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Targeted, random mutagenesis of plant genes
with dual cytosine and adenine base editors
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Yu-Hang Chen?3, Jiayang Li®23* and Caixia Gao

Targeted saturation mutagenesis of crop genes could be
applied to produce genetic variants with improved agronomic
performance. However, tools for directed evolution of plant
genes, such as error-prone PCR or DNA shuffling, are limited'.
We engineered five saturated targeted endogenous mutagen-
esis editors (STEMEs) that can generate de novo mutations
and facilitate directed evolution of plant genes. In rice proto-
plasts, STEME-1 edited cytosine and adenine at the same tar-
get site with C> T efficiency up to 61.61% and simultaneous
C>T and A > G efficiency up to 15.10%. STEME-NG, which
incorporates the nickase Cas9-NG protospacer-adjacent motif
variant, was used with 20 individual single guide RNAs in rice
protoplasts to produce near-saturated mutagenesis (73.21%)
for a 56-amino-acid portion of the rice acetyl-coenzyme A car-
boxylase (OsACC). We also applied STEME-1 and STEME-NG
for directed evolution of the OsACC gene in rice and obtained
herbicide resistance mutations. This set of two STEMEs will
accelerate trait development and should work in any plants
amenable to CRISPR-based editing.

Heredity and variation are the basis of organismic evolution.
Random mutagenesis by physical (for example, ultraviolet) or
chemical (for example, ethylmethane sulfonate) methods has long
been applied to improve traits in plants, but is labor-intensive and
time-consuming®. Although directed evolution is an effective
strategy for obtaining desired genetic or protein variants“*, most
approaches to library diversification involve error-prone PCR, DNA
synthesis, recombination or mutator strains"*. In higher organisms,
especially in plants, a target gene is usually transferred into a bacte-
rial or yeast cell to generate the required diversity for selection"*,
but once a target gene is not in situ, the functional consequences of
changes may not be the same as in the native context’.

CRISPR-Cas has been used for targeted mutations in various
organisms”'"” including rice, in which CRISPR-Cas9 was applied to
produce several in-frame mutations resistant to splicing inhibitors''.
However, most mutations generated by CRISPR-Cas9 are insertions
or deletions (indels). These types of mutations typically produce
nonfunctional, out-of-frame mutations or premature terminations,
whereas directed evolution can be further empowered by making
nucleotide changes to generate gain-of-function mutations'”.

CRISPR-based cytosine base editors (CBEs) and adenine base
editors (ABEs) make C:G>T:A and A:T>G:C substitutions,

1,2%

respectively, in single guide RNA-specified target sites’*""”. CBEs
and ABEs are fusions of Cas9 variants (nCas9 and dCas9) with
corresponding deaminase domains, and their functions have led
to suggestions that they could be applied for saturation base edit-
ing (C/G or A/T bases) of protein-coding sequences'>"”. Although
directed evolution in mammalian cells'>'® and mice'® using CBEs
has been reported, increasing the mutation potential beyond CBEs
would enable greater diversity in directed evolution strategies.

We hypothesized that it might be possible to engineer a sin-
gle protein that used a single sgRNA to achieve C:G>T:A and
A:T> G:C substitutions. To engineer dual base editors, we fused
cytidine deaminase with adenosine deaminase to obtain editors
that we named STEMEs. In addition to the fusion deaminase,
STEME:s contain nCas9 (D10A) and uracil DNA glycosylase inhibi-
tor (UGI)"* (Fig. la).

We previously developed a high-efficiency CBE for plants, A3A-
PBE, which has an enlarged base-editing window”"*?, and an ABE,
PABE-7, which contains an evolved tRNA adenosine deaminase
(ecTadA-ecTadA7.10)*. To enable both C:G>T:A and A:T>G:C
substitutions in the same target sequence with a single editor, we
fused APOBEC3A-ecTadA-ecTadA7.10 or ecTadA-ecTadA7.10-
APOBEC3A, to the N terminus of nCas9 (D10A), together with
either UGI or two copies of free UGI at the C terminus of nCas9
(D10A), to produce STEME-1, STEME-2, STEME-3 and STEME-
4, respectively (Fig. 1b and Supplementary Sequences 1). All four
STEMEs were codon optimized for crop plants and transcribed
from the maize Ubi-1 promoter.

To examine their base-editing activities on endogenous
genes, six sgRNAs targeting different rice genes were designed
(Supplementary Table 1) and cloned into pOsU3-esgRNA (ref. *°).
Each sgRNA was cotransfected into rice protoplasts along with each
of the four STEMEs. A3A-PBE, PABE-7 and wild-type Cas9 were
used as controls. Amplicon deep sequencing showed that all four
STEMEs produced C>T and A>G conversions efficiently (Fig.
lc,d; BioProject accession PRJNA590652). The C>T base-editing
windows were equivalent to that of A3A-PBE (ref. *') and editing
efficiencies ranged from 0.10% to 61.61%, with STEME-1 the most
efficient (Fig. 1c and Supplementary Fig. 1). Within the primary
editing window of A3A-PBE (C,-C,; counting the end distal to
the protospacer-adjacent motif (PAM) as position 1), STEME-1
had a C> T editing efficiency averaging 25.14% in OsAAT, OsACC,
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OsCDC48 and OsDEPI that was 1.5-fold higher than A3A-PBE
(average 17.25%) (Fig. 1c and Supplementary Fig. 1).

