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ABSTRACT

CRISPR-Cas systems generally provide adaptive im-
munity in prokaryotes through RNA-guided degrada-
tion of foreign genetic elements like bacteriophages
and plasmids. Recently, however, transposon-
encoded and nuclease-deficient CRISPR-Cas sys-
tems were characterized and shown to be co-
opted by Tn7-like transposons for CRISPR RNA-
guided DNA transposition. As a genome engineer-
ing tool, these CRISPR-Cas systems and their as-
sociated transposon proteins can be deployed for
programmable, site-specific integration of sizable
cargo DNA, circumventing the need for DNA cleav-
age and homology-directed repair involving endoge-
nous repair machinery. Here, we selected a diverse
set of type I-F3 CRISPR-associated transposon sys-
tems derived from Gammaproteobacteria, predicted
all components essential for transposition activity,
and deployed them for functionality testing within
Escherichia coli. Our results demonstrate that these
systems possess a significant range of integration
efficiencies with regards to temperature, transpo-
son size, and flexible PAM requirements. Addition-
ally, our findings support the categorization of these
systems into functional compatibility groups for ef-
ficient and orthogonal RNA-guided DNA integration.
This work expands the CRISPR-based toolbox with
new CRISPR RNA-guided DNA integrases that can
be applied to complex and extensive genome engi-
neering efforts.

INTRODUCTION

CRISPR-Cas systems are often described as DNA-
encoded, RNA-mediated, nucleic acid-targeting adaptive
immune systems in prokaryotes (1–3). In a deviation
from this canonical paradigm, however, nuclease defi-
cient CRISPR-Cas systems were recently identified and
shown to be co-opted by Tn7-like transposons for CRISPR

RNA-guided DNA transposition (4) (Figure 1A). To date,
multiple distinct types of CRISPR-associated transposons
(CAST) have been experimentally characterised: type I-
F3 (5), type V-K (6) and types I-B1 and I-B2 (7). The
transposon-associated type I-F3 and I-B systems utilize
the Cascade (CRISPR-associated complex for antiviral de-
fense) effector complex (2) and naturally lack the Cas3
helicase-nuclease typically responsible for DNA cleavage in
type I systems (8), while type V-K systems utilize a Cas12k
naturally lacking nuclease functionality. All three types of
CAST systems use a combination of CRISPR-Cas machin-
ery and transposon proteins for RNA-guided DNA trans-
position with mechanisms and outcomes similar to those of
the relatively well-characterized Tn7.

