


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 systems have been developed and suc-
cessfully applied in plants such as homology‐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
et al., 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 (Anzalone
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 holy 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 by
CRISPR/Cas nucleases the predominant repair mechanism
in cells is nonhomologous end joining (NHEJ) which usually
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 by 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 types of base substitutions and
small indels, and substantially expands the scope and
capabilities of precision genome editing (Anzalone 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; Anzalone et al., 2019), diverse
strategies have been exploited to optimize these two editors in
order to improve the precise editing efficiency and specificity,
and to expand targeting scopes in plants (Li et al., 2020d; Molla
et al., 2021; Hua et al., 2022). Here, we summarize 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 optimization

of these two editors. We truly 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 customized platform for both
fundamental biological studies and crop improvement.

BASE EDITORS AND THEIR
APPLICATIONS IN PLANTS

Base editing is a breakthrough technology that can precisely
and efficiently achieve single base transition or transversion at
target sites without inducing DSBs and the need for a DRT.
Three BEs are currently in use: cytosine 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 greatly 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, many efforts have been attempted in order to
optimize and upgrade these two BEs in plants.

Cytosine base editors
The first‐generation CBE was engineered by fusing a rat cyti-
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 cytosine (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 recognizes any G:U
base pair as a mismatch. The BER activity eliminates the uracil
with the help of uracil N‐glycosylase (UNG), resulting in a low
efficiency of the CBE1 system (Komor et al., 2016). To improve
base editing effi



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 cytosine base editing. A cytosine base editor (CBE), which is composed of a catalytically impaired nCas9(D10A) and a cytidine
deaminase, binds to the target sequence in the genomic DNA in a guide RNA (gRNA)‐programmed manner. The cytidine deaminase catalyzes
the deamination of cytosine (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 recognized
as thymine (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
catalyzes an A (adenine) to I (inosine) change at the target site. During replication, the original A is replaced with G (guanine). Finally, A·T 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 cytidine
deaminase, nCas9(D10A), and uracil N‐glycosylase (UNG), and binds to the target site in a gRNA‐programmed manner. The cytidine deaminase catalyzes
the deamination of cytosine (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
polymerase 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 by an apurinic or apyrimidinic site lyase (AP lyase). The DSB results in indel
formation at the target site. (D) The first‐generation cytosine base editor, CBE1, was engineered by fusing cytidine 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 by
fusing rAPOBEC1 to the N‐terminus of dCas9 and fusing a uracil DNA glycosylase inhibitor (UGI) to the C‐terminus of dCas9. (F) The third‐generation
cytosine base editor, CBE3, was engineered by fusing different deaminases to the N‐terminus of nCas9(D10A), and fusing UGI to the C‐terminus of nCas9
(D10A), respectively. The deaminases that have been successfully 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 (
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CBE4, was developed by 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 only improves the base editing
efficiency but also reduces the frequency of C to A or G
transversions by 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).

CBEs, especially CBE3 and CBE4, have been widely used
in plants. Initially, a base editing system was developed using
a rat APOBEC1 in rice. To validate and test the feasibility of
CBEs in plants, by fusing a rat APOBEC1 to the N‐terminus of
nCas9 (D10A) to form a structure of rAPOBEC1‐nCas9
(D10A), two agriculturally important genes of rice,
OsNRT1.1B and OsSLR1, were edited at editing efficiencies
of 2.7% and 13.3%, respectively (Lu and Zhu, 2017)
(Table 1). Simultaneously, three targets in rice, one target (P2)

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 system. A prime editor mainly consists of a catalytically impaired nCas9(H840A), a M‐MLV‐RT (Moloney
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 directly into the target site. (B) The first‐
generation prime editor, PE1, was engineered by fusing a wild M‐MLV‐RT to the N‐terminus of nCas9(H840A). (C) The second‐generation prime editor, PE2,
was engineered by 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 by 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 by 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 by the paired pegRNAs containing RTTs highlighted in light red and light blue, respectively,
bind to each other through their complementary ends highlighted in orange. The original 5' flaps were replaced by the aannealed 3' flaps containing the
edited DNA following DNA replication and repair.