STEME-1 also had the highest A>G base-editing efficiency
(0.69-15.50%) among the four STEMEs and the expected A>G
base-editing window of A, to A, (Fig. 1d and Supplementary Fig. 1).
Although this was lower than PABE-7 (1.74-21.54%), the STEME-1
A>G editing efficiency was still sufficient to provide the desired
mutation diversity for an improved directed evolution strategy
(Fig. 1e and Supplementary Fig. 2a). Sequencing reads indicated that
the products of STEME-1 were mainly C>T conversions (16.50-
50.78%) and simultaneous C>T and A>G conversions (0.49-
15.10%) in rice protoplasts (Fig. 1f), while A3A-PBE or PABE-7
produced only C> T or only A > G conversions, respectively (Fig. 1g).
No undesired editing at any of the sgRNA targets was detected
(<0.05%) (Supplementary Fig. 1). Indel frequencies with STEMEs
(0.04-0.63%) were also equivalent to that in untreated control pro-
toplasts (0.04-0.51%), much lower than with Cas9 (6.30-15.61%)
(Supplementary Fig. 2b).

We next codelivered A3A-PBE and PABE-7 with three sgRNAs
to evaluate whether individually delivered base editors could per-
form as well as our dual base editors. Amplicon deep sequencing
showed that all A>G substitutions were accompanied by simul-
taneous C>T editing, but that the efficiency was about fourfold
lower than that of STEME-1 (Fig. 1g). This is most likely because
only one base-editor protein can occupy a single target site in the
genome and will therefore compete with the other base editor. A3A-
PBE is more active than PABE-7, so it seems reasonable to conclude
that A3A-PBE edits sequences before PABE-7 can access the target
site. By the time PABE-7 is present, the target will have been edited
and will be a mismatch. Taken together, these results indicate that
STEME-1 can increase the mutation diversity at a target site using
only a single sgRNA.

We sought to expand the targeting scope of STEME-1 to increase
its utility. We replaced the nCas9 (D10A) in STEME-1 with codon-
optimized nCas9-NG (D10A)* to produce STEME-NG (Fig. 2a
and Supplementary Sequence 1). We also generated A3A-PBE-NG,
PABE7-NG and pCas9-NG constructs by replacing the corre-
sponding portions of A3A-PBE (ref. *'), PABE-7 (ref. *°) and pCas9
(ref. ) with codon-optimized nCas9-NG (D10A) or Cas9-NG
(Supplementary Fig. 3a and Supplementary Sequence 1). We
designed 16 20-nucleotide spacers with NG PAMs from four differ-
ent rice loci (Supplementary Fig. 3b,c). STEME-NG along with each
of these 16 sgRNAs was then cotransfected into rice protoplasts.
We found that STEME-NG had a broad capacity for editing C>T
and A> G in NG PAM sequences, but preferred NGD (D=A, T or
G) PAMs (Fig. 2b and Supplementary Fig. 4). Similar to Cas9-NG
(ref. **), STEME-NG exhibited compromised activity (average C>T
7.92%, A> G 1.84%) at canonical NGG PAM sequences compared
with STEME-1 (average C>T 17.89%, A> G 3.80%) (Fig. 2b and
Supplementary Fig. 4). STEME-NG edited cytosines in a window
of C, to C,, and adenines in a window of A, to A,, which was the
same as observed for the individual A3A-PBE-NG and PABE7-NG,
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respectively (Supplementary Fig. 5a,b). In addition, STEME-NG,
A3A-PBE-NG and PABE7-NG generated indels at much lower fre-
quencies (<0.10%) than pCas9-NG (0.16-13.24%) in rice proto-
plasts (Supplementary Fig. 6). Taken together, these data show that
the editing activities of STEME-NG, A3A-PBE-NG and PABE7-NG
at NG PAMs depend mainly on the nature of the Cas9-NG. All pre-
fer NGD PAMs to NGC PAMs, which is consistent with a previ-
ous report™. As the Cas9-NG recognizes a relaxed PAM, its kinetics
of nuclease activity are slower than that of wild-type Cas9 toward
canonical NGG PAM, which could be improved by further molecu-
lar engineering®. Although the editing efficiency of STEME-NG
was on average 2.2-fold lower than that of STEME-1 on NGG PAM,
the above data suggest that STEME-NG is able to expand the scope
of C>T and A>G base editing and facilitate the application of
directed evolution in plants.

