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Abstract 26 

Plant genome engineering mediated by various CRISPR-based tools requires specific 27 

protospacer adjacent motifs (PAMs), such as the well-performed NGG, NG, NNG, etc., 28 

to initiate the target recognition, which notably restricts the editable range of the plant 29 

genome. In this study, we thoroughly investigated the nuclease activity and the PAM 30 

preference of two structurally-engineered SpCas9 variants (SpG and SpRY) in 31 

transgenic rice. Our study shows that SpG nuclease favors NGD PAMs, albeit less 32 

efficiently than the previously described SpCas9-NG and that SpRY nuclease achieves 33 

efficient editing across a wide range of genomic loci, exhibiting a preference of NGD 34 

as well as NAN PAMs. Furthermore, SpRY-fused cytidine deaminase hAID*Δ and 35 

adenosine deaminase TadA8e were generated, respectively. These constructs efficiently 36 

induced C-to-T and A-to-G conversions in the target genes toward various non-37 

canonical PAMs, including non-G PAMs. Remarkably, high-frequency self-editing 38 

events (indels and DNA fragments deletion) in the integrated T-DNA fragments as a 39 

result of the nuclease activity of SpRY were observed, whereas the self-editing of SpRY 40 

nickase-mediated base editor was quite low in transgenic rice lines. In conclusion, the 41 

broad PAM compatibility of SpRY greatly expands the targeting scope of CRISPR-42 

based tools in plant genome engineering. 43 
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Background 49 

CRISPR technologies, which enable a variety of precise genetic modifications through 50 

targeted genome editing across nearly all living organisms, have been intensively 51 

developed in recent years and revolutionized agricultural studies. CRISPR is derived 52 

from the defense system of bacteria and archaea, protecting them from the invasion of 53 

bacteriophages and mobile genetic elements [1]. A large collection of CRISPR/Cas 54 

systems have been identified by genome sequencing and metagenome studies. Among 55 

these, the type II CRISPR/SpCas9 from Streptococcus pyogenes has been extensively 56 

studied and adapted for genome editing. For example, SpCas9 nuclease can be used to 57 

genetically modify a specific target locus within the plant genome. Briefly, SpCas9 58 

catalyzes a double-stranded break (DSB) which subsequently stimulates diverse DNA 59 

repair mechanisms [non-homologous end joining (NHEJ), microhomology-mediated 60 

end joining (MMEJ), and homology-directed repairs (HDR)] resulting in gene 61 

knockout, DNA fragment insertion, deletion, and replacement as specifically required 62 

[2-6]. Alternatively, the SpCas9(D10A) nickase can be utilized to drive various 63 

engineered nucleoside deaminases to the target region and catalyze the hydrolytic 64 

deamination of cytosines to uracils and/or adenosines to inosine within the editing 65 

window. As a result, the mismatched DNA base pairs are processed through the base 66 

excision repair pathway, resulting in various base transitions and transversions: C-to-D 67 

(where D is T, G, or A), G-to-H (where H is A, C, or T), A-to-G, and T-to-C [7-13]. 68 

Recently, the SpCas9(H840A) nickase-guided Moloney murine leukemia virus reverse 69 

transcriptase (M-MLV RT) has been developed in both rice and wheat, facilitating the 70 

introduction of all 12 base-to-base conversions, small insertion as well as deletions in 71 

a precise and targeted manner through reverse transcription of the pegRNA [14-17]. 72 

Thus, diverse customized CRISPR/SpCas9 tools for precise and versatile genome 73 

editing greatly accelerate our understanding of the genetic basis of economic traits and 74 

the generation of novel germplasms for crop breeding. 75 

    It’s well known that SpCas9 recognizes the canonical NGG PAM which is located 76 

immediately downstream of the target sequence [18]. Initial NGG PAM binding by 77 

SpCas9 triggers DNA strand separation locally and facilitates base pairing between 78 
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spacer RNA and the target DNA strand [19]. In other words, the presence of a canonical 79 

NGG PAM near the target sites is critical for CRISPR/SpCas9-mediated genome 80 

editing. SpCas9 and its related tools have been shown to perform efficiently in genetic 81 

manipulation of a wide range of plant species [2, 10, 20-23]. However, the specific 82 

PAM requirement for SpCas9 recognition strongly restricts the targetable loci of the 83 

CRISPR/SpCas9-based editing tools, especially base editors because the targeted point 84 

mutation needs the availability of a PAM appropriately positioned [7-9, 24]. 85 

    To expand the genome-targeting scope of CRISPR tools, many efforts have been 86 

focused on searching for new Cas variants and orthologs with novel PAM preferences. 87 

For example, directed evolution and structure-guided design of SpCas9 resulted in 88 

SpCas9-VRQR, xCas9, Cas9-NG variants that recognize non-canonical NGA and NG 89 

PAM sites in plant [25-28]. Multiple naturally occurring SpCas9 orthologues have been 90 

identified from Streptococcus canis (ScCas9), Staphylococcus aureus (SaCas9), 91 

Streptococcus thermophiles (St1Cas9), Brevibacillus laterosporus (BlatCas9) and have 92 

been demonstrated to edit plant genomic loci bearing NNG, NNGRRT, NNAGAAW, 93 

NNNCND PAM sequence, respectively [29-32]. Also, the type V Cas12a and Cas12b 94 

from diverse bacterial sources, which are distinct from Cas9, have been characterized 95 

with AT-rich PAM specificity and utilized successfully in targeted plant genome editing 96 

[33, 34]. Regardless of the fact that these Cas proteins with different PAM sequences 97 

significantly improve the targeting range, there are still many agronomic trait-related 98 

loci inaccessible for genome editing. 99 

Very recently, two variants (SpG and SpRY) engineered from SpCas9-VRQR 100 

through structure-guided design have been reported to recognize a wider range of PAM 101 

sequences. SpG has higher genome-editing activity toward NG PAM than SpCas9-NG, 102 

whereas SpRY is capable of targeting almost all PAMs (NRN>NYN) [35]. Both SpG 103 

and SpRY exhibit robust activities with minimal side effects on a wide range of sites in 104 

human cells [35]. Furthermore, an evolved adenosine deaminase TadA8e, which 105 

catalyzes DNA deamination up to ~1100-fold faster than the previous version TadA7.10, 106 

has been reported to substantially improve adenine base editing in human cells [36, 37]. 107 