Base editing and prime editing in plantsJournal of Integrative Plant Biology

www.jipb.net February 2023 | Volume 65 | Issue 2 | 444–467 447

 17447909, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13425 by C

hinese A
cadem

y O
f, W

iley O
nline L

ibrary on [23/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
a
b
le

1
.
B
a
se

e
d
it
in
g
in

p
la
n
ts

B
as

e
ed

ito
rs

S
tr
uc

tu
re
s
of

va
rio

us
b
as

e
ed

ito
rs

S
p
ec

ie
s

Ta
rg
et

ge
ne

Tr
an

sf
or
m
at
io
n

S
el
ec

tio
n

E
d
iti
ng

ef
fi
ci
en

cy
(%

)
E
d
iti
ng

w
in
d
ow

Tr
ai
t

im
p
ro
ve

m
en

t
R
ef
er
en

ce
s

A
P
O
B
E
C
1‐

C
B
E
2/

C
B
E
3

A
P
O
B
E
C
1‐
X
TE

N
‐

nC
as

9
R
ic
e

O
sN

R
T1

.1
B

,
O

sS
LR

1
A

gr
ob

ac
te

riu
m

H
yg

ro
m
yc

in
2.
70

–1
3.
30

C
4–

C
8

H
ig
h
ni
tr
og

en
us

e
ef
fi
ci
en

cy
;

D
w
ar
f

Lu
an

d
Z
hu

( 2
01

7)

A
P
O
B
E
C
1‐
X
TE

N
‐

nC
as

9‐
U
G
I

R
ic
e

O
sS

B
E

IIb
,

O
sP

D
S

B
om

b
ar
d
m
en

t
H
yg

ro
m
yc

in
20

.0
0

C
4–

C
8

H
ig
h
am

yl
os

e
Li

et
al
.
( 2
01

7)

A
P
O
B
E
C
1‐
X
TE

N
‐

nC
as

9/
d
C
as

9‐
U
G
I

R
ic
e,

W
he

at
M
ai
ze

O
sC

D
C

48
,

O
sN

R
T1

.1
B

,
O

sS
P

L1
4,

Ta
LO

X
2,

Z
m

C
E

N
H

3
A

gr
ob

ac
te

riu
m

/B
om

b
ar
d
m
en

t
H
er
b
ic
id
e

0–
43

.4
8

C
3–

C
9

H
ig
h
ni
tr
og

en
us

e
ef
fi
ci
en

cy
;

H
ig
h
yi
el
d

Z
on

g
et

al
.
(2
01

7)

A
P
O
B
E
C
1‐
X
TE

N
‐

nC
as

9‐
U
G
I

R
ic
e

O
sC

E
R

K
1,

O
sS

E
R

K
1,

O
sS

E
R

K
2,

ip
a1

,
P

i‐t
a

A
gr

ob
ac

te
riu

m
H
yg

ro
m
yc

in
10

.5
0–

38
.9
0

C
4–

C
8

H
ig
h
yi
el
d
;

B
la
st

re
si
st
an

ce

R
en

et
al
.
( 2
01

7)

A
P
O
B
E
C
1‐
X
TE

N
‐

nC
as

9‐
U
G
I

W
he

at
Ta

A
LS

‐P
17

4
B
om

b
ar
d
m
en

t
H
er
b
ic
id
e

33
.0
0–

75
.0
0

C
4–

C
8

H
er
b
ic
id
e

re
si
st
an

ce
Z
ha

ng
et

al
.(
20

19
)

A
P
O
B
E
C
1‐
X
TE

N
‐

nC
as

9‐
U
G
I

C
ot
to
n

G
hC

LA
,

G
hP

E
B

P
A

gr
ob

ac
te

riu
m

H
yg

ro
m
yc

in
0–

57
.7
8

C
4–

C
8

–
Q
in

et
al
.
(2
02

0)

hA
ID
‐C

B
E
3

hA
ID
‐X
TE

N
‐n
C
as

9
R
ic
e

O
sF

LS
2,

O
sA

O
S

1,
O

sJ
A

R
1,

O
sJ

A
R

2,
O

sC
O

I2
,

O
sP

i‐D
2

A
gr

ob
ac

te
riu

m
H
yg

ro
m
yc

in
8.
30

–7
3.
30

C
3–

C
8

B
la
st

re
si
st
an

ce
R
en

et
al
.
(2
01

8)