To test whether STEME-NG can be used for saturated de novo
mutagenesis in rice protoplasts, we targeted OsACC. ACC is an
enzyme in fatty acid biosynthesis and its carboxyltransferase (CT)
domain is the target of herbicides™ (Fig. 2c and Supplementary
Sequences 2). Amino acid substitutions in the CT domain can con-
fer herbicide resistance in grass*. We designed 20 sgRNAs, includ-
ing 11 sgRNAs with forward direction NGD-3’' PAMs and 9 sgRNAs
with reverse complement 5'-HCN (H=A, T or C) PAMs spanning
a 168-base pair DNA sequence that encodes 56 amino acids of the
CT domain (Fig. 2c and Supplementary Table 2). These 20 sgRNAs
covered 90.32% of the cytosines, 40.43% of the adenines, 77.78% of
the guanines and 38.89% of the thymines in the editing windows,
corresponding in all to 61.31% of the bases of the coding strand
(Supplementary Table 3). We cotransfected individual sgRNAs
together with STEME-NG into rice protoplasts. A3A-PBE-NG and
pCas9-NG served as controls. Amplicon deep sequencing showed
that STEME-NG converted 96.43% of the Cs to Ts, 63.16% of the
As to Gs, 92.86% of the Gs to As and 42.86% of the Ts to Cs in
the covered bases on the coding strand; average base-editing effi-
ciencies were 11.50%, 0.35%, 13.33% and 0.45%, respectively (Fig.
2d and Supplementary Table 3). Meanwhile, A3A-PBE-NG edited
89.29% of Cs to Ts and 92.86% of Gs to As on the coding strand, and
no A>G or T> C substitutions were found (Supplementary Fig. 7a
and Supplementary Table 3). No base conversions were detected
in the untreated control (Supplementary Fig. 7b). The diversity
of mutations induced by these 20 sgRNAs using STEME-NG was
about twofold greater than that observed using A3A-PBE-NG (Fig.
2e and Supplementary Dataset 1). Simultaneous C:G>T:A and
A:T> G:C events contributed to 18.4% of the observed STEME-NG
diversity (Supplementary Dataset 1), efficiency up to 2.71%
(Supplementary Fig. 8a). Consistent with the above experiments,
STEME-NG showed very few indels (<0.02%) with this different
target set, similar to A3A-PBE-NG (<0.01%) and untreated control
protoplasts (< 0.02%), but much less than Cas9-NG (0.32-39.72%)
(Supplementary Fig. 8b).

We also analyzed the amino acid substitutions generated by
STEME-NG in the targeted 56 amino acids. We found that 41 of the

>
>

Fig. 1| Base editing of STEMEs via fused cytidine and adenosine deaminases. a, The STEME-mediated C:G> T:A and AT > G:C base-editing strategy.
nCas9 (D10A) stimulates cellular mismatch repair, UGI blocks the activity of uracil DNA glycosylase (UDG), and the damaged strand is repaired using the
deaminated strand as template. b, Architectures of STEME-1, STEME-2, STEME-3 and STEME-4. ecTadA7.10, evolved Escherichia coli TadA; aa, amino acid;
XTEN, a 16-aa linker; NLS, nuclear localization signal; CaMV, cauliflower mosaic virus; term, terminator. ¢, Comparison of the C> T editing frequencies

of A3A-PBE and the four STEME constructs (n=3). Values and error bars indicate mean +s.e.m. of three independent experiments. d, Comparison of

the A> G editing frequencies of PABE-7 and the four STEME constructs (n=3). An untreated protoplast sample served as control. Values and error bars
indicate mean +s.e.m. of three independent experiments. e, The allelic outcome of the OsDEPT site edited by STEME-1 (n=1) in rice protoplasts. f, The
product distribution among edited DNA sequencing reads in rice protoplasts is shown for STEME-1. The resulting efficiencies were log-scaled by base 10.
Values and error bars indicate mean +s.e.m. of three independent experiments. g, Comparison of the product distribution among edited DNA sequencing
reads of A3A-PBE, PABE-7, codelivery A3A-PBE and PABE-7, and STEME-1in rice protoplasts. The individual data points are shown as light blue (only
C>T), light green (only A> G) and light red (simultaneous C>T and A> G) dots. Values and error bars indicate mean + s.e.m. of three independent

experiments.
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amino acids were substituted (including silent, missense and non-
sense mutations) (Fig. 2fand Supplementary Dataset 1). Of these, 24,
12 and 5 amino acids had 1, 2 or 3 kinds of amino acid substitutions,
respectively (Fig. 2f and Supplementary Dataset 1). We achieved
almost-saturated mutagenesis (73.21%) for these 56 amino acids
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using STEME-NG and only 20 sgRNAs. Similarly, A3A-PBE-NG
mutated 33 amino acids, of which 26, 6 and 1 contained 1, 2 or 3
kinds of amino acid substitutions, respectively (Supplementary Fig.
9 and Supplementary Dataset 1). These results collectively show
that STEME-NG is more than just a C> T editor; it is indeed a dual

Ubi-1 J APOBEC3APE lecTadAkE:E ecTadA7. 10228 nCas9 (D10A) N UGINES Camv Terr]
Ubi-1 JecTadARE ecTadA7.10k2:E APOBEC3ARAIEN| nCaso (D10A) NESUGINTE Camy Term
Ubi-1 J APOBECSAPE FlecTadAkEEE ecTadA7. 10820 nCas9 (D10A) N T2A UGINE T2A UGI[TES Camv Tern]

