPR/nCas9-mediated C-to-G base editing. The C-to-G base editor (CGBE) is composed of a crtidine
deaminase, nCas9(D10A), and uracil N-gtvcosrlase (UNG), and binds to the target site in a gRNA-programmed manner. The crtidine deaminase catalv.gs
the deamination of cvtosine (C) and makes the base change from C to U (uracil). UNG can remove U from the DNA double strands and an error-prone DNA
potvmerase replaces G with C at the target site. The C G to-G C transversion occurs during DNA replication. As nCas9(D10A) nicks the target strand, a DSB
is formed when the abasic site on the non-target strand is converted into a nick bv an apurinic or apvrimidinic site trase (AP tvase). The DSB results in indel
formation at the target site. (D) The first-generation cvtosine base editor, CBE1, was engineered b fusing crtidine deaminase, rAPOBEC1 to the N-terminus
of a dead Cas9 (dCas9, a mutant of Cas9 containing both D10A and H840A mutations). (E) The second-generation base editor, CBE2, was engineered b
fusing rAPOBEC1 to the N-terminus of dCas9 and fusing a uracil DNA givcosvlase inhibitor (UGI) to the C-terminus of dCas9. (F) The third-generation
cvtosine base editor, CBES3, was engineered b fusing different deaminases to the N-terminus of nCas9(D10A), and fusing UGI to the C-terminus of nCas9
(D10A), respectivelr. The deaminases that have been successfultv applied in plants include rAPOBEC1 (Li et al., 2017; Lu and Zhu, 2017; Zong et al., 2017),
PmCDA1 (Shimatani et al., 2017; Zhong et al., 2019), hAID (Ren et al., 2018; Wang et al., 2020a), APOBEC3A (Zong et al., 2018), and evoFENRY (Zeng et al.,
2020). (G) The fourth-
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Figure 2. The principle of clustered regularly interspaced short palindromic repeats (CRISPR)/nicking CRISPR-associated protein 9-
mediated prime editing and schematic diagrams of the so far developed prime editors

(A) The CRISPR/nCas9-mediated prime editing svstem. A prime editor mainfv consists of a catatvticalt impaired nCas9(H840A), a M-MLV-RT (Molonev
murine leukemia virus reverse transcriptase), and a prime editing guide RNA (pegRNA). pegRNA is composed of three components, including a single-
guide RNA (sgRNA) targeting the specific site, a reverse transcription template (RTT) encoding the desired edit, and a primer binding site (PBS) initiating RT.
The nCas9(H840A)-M-MLV-RT and pegRNA complex bind to the target sequence in the genomic DNA in a sequence-specific manner. The M-MLV-RT helps
the 3 DNA end from the PBS to prime the reverse transcription of an edit-encoding extension from pegRNA directtv into the target site. (B) The first-
generation prime editor, PE1, was engineered b fusing a wild M-MLV-RT to the N-terminus of nCas9(H840A). (C) The second-generation prime editor, PE2,
was engineered bv fusing an engineered M-MLV-RT with six amino acid mutations to the N-terminus of nCas9(H840A). (D) The third-generation prime
editor, PE3, was engineered b using an additional sgRNA on the non-targeting strand. (E) The fourth-generation prime editor, PE4, was developed with co-
expression of a dominant negative mismatch repair (MMR) protein (MLH1dn) on the basis of PE2. (F) The fifth-generation prime editor, PE5, was developed
with transient co-expression of a dominant negative MMR protein (MLH1dn) on the basis of PE3. (G) PEmax was engineered b replacing nCas9(H840A)
with a mutated version which harbors R221K and N394K mutations. (H) Overview of the design of twinPE or GRAND editor and the sequence replacement
process. The single-strand DNAs (red and blue lines) produced b the paired pegRNAs containing RTTs highlighted in light red and light blue, respectivetv,
bind to each other through their complementarv ends highlighted in orange. The original 5 flaps were replaced b the aannealed 3 flaps containing the
edited DNA following DNA replication and repair.