hA
ID
‐n
S
p
C
as

9‐
N
G
/

nC
as

9‐
U
G
I

R
ic
e

O
sB

Z
R

1,
O

sS
E

R
K

2
A

gr
ob

ac
te

riu
m

H
yg

ro
m
yc

in
4.
44

–2
7.
08

C
3–

C
8

E
nh

an
ce

fr
ui
t

q
ua

lit
y

R
en

et
al
.
( 2
01

9)

hA
ID
‐n
S
cC

as
9‐
U
G
I

R
ic
e

O
sM

P
K

9,
O

sM
P

K
17

,O
sC

P
K

5,
O

sM
P

K
15

,
O

sM
P

K
16

,
O

sC
P

K
6,

O
sC

P
K

7,
O

sC
P

K
8

A
gr

ob
ac

te
riu

m
H
yg

ro
m
yc

in
2.
56

–9
7.
92

C
3–

C
8

–
W
an

g
et

al
.

( 2
02

0a
)

hA
ID
‐n
S
p
C
as

9‐
U
G
I

0–
95

.8
3

hA
ID
‐X
TE

N
‐

nS
p
R
Y
‐U

G
I

R
ic
e

O
sC

O
I2

,
O

sB
S

R
,

O
sM

P
K

13
,

O
sG

S
1,

O
sG

S
K

4
A
gr
ob

ac
te
riu

m
H
yg

ro
m
yc

in
26

.0
0–

34
.1
5

C
3–

C
8

–
X
u
et

al
.
(2
02

1c
)

A
P
O
B
E
C
3A

‐
C
B
E
3/

C
B
E
4

A
3A

‐X
TE

N
‐n
C
as

9‐
U
G
I;
G
am

‐X
TE

N
‐

A
3A

‐n
C
as

9‐
U
G
I‐U

G
I

R
ic
e，

W
he

at
P
ot
at
o

O
sA

A
T,

O
sC

D
C

48
,

O
sD

E
P

1,
O

sN
R

T1
,

O
sO

D
,

Ta
A

LS
,

Ta
M

TL
,

Ta
LO

X
2,

S
tG

B
S

S
‐T

6

A
gr

ob
ac

te
riu

m
/B

om
b
ar
d
m
en

t
H
er
b
ic
id
e/

H
yg

ro
m
yc

in
0–

82
.9
0

1.
20

–2
0.
00

C
1–

C
17

H
er
b
ic
id
e

re
si
st
an

ce
Z
on

g
et

al
.
( 2
01

8)

P
m
C
D
A
1‐

C
B
E
2/

C
B
E
3/

C
B
E
4

nC
as

9/
d
C
as

9‐
P
m
C
D
A
1

R
ic
e，

To
m
at
o

A
LS

,
D

E
LL

A
,

E
TR

1.
A

gr
ob

ac
te

riu
m

H
er
b
ic
id
e/

H
yg

ro
m
yc

in
26

.2
0–

53
.8
0

C
2–

C
5

H
er
b
ic
id
e

re
si
st
an

ce
S
hi
m
at
an

i
et

al
.
( 2
01

7)

P
m
C
D
A
1‐
xC

as
9‐
U
G
I

P
m
C
D
A
1‐
nS

p
C
as

9‐
N
G
‐U

G
I

R
ic
e

O
sD

E
P

1,
O

sC
D

C
48

,
O

sG
S

3,
O

sP
D

S
A

gr
ob

ac
te

riu
m

H
yg

ro
m
yc

in
0–

21
.1
0

3.
50

–5
6.
30

C
2–

C
5

–
Z
ho

ng
et

al
.
( 2
01

9)

nC
as

9‐
N
G
‐

P
m
C
D
A
1‐
U
G
I

To
m
at
o

p
ot
at
o

S
lA

LS
A

gr
ob

ac
te

riu
m

H
yg

ro
m
yc

in
32

.0
0

C
2–

C
5

H
er
b
ic
id
e

re
si
st
an

ce
V
ei
lle
t
et

al
.(
20

20
)

P
m
C
D
A
1‐
nS

cC
as

9+
+
‐U

G
I‐U

G
I

R
ic
e

O
sW

ax
y,

O
sE

U
I1

A
gr

ob
ac

te
riu

m
H
yg

ro
m
yc

in
8.
3–

86
.1

C
1–

C
17

R
ed

uc
ed

am
yl
os

e
co

nt
en

t

Li
u
et

al
.
(2
02

1b
)