Ubi-1 ,ecTadARZER ecTadA7.10E2:H APOBEC3AR4IEN nCas9 (D10A) | T2A UGIEE T2A UGIEE CaMV Ter

OsDEP1
20-nt target sequence

10 20

LYol - Reference

GCATCTAGCACATGAGAGAACAATATTGGT C TRGCERISAGLRYAACERN)]
GCATCTAGCATATGAGAGAACAATATTGGTC TERRKISACRLYACELD)
GCATCTAGCATGTGAGAGAACAATATTGGTCTR 848% (2266reads)
GCATCTAGTATATGAGAGAACAATATTGGT C TRENCSIIRLYACELD)
GCATCTAGTATGTGAGAGAACAATATTGGT C TREXII NIV CEL D)
GCATCTAGCACATGAGAGAATAATATTGGT C TRPEISINCRRIEELD]
GCATCTAGCATGTGAGAGAATAATATTGGT C TRRKEFINCHICELE
GCATCTAGTATGTGAGAGAATAATATTGGT C TRINZIERIEERS
GCATCTAGCATATGAGAGAATAATATTGGT C TEERIEIN{
GCATCTAGTGTGTGAGAGAACAATATTGGT C TR
GCATCTAGCACGTGAGAGAACAATATTGGT C TRIECIAN
GCATCTAGTATATGAGAGAATAATATTGGT C TEIEIAN
GCATTTAGTATATGAGAGAACAATATTGGTC TRKFALAN

164 reads;
150 reads
131 reads
123 reads;
57 reads)

)
)
)
)
)
)

STEME-1
I Only C>T
Il Only A>G
100 5 Il Simultaneous C>T and A>G
10 4
14
0.1 4
0.01
70 HEE Only C>T
Il Only A>G
60 Il Simultaneous C>T and A>G
50 4
40 4 T
30 4
20 1
10
0

w IndEY N7 w IndY
o woow woow m woow
e o = o = e o =
< < W < < < W
) [ [ 3 [
< + ] + [2] < + 4]

w w w

[} o [}

a a 2

< < <

«© (] «©

< < <

OsACC OsCDC48 OsDEP1

877


http://www.nature.com/naturebiotechnology

LETTERS

base-editing system that provides an improved saturated mutagen-
esis outcome compared with A3A-PBE-NG. Thus, it promises to be
a powerful tool for directed evolution of endogenous genes by satu-
rated de novo mutagenesis in situ.

In a proof-of-concept experiment, we used STEMEs for directed
evolution of ACC in rice plants (Fig. 3a). We chose a 1,200-nucle-
otide region encoding 400 amino acids of the CT domain as the
mutagenesis target”. A total of 200 sgRNAs were designed, includ-
ing 118 forward direction NGD-3’ and 82 reverse complement
5'-HCN PAM sgRNAs (Supplementary Fig. 10a and Supplementary
Table 4). STEME-1 was chosen for 102 sgRNAs with NGG-3’ or
5'-CCN PAMs, while STEME-NG was used for the remaining
sgRNAs, which had NGW-3’ or 5-WCN (W=A or T) PAMs
(Supplementary Fig. 10a). These sgRNAs covered 94.61% of the
Cs, 48.26% of the As, 83.39% of the Gs and 37.46% of the Ts in
the editing windows, representing in all 63.95% of the bases on
the coding strand (Supplementary Table 5). We inserted these
sgRNAs separately into the binary vector pH-STEME-1-esgRNA
or pH-STEME-NG-esgRNA (Supplementary Fig. 10b). To perform
plant transformation and genotyping efficiently, the 200 sgRNAs
were divided into 27 groups (Groups 1-27). In each group, equal
amounts of 4-11 sgRNA plasmids covering 80-142 nucleotides in
OsACC were pooled (Fig. 3a and Supplementary Table 4).

To evaluate the transformation coverage, we amplified the
guide RNA sequences from genomic DNA extracted from each
group of regenerated seedlings for amplicon deep sequenc-
ing (Supplementary Fig. 10b). We found that 72.73-100% of the
sgRNAs had been transformed into the plants in each group, and
in total 92.50% (185/200) of the sgRNAs had been successfully
introduced (Fig. 3b). We then characterized the mutational cover-
age by deep sequencing and observed 377 nucleotide substitutions
among the 768 nucleotides covered, involving 168 Cs (73.68%),
23 As(15.03%), 164 Gs (61.65%) and 22 Ts (18.18%) (Supplementary
Table 5). The average editing efficiency in each group was 13.18%
(Supplementary Fig. 11a and Supplementary Dataset 2). Moreover,
unlike the uniform substitutions seen in protoplasts, the STEMEs
induced C> G/A and G> C/T conversions and in-frame indels in
addition to the canonical C:G > T:A and A:T > G:C base conversions
(Fig. 3c, Supplementary Fig. 11b and Supplementary Dataset 2).
The product distributions among the edited bases were 81.86%
C>T, 13.73% C>G, 4.41% C>A, 76.63% G> A, 19.02% G>C,
4.35% G>T, 100% A>G and 100% T > C (Fig. 3¢); this somewhat
altered distribution may be due to differences in base excision repair
mechanisms in protoplasts and plants. Thus, STEMEs can also be
used to generate C:G> G:C or C:G> A:T substitutions in addition
to the canonical edits, which should further improve the diversity
possible for protein-directed evolution in plants.