The prototypical Tn7 transposon possesses core transpo-
sition machinery (TnsABC) and target site selection pro-
teins (TnsD and TnsE) that facilitate mobilization via two
targeting pathways (9). TnsABC interacts with either TnsD
for vertical transmission to a recognized attTn7 site in
glmS, or with TnsE, which recognizes replicating DNA for
transposition to conjugal plasmid-based loci for horizon-
tal transmission between bacteria (10,11). The transposase
subunit TnsA and DDE-type integrase TnsB form a het-
eromeric transposase complex responsible for DNA break-
age and joining characteristic of Tn7 transposition, while
the ATPase TnsC interacts with TnsD or TnsE and the
TnsAB transposase to drive transposition at a target site
(12). TnsB of the TnsAB transposase associates with TnsB
binding sites present within the transposon ends, resulting
in a preferential orientation for integration (13) (Figure 1B).
In contrast to prototypical Tn7 transposition, CASTs uti-
lize CRISPR-Cas machinery for RNA-guided target site
selection. Type I-F3 CASTs, specifically, possess Cascade
and the TnsD homolog TniQ, which complexes with Cas-
cade and facilitates interactions between Cascade and the
transposition machinery (14) (Figure 1C). Recent work
showed that DNA binding by the type I-F3 CAST TniQ-
Cascade complex is relatively promiscuous throughout the
genome, and that sequential recruitment and assembly of
a heptameric TnsC ring and the TnsAB transposase likely
act to regulate highly specific transposition (15). Type I-B
CASTs and at least one type I-F3 CAST have been shown
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Figure 1. Form and function of Type I-F3 CRISPR-associated transposons. (A) Tn7479 is shown as a representative Type I-F3 CAST. Genes essential
for transposition, cargo genes not essential for transposition, the att site (rsmJ), and transposon ends (R and L) are labeled. The atypical repeat of the
CRISPR array is colored light grey. (B) A detailed view of the transposon ends and CRISPR array of Tn7479 in (A). The eight putative TnsB binding
site sequences were used to generate a consensus WebLogo (top). 5-bp target site duplication events (black) indicative of Tn7-like transposition events
and the terminal inverted repeats (green) that define the ends of the transposon are shown alongside the TnsB binding sites (purple arrows) within the
transposon ends. The CRISPR array contains a self-targeting spacer that is complementary to a region of the att site (rsmJ) and flanked by an atypical
repeat (light grey diamond). The rsmJ target site and self-targeting spacer possess mismatches colored in red. (C) A mechanistic overview of Type I-F3
CRISPR RNA-guided DNA transposition. The TniQ-Cascade complex is guided to the target site complementary to the spacer sequence of the bound
crRNA. TnsB proteins bind to sites present in the transposon ends and transposition, regulated by TnsC activity between the TniQ-Cascade complex and
the heteromeric transposase TnsAB, results in integration of the transposon ∼50 bp downstream from the end of the target site. (D) A phylogenetic tree
of representative TnsB clades is shown with Tn7 as an outgroup and eleven diverse Type I-F3 CASTs selected for characterization. (E) The cargo genes
of the eleven Type I-F3 CASTs selected for characterization were used to generate a heatmap displaying the gene counts for each Clusters of Orthologous
Genes (COG) category.

to utilize both TniQ and TnsD for RNA-dependent
and RNA-independent transposition pathways, respec-
tively (7,16).

As genome engineering tools, CASTs offer great promise
for site-specific integration of large DNA payloads. Al-
ready, the type I-F3 CAST Tn6677 has been streamlined
into single-plasmid forms and used for multiplexed genome
engineering and for species- and site-specific genome edit-
ing in a mixed community context (17,18). Still, there is a
need for an expanded genome editing toolbox with highly
efficient and orthogonal type I-F3 CASTs to achieve com-
plex genome engineering goals while circumventing issues
such as target site immunity and transposon remobiliza-
tion. Though the type V-K CAST of Scytonema hofman-
nii (ShCAST) was shown to be orthogonal with the type
I-F3 Tn6677, type V-K systems suffer from relatively poor
specificity and frequent cointegration events (7,17). To sup-
port this effort, we selected a diverse set of type I-F3 CAST
homologs and characterized their RNA-guided DNA in-
tegration activity with regards to different temperatures,
transposon sizes, and target sites possessing distinct pro-
tospacer adjacent motif (PAM) sequences (19,20). Addi-
tionally, we explored the CAST homologs in their native
context and identified diverse cargo gene content and in-
stances of type I-F3 CASTs with multiple self-targeting
spacers.