C
B
E
4

FE
N
R
Y
‐n
C
as

9‐
N
G
‐

U
G
I‐U

G
I

R
ic
e

O
sC

K
X

2,
O

sW
ax

y,
O

sE
U

I1
,

O
sS

P
L4

,
O

sS
P

L7
,

O
sS

P
L1

4,
A

gr
ob

ac
te

riu
m

H
yg

ro
m
yc

in
0–

86
.3
0

0–
59

.4
0

C
4–

C
12

C
2–

C
5

–
Z
en

g
et

al
.
( 2
02

0)

C
on

tin
ue

d

Base editing and prime editing in plants Journal of Integrative Plant Biology

448 February 2023 | Volume 65 | Issue 2 | 444–467 www.jipb.net

 17447909, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13425 by C

hinese A
cadem

y O
f, W

iley O
nline L

ibrary on [23/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
a
b
le

1
.
C
o
n
ti
n
u
e
d

B
as

e
ed

ito
rs

S
tr
uc

tu
re
s
of

va
rio

us
b
as

e
ed

ito
rs

S
p
ec

ie
s

Ta
rg
et

ge
ne

Tr
an

sf
or
m
at
io
n

S
el
ec

tio
n

E
d
iti
ng

ef
fi
ci
en

cy
(%

)
E
d
iti
ng

w
in
d
ow

Tr
ai
t

im
p
ro
ve

m
en

t
R
ef
er
en

ce
s

P
m
C
D
A
1‐
nC

as
9‐

N
G
‐U

G
I‐U

G
I

A
P
O
B
E
C
1‐
nC

as
9‐

N
G
‐U

G
I‐U

G
I

LF
1,

O
sI

A
A

13
,

O
sM

A
D

S
57

,
O

sG
B

S
S

I
0–

66
.7
0

C
4–

C
8

A
B
E
7.
10

Ta
d
A
‐T
ad

A
7.
10

‐
nC

as
9(
D
10

A
)

R
ic
e，

W
he

at
O

sA
LS

,
O

sC
D

C
48

,
O

sA
A

T,
O

sD
E

P
1,

O
sA

C
C

,O
sN

R
T1

.1
B

,
O

sE
V

,
O

sO
D

,
Ta

D
E

P
1,

Ta
E

P
S

P
S

,
Ta

G
W

2

A
gr

ob
ac

te
riu

m
/B

om
b
ar
d
m
en

t
H
er
b
ic
id
e/

H
yg

ro
m
yc

in
3.
20

–5
9.
10

A
4–

A
8

H
er
b
ic
id
e

re
si
st
an

ce
Li

et
al
.
( 2
01

8)

Ta
d
A
‐T
ad

A
7.
10

‐
nC

as
9

R
ic
e

O
sS

E
R

K
2,

O
sM

P
K

6,
O

sW
R

K
Y

45
,

O
sM

P
K

13
A

gr
ob

ac
te

riu
m

H
yg

ro
m
yc

in
6.
45

–6
2.
26

A
4–

A
8

–
Y
an

et
al
.
( 2
01

8)

Ta
d
A
‐T
ad

A
7.
10

‐
nS

p
C
as

9‐
N
G

Ta
d
A
‐T
ad

A
7.
10

‐
nS

aC
as

9

R
ic
e

O
sS

P
L7

,
O

sS
P

L1
4,

O
sS

LR
1,

O
sS

P
L4

,
O

sS
P

L1
6,

O
sS

P
L1

7,
O

sS
P

L1
8

A
gr

ob
ac

te
riu

m
H
yg

ro
m
yc

in
0–

26
.0
0

4.
80

–6
1.
30

A
4–

A
8

H
ig
h
yi
el
d

H
ua

et
al
.
( 2
01

8)

Ta
d
A
‐T
ad

A
7.
10

‐
nS

cC
as

9
R
ic
e

O
sM

P
K

14
,

O
sC

P
K

9,
O

sM
P

K
15

,
O

sC
P

K
10

A
gr

ob
ac

te
riu

m
H
yg

ro
m
yc

in
50

.0
0–

94
.1
2

A
4–

A
8

–
W
an

g
et

al
.