We analyzed the details of the mutational reads created in rice
plants. Of the 495 types of mutational reads induced by the 185
sgRNAs, 76.36%, 19.80%, 3.64% and 0.20% involved 1, 2, 3 and 4
amino acid substitutions, respectively (Supplementary Dataset 2).
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In addition, 2.83% of the mutated sequences involved adenine edit-
ing and 3.84% involved simultaneous adenine and cytosine edit-
ing (Supplementary Dataset 2). Of the 400 amino acids targeted,
209 (52.25%) were altered, including silent, missense and nonsense
mutations (Fig. 3d). Of these, 116, 66, 19, 7 and 1 had 1, 2, 3, 4 and
6 kinds of amino acid substitutions, respectively (Fig. 3d). Taken
together, these data demonstrate that STEMEs are able to generate
large numbers of mutations to serve as the basis for directed evolu-
tion of endogenous genes in the rice genome.

To identify the desired mutants, we sprayed a commonly used
ACC inhibitor, haloxyfop, to select for herbicide resistance seed-
lings in Groups 1-27. Threeweeks later, a few normal-looking
seedlings appeared and were clearly herbicide resistant (Fig. 3e).
Sanger sequencing showed that ten in Group 6 carried mutations:
seven were P1927F homozygotes and two were heterozygotes, and
the remaining seedling was a Q1926*/P1927F and P1927F bial-
lelic mutant; two seedlings in Group 20 carried mutations: one was
a W2125C homozygote, and the other a A2123T/W2125C het-
erozygote (Fig. 3e, Supplementary Fig. 12a,b and Supplementary
Table 6). We also observed other seedlings with a slightly weaker
haloxyfop resistance than that observed above (Fig. 3f), suggest-
ing that these may represent different alleles. Sanger sequencing
showed that two of the seedlings, in Group 2, were S1866F hetero-
zygotes, whereas three seedlings in Group 3 were A1884P hetero-
zygotes (Supplementary Fig. 12¢,d and Supplementary Table 6). In
all plants containing the S1866F, P1927F or A2123T substitutions,
these were the result of C:G > T:A transitions, whereas a C:G> G:C
transversion was responsible for all observed W2125C substitu-
tions (Supplementary Fig. 12 and Supplementary Table 6). This
was consistent with the amplicon data of STEMEs in rice plants,
showing the occurrence of C:G>G:C transversions (Fig. 3c and
Supplementary Table 5). In contrast, the A1884P substitutions
observed were caused by different activities; two plants contained
a single C:G > G:C transversion, whereas the third plant contained
both a C:G> G:C transversion and an A:T > G:C transition within
the A1884P codon indicative of simultaneous deaminase activities
from STEME-NG (Supplementary Fig. 12d and Supplementary
Table 6). W2125C is a herbicide resistance mutation, which has
been reported in grasses®, indicating that mutagenesis of ACC by
STEME:s is able to generate known mutations. Importantly, these
results also confirmed that STEMEs can generate multiple muta-
tions, such as P1927F, S1866F and A1884P, which have not been
reported previously®.

Finally, we tested a strategy for using STEME: for targeted muta-
genesis under concurrent selection pressure. Based on the above
results, Group 6 (P1927) and Group 20 (W2125) were selected as
representative targets and used to transform rice with a modified
protocol in which the herbicide selection pressure was applied dur-
ing callus induction and regeneration (Supplementary Fig. 13a).
Vigorous growth of calli was observed in the target transformations
and the mutations conferring herbicide resistance were enriched

>
>

Fig. 2 | STEME-NG performs saturated mutagenesis in rice protoplasts. a, Structure of STEME-NG. b, STEME-NG edits the targets of NGA, NGT, NGC
and NGG PAMs. Cytosines in editing windows of C, to C;; and adenines in editing windows of A, to Ag are shown. STEME-1 with the NGG PAM served as
a positive control, and an untreated protoplast sample served as a negative control. Values and error bars indicate the mean +s.e.m. of three independent
experiments. ¢, An overview of the OsACC protein domains generated by Pfam. Design of sgRNAs with forward direction NGD-3’ (D=A, T or G) PAMs,
and reverse complement 5'-HCN (H=A, T or C) PAMs. BC-N, biotin carboxylase (N-terminal domain); CPSase_L_D2, carbamoyl-phosphate synthase

L chain (ATP-binding domain); BC-C, biotin carboxylase (C-terminal domain); BA, biotin-requiring enzyme (the attachment domain binds biotin);
ACC_central, acetyl-coenzyme A carboxylase (central region). d, Saturated mutagenesis of 168 base pairs of the coding strand of the OsACC CT domain
in rice protoplasts. Maximum values were chosen when different sgRNAs converted the same cytosine, adenine, thymine and guanine. Values and error
bars indicate the mean + s.e.m. of three independent experiments. e, The higher mutation diversity within the 20-nt target site generated by STEME-NG
compared with that generated by A3A-PBE-NG using 20 sgRNAs. Data are presented as box plots (center line, median; box limits, 25th and 75th
percentiles of the data; lower and upper whiskers, smallest and largest values). Data in each box plot included three independent experiments (n=60).

