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Figure S1. gRNA design for all tested target sites. Related to Figure 1.



Figure S1. gRNA design for all tested target sites. Related to Figure 1.
Overview of all tested target sites designed to compare eight representative TnpB/Cas12/Cas9 nucleases: ISAam1, 
ISYmu1, ISDra2, ISDge10, CasMINI, AsCas12a, eNme2-C.NR, and SpCas9. Please note that TIGIT, VEGFA, MLH1, 
LSD1, and AGBL1 loci do not have target sites for ISDge10 due to the lack of a suitable PAM. For each target site, 
the corresponding gRNA design's position was annotated as either above or below the target sequence, depending 
on the distribution of target DNA on the upper and lower strands.
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Figure S2. The cleavage mechanism detected by PEM-seq. Related to Figure 1.
(a-b) NGS detect the editing efficiencies across distinct genome loci. Data are shown as mean ± SD for n = 3 
repeats. Paired two-tailed t-test, n.s., not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
(c) Left: the location distribution and frequency of bait broken ends across all effective editing sites for eNme2-
C.NR, CasMINI, ISDge10, and ISAam1. The bait broken ends are categorized as target-strand broken ends and non-
target-strand broken ends based on the design direction of the Bio-primer. The horizontal axis indicates specific 
positions, with black dotted lines marking the 3’ end of the gRNA body. The vertical axis represents the probability 
of bait broken ends mapping at that exact location. Right: schematic diagrams illustrate speculated double-strand 
DNA cleavage patterns induced by specific nucleases, inferred from the distribution of bait broken ends. The major
cleavage sites are indicated by red arrowheads, while the PAM sequences of various nucleases are highlighted with 
different colors. 
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Figure S3. Typical deletional products of different nucleases. Related to Figure 2.
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Figure S3. Typical deletional products of different nucleases. Related to Figure 2.
(a) Line chart showing the distribution pattern of deletion junctions for SpCas9, eNme2-C.NR, AsCas12a, and 
CasMINI nucleases at the TET3 locus in HEK293T cells. Total deletions were categorized into small deletions (<= 
100 bp, in yellow) and large deletions (> 100 bp, in red), and further subdivided into 3 regions: junctions within 100 
bp from the cut site; junctions ranging from 100 bp to 3 kb downstream from the cut site; and junctions ranging 
from 3 kb to 500 kb downstream from the cut site. Please note that bin sizes of 2 bp, 50 bp, and 5 kb were applied to 
these three regions, respectively. 
(b) Summary scattered plots showing the length distribution of small deletions for all effective editing loci as 
detected by PEM-seq in HEK293T cells, where the vertical axis represents the percentage of indicated deletions 
relative to total deletions and the columns represent a subdivision into specific lengths. Paired two-tailed t-test, n.s., 
not significant, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
(c) The top 4 most common editing products generated by the indicated nucleases at the TET3 locus as detected by 
PEM-seq in HEK293T cells. The un-cut target sequences of each nuclease are shown at the top of the corresponding 
group, with the PAM sequences highlighted in different colors. The deleted nucleotides were marked with dashes 
and the inserted nucleotides were marked in red. The predicted cut sites were marked by the vertical dotted line and 
the mutation frequencies of corresponding editing events are listed on the right. 
(d) The length and occurrence frequency information of deletions within a 40 bp range generated by the indicated 
nucleases at all effective editing loci. The vertical axis indicates the average ratio distribution across all loci, 
representing the number of deletion fragments with the specified length relative to the total number of deletion 
events.
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Figure S4. The insertion length distribution and plasmid junction distribution of different nucleases. Related 
to Figure 3.
(a) Line graph showing the distribution pattern of insertion junctions for TnpB and CRISPR tools at the EMX1 locus 
in HEK293T cells. The horizontal axis represents the insertion length, and the vertical axis represents the proportion 
of insertions that occur exactly at the indicated location relative to the total number of insertions, presented on a 
logarithmic scale. 
(b) The mapping position distribution of vector integration junctions across the respective plasmids for the different 
Cas nucleases at the TIGIT locus as detected by PEM-seq. The vertical axis represents the junction numbers of 
plasmid integrations that occur exactly at the indicated position when down-sampled to 100k indels. K means 
thousands. The bin size of the plasmid sequence is 100 bp. Junction numbers for the U6-sgRNA region and Adeno-
associated virus (AAV) inverted repeat (ITR) regions are marked above separately.
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Figure S5. PEM-seq detected genome-wide editing off-targets of various nucleases. Related to Figure 4.
(a-b) Summary heat map showing the detailed off-target site numbers (a) and the total off-target cleavage 
percentages (b) of eight representative TnpB/Cas12/Cas9 nucleases at the indicated twelve loci as identified by 
PEM-seq. The symbol “—” indicates cases where the identification of true off-targets is challenging due to nearly 
undetectable editing efficiencies at these target sites. 
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Figure S6. Sequence alignments and reads counts of PEM-seq detected genome-wide editing off-targets of
various nucleases at TET3 locus. Related to Figure 4.
Sequence alignments and reads counts of PEM-seq detected genome-wide off-targets at the TET3 locus. The off-
target sequences and relative reads counts, genomic coordinates are listed. Of note, the translocation junctions 
within 100 bp of the identified off-target were included in the corresponding off-target counts, and the mismatched 
bases are highlighted in red in the figure.



Figure S7. GUIDE-seq detected genome-wide editing off-targets of different nucleases. Related to Figure 4.
(a) Sequences of off-target sites at TET3 locus following plasmid transfection identified by GUIDE-seq. The
intended target sequence is presented at the top, with off-target cleaved sites below and mismatches with the on-
target site highlighted in color. GUIDE-seq reads counts and genomic coordinates are shown on the right.
(b) Comparison of off-target site identification by PEM-seq and GUIDE-seq. Analysis was performed for SpCas9,
AsCas12a, ISAam1, and ISYmu1 at the TET3 locus. Venn diagrams illustrate the overlap of off-target sites detected
by each method.
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