( 2
02

0a
)

A
B
E
‐P
1S

Ta
d
A
7.
10

‐n
S
p
C
as

9
Ta

d
A
7.
10

‐n
S
aC

as
9

R
ic
e

O
sS

E
R

K
2,

O
sS

P
L1

4,
S

LR
1,

Tm
s9

‐1
,

O
sN

R
T1

.1
B

,
O

sA
C

C
1,

O
sD

E
P

1

A
gr

ob
ac

te
riu

m
H
yg

ro
m
yc

in
4.
50

–9
6.
30

0–
61

.1
0

A
1–

A
12

H
ig
h
yi
el
d
;

H
er
b
ic
id
e

re
si
st
an

ce

H
ua

et
al
.
(2
02

0b
)

A
B
E
8e

Ta
d
A
8e

(V
10

6W
)‐

nC
as

9
Ta

d
A
8e

(V
10

6W
)‐

nC
as

9‐
N
G

R
ic
e

O
sE

P
S

P
S

,
O

sA
LS

,
O

sW
ax

y
A

gr
ob

ac
te

riu
m

H
er
b
ic
id
e/

H
yg

ro
m
yc

in
4.
00

–1
00

.0
0

0–
10

0.
00

A
4–

A
8

H
er
b
ic
id
e

re
si
st
an

ce
W
ei

et
al
.
( 2
02

1)

Ta
d
A
8e

‐X
TE

N
‐

nS
p
R
Y

R
ic
e

O
sC

O
I2

,
O

sB
S

R
,

O
sM

P
K

13
,

O
sG

S
1,

O
sG

S
K

4
A

gr
ob

ac
te

riu
m

H
yg

ro
m
yc

in
27

.7
9–

93
.7
5

A
3–

A
10

H
er
b
ic
id
e

re
si
st
an

ce
X
u
et

al
.
(2
02

1c
)

Ta
d
A
8e

‐D
B
D
‐

nC
as

9‐
N
G

Ta
d
A
8e

‐D
B
D
‐n
S
p
G

Ta
d
A
8e

‐D
B
D
‐n
S
p
R
Y

R
ic
e

O
sS

P
L1

4,
O

sI
A

A
13

,
O

sS
P

L7
,

O
sL

F1
,

O
sG

B
S

S
I,

O
sC

K
S

2,
O

sE
U

I1
,

O
sT

S

A
gr

ob
ac

te
riu

m
H
yg

ro
m
yc

in
0–

90
.5
0

0–
92

.5
0

0–
10

0.
00

A
1–

A
14

A
1–

A
14

A
1–

A
14

–
Ta

n
et

al
.
( 2
02

2)

A
B
E
9

Ta
d
A
9‐
X
TE

N
‐

nS
p
C
as

9
Ta

d
A
9‐
X
TE

N
‐

nS
p
C
as

9‐
N
G

Ta
d
A
9‐
X
TE

N
‐n
S
p
R
Y

Ta
d
A
9‐
X
TE

N
‐

nS
cC

as
9

R
ic
e

O
sM

P
K

6,
O

sM
P

K
13

,
O

sS
E

R
K

2,
O

sW
R

K
Y

45
,

O
sD

E
P

2,
O

sE
TR

2,
O

sG
S

K
4,

O
sJ

A
R

1,
O

sG
S

1,
O

sA
LS

1

A
gr

ob
ac

te
riu

m
H
er
b
ic
id
e/

H
yg

ro
m
yc

in
0–

97
.9
2

0–
10

0.
00

0–
37

.5
0

0–
68

.7
5

A
1–

A
12

A
4–

A
10

A
3–

A
10

A
4–

A
12

–
Y
an

et
al
.
( 2
02

1)

p
D
uB

E
1

Ta
d
A
8e

‐n
C
as

9‐
C
D
A
1‐
U
G
I

R
ic
e

O
sA

LS
,

O
sB

A
D

H
2,

O
sL

A
Z

Y
1,

O
sP

D
S

A
gr

ob
ac

te
riu

m
H
er
b
ic
id
e/

H
yg

ro
m
yc

in
0.
40

–8
7.
60

C
2–

C
5

A
4–

A
8

–
X
u
et

al
.
( 2
02

1a
)