However, whether SpG, SpRY, and TadA8e can be utilized to improve genome editing, 108 
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especially base editing, in plants remains unknown. In this study, the efficiency of both 109 

SpG and SpRY nucleases toward various PAMs and its application in both cytosine and 110 

adenine base editing was investigated in detail using transgenic rice callus. Our study 111 

shows that SpG recognizes NG PAM sequences, but it’s outperformed by SpCas9-NG 112 

in rice. However, albeit with self-targeting activity on transfer T-DNA sequence, SpRY 113 

surpasses SpCas9-NG since it is capable of achieving efficient cleavage by its nuclease 114 

activity, cytosine base editing with hAID*Δ as well as adenine base editing with 115 

TadA8e at more relaxed PAM sites (NRN, where R is G or A) in rice. Therefore, SpRY 116 

and TadA8e facilitate the future design of genome editing tools in plants and broaden 117 

the possible applications in agriculture and plant biology. 118 

 119 

Results 120 

SpCas9-NG nuclease outperforms SpG on the minimal NG PAM in transgenic rice 121 

lines 122 

We first compared the DNA-cleavage capability and the PAM specificity of SpG 123 

nuclease to that of SpCas9-NG (which is well known for NG PAM recognition) in 124 

targeted genome editing in transgenic rice. SpCas9 carrying mutations 125 

D1135L/S1136W/G1218K/E1219Q/R1335Q/T1337R was rice codon-optimized 126 

(Table S1) and used to replace the SpCas9-NG gene in the binary vector pUbi:SpCas9-127 

NG [28], resulting in pUbi:SpG in which SpG is under the control of the maize ubiquitin 128 

1 promoter (Fig. 1a). The rice U6 promoter-driven sgRNA expression cassette can be 129 

shuttled into both binary vectors through Gateway recombination reaction as previously 130 

described [28]. The nuclease activity of SpG and SpCas9-NG was tested side-by-side 131 

with the same sgRNAs targeting the endogenous OsPAL5, OsGSK4, OsCERK1, 132 

OsETR2, and OsRLCK185 genes toward four types of NGN PAMs through 133 

Agrobacterium-mediated rice transformation, respectively (Fig. S1; Fig. S2). Target 134 

regions in T0 independent transgenic callus lines were PCR amplified and directly 135 

subjected to Sanger sequencing. 136 

Analysis of 40 independent lines for each NGG PAM site tested with SpG nuclease 137 

revealed twelve lines that carried indel mutations in OsPAL5 and four mutant lines of 138 
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OsGSK4, representing 30% and 10% editing efficiency, respectively (Fig. 1b, c). By 139 

contrast, SpCas9-NG achieved 62.50% (25 out of 40 lines) editing efficiency in OsPAL5, 140 

a 1.1-fold increase over that of SpG; and 20.51% (8 out of 39 lines) editing efficiency 141 

in OsGSK4, a 1.1-fold increase over SpG (Fig. 1b, c). At the NGA PAM site tested, 142 

SpG generated much fewer indel mutations (< 4 fold) than SpCas9-NG, 11.11% of lines 143 

edited by SpG carried indels in OsCERK1 as compared to 46.34% of the lines edited 144 

by SpCas9-NG (Fig. 1b, c). At the NGT PAM sites tested, the editing efficiency of SpG 145 

was 36.17% (17 out of 47 lines) in OsGSK4 and 2.22% (1 out of 45 lines) in OsETR2; 146 

whereas the editing efficiency of SpCas9-NG was higher, being 52.63% and 5.26% in 147 

OsGSK4 and in OsETR2, respectively (Fig. 1b, c). In the case of the NGC PAM, which 148 

has been reported to be less efficiently recognized by SpCas9-NG [28, 38], SpG edited 149 

OsCERK1 and OsRLCK185 at the corresponding sites with comparable efficiency to 150 

SpCas9-NG (Fig. 1b, c). It should be noted that both di-allelic and mono-allelic 151 

mutations were identified in T0 mutant lines generated by SpG toward all PAM 152 

sequences, being the ratios of mono-allelic edits relatively higher (Fig. 1b, c; Fig. S1; 153 

Fig. S2). Overall, these results indicate that the newly-engineered SpG nuclease is 154 

capable of recognizing minimal NG PAM in rice, albeit less efficiently than SpCas9-155 

NG. Consequently, the activity of SpG in plants is different from the previously 156 

reported SpG-mediated genome editing efficiency in human cells [35]. 157 

 158 

SpRY nuclease preferentially recognizes NAN and NGN PAM sequences in 159 

transgenic rice lines 160 

Five other point mutations consisting of A61R, L1111R, N1317R, A1322R, and 161 

R1333P were further introduced into SpG to generate SpRY (Table S1; Fig S3a). 162 

Following the same experimental procedure mentioned above, the nuclease activity and 163 

PAM preference of SpRY were thoroughly investigated in transgenic rice calli. Thirty-164 

two endogenous genomic sites bearing all 16 possible alternative PAM sequences, 165 

which vary at the second and the third positions, were used (Fig. S3-S16). Each 166 

transformation construct used harbored two sgRNAs targeting the same gene or 167 

different genes to the extent that multiplex genome editing and/or DNA fragment 168 
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deletion could be achieved and investigated in rice cells.  169 

    Genotyping of all the T0 transgenic lines for the NGN PAM sites showed that 170 

SpRY induces indel mutations predominantly at the NGG PAM site (63.83% editing), 171 

followed by the NGA (> 74% editing) and NGT (> 47% editing) PAM sites. The NGC 172 

PAM site is the least recognized, achieving only a 2.13% editing efficiency (Fig. 2a, b). 173 

Thus, SpRY nuclease favors the recognition of NGD > NGC PAM in rice. On the NAN 174 

PAM sites tested, the editing efficiency of SpRY was highly variable, but it reached as 175 

high as 20.00% for a NAG PAM site in OsMPK8; 33.33% for a NAA site in OsMPK9; 176 