CBE4, was developed br fusing two UGI molecules to the
C-terminal of Cas9 nickase on the basis of CBE3 to enhance
the inhibition of UNG (Komor et al., 2017) (Figure 1G). Com-
pared with CBE3, CBE4 not onfv improves the base editing
efficiency but also reduces the frequency of C to A or G
transversions b 2.3 times. In addition, bacteriophage Mu Gam
protein was added on the basis of CBE4 to construct a BE
CBE4-Gam, in order to further improve the product purity and
reduce the occurrence of indels (Komor et al., 2017) (Figure 1H).

www.jipb.net

CBEs, especialty CBE3 and CBE4, have been widetv used
in plants. Initialtv, a base editing svstem was developed using
a rat APOBECH1 in rice. To validate and test the feasibility of
CBEs in plants, b fusing a rat APOBEC1 to the N-terminus of
nCas9 (D10A) to form a structure of rAPOBEC1-nCas9
(D10A), two agriculturalty  important genes of rice,
OsNRT1.1B and OsSLR1, were edited at editing efficiencies
of 2.7% and 13.3%, respectivety (Lu and Zhu, 2017)
(Table 1). Simultaneoustv, three targets in rice, one target (P2)
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in OsPDS, which encodes a phvtoene desaturase, and two
targets (S3 and S5) in OsSBEIllb, which encodes a starch
branching en-yme llb, were successfultv edited in rice bv
using CBES3 with the efficiencies of 19.2%, 10.5%, and 1.0%
at the S5, S3, and P2 targets, respectivetv (Li et al., 2017)
(Table 1). Meanwhile, targeted CG to T A transitions in
OsCDC48, OsSPL14, OsNRT1.1B, TaLOX2, ZmCENH3
genes were achieved at frequencies of up to 43.48% from
position 3 to 9 within the protospacer in the genomes of rice,
wheat and mai.-¢ bv using a nCas9-cvtidine deaminase
fusion (Zong et al., 2017) (Table 1). Although the editing ef-
ficiencies of CBEs has been improved to a certain extent, its



enables crtidine deamination was obtained bv phage-assisted
continuous evolution (



Selecting the base-edited cells from massive transformed
calli for regeneration is time-consuming and labor-intensive
during plant tissue culture, especialtv for the low-efficient ed-



dsDNA, resulting in efficient C:G to T:A conversion in the
human mitochondrial genome with high target specificity (Mok
et al., 2020). Similar research was performed in lettuce (Lac-
tuca sativa) and rapeseed (Brassica napus) protoplasts with up
to 23% efficiencies (Kang et al., 2021). Recenttv, using the
DdCBE linked to a plastid-targeting signal peptide (PTP) of
AtRecA1 protein at its N-terminus, three target genes (16s
rRNA, rpoC1, psbA) located in the plastid genome were suc-
cessfulty edited without leaving anv foreign genes in either the
plastid or nuclear genomes in Arabidopsis (Naka-gto et al,,
2021) (Figure 10; Table 1). Furthermore, an efficient DACBE
svstem was constructed by fusing a chloroplast transition
peptide (CTP) to its N-terminus. This CTP-DACBE achieved a
conserved chloroplast gene chlorophrll A of photosvstem |
(psaA), for C to T transitions in rice chloroplasts (Li et al.,
2021b) (Figure 10; Table 1). The edited psaA could potentialtv
improve photosvnthetic efficiency and grain-vield of crops. The
successful implementation of DACBEs (CRISPR-independent
organelle BEs) in plant organelle cells increases the possibility
of precise manipulation of organelle genomes for crop im-
provement (Kang et al., 2021).

Single nucleotide variation is the genetic basis for the im-
provement of important crop traits. Random mutagenesis b
phsical or chemical methods has long been applied to improve
traits in plants, but it is labor-intensive and time-consuming. The
base editing svstem can enable the artificial evolution of agri-
culturalty important genes in current c
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Figure 3. Optimizations of different prime editing guide RNAs (pegRNAs)