C
on

tin
ue

d

Base editing and prime editing in plantsJournal of Integrative Plant Biology

www.jipb.net February 2023 | Volume 65 | Issue 2 | 444–467 449

 17447909, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13425 by C

hinese A
cadem

y O
f, W

iley O
nline L

ibrary on [23/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



in OsPDS, which encodes a phytoene desaturase, and two
targets (S3 and S5) in OsSBEIIb, which encodes a starch
branching enzyme IIb, were successfully edited in rice by
using CBE3 with the efficiencies of 19.2%, 10.5%, and 1.0%
at the S5, S3, and P2 targets, respectively (Li et al., 2017)
(Table 1). Meanwhile, targeted C·G 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 maize by using a nCas9‐
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Selecting the base‐edited cells from massive transformed
calli for regeneration is time‐consuming and labor‐intensive



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). Recently, 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-
cessfully edited without leaving any foreign genes in either the
plastid or nuclear genomes in Arabidopsis (Nakazato et al.,
2021) (Figure 1O; Table 1). Furthermore, an efficient DdCBE
system was constructed by fusing a chloroplast transition
peptide (CTP) to its N‐terminus. This CTP‐DdCBE achieved a
conserved chloroplast gene chlorophyll A of photosystem I
(psaA), for C to T transitions in rice chloroplasts (Li et al.,
2021b) (Figure 1O; Table 1). The edited psaA could potentially
improve photosynthetic efficiency and grain yield of crops. The
successful implementation of DdCBEs (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 by
physical or chemical methods has long been applied to improve
traits in plants, but it is labor‐intensive and time‐consuming. The





degradation of the 3′ extension, and eventually improving the
efficiency of prime editing by 3‐ to 4‐fold in human cells without
increasing off‐target editing activity (Nelson et al., 2022) (Figure
3D, E). Extension of this strategy in plants significantly 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 by using RNA aptamers (MS2 and f6) in pegRNA and
fusion of their binding protein MCP with the PE2 system (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).

While canonical PEs mainly enable base conversions and
installation of small indels (Anzalone et al., 2019), development
of PE capable of knock‐in or replacement of large DNA frag-
ments is highly desirable either for gene therapy or crop im-
provement. Recently, several powerful strategies have been
developed to precisely replace, insert, and delete large DNA
fragments in human cells, including twinPE (Anzalone 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

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 Csy4‐processed pegRNA, which protects the
3′ extension from degradation by exonucleases. Csy4 is a specialized ribonuclease that selects clustered regularly interspaced short palindromic repeats
(CRISPR) transcripts from the cellular milieu for binding and cleavage. With Csy4 processing, the hairpin Csy4 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 Csy4 recognition site sequence is highlighted in green. (D) An engineered pegRNA with a structured RNA pseudoknot (mpknot), protects its
3′ extension from degradation by exonucleases. The mpknot is a frameshifting pseudoknot from Moloney 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 possibility that mpknot might help recruit
the RT. The mpknot sequence is highlighted in pink. (E) An engineered pegRNA with a structured RNA pseudoknot evopreQ1, which protects the 3′ extension
from degradation by exonucleases. evopreQ1, as a modified prequeosine1‐1 riboswitch aptamer composed of 42 nucleotides (nt) in length, is one of the
smallest naturally derived RNA structural motifs with a defined tertiary structure. The evopreQ1 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.
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deletion and repair) method (Jiang et al., 2022a). These prime
editing systems were developed by employing 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 partially complementary to each other (Anzalone et al.,
2022; Choi et al., 2022; Jiang et al., 2022a; Wang et al.,
2022c). Although the above systems for replacement or
knock‐in of large DNA fragments through prime editing had
been successfully 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 system substantially expands the scope and ca-
pabilities of precision genome editing and holds great promise
to introduce precise genomemodifications such as SNP and/or
small indels into plant genomes to improve agriculturally im-
portant traits in crops (Li et al., 2020d). Since the first report of
prime editing in mammalian cells in 2019 (Anzalone 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 by further optimization 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 summarized in Table 2.