P value was obtained by two-tailed Student's t-test. **P < 0.01. f, Heatmap showing conversion saturation by STEME-NG of the 56 amino acids associated
with d in rice protoplasts. Silent, missense and nonsense mutations were all counted.
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under concurrent selection pressure, whereas calli transformed  Group 20 transformations were selected for further analysis and all

with the control vector died (Fig. 3g, Supplementary Fig. 13a-c and
Supplementary Dataset 3). Twenty plants each from the Group 6 and

carried P1927F or W2125C mutations, respectively (Supplementary
Fig. 13d,e). Three of 20 mutants carrying W2125C also contained
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A2123T mutations with nucleotide changes resulting from simul-
taneous adenosine and cytidine deaminase activity within the
A2123 codon (Supplementary Fig. 13e). In addition, we also
sequenced the OsACC gene of representative resistance seedlings

O oo e

a
(80 00 04

NATURE BIOTECHNOLOGY

harboring P1927F, W2125C, S1866F or A1884P and found no other
mutational changes (Supplementary Fig. 14). Therefore, mutagen-
esis of OsACC by STEMEs can reveal a range of functional herbicide
resistance mutations, demonstrating their potential value in carrying
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Fig. 3 | Directed evolution by saturated mutagenesis generates herbicide-tolerant mutants. a, Schematic of the procedure for mutating the OsACC CT
domain via STEMEs using groups of individual sgRNAs. b, Transformation coverage by the binary vectors in each regenerated seedling group. Percentages
were based on the presence of protospacers in the deep sequencing reads. ¢, The product distributions among edited bases are shown for STEMEs in rice
plants. Reads in which the target C, G, T or A was mutated. d, Heatmap showing conversion saturation by STEMEs of 400 amino acids of OsACC CT in
regenerated rice plants. Silent, missense and nonsense mutations were all enumerated. e, Mutants of STEMEs-induced amino acid substitutions in OsACC
confer resistance to herbicide. The T, seedlings harboring P1927F (Group 6) or W2125C (Group 20) mutations had a normal morphological phenotype

3 weeks after haloxyfop treatment. One biological experiment was performed. Scale bar, 5cm. f, The mutations of S1866F (Group 2) and A1884P (Group
3) of OsACC conferred weak herbicide resistance. Two S1866F heterozygous mutants and three A1884P heterozygous mutants survived 2 weeks after
haloxyfop treatment, while the newest grown leaves of the wild type died. One biological experiment was performed. Scale bar, 4 cm. g, Herbicide-
resistant calli in Group 6 and Group 20. One biological experiment was performed. Scale bar, 2cm. h, The structural model of the OsACC CT domain was
based on the structure of the yeast ACC CT domain. The mutations (P1927F, W2125C, S1866F and A1884P) related to haloxyfop resistance are shown as
spheres and are colored in purple. i-1, Molecular basis of herbicide resistance in the rice OsACC mutants. The mutations P1927F (i), W2125C (j), S1866F
(k) and A1884P (I) related to haloxyfop resistance are shown as thick sticks and are colored in purple. Key residues involved in herbicide binding are
shown as thin sticks: Y1912, W2097 and F2128 correspond to residues Y1738, W1924 and F1956 in yeast ACC. The monomers of the CT domain dimer are
colored gray and green, respectively. Haloxyfop (yellow) is superimposed on the model structure. Haloxyfop binds to a pocket at the dimer interface, and

blocks access by acetyl-coenzyme A. WT, wild type.

out directed protein evolution. Moreover, mutants harboring
P1927F or W2125C could potentially be used for weed control in
the field.

To assess the potential for off-target effects, we scanned the
genomic sequence for all similar target sites that contained up to
a 3-nucleotide mismatch and sequenced these sites in the respec-
tive mutants. From this analysis, a single off-target mutation was
found in only one of the mutants (the biallelic mutant harboring
A2123T and A2123T/W2125C), whereas no off-target mutations
were found in any of the other mutants (Supplementary Table 7). As
STEME:s are composed of two deaminases there remains a potential
for unpredictable DNA and RNA off-target mutations to occur over
a wide spectrum®**, but this problem could be rapidly solved with
the development of new deaminase variants with high efficiency
and specificity in plants**.

To understand the molecular basis of haloxyfop resistance muta-
tions, we developed a homology model (Fig. 3h and Supplementary
Sequence 3) based on the structure of the CT domain of yeast
ACC™. The mutation P1927F is predicted to alter the interactions
of the p-sheet (B11-P9) and affect the conformation of helix a5
(Fig. 3i). The mutation W2125C shortens the side-chain of C2125,
abolishing the indole ring n-m stacked interaction with W2097. Both
W2097 and the neighboring F2128 directly interact with haloxyfop
(Fig. 3j). The mutation S1866F abolishes a hydrogen bond with helix
a5’ at the dimer interface. Both the a5 and o5’ helices form direct
interactions with haloxyfop (Fig. 3k). The mutation A1884P gener-
ates a kink in the middle of helix a4 at the bottom of the haloxyfop-
binding pocket (Fig. 31). All of the above mutations are expected
to cause conformational changes within the haloxyfop-binding site,
thus conferring herbicide resistance. Another mutation, A2123T, is
not predicted to have a marked effect on herbicide binding, which
is consistent with the fact that there were many A2123T reads in
Group 20, but no A2123T mutants survived haloxyfop spraying
(Supplementary Fig. 15 and Supplementary Dataset 2).