51.28% for a NAT site in OsMPK10; and 29.79% for a NAC site in OsCPK2 (Fig. 2a, 177 

b), suggesting that SpRY moderately recognizes NAN PAM sequences in rice, albeit in 178 

a locus-dependent manner. Across the rest 16 genomic sites with NYN PAMs, SpRY 179 

exhibited editing at 4 sites (25%), with high activity on a NTC PAM site in OsCPK28 180 

(73.91% efficiency) and weak activity on a NCG site in OsCPK20 (2.94% editing), a 181 

NCT site in OsMPK3 (4.26% editing), and a NCC site in OsMPK4 (7.69% editing) (Fig. 182 

2a, b). It should be mentioned that screening of all target genes revealed that the 183 

majority of edited lines contained mono-allelic mutations at the target sites, and that 184 

only 2 out of 47 independent lines (4.26% ratio) had genomic DNA fragment deletions 185 

in OsCPK2 (Fig. 2a; Fig S3-S16). Combining all the data (Fig. 2b), we conclude that 186 

the structurally-engineered SpRY is capable of recognizing NRN and some NYN PAMs 187 

in rice, but with impaired nuclease activity as compared to that of SpCas9 reported 188 

previously [2]. 189 

The broad PAM compatibility of SpRY nuclease implies that SpRY might be 190 

similar to SpCas9-NG which was reported to self-edit the single-guide RNA region of 191 

the transferred T-DNA in transgenic rice cells [39]. Therefore, the identities of the 192 

sgRNA transgenes in some SpRY-transgenic lines were examined by direct PCR 193 

sequencing. For the high-efficiency OsCPK5-sgRNA1, OsCPK1-sgRNA1, and 194 

OsCPK1-sgRNA2, no more than 4.26% lines were detected with modified sgRNAs (Fig. 195 

2a, b). On the other hand, mutation frequencies at the other high-efficiency sgRNA sites 196 

(such as OsCPK3-sgRNA1, OsCPK3-sgRNA2, OsMPK10-sgRNA1, OsCPK28-sgRNA1) 197 

were much higher, ranging from 23.08% to 100% (Fig. 2a, b). Also, varying self-editing 198 
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frequencies (0-80.65%) were observed in the low-efficiency sgRNAs (i.e. OsCPK5-199 

sgRNA2, OsCPK14-sgRNA1, OsCPK14-sgRNA2, OsCPK27-sgRNA1) (Fig. 2a, b). It 200 

should be mentioned that on-target editing and self-editing of SpRY were detected 201 

simultaneously or alone in the individual transgenic line, and DNA fragment deletion 202 

events between two sgRNAs in the T-DNA regions were detected in targeting OsCPK4 203 

and OsCPK28, respectively (Fig. S6; Fig. S13). Combining all the data, we conclude 204 

that SpRY elicits complex self-editing events that might occur before and after gene 205 

editing of on-targets in transgenic rice.  206 

    A previous study has shown that utilizing a GCCC-type sgRNA scaffold alleviates 207 

the self-targeting property of SpCas9-NG without substantial loss of on-target activity 208 

in rice [39]. Therefore, we replaced the original GTTT-type sgRNA in our 209 

CRISPR/SpRY system with the GCCC-type sgRNA scaffold (Table S1). Subsequently, 210 

we tested the nuclease activity of our modified CRISPR/SpRY system in transgenic rice 211 

callus using the sgRNAs with high self-editing frequencies. To our surprise, replacing 212 

the GTTT-type scaffold with the GCCC-type scaffold did not show any improvement 213 

in on-target editing (Fig. 2a). On the contrary, the editing efficiency of OsCPK3, 214 

OsMPK10, and OsCPK28 was significantly reduced (Fig. 2a). We further investigated 215 

the identities of each sgRNA transgene in all lines and found that, out of 12 sgRNAs 216 

examined, eleven lines carried mutations at high frequencies (Fig. 2a). Based on our 217 

data, we conclude that the GCCC-type sgRNA scaffold elicits stronger self-editing 218 

events in sgRNA transgenes, which results in a decrease in the efficiency of on-target 219 

editing events in rice, as compared to the naturally occurring (original) GTTT-type 220 

sgRNA scaffold. 221 

 222 

SpRY mediates cytosine base editing at non-canonical PAM sites in the rice 223 

genome 224 

PAM preferences of Cas proteins largely limit the targeting scope of base editors [7-9, 225 

28, 29]. Considering the greatly relaxed PAM compatibility of SpRY, we tested whether 226 

it could improve cytosine base editing in transgenic rice when fusing to the hyperactive 227 

cytidine deaminase hAID*Δ. The SpRY nuclease was mutated into the SpRY(D10A) 228 
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nickase and employed to replace the SpCas9n gene in the previously-reported cytosine 229 

base editor rBE9 which enables C-to-D editing [7], resulting in rBE66 (Fig. 3a).  230 

The base-editing activity of rBE66 was then investigated in transgenic rice callus 231 

with three sgRNAs targeting the endogenous OsCOI2 gene toward non-canonical NGC, 232 

NGT, and NAG PAMs, respectively. Intriguingly, of the 50 independent transgenic lines 233 

confirmed by sequencing, thirteen lines were identified with nucleotide mutations at 234 

the NGC PAM site which is presumably less efficient for SpRY targeting (Fig 3b, e, h). 235 

Among these thirteen lines, twelve lines (24% efficiency) carried nucleotide 236 

substitutions (predominantly the C-to-T conversion) in the typical editing window 237 

whereas six lines (12% frequency) carried indels (Fig 3e). These indels likely result 238 

from both the deaminase activity of hAID*Δ and the nickase activity of SpRY based on 239 

the position of the indels. For the other two PAMs tested in OsCOI2, while the NGT 240 

PAM was inefficient, the 1 bp-shifted NAG PAM resulted in a base editing efficiency 241 

of 34.15% (14 out of 41 lines) and indel frequency of 4.88% (2 out of 41 lines) (Fig 3c, 242 

f, h). rBE66 was also tested with two sgRNAs targeting the endogenous BSR-K1 gene 243 

at NGA and NAG PAM sites, respectively. After genotyping the transgenic lines 244 

obtained for both transformation constructs, we only identified a single heterozygous 245 

line (2.13%) with base editing events and a single heterozygous line (2.13%) carrying 246 

indel at the NAG PAM site (Fig 3d, g, h). Finally, the self-editing effect of rBE66 was 247 

also investigated. We identified 4 lines (9.76% ratio) and 2 lines (4.26% ratio) carrying 248 

nucleotide substitutions in OsCOI2-sgRNA (NAG PAM) and BSR-K1-sgRNA (NAG 249 

PAM) transgenes, respectively (Fig. 3h, Fig. S17a). These data, combined, indicate that 250 