(A) The schematic diagram of a canonical pegRNA. A pegRNA is composed of three components, including a single-guide RNA (sgRNA) targeting the specific
site, a reverse transcriptase (RT) template (RTT) encoding the desired edit, and a primer binding site (PBS) initiating RT. The RTT sequence is highlighted in
red, the PBS sequence is highlighted in blue, and the spacer sequence is highlighted in dark red. (B) The schematic diagram of apegRNA, which has a C/G
pair at the bottom of the small hairpin. The C/G base pair is highlighted in purple. (C) The schematic diagram of a Csv4-processed pegRNA, which protects the
3’ extension from degradation bv exonucleases. Csv4 is a speciali-gd ribonuclease that selects clustered regularv interspaced short palindromic repeats
(CRISPR,) transcripts from the cellular milieu for binding and cleavage. With Csv4 processing, the hairpin Csv4 recognition site remains at the 3’ end of the
pegRNA as an extension. At the same time, mutation of the fourth one of the consecutive uracils (highlighted in purple) was introduced to the scaffold of
pegRNA. The Csv4 recognition site sequence is highlighted in green. (D) An engineered pegRNA with a structured RNA pseudoknot (mpknot), protects its
3’ extension from degradation bv exonucleases. The mpknot is a frameshifting pseudoknot from Molonev murine leukemia virus (M-MLV), and it is an
endogenous template for the M-MLV-RT from which the RT in canonical prime editors was engineered, raising the possibilit' that mpknot might help recruit
the RT. The mpknot sequence is highlighted in pink. (E) An engineered pegRNA with a structured RNA pseudoknot evopreQ;, which protects the 3’ extension
from degradation b exonucleases. evopreQ,, as a modified prequeosine1-1 riboswitch aptamer composed of 42 nucleotides (nt) in length, is one of the
smallest naturalfv derived RNA structural motifs with a defined tertiarv structure. The evopreQ, sequence is highlighted in dark slate. (F) A representative
engineered epegRNA with MS2 and f6 RNA aptamers. esgRNA, enhanced sgRNA with modifications highlighted in green. RNA aptamers can recruit their
respective effector proteins for efficient gene editing. The MS2 sequence is highlighted in orange. The f6 sequence is highlighted in purple.

degradation of the 3’ extension, and eventualtv improving the
efficiencr of prime editing bv 3- to 4-fold in human cells without
increasing off-target editing activitv (Nelson et al., 2022) (Figure
3D, E). Extension of this strategv in plants significantiv en-
hanced prime editing efficiency (Jiang et al., 2022b; Li et al.,
2022b; Zou et al., 2022) (Table 2). In addition, MS2-based PE
(MS2-PE) has also been developed to improve the prime editing
efficiency bv using RNA aptamers (MS2 and f6) in pegRNA and
fusion of their binding protein MCP with the PE2 svstem (Figure
3F), and achieved up to 10.1-fold increase in editing efficiency
at five of six targets in transgenic rice lines (Chai et al., 2021).

www.jipb.net

While canonical PEs maintv enable base conversions and
installation of small indels (An-glone et al., 2019), development
of PE capable of knock-in or replacement of large DNA frag-
ments is hightv desirable either for gene therapv or crop im-
provement. Recentty, several powerful strategies have been
developed to preciselr replace, insert, and delete large DNA
fragments in human cells, including twinPE (An.glone et al.,
2022) (Figure 2H), GRAND editing (Wang et al., 2022c) (Figure
2H), PRIME-Del (a prime editing-based method, which induces
a deletion using a pair of pegRNAs that target opposite DNA
strands) (Choi et al,, 2022), and PEDAR (PE-Cas9-based
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Table 2. Continued

Editing effiency

PE features (PBS

Trait

Mutation
tvpe

length (nt) and RT

Selection improvement References

Transformation

Undesired (%)

Desired (%)

Target gene

template length (nt))

PEs

PEmax

Jiang et al.
(2022b)

Herbicide

Agrobacterium Hvgromrcin

20.80-20.90

38.20-39.50

OsEPSPS 3 bp Subs

13, 22

ePE5max

resistance

(ePE3max+

OsMLH1dn)

pPE2max-

evopreQ,

(PEmax+an

deletion and repair) method (Jiang et al., 2022a). These prime
editing svstems were developed by emploving similar strat-
egies such as using a pair of designed pegRNAs that target
the opposite DNA strands, and the RTTs from the two re-
spective pegRNAs were nonhomologous to the target sites
but partialty complementarv to each other (An_glone et al.,
2022; Choi et al., 2022; Jiang et al., 2022a; Wang et al.,
2022c). Although the above svstems for replacement or
knock-in of large DNA fragments through prime editing had
been successfulty applied in mammalian cells, the feasibilities
of twinPE, GRAND editing, PRIME-Del, and PEDAR in plant
prime editing remain to be investigated in the near future.