In conclusion, this report shows that STEME-editing is an effec-
tive tool for mutagenesis in plants. STEMEs can generate diverse
mutations, including base substitutions and in-frame indels, facili-
tating analysis of protein function and development of agronomic
traits. Meanwhile, the high product purity and low indel numbers
obtained by editing protoplasts point to the importance of tran-
sient expression of CRISPR. Our STEME system could be applied
for directed evolution of protein-coding genes for which a new or
alternative functional activity is desired. For functional genes that
lack easily selectable phenotypes, it may be possible to screen for
mutants using high-throughput PCR of pooled template DNA sam-
ples from regenerated seedlings, and use CELL1 to cleave the resulting

amplicons, followed by further screening of the individuals in the
positive pools with CEL1 and Sanger sequencing. Any confirmed
positive mutants would need to be phenotyped at suitable develop-
mental stages.

We envisage that this STEME system might also be applicable
beyond plants; for example, for screening drug resistance mutants,
altering cis-elements on noncoding regions and correcting patho-
genic single-nucleotide variants in cell lines, yeast or animals.
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Methods

Plasmid construction. The cytidine deaminase, adenosine deaminase, nCas9
(D10A) and UGI portions of STEME-1, STEME-2, STEME-3 and STEME-4

were amplified from A3A-PBE (ref. *') or PABE-7 (ref. **), and assembled into

the pJIT163 backbone by One Step Cloning (ClonExpress IT One Step Cloning
Kit, Vazyme). PCR was performed using TransStart FastPfu DNA Polymerase
(TransGen Biotech). The Cas9 variant nCas9-NG (D10A)** containing R1335V/
L1111R/D1135V/G1218R/E1219F/A1322R/T1337R substitutions was synthesized
commercially (GENEWIZ). The sgRNA construct pOsU3-esgRNA was previously
described”. Annealed oligos were inserted into Bsal (New England BioLabs)-
digested pOsU3-esgRNA. To construct the pH-STEME-1-esgRNA and pH-
STEME-NG-esgRNA binary vectors, STEME-1 and STEME-NG along with the
OsU3-esgRNA expression cassette were cloned into the pHUE411 backbone’'. All
of the primer sets used in this work are listed in Supplementary Table 8 and were
synthesized by Beijing Genomics Institute.

Protoplast transfection. We used the Japonica rice variety Nipponbare to prepare
protoplasts. Protoplast isolation and transformation were performed as described*.
First, 10 pg each of nuclease and sgRNA plasmid DNA were introduced into the
protoplasts by PEG-mediated transfection, with a mean transformation efficiency
of 40-55% as measured by hemocytometer. The transfected protoplasts were
incubated at 23 °C, and at 60 h post-transfection they were collected and genomic
DNA was extracted for amplicon deep sequencing.

Agrobacterium-mediated transformation of rice callus cells. The binary

vectors for each group were pooled in equimolar ratios and transformed into
Agrobacterium tumefaciens AGL1 by electroporation and used to transform about
240 rice calli. Agrobacterium-mediated transformation of callus cells of the Japonica
rice variety Zhonghuall was conducted as reported*>*’. Hygromycin (50 ugml™")
was used to select transgenic plants.

Screening for herbicide tolerance. The regenerated rice seedlings were transferred
to water, grown in a growth chamber (25°C, 16h light and 8 h dark) for 10d and
sprayed with haloxyfop (34 g active ingredient per hectare). The herbicide was
applied with pressurized equipment at 0.2 MPa and a spray volume of 4501 ha~".
Surviving seedlings were identified 3 weeks later.

Selection of haloxyfop-resistant seedlings in the medium. After transformation,
the calli were selected on callus induction medium supplemented with hygromycin
(50 ugml™) for 4 weeks. Then, the hygromycin-resistant calli were transferred

to callus induction medium supplemented with haloxyfop (0.108 mgl™'). After
6weeks of selection, the fresh and bright calli were transferred to regeneration
medium supplemented with haloxyfop (0.108 mgl~') for regeneration
(Supplementary Fig. 13a).

DNA extraction. The genomic DNA of protoplasts was extracted with a DNA-
Quick Plant System (Tiangen Biotech). Genomic DNA of regenerated rice
seedlings was extracted with CTAB, and all the seedlings in each group were
sampled together. The targeted site was amplified with specific primers, and
the amplicons were purified with an EasyPure PCR Purification Kit (TransGen
Biotech), and quantified with a NanoDrop 2000 Spectrophotometer (Thermo
Fisher Scientific).