SpRY is compatible with hAID*Δ, greatly expanding the targeting scope of hAID*Δ-251 

mediated cytosine base editor in rice. Thus, SpRY has very promising prospects in 252 

targeted base editing in plants due to the broad PAM compatibility and negligible self-253 

editing effect. 254 

 255 

SpRY-fused TadA8e monomer enables efficient adenine base editing at non-G 256 

PAM sites in the rice genome 257 

The CRISPR/Cas-guided adenine deaminase heterodimer TadA:TadA7.10 is capable of 258 
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introducing A-to-G conversion in rice [9, 28, 29]. Very recently, an evolved version 259 

TadA8e with a more robust enzymatic activity has been characterized in human cells 260 

[36, 37]. Therefore, we investigated whether SpRY could improve adenine base editing 261 

in rice by fusing it to TadA8e. TadA7.10 carrying mutations 262 

A109S/T111R/D119N/H122N/Y147D/F149Y/T166I/D167N was rice codon-263 

optimized (Table S1) and fused to the 5’-terminus of SpRY(D10A). The chimeric gene 264 

was utilized to replace the previously-reported adenine base editor gene rBE14 in the 265 

binary vector pUbi:rBE14 [9], resulting in pUbi:rBE62 (Fig. 4a).  266 

The endogenous OsMPK13 and OsGS1 gene were utilized to test rBE62’s activity 267 

toward the NAA and NAT PAM in transgenic rice calli, respectively. Strikingly, 14 out 268 

of 47 lines for the NAA PAM and 45 out of 48 lines for the NAT PAM were identified 269 

with a pure A-to-G conversion at the target sites, representing 29.79% and 93.75% 270 

adenine editing efficiency, respectively (Fig 4b-f). All mutant lines carried mono-allelic 271 

mutations and no indel mutations were detected (Fig 4b, c). Furthermore, we genotyped 272 

the sgRNA transgenes in all lines to evaluate the self-targeting effect of rBE62. Only 273 

one self-edited line (2.13% ratio) in which the sgRNA transgene carried A-to-G 274 

conversion was detected (Fig S17b). Nevertheless, no modification was observed in the 275 

target region since the entire OsMPK13 was intact. These data, combined, indicate that 276 

the adenine base editor rBE62 (engineered with SpRY and TadA8e monomer as 277 

mentioned above) is capable of efficiently inducing A-to-G conversions in a wide 278 

editable range of the rice genome, including non-G PAM sites. To our knowledge, this 279 

is the first time a base editor which recognized non-G PAM sites in plants is described. 280 

 281 

Discussion 282 

PAM preference is the key limitation to each CRISPR-based tool for targeted genome 283 

editing, especially for base editing since it requires the precise positioning of Cas 284 

proteins at a given site. Therefore, reducing or eliminating the PAM requirement of Cas 285 

proteins will substantially advance various CRISPR technologies. To date, several other 286 

Cas proteins with altered or relaxed PAM specificities besides SpCas9, including 287 

SpCas9-VQR (NGA), SpCas9-VRER (NGA), SpCas9-NG (NG), ScCas9 (NNG), and 288 
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SaKKH-Cas9 (NNNRRT), have been successfully adopted in both cytosine and/or 289 

adenine base editing in plants [8, 28, 29, 38]. The latest reported SpCas9 variants, SpG 290 

and SpRY with relaxed PAM specificity [35], might further optimize plant CRISPR 291 

tools for targeted base editing. However, different from the original report that SpG 292 

nuclease shows high-activity editing across all NGN PAM sites in human cells [35], we 293 

observed a different PAM preference (NGN/NAN/NTN>NCN) in transgenic rice lines. 294 

Moreover, our data also shows that the editing efficiency of SpG is lower than that of 295 

SpCas9-NG in transgenic rice lines. Therefore, we believe that SpCas9-NG is still the 296 

best genome editing player for NGN PAM sites in plants.  297 

SpRY exhibits a similar preference for NGN PAM sequences as SpG. However, 298 

SpRY nuclease is also capable of processing many NAN, NTC, NCT, NCC, NCG PAM 299 

sites with varying efficiency, which have previously been inaccessible with CRISPR 300 

tools. SpRY thereby greatly increases the number of targeting sites previously not 301 

available for genome editing in rice. However, the broadened PAM compatibility of 302 

SpRY nuclease can also result in complex and unpredictable self-targeting of sgRNA 303 

transgenes as shown in our study, which presumably affects the on-target editing at both 304 

early- and late-transformation-stage. Nevertheless, we show that the naturally occurring 305 

GTTT-type of guide RNA scaffold outperforms the modified GCCC-type [39] when 306 

using SpRY to edit some endogenous genomic sites, and we do not recommend SpRY 307 

for multiple gene knocking out since it causes loss of sgRNA transgenes in some cases. 308 

More GTN- and GCN-type sgRNA scaffolds in self-editing and the heritability of 309 

edited genes in generations should be investigated in the future. 310 

     The SpRY nickase was compatible with both hAID*Δ and TadA8e deaminases 311 

and achieved efficient cytosine and adenine base editing at various non-canonical PAM 312 

sites, especially non-G PAM sites. Intriguingly, compared to the high-frequency self-313 

editing caused by the SpRY nuclease in transgenic rice, significantly low ratios of self-314 

editing of sgRNA transgenes was detected in our base editing assay, in which mutations 315 

are the result of the activity of the TadA8e deaminase and not the SpRY nickase. In our 316 

study, we also show that the newly evolved TadA8e, as reported in human cells [36], 317 

enables efficient A-to-G conversion in rice as well. Therefore, both SpRY and Tad8e 318 
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can be presumably utilized to multiplex base editing in rice and further optimize other 319 

plant base editors in terms of targeting scope and editing efficiency. 320 

The broadened PAM compatibility of SpRY raises the possibility of increased off-321 

target editing across all plant genomes. To address this question, the fidelity-enhancing 322 

substitutions of SpCas9-HF1 could be introduced into the SpRY nuclease to alleviate 323 

its off-target effect in rice as reported in human cells [35]. Alternatively, careful design 324 

of the sgRNA is another way to avoid off-target cleavage. For example, off-target 325 

mutations were detected only for sgRNAs targeting OsCPK3 and OsCPK28 in our study 326 