MATERIALS AND METHODS

Type I-F3 CRISPR-associated transposon feature prediction
and system selection

Bacterial genomes from the RefSeq database were run
through CRISPRclassify to predict CRISPR loci associ-
ated with type I CRISPR-Cas systems (21,22). Regions 50-
kb in size flanking the putative type I CRISPR loci were
extracted using custom scripts. The extracted regions were
made into a BLAST nucleotide database and the Tn6677
TniQ, Cas8, Cas7, Cas6, TnsA, TnsB and TnsC protein se-
quences (5) were used as a query for a translated BLAST
(tblastn) search against the database using a specified E-
value 1e–3 parameter (23). The tblastn results were filtered
based on the presence of hits for multiple query proteins
within a single extracted region, and the associated genomes
were manually examined for expected tnsABC and tniQ-
cas876 operon configurations and proximity in Geneious
Prime (v2020.1). Additional candidate genomes were se-
lected from recent publications (24,25). Candidate systems
from all sources were further filtered based on sequence sim-
ilarity of proteins essential for transposition. Other features
used to filter candidate systems were gene completeness,
identifiable self-targeting spacers and CRISPR arrays, oc-
casionally encompassing atypical repeat(s), and predicted
transposon ends containing terminal inverted repeats and
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TnsB binding sites. CRISPR arrays were predicted in can-
didate genomes using CRISPRclassify and further man-
ually curated in Geneious to confirm the presence of a
self-targeting spacer. Using Geneious, self-targeting spacers
were aligned to the gene immediately upstream from tnsA
of the associated system to identify the attachment (att)
site/protospacer (target site with complementarity to the
self-targeting spacer). The presence of a TGT or TGA trinu-
cleotide motif ∼50 bp downstream from the identified pro-
tospacer initiated the manual prediction of elements associ-
ated with Tn7-like transposon ends (4). The TGT or TGA
motif and additional flanking nucleotides were extracted,
including 5-bp regions upstream and downstream corre-
sponding, respectively, to the 5-bp target site duplication
(TSD) event and remaining 5 bp of the 8-bp terminal in-
verted repeat (TIR) that begins with the TGT or TGA motif.
Genomes were searched for sequences consisting of the re-
verse complement of the 8-bp TIR immediately followed by
the 5-bp TSD. The original tnsA-proximal TSD/TIR region
and regions containing no or few mismatches from the ex-
pected TIR/TSD sequence were then further examined for
the presence of ∼3–4 repetitive ∼18-bp TnsB binding site
sequences based on known binding site configurations com-
mon for the tnsA-proximal (right) and non-tnsA-proximal
(left) ends of Tn7-like transposons (4). Right and left trans-
poson ends were typically defined as ∼150–200-bp regions
and used for plasmid design and construction. Eventually,
10 candidate systems were selected based on confidence in
the prediction of all essential elements for reconstitution for
experimental testing (Table 1, Supplementary Table S1).

Protein comparisons

TnsB protein sequences were extracted from hundreds of
previously identified type I-F3 CASTs from recent work
(24) and representative TnsB clades were made using CD-
HIT with a 90% sequence similarity cut-off (26). TnsB pro-
tein sequences from Tn7 and the tested candidate systems
were aligned alongside the CD-HIT results using FastTree
in Geneious with default parameters. The resulting tree was
visualized and annotated using the Interactive Tree Of Life
(iTOL) (27) (Figure 1D). Using protein sequences from
each tested system, single-protein alignments for TnsA,
TnsB, TnsC, TniQ, Cas8, Cas7 and Cas6 were performed
using MUSCLE (28) in Geneious with 8 iterations and de-
fault parameters and then visualized as a heatmap (Sup-
plementary Figure S2A). A heatmap was generated from
an additional alignment performed using TnsB protein se-
quences from type I-F3 CASTs characterized in a recent
study (16) in addition to the TnsB protein sequences de-
rived from systems tested in this study (Supplementary Fig-
ure S2B).

Type I-F3 CRISPR-associated transposon genomic analyses

The genomes associated with Tn6677 (V. cholerae HE-45)
and the ten additional selected candidate type I-F3 CASTs
were downloaded from GenBank. Each genome was run
through Prokka (v1.14.5) (29) for gene prediction and the
resulting output files were used as inputs for further analy-
ses. Bacterial antiviral defence systems were predicted us-

ing PADLOC (30) and DefenseFinder (31) and the re-
sults were filtered to only include systems within known or
predicted transposon boundaries of the tested CAST can-
didates. To functionally classify the cargo genes, custom
scripts were used with the translated CAST cargo genes as
queries for RPS-BLAST + against the NCBI Conserved
Domain Database (CDD). Clusters of orthologous genes
(COG) categories were then assigned to the top BLAST hit
per protein and the data was visualized as a heatmap (32)
(Supplementary Table S6). Using the associated GenBank
files, the predicted CASTs from Neptunomonas qingdaonen-
sis CGMCC 1.10971 (Tn7475) and Neptunomonas japon-
ica DSM 18939 were merged into single contigs and then
aligned and visualized using Clinker with a 30% protein
similarity cut off for visually linked genes (33).