Applications of diverse PEs in plants

Prime editing svstem substantialfv expands the scope and ca-
pabilities of precision genome editing and holds great promise
to introduce precise genome modifications such as SNP and/or
small indels into plant genomes to improve agriculturalty im-
portant traits in crops (Li et al., 2020d). Since the first report of
prime editing in mammalian cells in 2019 (An.glone et al., 2019),
the feasibilities and efficacies of PE2 and PE3 for precise ge-
nome editing had soon been investigated in rice (Butt et al.,
2020; Hua et al., 2020a; Jiang et al., 2020; Li et al., 2020c; Lin
et al., 2020; Tang et al., 2020; Xu et al., 2020a, 2020c), other
plant species (Jiang et al., 2020; Lin et al., 2020; Lu et al., 2021),
and followed b further optimi-gtion to improve their prime
editing efficiencies thereafter (Jiang et al., 2020; Li et al.,
2020c; Lu et al., 2021; Xu et al., 2022; Li et al., 2022a; Jiang
et al., 2022b; Xu et al., 2020a, 2020c) (Table 2). Applications of
diverse PEs in plants, their features and editing efficiencies and
so forth, are summari-gd in Table 2.

The feasibility and efficacv of a series of plant codons
optimi_gd from PE2 and PE3 were first validated and in-
vestigated in rice and wheat protoplasts (Lin et al,
2020; Tang et al., 2020) or stable rice plants (Li et al.,
2020c; Xu et al., 2020a, 2020c) almost simultaneoustr in five
laboratories. Except for the intrinsic nature of target genes,
various parameters such as PBS length, RT template length,
and the position of nicking sgRNA significanttv affected the
precise editing efficiency of PE2 and PE3 in rice and wheat
protoplasts (Lin et al., 2020). The PE2 svstem could also
induce programmable editing at different genome sites at a
frequency of 0% to 31.3% in rice stable lines, suggesting
that the efficiency of pPE2 varied greattv at different genomic
sites and with pegRNAs of diverse structures (Xu et al,
2020a). By using the polll promoter Actin to drive the ex-
pression of the tandem repeats of pofvcistronic transfer
RNAs to simultaneousty produce pegRNA and nicking
sgRNA in a PE3, 28 bp and a 59 bp fragments with desired
edits were precisetfv installed into an exogenous inactive
hvgromvcin phosphotransferase (HPT) gene hptll to restore
its function, and an endogenous gene OsEPSPS, which
encodes a 5-enolprruvrishikimate-3-phosphate svnthase
(EPSPS), to generate a novel allele with TAP-IVS mutations
(T1731, A174V, and P177S) which confers rice givphosate
resistance in rice stable lines, respectivety (Li et al., 2020c).



Furthermore, development of a plant PE b fusion of HPT to
the C-terminus of nCas9-M-MLV with a self-cleaving 2A
peptide (P2A) linker and paired with an enhanced sgRNA
(esgRNA) improved the prime editing efficiency and achieved
versatile nucleotide substitutions in rice stable lines (Xu et al.,
2020c). Compared with normal PE, this strategv could in-
crease the editing efficiencr up to 22-fold at the OsALS-1 site
(from 1.20% to 26.00%) (Xu et al., 2020c). Later on, a PE2-
based plant PE with a pegRNA of 13-nt PBS and 15-nt RTT
was transformed into rice to alter the target codon TGG for
Trp548 of the ALS gene generated herbicide resistant rice
plants (Butt et al., 2020). At the same time, prime editing of
OslIPA1 in rice reduced the number of unproductive tillers and
improved ricevield (Butt et al., 2020). An inactive eGFP gene
was used as a transgenic reporter. After prime editing, it was
restored into a wild-tvpe EGFP sequence with two precise
base conversions (T-G and G-C) at efficiencies of 15.60%
and 17.10% for PE2 and PE3, respectivety (Hua et al., 2020a).
Simultaneousty, by using a pegRNA designed to introduce a
S627N mutation in OsALS, PE3 was also emploved to gen-
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ALS2 and PDS1 were obtained at the efficiencies of 6.70%
and 3.40%, respectivelv (Lu et al., 2021) (Table 2).