(Fig. S18). Regarding the SpRY nickase-mediated base editing with specific sgRNAs, 327 

hAID*Δ and TadA8e-dependent off-target base editing are the major issues, which 328 

might be minimized through protein engineering in the future. Nevertheless, timely 329 

isolation of the transgene-free, gene-edited lines in T1 progenies to prevent continual 330 

editing is highly recommended, and backcrossing it with the recipient material to purify 331 

the genetic background can be carried out if needed. 332 

 333 

Conclusions 334 

Overall, this article is the first report describing efficient base editing at minimal NA 335 

PAM sites in the plant genome. The structurally-engineered SpRY efficiently 336 

recognizes NAN in addition to NGN PAM sequences, greatly expanding the targetable 337 

range of the rice genome. With the new SpRY-based tools added into the toolbox, plant 338 

biologists can easily carry out high-resolution genome editing now, and we recommend 339 

using SpCas9 for target sites carrying NGG PAMs, SpCas9-NG for NGH PAMs (where 340 

H is A, C, or T), ScCas9 for NHG PAMs, and SpRY for NAH PAMs. 341 

 342 

Methods 343 

Rice materials 344 

Rice cultivars Kitaake (Oryza sativa L. ssp. Geng) was used in this study and kept in 345 

our lab. Rice plants were cultivated in the paddy field under natural conditions in 346 

normal rice growing seasons and immature seeds were harvested from expanded 347 

panicles for use in rice transformation. 348 
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 349 

Vector design and plasmid construction 350 

The coding region of SpG gene [35] flanked by two nuclear localization signal (NLS) 351 

sequences was rice codon-optimized, the 5’ region (SpG-fg1), and the 3’ region (SpG-352 

fg2) were separately synthesized by Tsingke (Beijing) (Table S1). The full-length SpG 353 

was assembled using the overlapping-extension PCR-based method with the high-354 

fidelity DNA polymerase Phusion (NEB) and the primers listed in Table S3, and 355 

directly cloned downstream of the maize ubiquitin 1 promoter and upstream of the NOS 356 

terminator by replacing the Cas9-NG gene in pUbi:Cas9-NG [28] through BamHI/SpeI 357 

digestion and DNA ligation, resulting in the binary vector pUbi:SpG.  358 

For the construction of the binary vector of SpRY nuclease, a point mutation of 359 

GCG to AGG (A61R) was first introduced into SpG-fg1 by PCR amplification of the 360 

whole plasmid pUC57:SpG-fg1 with the primer pairs SpRY-F1/SpRY-R1. The 361 

amplicon was self-ligated and confirmed by sequencing, resulting in pUC57:SpRY-fg1. 362 

Next, the 3’ region of SpRY [35] fused with an NLS sequence was rice codon-optimized 363 

(SpRY-fg2) and subjected to synthesizing by Tsingke (Beijing) (Table S1). Finally, both 364 

SpRY-fg1 and SpRY-fg2 were assembled and pUbi:SpRY was constructed in the same 365 

manner as mentioned for SpG.  366 

For the construction of cytosine adenine base editors, the gene fusion of hAID*Δ, 367 

SpRY, and UGI fragment was carried out with a simple PCR-based cloning strategy. 368 

Briefly, the full-length SpRY gene was PCR amplified using the primer pairs OsCas9-369 

Fg1-F1/OsCas9-Fg1-R1 and pUbi:SpRY as the template, and ligated with the backbone 370 

of pUC19:rBE9 [7] carrying both hAID*Δ and UGI fragment, which was amplified with 371 

the primer pairs UGI-F1/rAPO-R1, resulting in pUC19:rBE66. For the construction of 372 

adenine base editors, the TadA8e fragment was codon-optimized and subjected to 373 

synthesizing by Tsingke (Beijing) (Table S1), and fused to the 5’ end of SpRY using the 374 

overlapping-extension PCR-based method with the primers listed in Table S3, resulting 375 

in rBE62 fragment. Finally, rBE66 and rBE62 were cloned into the binary vector by 376 

BamHI/SpeI digestion as described above, resulting in pUbi:rBE66 for cytosine base 377 

editing and pUbi:rBE62 for adenine base editing in rice, respectively.  378 
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For the construction of guide RNA gene, the GCCC-type sgRNA [39] was 379 

subjected to synthesizing by Tsingke (Beijing) (Table S1), amplified with the primer 380 

pairs gRNA4-NG-F2/gRNA4-NG-R2, and used to replace the GTTT-type sgRNA in 381 

pENTR4:sgRNA4 using In-Fusion HD Enzyme Premix (Clontech), resulting in the 382 

entry vector pENTR4:sgRNA4-NG. 383 

For the construction of the final T-DNA transformation plasmids, the 20-bp 384 

complementary oligos (Table S2), corresponding to each target site (Table S3) and 385 

carrying appropriate 4-bp adaptor, were phosphorylated, annealed, and inserted into the 386 

BsaI-digested pENTR4:sgRNA4 or pENTR4:sgRNA4-NG. Each sgRNA expression 387 

cassette was then shuffled into the respective binary vector by LR clonase (Invitrogen). 388 

All primers used here are listed in Table S3. 389 

The identities of SpG, SpRY, rBE66, and rBE62 in vectors and oligo insertions in 390 

each construct were confirmed by Sanger sequencing. 391 

392 

Agrobacterium-mediated rice transformation 393 

T-DNA transformation plasmids harboring gene-targeting sgRNA were transferred into394 

the A. tumefaciens strain EHA105 by electroporation. Rice callus derived from 395 

immature seeds of Kitaake were used for stable transformation following a protocol as 396 

described previously [24]. 397 

398 

Genotyping of transgenic rice lines 399 

Genomic DNA was isolated from each T0 transgenic callus line using the 400 

hexadecyltrimethylammonium bromide (CTAB) method [40]. PCR amplification of the 401 

targeted genomic region was carried out with specific primers listed in Table S3, and 402 

the PCR products were subjected to Sanger sequencing. Besides, a selection of PCR 403 

products with low quality of sequencing data was cloned into the pEASY-Blunt cloning 404 

vector (TransGen Biotech), and colonies with insertion were randomly chosen for 405 