Plasmid construction

The base pEffector expression vector was designed to ex-
press the CRISPR array and genes essential for transposi-
tion from a single T7 promoter and includes a lac operator
and T7 terminator for gene expression and regulation. A
multiple cloning site was included downstream of the lac
operator for downstream cloning purposes. The base pEf-
fector expression vector was created using the backbone
of pSL0284 (Addgene #130635) and a gBlock containing
a multiple cloning site. The pSL0284 backbone and multi-
ple cloning site fragments were generated as PCR products
using Q5 High-Fidelity 2X Master Mix (NEB #M0492)
and assembled using NEBuilder HiFi DNA Assembly Mas-
ter Mix (NEB #E2621). Further pEffector derivatives were
generated by restriction digestion of the pEffector plasmid
followed by ligation of annealed oligos (IDT), containing
either a CRISPR array or a single spacer sequence, with
overhangs complementary to those generated by restric-
tion digestion. pDonor constructs were made by ampli-
fying a backbone from pSL0527 (Addgene #130634) and
system-specific gBlocks comprised of a multiple cloning
site flanked by the right and left transposon ends. The
pSL0527 backbone and system-specific fragments were gen-
erated as PCR products using Q5 High-Fidelity 2X Mas-
ter Mix (NEB #M0492) and assembled using NEBuilder
HiFi DNA Assembly Master Mix (NEB #E2621). Fur-
ther pDonor derivatives were generated by inserting ad-
ditional DNA fragments within the multiple cloning site
flanked by the transposon ends to generate pDonor con-
structs with transposons of approximately 1 kb or 10 kb in
size. Plasmids used in this study are listed in Supplementary
Table S2.

Transposition experiments

Transposition experiments were performed using chem-
ically competent (NEB #C2527H) or electrocompetent
(Millipore Sigma #CMC0016) Escherichia coli BL21(DE3)
cells. For transposition experiments involving a pDonor
construct with a donor transposon of approximately 1 kb in
size, pEffector and pDonor constructs were co-transformed
into chemically competent cells by using 50 ng of each plas-
mid. For transposition experiments involving pDonor con-
structs with a donor transposon of ∼10 kb in size, 50 ng
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Table 1. Data for type I-F3 CRISPR-associated transposons used in this study

Tn# Type Genus Species Strain Tn length (bp) att site

Tn6677 I-F3 Vibrio cholerae HE-45 36,168 guaC
Tn7001 I-F3 Photobacterium iliopiscarium ATCC 51760 28,940 guaC
Tn7472 I-F3 Photobacterium piscicola NCCB 100098 31,741 guaC
Tn7473 I-F3 Aliiglaciecola sp. M165 26,436 Thioesterase family protein
Tn7474 I-F3 Halomonas titanicae BH1 38,808 ffs
Tn7475 I-F3 Neptunomonas qingdaonensis CGMCC 1.10971 ≥30,165 ffs
Tn7476 I-F3 Klebsiella oxytoca 67 83,370 tRNA-Ser
Tn7477 I-F3 Photobacterium aquae CGMCC 12159 19,556 ffs
Tn7478 I-F3 Vibrio sp. EJY3 117,187 AraC family protein
Tn7479 I-F3 Psychromonas sp. RZ5 34,369 rsmJ
Tn7480 I-F3 Colwellia polaris MCCC 1C00015 50,364 rsmJ

of each plasmid was co-transformed via electroporation
into electrocompetent cells using the manufacturer’s rec-
ommended settings. Cells were plated on two-antibiotics
(Spectinomycin 50 �g/ml, Carbenicillin 100 �g/ml) LB-
agar plates with 0.1 mM IPTG (Thermo Scientific #R1171)
and 40 �g/ml X-gal (Thermo Scientific #R0941). Incuba-
tions were performed at 30◦C for 30 hours or at 25◦C for
48 h. Experiments pertaining to system orthogonality or
involving pDonor constructs harboring a donor transpo-
son ∼10 kb in size were incubated at 25◦C. Following incu-
bation, sample lysates were generated similarly to previous
work (5). For each sample, colonies were scraped and resus-
pended in PBS, then OD600 measurements were taken and
approximately 3.2 × 108 cells were transferred to a 1.5 ml
microtube and resuspended in PBS for a total volume of 200
�l for downstream processing. The resuspended cells were
pelleted by centrifugation, supernatant was decanted, and
the pellets were resuspended in 80 �l of nuclease-free H2O.
The cells were then lysed on a dry block incubator at 95◦C
for 10 min and cooled to room temperature. Cellular debris
was pelleted by centrifugation and the lysate, containing ge-
nomic DNA, was diluted 20-fold in nuclease-free H2O in a
fresh microtube for further use.