The feasibility and efficacy of a series of plant codons
optimized 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 simultaneously 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 significantly affected the
precise editing efficiency of PE2 and PE3 in rice and wheat
protoplasts (Lin et al., 2020). The PE2 system 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 greatly at different genomic
sites and with pegRNAs of diverse structures (Xu et al.,
2020a). By using the polII promoter Actin to drive the ex-
pression of the tandem repeats of polycistronic transfer
RNAs to simultaneously produce pegRNA and nicking
sgRNA in a PE3, 28 bp and a 59 bp fragments with desired
edits were precisely installed into an exogenous inactive
hygromycin phosphotransferase (HPT) gene hptII to restore
its function, and an endogenous gene OsEPSPS, which
encodes a 5‐enolpyruvylshikimate‐3‐phosphate synthase
(EPSPS), to generate a novel allele with TAP‐IVS mutations
(T173I, A174V, and P177S) which confers rice glyphosate
resistance in rice stable lines, respectively (Li et al., 2020c).T
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Furthermore, development of a plant PE by 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 strategy could in-
crease the editing efficiency 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
OsIPA1 in rice reduced the number of unproductive tillers and
improved rice yield (Butt et al., 2020). An inactive eGFP gene
was used as a transgenic reporter. After prime editing, it was
restored into a wild‐type EGFP sequence with two precise
base conversions (T‐G and G‐C) at efficiencies of 15.60%
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ALS2 and PDS1 were obtained at the efficiencies of 6.70%
and 3.40%, respectively (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). Currently, base
editing can enable artificial evolution of agriculturally 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 types of small genetic mod-
ifications that can be harnessed for producing all possible
substitutions for key amino acids with improved agronomic
performance when combined with a well‐designed pegRNA
library. For example, a prime editing library‐mediated satu-
ration mutagenesis (PLSM) method had been developed to
identify 16 types of herbicide resistance‐conferring mutations
at six different target residues in OsACC1 using a pegRNA
library with all possible combinations of substitutions (64
types), which enabled a more comprehensive screening than
that achieved by base editing (Xu et al., 2021b). Among the 16
kinds of mutations, three types of mutations were first re-
ported in plants. The PLSM system 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 optimizations 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
(hyTadA8e) 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 system 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

substitutions, introduction of additional multiple‐nucleotide
synonymous substitutions in RTT could stimulate prime ed-
iting efficiency (Chen et al., 2021; Li et al., 2022c; Xu et al.,
2022). For example, synonymous 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 evopreQ1 appended to
the 3′‐end of pegRNA will stabilize the pegRNAs and thus
improve the prime editing efficacy (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
efficiency (Jiang et al., 2020). Lastly, 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 way, especially 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 years, the following aspects such as optimization
of the existing BEs, exploitation of novel BEs, and opti-
mization 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 highly desirable
in the next few years.

Optimization of the existing BEs and exploitation of
novel BEs
To date, CBE and ABE for base transition have been well
optimized 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 relatively lower in comparison with other BEs in
plants (Koblan et al., 2021; Tian et al., 2022). Thus, it is still
necessary to increase the efficiency of CGBE. Most im-
portantly, in order to increase the flexibility of BEs,
exploitation of other types of BEs for transversion of A to C
(T to G) or A to T (T to A) will certainly be very beneficial in
substitution of any 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
worthy of further optimization. (i) Narrow the editing window of
BE to a single base, reduce the by‐products of unintended
editing, for example, a more precise adenine base editor ABE9
(Figure 1L), which was developed recently by introducing two
mutations L145T and N108Q in ABE8e, maintained the editing
activity and minimized 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 any target sites in the
genome. (ii) 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 polymerase with different de-
aminases (cytidine and adenosine deaminase), substantially
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 strategy to
further increase base editing efficacy (Yang et al., 2022).

Optimization of PEs
A series of parameters such as stable and properly folded
pegRNAs, effective assembly 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 easy to partially degrade by 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 recognize 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, especially PE, are not widely used or even impossible in
the polyploid species and agriculturally important food crops
such as common wheat due to its complex hexaploidy ge-
nome, gene redundancy, as well as relatively lower trans-
formation efficiency (Li et al., 2021c). Third, for base editing and
prime editing in different plant species, we suggest using the
aforementioned optimized 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, respectively (Li et al., 2022b). Finally, it is worth
noting that the innate nature of target genes may affect the
editing outcomes of both BEs and PEs in plants; for example,
some genes or targets could only be edited at a very lower
efficiency or even not be accessible (Hua et al., 2022).
Understanding the potential mechanism underlying this phe-
nomenon will certainly benefit the precision genome editing of
any targets at will in a user‐defined manner in plants. Never-
theless, following the continuous endeavors on optimization 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 customized precise gene editing tools for both plant fun-
damental research and crop improvement in the near future.
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