Sanger sequencing. 406 
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Figure legends 568 

Fig. 1 Analysis of SpG nuclease activity on different NGN PAMs in transgenic rice. a 569 

The gene construct of SpG nuclease used for genome editing in transgenic rice. Ubi-P, 570 

maize ubiquitin 1 promoter; NLS, nuclear localization sequence. b Summary of the 571 

genotyping results on T0 transgenic rice lines generated with SpG and SpCas9-NG 572 

nuclease. c Comparison of the mutation frequency by SpG and SpCas9-NG nucleases 573 

toward 4 NGN PAMs in T0 transgenic rice lines. 574 

 575 

Fig. 2 Analysis of SpRY nuclease activity on 16 possible NNN PAMs in transgenic rice. 576 

a Summary of the genotyping results on T0 transgenic rice lines generated with SpRY 577 

nuclease using different PAM sequences and sgRNA scaffolds. NA, not available. b 578 

Comparison of the on-target mutation efficiency and the self-editing frequency of 579 

sgRNA transgenes by SpRY nuclease toward different PAMs in T0 transgenic rice lines.  580 

 581 

Fig. 3 Efficient cytosine base editing mediated by SpRY-fused hAID*Δ toward non-582 

canonical PAMs in rice. a The gene construct of rBE66 used for cytosine base editing 583 

in transgenic rice. Ubi-P, maize ubiquitin 1 promoter; hAID*Δ, truncated version of 584 

hyperactive human AID gene; UGI, uracil glycosylase inhibitor; NLS, nuclear 585 

localization sequence. b, c, and d Representative edited alleles of OsCOI2 toward a 586 

NGC PAM (b) and a NAG PAM (c), and BSR-K1 toward a NAG PAM (d) generated 587 

by rBE66 in T0 transgenic rice lines. The PAM sequences for each target site are shown 588 

in the pale purple arrows; the candidate bases in the putative editing window for editing 589 

and detected nucleotide changes are highlighted in red and green, respectively; the 590 

nucleotide substitutions are underlined in the sequencing chromatograms. e, f and g 591 

Summary of nucleotide changes in the editing window of OsCOI2 toward a NGC PAM 592 

(e) and a NAG PAM (f), and BSR-K1 toward a NAG PAM (g) caused by rBE66 in T0 593 

transgenic lines. The PAM sequences and the detected nucleotide changes are 594 

highlighted in green and red, respectively. h Summary of the genotyping results on T0 595 

transgenic rice lines generated with rBE66. NA, not available. 596 
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Fig. 4 Efficient adenine base editing mediated by SpRY-fused TadA8e monomer toward 598 

non-G PAMs in rice. a The gene construct of rBE62 used for adenine base editing in 599 

transgenic rice. Ubi-P, maize ubiquitin 1 promoter; TadA8e, the evolved E.coli 600 

TadA7.10 gene; XTEN, 16 amino acid flexible linker; NLS, nuclear localization 601 

sequence. b and c Representative edited alleles of OsMPK13 (b) and OsGS1 (c) 602 

generated by rBE62 in T0 transgenic rice lines. The PAM sequences for each target site 603 

are shown in the pale purple arrows; the candidate bases in the putative editing window 604 

for editing and detected nucleotide changes are highlighted in red and green, 605 

respectively; the nucleotide substitutions are underlined in the sequencing 606 

chromatograms. d and e Summary of nucleotide changes in the editing window of 607 

OsMPK13 (d) and OsGS1 (e) caused by rBE62 in T0 transgenic rice lines. The PAM 608 

sequences and the detected nucleotide changes are highlighted in green and red, 609 

respectively. f Summary of the genotyping results on T0 transgenic rice lines generated 610 

with rBE62. The PAM sequences and the target regions are highlighted in green and 611 

bold, respectively. 612 
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Fig. 1 Analysis of SpG nuclease activity on different NGN PAMs in transgenic rice. a The
gene construct of SpG nuclease used for genome editing in transgenic rice. Ubi-P, maize
ubiquitin 1 promoter; NLS, nuclear localization sequence. b Summary of the genotyping
results on T0 transgenic rice lines generated with SpG and SpCas9-NG nuclease. c
Comparison of the mutation frequency by SpG and SpCas9-NG nucleases toward 4 NGN
PAMs in T0 transgenic rice lines.
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Construct
sgRNA

type
PAM 
seq

Mutation
efficiency

Mono-allelic 
mutation

Di-allelic 
mutation

Self-editing
frequency

Spacer
distance

Deletion ratio

OsCPK5 GTTT
1 NGG 30/47 (63.83%) 25/30 5/30 2/47 (4.26%)

216 bp 0
2 NGG 0/47 (0.00%) 0 0 0/47 (0.00%)

OsCPK1 GTTT
1 NGA 18/31 (58.06%) 18/18 0 0/31 (0.00%)

207 bp 0
2 NGA 23/31 (74.19%) 23/23 0 0/31 (0.00%)

OsCPK3

GTTT
1 NGT 19/40 (47.50%) 19/19 0 36/40 (90.00%)

600 bp

0
2 NGT 8/40 (20.00%) 8/8 0 27/40 (67.50%)

GCCC
1 NGT 5/30 (16.67%} 5/5 0 30/30 (100.00%)

0
2 NGT 1/30 (3.33%) 1/1 0 30/30 (100.00%)

OsCPK4

GTTT
1 NGC 0/41 (0.00%) 0 0 0/41 (0.00%)

243 bp

0
2 NGC 1/41 (2.13%) 1/1 0 13/41 (31.71%)

GCCC
1 NGC 0/42 (0.00%) 0 0 30/42 (71.43%)

0
2 NGC 0/42 (0.00%) 0 0 42/42 (100.00%)

OsMPK8 GTTT
1 NAG 2/35 (5.71%) 2/2 0 NA

203 bp 0
2 NAG 7/35 (20.00%) 7/7 0 NA

OsMPK9 GTTT
1 NAA 17/51 (33.33%) 11/17 6/17 NA

5,251 bp 0
2 NAA 0/51 (0.00%) 0 0 NA

OsMPK10

GTTT
1 NAT 20/39 (51.28%) 20/20 0 16/39 (41.03%)