qPCR analysis

Three primer pairs were used for quantification of integra-
tion events within a sample. One primer pair served to gen-
erate a reference amplicon from the rssA gene in the E. coli
BL21(DE3) genome, while the other two primer pairs were
designed to generate amplicons specific to integrated trans-
posons in either the RL or LR orientation near the tar-
get site. The integration-specific primers were benchmarked
using isolated and serially diluted gDNA from clonal RL
or LR integrants by individual systems to ensure adequate
PCR efficiency between systems (Supplementary Figure
S1). Each qPCR reaction was 10 �l in total volume and
consisted of: 5 �l of SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad), 2 �l of 2.5 �M primer mix of two
primers, 2 �l of a 20-fold dilution of sample lysate, and
1 �l of nuclease-free H2O. Reactions were loaded in 96-
well qPCR plates (Thermo Scientific #AB3396) and run on
a CFX Connect Real-Time PCR Detection System (Bio-
Rad). The cycling conditions consisted of an initial denat-
uration step for 2.5 min at 98◦C, followed by 40 amplifica-
tion cycles of 10 sec at 98◦C and 1 min at 62◦C, followed by
melt curve production with 5 s per 0.5◦C step for a range of

65–95◦C. Samples were from three biological replicates, and
three technical replicates were performed per sample, per
primer pair. Integration efficiency was calculated using the
2�Cq method where, per sample, the Cq of the reference re-
action is subtracted from the Cq value of either integration-
specific reaction. The two calculated efficiencies are then
combined to calculate the total integration efficiency. To de-
termine RL:LR orientation bias, the calculated integration
efficiency for the RL orientation was divided by the calcu-
lated integration efficiency for the LR orientation. Primers
used in this study are listed in Supplementary Table S3.

Plasmid library assay for PAM determination

The plasmid library (pTarget) with a randomized 5N re-
gion was created as previously described (34). The pTarget
plasmid library was co-transformed into electrocompetent
E. coli BL21(DE3) cells alongside pEffector and pDonor
constructs by using 100 ng each of the pTarget plasmid li-
brary, pEffector and pDonor constructs. Cells were plated
on triple antibiotic (Spectinomycin 50 �g/ml, Carbenicillin
100 �g/ml, Kanamycin 50 �g/ml) LB-agar plates with 0.1
mM IPTG (Thermo Scientific #R1171) and incubated at
30◦C for 30 h. Following incubation, colonies were scraped
and plasmid DNA was extracted with a MidiPrep Kit (QIA-
GEN). PCR products were generated using extracted plas-
mid DNA as a template with Q5 High-Fidelity 2X Mas-
ter Mix (NEB #M0492) and 0.5 �M of a primer pair de-
signed to amplify across the 5N region of the pTarget plas-
mid library with a forward primer specific to the pTarget
plasmid library and a reverse primer specific to transpo-
son integration in the RL orientation. PCR thermocycling
involved an annealing temperature of 67◦C and 25 cycles
and PCR products were visualized on 1% agarose gel us-
ing SYBR Safe (Thermo Scientific). PCR products were
isolated and purified using Monarch DNA Gel Extraction
and PCR & DNA Cleanup kits (NEB), and NGS libraries
were prepared and sequenced on an Illumina platform for
2 × 250 bp paired-end reads (GENEWIZ Amplicon-EZ).
The resulting sequence data was analyzed using SeqKit
(35). Reads were filtered based on the presence of no mis-
matches, when compared to the base pTarget plasmid li-
brary, within the 20 bp upstream and 32 bp downstream
(spacer sequence) from the 5N region. The 5N region was
then extracted from these filtered reads and PAM frequen-
cies were calculated and normalized based on PAM fre-
quencies calculated for the base pTarget plasmid library:
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((Count of PAM X)/(Total PAM count))/((Frequency of
PAM X in base library)/(Expected frequency of PAM X in
base library)). The top 10% of normalized PAM frequencies
for each system were used to generate WebLogos (36). The
comprehensive normalized PAM data was used to generate
PAM wheels in the form of Krona plots (37). PAM wheels
represent frequency data for positions –3, –2 and –1 of the
variable 5-nucleotide PAM region of the pTarget plasmid
library, and PAM wheel segments were colored grey if the
corresponding trinucleotide motifs were not representative
of >1% of the total data. Library construction oligos and
primers are listed in Supplementary Table S3.

