[image: image1.png]Cco2Cas9

Cj3Cas9

Cj2CaseHC3°

Cj5Cas9

Cj4Cas9

Hsp2Cas9 HeqCas9
Hsp4Cas9
Hsp3Cas9
HjaCas9
Hpu3Cas9
Hpu2Cas9

Hpu1Cas9
Hsp1Cas9

CcuCas9

HfeCas9




Figure S1. Phylogenetic tree of the 11 Cas9 orthologs. The amino acid sequences of 11 new Cas9 orthologs (shown in green) were aligned by MAFFT. CjCas9, Cj2Cas9, Cj3Cas9, Hsp1Cas9, Hsp2Cas9, and CcuCas9 were used as references (shown in black). 
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Figure S2. PI domain sequence alignment of 12 CjCas9 orthologs. Amino acids crucial for PAM recognition are shown above.
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Figure S3. Genetic organization of CRISPR-Cas9 loci. Illustrations depicting the genomic architecture of nine CRISPR-Cas9 systems are provided, highlighting the arrangement of Cas9, Cas1, Cas2, and the CRISPR array.
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Figure S4. CRISPR direct repeat and tracrRNA sequences alignment of CjCas9 orthologs. (A) Sequence alignment of CRISPR direct repeats among CjCas9 orthologs. (B) Sequence alignment of tracrRNAs among CjCas9 orthologs.
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Figure S5. Engineer of the Cj4Cas9 scaffold. (A) The 3’ end of the truncated CRISPR repeats are fused to the 5’ end of the truncated tracrRNAs to form sgRNAs. (B) Secondary structures of CjCas9 and Cj4Cas9 scaffolds. (C) Indel efficiencies of each scaffold variant at the AAVS1-TS1 locus (n=3).
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Figure S6. Test of the Cj4Cas9 activity. (A) The effect of spacer length on the efficiency of Cj4Cas9 editing. A single AAVS1-TS1 targeted by sgRNAs with spacer lengths varying from 18- to 25-nt. (B) Indel efficiency with days after transfection from 3, 5, and 7 days (n=3).
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Figure S7. Specificity analysis of Cj4Cas9 and enCj4Cas9. (A) Mismatch tolerance of Cj4Cas9 and enCj4Cas9 at the AAVS1-TS1 locus. (B) Off-target analysis of enCj4Cas9 and wild-type Cj4Cas9 using GUIDE-seq. The EMX1-TS10 site is used as the on-target locus. Read numbers for on-target and off-target sites are shown on the right. Mismatches compared with the on-target site are shown.
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Figure S8.  Test mRNA concentration for Cj4Cas9 microinjection. (A) Inspection morulae after microinjection. Scale bars, 400 μm. (B) Inspection blastocysts after microinjection of 25 ng, 50 ng, 100 ng Cj4Cas9 mRNA concentration. Scale bars, 400 μm. (C) Summary of blastocysts development rate of Cj4Cas9 mRNA concentration for microinjection. (D) Indel efficiencies of each mRNA group.
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Figure S9. Genome editing of the mouse Pcsk9 gene using Cj4Cas9. (A) Schematic diagram of the mouse Pcsk9 gene, highlighting the target loci for sgRNA binding. (B) Indel efficiencies were determined by targeted deep sequencing in N2a cells five days after genome editing with Cj4Cas9. Data are presented as the mean ± SD (n = 3).  
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Figure S10. Sequence alignment of previously published CjCas9 variants. Amino acids distinct from wild-type CjCas9 are shown above.
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Figure S11. Engineering of Cj4Cas9 for enhanced activity. (A) Schematic of Cas9 with N-terminal fused double-strand DNA binding domain (dsDBD). (B) Indel efficiencies of the wild-type, Sso7d-Cj4Cas9, and HMG-D-Cj4Cas9 variants at 16 endogenous targets in HEK293T cells. (C) Summary of editing efficiencies of Cas9 variants for targets at 16 endogenous targets. (D) Western blot analysis showing equivalent protein expression levels of Cj4Cas9, Sso7d-Cj4Cas9, and HMG-D-Cj4Cas9 variants in transfected cells. Data represent mean ± SD for n=3 biologically independent experiments. p values were determined using a two-sided Student’s t-test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