Directed evolution (DE) is a technology of making random
mutation(s) in a target gene to generate novel germplasms and
enrich genetic diversity (Zhang and Qi, 2019). Currentty, base
editing can enable artificial evolution of agriculturalty important
genes in crops to explore novel gene resources and germ-
plasms (Kuang et al., 2020; Li et al., 2020a; Liu et al., 2020; Xu
et al., 2021a; Wang et al., 2022b). Compared with base ed-
iting, prime editing has greater potential for evolving plant
genes, because it can install all tvpes of small genetic mod-
ifications that can be harnessed for producing all possible
substitutions for kev amino acids with improved agronomic
performance when combined with a well-designed pegRNA
librarv. For example, a prime editing librarv-mediated satu-
ration mutagenesis (PLSM) method had been developed to
identifv 16 tvpes of herbicide resistance-conferring mutations
at six different target residues in OSACC1 using a pegRNA
librarv with all possible combinations of substitutions (64
tvpes), which enabled a more comprehensive screening than
that achieved b base editing (Xu et al., 2021b). Among the 16
kinds of mutations, three tvpes of mutations were first re-
ported in plants. The PLSM svstem is an alternative approach
to create novel germplasms for crop breeding.

RECOMMENDATION OF PROPER
BE AND PE FOR BOTH BASIC
RESEARCH IN PLANTS AND CROP
IMPROVEMENT

According to optimi-gtions and applications of the current
BEs and PEs in plants as described above, we recommend to
select appropriate BEs and PEs for precise gene editing for
both basic biological research in plants and crop improve-
ment. For base editing, we recommend using evoFERNY for
CBE (Zeng et al, 2020), and TadA9 or TadA8e-DBD
(hvTadA8e) for ABE (Yan et al., 2021; Tan et al., 2022) in
base editing. In addition, it would be good to select the ap-
propriate Cas protein capable of targeting the region near the
desired editing site due to the limitations of PAM sites and
the editing windows of various BEs. At present, the suitable
choice is to select the editors constructed from these three
Cas proteins with broad PAM sites, including Cas9-NG (NGN
PAM), ScCas9** (NNG PAM), and SpRY (NNN prefer NRN
PAM) (Hua et al., 2019; Ren et al., 2019; Zhong et al.,
2019; Wang et al., 2020a; Liu et al., 2021b). Moreover, using
a surrogate svstem to restore the defective genes into the
functional ones encoding antibiotics or herbicides could be
more cost-effective and improve the base editing efficiency
(Xu et al., 2020b).

For prime editing, we recommend using PEmax or a PE
with M-MLV-RT fused to the N-terminus of nCas9(H840A)
(Chen et al., 2021; Jiang et al., 2022b; Li et al., 2022b;
Xu et al., 2022) (Figure 2). Further, except the intended base
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substitutions, introduction of additional multiple-nucleotide
svnorivmous substitutions in RTT could stimulate prime ed-
iting efficiency (Chen et al., 2021; Li et al., 2022c; Xu et al.,
2022). For example, svnorivmous substitutions could be in-
troduced at +1! +6 positions (counting 3’-base of RTT as
position +1), in order to avoid the repeat nicking of edited
targets (Xu et al., 2022) (Figure 3). Furthermore, additional
structured RNA sequences, such as evopreQ; appended to
the 3’-end of pegRNA will stabili-g the pegRNAs and thus
improve the prime editing efficacv (Li et al., 2022b; Nelson
et al., 2022; Zou et al., 2022) (Figure 3). Moreover, a strong
composite promoter, such as CaMV 35S enhancer+CmYLCV
promoter+U6 promoter, could be used to enhance the ex-
pression of the pegRNA and thus improve the prime editing
efficiencr (Jiang et al., 2020). Lasttv, using the reporter genes
such as antibiotics or herbicides as surrogates to enrich the
lines with desired edits improved the prime editing efficiency
in a cost-effective and labor-saving wav, especialty for
multiplex prime editing in plants (Li et al., 2022a) (Table 2).