Integration distance analyses

For lacZ integration experiments, PCR products were gen-
erated using diluted sample lysates, Q5 High-Fidelity 2X
Master Mix (NEB #M0492), and 0.5 �M of primers spe-
cific to RL orientation transposon integration events. Ther-
mocycling conditions involved an annealing temperature of
68◦C and 20 cycles and PCR products were visualized on
1% agarose gel using SYBR Safe (Thermo Scientific). PCR
products were isolated and purified using Monarch DNA
Gel Extraction and PCR & DNA Cleanup kits (NEB), and
NGS libraries were prepared and sequenced on an Illu-
mina platform for 2 × 250 bp paired-end reads (GENEWIZ
Amplicon-EZ). The resulting sequence data was analyzed
using SeqKit (35). Reads were filtered based on 12 perfectly
matching bases specific to the right transposon end, fol-
lowed by extracting the 20 bases immediately upstream of
the 5′ end of the integrated right transposon end. After fil-
tering for sequences only 20 bp in length, the remaining se-
quences were mapped back to lacZ using Bowtie (38) with
no mismatches allowed. Positional data corresponding to
the integration distance of the transposon from the target
site was extracted from the resulting .sam files and integra-
tion distances comprising at least 1% of the data set were
plotted.

Nanopore sequencing and assembly

Individual colonies from the transposition experiments in-
volving 10 kb transposons were restreaked for isolated
clones on LB plates supplemented with antibiotics and X-
gal. Isolates were scraped, cultured overnight at 30◦C, and
used for gDNA extraction with the DNeasy PowerLyzer
Microbial Kit (QIAGEN). The isolated gDNA was used as
a template for confirmatory PCR using Q5 High-Fidelity
2X Master Mix (NEB #M0492) and primer pairs specific
to transposon integration in the RL or LR orientation and
a primer pair flanking the integration site. Template gDNA
that generated an amplicon from the flanking primer pair
and an amplicon specific to only one integrated transpo-
son orientation was then used for Nanopore sequencing.
Genomic DNA was prepped with a Nanopore Ligation Se-
quencing kit (SQK-LSK109), barcoded using a Native Bar-
coding Expansion kit (EXP-NBD104), and sequenced on
a FLO-MIN111 flow cell run on a MinION Mk1B device.
Basecalling was performed within MinKNOW using the
super-accurate basecalling model and a minimum qscore
cutoff of 10. Reads at least 10 kb in length were used for

de novo genome assembly using Flye (v2.9) with the follow-
ing parameters: –nano-hq, –asm-coverage 100, –genome-
size 4.6m, and –iterations 2 for two rounds of polishing (39).
Reads used for assembly were mapped to the resulting Flye
assemblies to generate coverage graphs in Geneious. Inte-
gration verification primers are listed in Supplementary Ta-
ble S3.