Amplicon deep sequencing and data analysis. To assess the coverage of sgRNAs,
PCR was performed on transgenic plant DNA to amplify the protospacer region
of the binary vectors with primers OsU3-F and esgRNA-R (Supplementary

Table 8). Barcodes were added to the ends of the PCR products using primers
(Supplementary Table 8). Two rounds of PCR were performed for the amplicons
of protoplasts and grouped regenerated seedlings. In the first round of PCR, the
target region was amplified using site-specific primers (Supplementary Table 8). In
the second, both forward and reverse barcodes were added to the ends of the PCR
products for library construction (Supplementary Table 8). Equal amounts of the
PCR products were pooled and purified by Gel DNA Extraction, and samples were
sequenced commercially (GENEWIZ) using the Illumina NextSeq 500 platform.
The protospacer sequences in the reads were examined to identify C>T and A>G
substitutions and indels. The amplicon sequencing was repeated three times for
each target site, when using genomic DNA extracted from three independent
protoplast samples. Amplicon reads with a quality score < 30 were filtered out. The
distribution of identified alleles around edited targets for each sgRNA was analyzed
using the online tool CRISPResso2 (ref. **). When analyzing the details of the
amplicon reads in rice plants, we used 0.10% as a threshold to filter out unreliable
sequencing reads, based on the control amplicon reads from wild-type rice plants.
Analyses of base-editing processivity were performed as previously described".

Modeling of the 3D structure of the OsACC CT domain. Structural studies
of the CT domains of yeast ACC in complex with CoA* and various herbicide
inhibitors*~" revealed that the herbicide inhibitors all bind to the active site
at the dimer interface. Pairwise sequence alignment of rice and yeast ACCs

NATURE BIOTECHNOLOGY | www.nature.com/naturebiotechnology

was performed by the server (https://www.ebi.ac.uk/Tools/msa/clustalo/).

The homology model of the rice OsACC CT domain was based on sequence
alignment and the structures of the yeast ACC CT domain (1UYS, 10D2) using
the MODELLER* (v9.12) program. In the wild-type ACC, the indole rings of
W2097 and W2125 form a n—x stacking pair near the herbicide-binding pocket.
The pyridyl ring of haloxyfop is sandwiched between the side-chains of F2128 and
Y1912’ (from the other monomer).

Detection of likely off-target sites. The potential off-target sites were predicted
using the online tool Cas-OFFinder”. The PAM type parameter was chosen based
on the PAM type of the on-target sgRNA. The off-target sites containing up to
3-nucleotide mismatches were examined in this study.

Statistical analysis. All of the statistical data were calculated using GraphPad
Prism v.7.0. All numerical values of rice protoplasts were presented as

means +s.e.m. A statistical comparison adjustment was performed using two-
tailed Student’s ¢-test.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the findings of this study are available
in the article and its supplementary figures and tables or are available from

the corresponding author upon request. For sequence data, rice LOC_Os IDs
LOC_0Os01g55540 (OsAAT), LOC_0s05g22940 (OsACC), LOC_0s03g05730
(0sCDC48), LOC_0s0926999 (OsDEPI), LOC_0s02g11010 (OsOD, OsEV) are
available on the Rice Genome Annotation Project (http://rice.plantbiology.msu.
edu/). The deep sequencing data have been deposited with the NCBI BioProject
database under accession code numbers PRINA590652 and PRJNA590653.
Plasmids encoding STEME-1, STEME-2, STEME-3, STEME-4, STEME-NG, A3A-
PBE-NG, PABE-7-NG, pH-STEME-1-esgRNA and pH-STEME-NG-esgRNA will
be available from Addgene.

Code availability
The custom Python script to analyze types of mutational reads and amino acid
substitutions is in the Supplementary Code file.
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Data collection lllumina NextSeq 500 platform was used to collect the amplicon deep sequencing data.

Data analysis Graphpad prism 7 was used to analyze the data. Amplicon sequencing data of base-editing processivity was analyzed using the published
code as previously described in reference 13. The distribution of identified alleles around edited targets for each sgRNA were analyzed
using the online tool CRISPResso2 (http://http://crispresso2.pinellolab.org/). The potential off-target sites were predicted using the
online tool Cas-OFFinder (http://http://www.rgenome.net/cas-offinder/). The custom Python script to analyze types of mutational reads
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Sample size The experiments of protoplasts were performed with three biological repeats. About 500,000 protoplasts were used for each transfection.
The number of protoplasts in each transfection was measured by thrombocytometry. The experiment in rice regenerated plants was
performed once, all the regenerated seedlings were sampled. The number of regenerated seedlings was measured by regenerated seedlings
from the same clones, totally about 6000. The herbicide resistance mutants were confirmed by Sanger sequencing.
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Data exclusions  No data exclusion.

Replication All attempts for replication were successful. For the experiments in rice protolasts, a minimum of three independent experiments were
included.

Randomization  Rice protoplasts were isolated and randomly separated to each transformation.

Blinding Not applicable. As samples were processed identically through standard and in some cases automated procedures (DNA sequencing,
transfection, DNA isolation) that should not bias outcomes.
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