FUTURE PERSPECTIVES FOR
FURTHER OPTIMIZATION OF BE
AND PE IN PLANTS

Although impressive progresses have been made during the
last several-vears, the following aspects such as optimi-gtion
of the existing BEs, exploitation of novel BEs, and opti-
mi-gtion of PEs to further improve their precise editing
efficiencies as well as developing novel PEs capable of in-
stallation of larger indels in plants, would be hightv desirable
in the next few-vears.

Optimization of the existing BEs and exploitation of
novel BEs

To date, CBE and ABE for base transition have been well
optimi-&d in terms of improving editing efficiency, expanding
the target scope and reducing off-targets. However, for base
transversion, such as CGBE for C to G and C to A, the editing
efficiency is relativefv lower in comparison with other BEs in
plants (Koblan et al., 2021; Tian et al., 2022). Thus, it is still
necessarv to increase the efficiency of CGBE. Most im-
portantty, in order to increase the flexibilitv of BEs,
exploitation of other tvpes of BEs for transversion of A to C
(Tto G) or Ato T (T to A) will certainiv be verv beneficial in
substitution of anv base pair into the desired one within the
editing window in a target gene of interest in plants. In addi-
tion, concerning the base editing window, two aspects are
worth of further optimi-gtion. (i) Narrow the editing window of
BE to a single base, reduce the br-products of unintended
editing, for example, a more precise adenine base editor ABE9
(Figure 1L), which was developed recenttv b introducing two
mutations L145T and N108Q in ABE8e, maintained the editing
activity and minimigd the editing window to position 5-6 in
mammalian cells (Chen et al., 2022b). Furthermore, by com-
bining with PAM-less Cas proteins, it will be possible to
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achieve accurate single base editing at anv target sites in the
genome. (i) Widen the width of the editing window of BE for
saturation mutation studies such as de novo domestication or
DE to generate novel gene resources or germplasm in plants.
For example, fusion of T7 RNA potvmerase with different de-
aminases (cvtidine and adenosine deaminase), substantialfv
widens the mutational spectrum in mammalian cells (Cravens
et al., 2021). In addition, engineering BEs fused with additional
chromatin modulating peptides, such as pioneer factor SOX2
(SRY-box transcription factor 2), to initiate chromatin unfolding
and stimulate transcription, could be a promising strategv to
further increase base editing efficacr (Yang et al., 2022).

Optimization of PEs

A series of parameters such as stable and property folded
pegRNAs, effective assembty of the PE-pegRNA complex,
and more active reverse transcriptase are essential for effi-
cient prime editing. In PE, the canonical pegRNA consists of
a sgRNA, a RTT and a PBS (Figure 2A). PBS and RTT at the
3’-terminal of pegRNA are easv to partialtv degrade bv ex-
oribonucleases inside the cells, resulting in truncated
pegRNAs (Feng et al., 2022; Nelson et al., 2022). The trun-
cated pegRNAs can still search and recogni-g the target
sites, but not be able to complete the correct editing due to
loss of the PBS or RTT-PBS (Nelson et al., 2022). Adding a



PEs, especialtv PE, are not widety used or even impossible in
the potvploid species and agriculturalty important food crops
such as common wheat due to its complex hexaploidv ge-
nome, gene redundancr, as well as relativetv lower trans-
formation efficiencr (Li et al., 2021c). Third, for base editing and
prime editing in different plant species, we suggest using the
aforementioned optimi-gd strategies in combination with a
stronger promoter to drive the expression of both nCas-
deaminase and the sgRNA for BE, or nCas-M-MLV-RT and
pegRNA for PE, respectivelr (Li et al., 2022b). Finaltv, it is worth
noting that the innate nature of target genes mar affect the
editing outcomes of both BEs and PEs in plants; for example,
some genes or targets could ontv be edited at a verv lower
efficiency or even not be accessible (Hua et al., 2022).
Understanding the potential mechanism underiving this phe-
nomenon will certainty benefit the precision genome editing of
anv targets at will in a user-defined manner in plants. Never-
theless, following the continuous endeavors on optimi-gtion of
BE and PE as well as engineering a novel generation of BE and
PE, we envision that both BEs and PEs will become the routine
and customi.gd precise gene editing tools for both plant fun-
damental research and crop improvement in the near future.
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