3,760 bp

0
2 NAT 17/39 (43.58%) 17/17 0 9/39 (23.08%)

GCCC
1 NAT 1/40 (2.50%) 1/1 0 33/40 (82.50%)

0
2 NAT 6/40 (15.00%) 6/6 0 32/40 (80.00%)

OsCPK2 GTTT
1 NAC 14/47 (29.79%) 11/14 3/14 NA

378 bp 2/47(4.26%)
2 NAC 14/47 (29.79%) 12/14 2/14 NA

OsCPK14

GTTT
1 NTG 0/31 (0.00%) 0 0 2/31 (6.45%)

318 bp

0
2 NTG 0/31 (0.00%) 0 0 25/31 (80.65%)

GCCC
1 NTG 0/38 (0.00%) 0 0 27/38 (71.05%)

0
2 NTG 0/38 (0.00%) 0 0 0/38 (0.00%)

OsCPK8 GTTT
1 NTA 0/34 (0.00%) 0 0 NA

181 bp 0
2 NTA 0/34 (0.00%) 0 0 NA

OsCPK27 GTTT
1 NTT 0/31 (0.00%) 0 0 0/31 (0.00%)

327 bp 0
2 NTT 0/31 (0.00%) 0 0 0/31 (0.00%)

OsCPK20

GTTT
1 NCG 1/34 (2.94%) 1/1 0 23/34 (67.65%)

849 bp

0
2 NCG 0/34 (0.00%) 0 0 15/34 (44.12%)

GCCC
1 NCG 0/38 (0.00%) 0 0 34/38 (89.47%)

0
2 NCG 0/38 (0.00%) 0 0 32/38 (84.21%)

OsCPK21 GTTT
1 NCA 0/40 (0.00%) 0 0 NA

251 bp 0
2 NCA 0/40 (0.00%) 0 0 NA

OsCPK28

GTTT
1 NTC 34/46 (73.91%) 30/34 4/34 28/46 (60.87%)

172 bp

0
2 NCT 0/46 (0.00%) 0 0 36/46 (78.26%)

GCCC
1 NTC 3/37 (7.50%) 3/3 0 37/37 (100.00%)

0
2 NCT 0/37 (0.00%) 0 0 36/37 (97.30%)

OsMPK3
/OsMPK4

GTTT
1 NCT 2/47 (4.26%) 2/2 0 NA

NA 0
2 NCC 0/47 (0.00%) 0 0 NA

OsMPK3
/OsMPK4

GTTT
1 NTC 0/52 (0.00%) 0 0 NA

NA 0
2 NCC 4/52 (7.69%) 4/4 0 NA

a

Fig. 2 Analysis of SpRY nuclease activity on 16 possible NNN PAMs in transgenic rice. a
Summary of the genotyping results on T0 transgenic rice lines generated with SpRY nuclease
using different PAM sequences and sgRNA scaffolds. NA, not available. b Comparison of the
on-target mutation efficiency and the self-editing frequency of sgRNA transgenes by SpRY
nuclease toward different PAMs in T0 transgenic rice lines.
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Base 
editor

Target 
gene

Target region
PAM
seq

Edited
lines

Editing
efficiency

Indel ratio

rBE66

OsCOI2

GCCGCCACTGGTGCAGGGTCGACGCGCTC NGC 50 13 26.00% C>T, G 6/50 (12.00%) 0/50 (0.00%)

GCCGCCACTGGTGCAGGGTCGACGCGCTC NGT 57 0 0.00% NA 0.00% 0/57 (0.00%)

GCCGCCACTGGTGCAGGGTCGACGCGCTC NAG 41 14 34.15% C>T, G 2/41 (4.88%) 4/41 (9.76%)

BSR-K1
GTCTCAGTGTAGTTTGTTCTAGGAAGCAT NGA 51 0 0.00% NA 0.00% 0/51 (0.00%)

GTCTCAGTGTAGTTTGTTCTAGGAAGCAT NAG 47 2 4.26% C>G 1/47 (2.13%） 2/47 (4.26%)

rBE66:gOsCOI2 / NGC PAM

% G C C G C C A C T G G T G C A G G G T C G A C indel

A 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 2.0 12.0 0.0 8.0 0.0 100.0 6.0 22.0 20.0 0.0 0.0 6.0 100.0 0.0 12.0

T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0

C 0.0 100.0 100.0 0.0 100.0 100.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 2.0 2.0 0.0 100.0 0.0 0.0 100.0

G 100.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 98.0 88.0 0.0 92.0 0.0 0.0 94.0 76.0 78.0 0.0 0.0 94.0 0.0 0.0

rBE66:gOsCOI2 / NAG PAM

% C T G G T G C A G G G T C G A C G C G C T C indel

A 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 34.2 0.0 29.3 0.0 0.0 0.0 4.9

T 0.0 100.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0

C 100.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 100.0 0.0 100.0 2.4 100.0 0.0 100.0

G 0.0 0.0 100.0 100.0 0.0 100.0 0.0 0.0 100.0 100.0 100.0 0.0 0.0 100.0 0.0 0.0 65.8 0.0 68.3 0.0 0.0 0.0

rBE66:gBSR-K1 / NAG PAM

% C T C A G T G T A G T T T G T T C T A G G A indel

A 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 100.0 2.1

T 0.0 100.0 0.0 0.0 0.0 100.0 0.0 100.0 0.0 0.0 100.0 100.0 100.0 0.0 100.0 100.0 0.0 100.0 0.0 0.0 0.0 0.0

C 100.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 2.1 0.0

G 0.0 0.0 0.0 0.0 100.0 0.0 100.0 0.0 0.0 97.9 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 100.0 97.9 0.0

2C>2G

a

SpRY nickaseUbi-P UGIhAID*Δ

XTEN NLS

NOS

rBE66

e

b

NAG

d
BSR-K1 sgRNA / rBE66

f

g

h

OsCOI2 sgRNA / rBE66

WT5′-GTGCCGCCACTGGTGCAGGGTCGACGCG-3′

NGC

5′-GTGCCGCCACTGGTGCAGGGTCGACACA-3′ 2G>2A

WT5′-GTGCCGCCACTGGTGCAGGGTCGACGCG-3′
#1

5′-ATGCTTCCTAGAACAAACTACACTGAGA-3′

NAG

5′-ATGCTTGCTAGAACAAAGTACACTGAGA-3′

WT

5′-ATGCTTCCTAGAACAAACTACACTGAGA-3′ WT
#38

Nucleotide 
change

Total 
tested lines

Self-editing 
frequency

c

5′-GTGCCGCCACTGGTACAGACTCAACGCG-3′ 3G>3A/G>C

WT5′-GTGCCGCCACTGGTGCAGGGTCGACGCG-3′
#15

5′-GTGCCGCCACTGGTGCAGCATCGACGCG-3′ G>C/G>A

WT5′-GTGCCGCCACTGGTGCAGGGTCGACGCG-3′
#19

5′-GTGCCGCCACTGGTGCAGAATCGACGCG-3′ 2G>2A

WT5′-GTGCCGCCACTGGTGCAGGGTCGACGCG-3′
#25

5′-GTGCCGCCACTaataa-------ACGCG-3′ -12/+5

WT5′-GTGCCGCCACTGGTGCAGGGTCGACGCG-3′
#30

5′-GTGCCGCCACTGGTGCAGGGTCGACGCA-3′ G>A

WT5′-GTGCCGCCACTGGTGCAGGGTCGACGCG-3′
#7
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Fig. 3 Efficient cytosine base editing mediated by SpRY-fused hAID*Δ toward non-canonical
PAMs in rice. a The gene construct of rBE66 used for cytosine base editing in transgenic rice.
Ubi-P, maize ubiquitin 1 promoter; hAID*Δ, truncated version of hyperactive human AID gene;
UGI, uracil glycosylase inhibitor; NLS, nuclear localization sequence. b, c and d Representative
edited alleles of OsCOI2 toward a NGC PAM (b) and a NAG PAM (c), and BSR-K1 toward a
NAG PAM (d) generated by rBE66 in T0 transgenic rice lines. The PAM sequences for each
target site are shown in the pale purple arrows; the candidate bases in the putative editing
window for editing and detected nucleotide changes are highlighted in red and green,
respectively; the nucleotide substitutions are underlined in the sequencing chromatograms. e, f
and g Summary of nucleotide changes in the editing window of OsCOI2 toward a NGC PAM (e)
and a NAG PAM (f), and BSR-K1 toward a NAG PAM (g) caused by rBE66 in T0 transgenic
lines. The PAM sequences and the detected nucleotide changes are highlighted in green and red,
respectively. h Summary of the genotyping results on T0 transgenic rice lines generated with
rBE66. NA, not available.
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rBE62:gOsMPK13 / NAA PAM

% G G A C A T G G A G T T C T T T A C G G A A indel

A 0.0 0.0 100.0 0.0 70.2 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 100.0 0.0

T 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 100.0 100.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0

C 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0

G 100.0 100.0 0.0 0.0 29.8 0.0 100.0 100.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0

rBE62:gOsGS1 / NAT PAM

% A C A C C A A C T A C A G G T G A G G G A T indel

A 100.0 0.0 8.3 0.0 0.0 54.2 100.0 0.0 0.0 100.0 0.0 100.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0 0.0

T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0

C 0.0 100.0 0.0 100.0 100.0 0.0 0.0 100.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

G 0.0 0.0 91.7 0.0 0.0 45.8 0.0 0.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 100.0 0.0 100.0 100.0 100.0 0.0 0.0

Base editor Target gene PAM seq
Total 

tested lines
Edited
lines

Editing
efficiency

Nucleotide 
change

Indel ratio
Self-editing 
frequency

rBE62
OsMPK13 NAA 47 14 29.79% A>G 0.00% 1/47 (2.13%)

OsGS1 NAT 48 45 93.75% A>G 0.00% 0/48 (0.00%)

5′-GTGCTCACACCAACTACAGGTGAGGGAT-3′

d

Fig. 4 Efficient adenine base editing mediated by SpRY-fused TadA8e monomer toward non-G
PAMs in rice. a The gene construct of rBE62 used for adenine base editing in transgenic rice.
Ubi-P, maize ubiquitin 1 promoter; TadA8e, the evolved E.coli TadA7.10 gene; XTEN, 16
amino acid flexible linker; NLS, nuclear localization sequence. b and c Representative edited
alleles of OsMPK13 (b) and OsGS1 (c) generated by rBE62 in T0 transgenic rice lines. The
PAM sequences for each target site are shown in the pale purple arrows; the candidate bases in
the putative editing window for editing and detected nucleotide changes are highlighted in red
and green, respectively; the nucleotide substitutions are underlined in the sequencing
chromatograms. d and e Summary of nucleotide changes in the editing window of OsMPK13
(d) and OsGS1 (e) caused by rBE62 in T0 transgenic rice lines. The PAM sequences and the
detected nucleotide changes are highlighted in green and red, respectively. f Summary of the
genotyping results on T0 transgenic rice lines generated with rBE62. The PAM sequences and
the target regions are highlighted in green and bold, respectively.

e

f

Ubi-P NOS

NLS

SpRY nickaseTadA8e

XTEN
rBE62

a

OsMPK13 sgRNA / rBE62

WT5′-ACATCGGACATGGAGTTCTTTACGGAATACG-3′

5′-ACATCGGACATGGAGTTCTTTACGGAATACG-3′ WT

5′-ACATCGGACGTGGAGTTCTTTACGGAATACG-3′ A>G

NAA

b
5′-GTGCTCACACCAACTACAGGTGAGGGAT-3′ WT

5′-GTGCTCACGCCGACTACAGGTGAGGGAT-3′ 2A>2G

NAT

OsGS1 sgRNA / rBE62

5′-GTGCTCACACCAACTACAGGTGAGGGAT-3′

c

#4

#7

WT

5′-GTGCTCACACCAACTACAGGTGAGGGAT-3′ WT

5′-GTGCTCACGCCAACTACAGGTGAGGGAT-3′ A>G
#9

WT

5′-GTGCTCACACCGACTACAGGTGAGGGAT-3′ A>G
#11
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