RESULTS

Prediction and genomic characterization of type I-F3
CRISPR-associated transposons

The Tn7-like transposon Tn6677, derived from Vibrio
cholerae HE-45, was the first characterized type I-F3 CAST
and shown to transpose DNA in a CRISPR RNA-guided
manner (5). Given the complexity of CRISPR RNA-guided
DNA transposition (5,14), we anticipated natural func-
tional variation among diverse CASTs, similar in manner
to variation observed among Cas9 orthologs (40). To un-
derstand the functional breadth of type I-F3 CASTs, we se-
lected ten diverse and previously uncharacterized systems
from Gammaproteobacteria for functional characterization
(Table 1, Figure 1D). Features necessary for transposition
were predicted in silico, namely the genes tnsA, tnsB (or
tnsAB), tnsC, tniQ, cas8, cas7 and cas6, the CRISPR array
and repeats flanking a self-targeting spacer, and the trans-
poson ends that define the transposon boundaries due to
the presence of a terminal inverted repeat (TIR) and TnsB
binding sites. This set of type I-F3 CASTs represents signif-
icant diversity with regards to protein identity, origin, tax-
onomy, native transposon size, and attachment site. Tn7479
of Klebsiella oxytoca 67, for example, possesses a natural
TnsAB fusion and a tRNA-Ser attachment site, a notable
feature given tRNA attachment sites are common for type
V-K CASTs, but relatively rare for type I-F3 systems (7,24).
We initially explored the CASTs within their native context
by analyzing the genes non-essential for transposition activ-
ity, otherwise referred to as cargo genes, present within the
boundaries of each CAST. Similar analyses were performed
using PADLOC (30) and DefenseFinder (31) to identify
putative antiviral defense systems present within the cargo
genes (Supplementary Tables S4 and S5). The results from
both platforms were congruent and, interestingly, several re-
cently defined antiviral systems, including Gabija (41) and
qatABCD (42), were present among this small subset of
CASTs. Using the cargo-derived protein sequences, we also
identified functional domains and assigned COG categories
to generally assess their biological roles (32) (Figure 1E,
Supplementary Table S6). We found a striking diversity in
functional categories for the cargo genes and many systems
possessed proteins related to transcription (COG category
K) and as previously noted, defense mechanisms (V). Note-
worthy, our two largest CASTs, Tn7476 and Tn7478, each
possessed high counts of genes associated with energy pro-
duction and conversion (C) and carbohydrate transport and
metabolism (G). These results highlight the role of CASTs
as mobile genetic elements that harbor relatively rare an-
tiviral defense systems and confer other beneficial features,
such as expanded metabolic capabilities and resistances, to
the host (16,43).
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Figure 2. Reconstitution and characterization of RNA-guided DNA integration using a diverse set of Type I-F3 CRISPR-associated transposons. (A)
Diagram of the reconstitution of each CAST into a two-plasmid system. A pEffector plasmid contains a CRISPR array, tnsABC, tniQ, and cas876 from
the associated transposon. A pDonor plasmid contains cargo DNA flanked by the predicted right and left ends (R and L) of the associated transposon.
(B) A lacZ-targeting spacer present within the pEffector CRISPR array drives RNA-guided DNA integration into lacZ. The integration event results in a
transposon integrated in either the right-to-left (RL) or left-to-right (LR) orientation. Two primer pairs (ab, bc) were used to quantify integration events
by qPCR. (C) RNA-guided DNA integration efficiency was measured by qPCR for eleven CASTs at two different temperatures, 30◦C and 25◦C, at a
single lacZ target site with a 5′-TCC-3′ PAM. (D) Orientation bias data related to (C). (E) Integration distance data, related to the target site from (C),
is shown. Integration distance is the number of base pairs between the end of the target site and the start of the integrated transposon. (F) Integration
efficiency involving transposons approximately 1 kb and 10 kb in size. Coverage is shown from Nanopore sequencing of genomic DNA derived from an
isolate containing the integrated 10 kb transposon. The expanded genomic context is illustrated below. For parts C, D and F, shown are the mean, SD, and
individual data points from n = 3 biological replicates.

Validation of ten type I-F3 CRISPR-associated transposons
for RNA-guided DNA integration

Each CAST was reconstituted as a two-plasmid system for
testing in E. coli BL21(DE3). A pEffector plasmid that con-
tains the CRISPR array and all genes essential for transpo-
sition and a pDonor plasmid that contains a donor trans-
poson of approximately 1 kb or 10 kb in length, including
transposon ends (referred to as ‘right’ and ‘left’ ends) (Fig-
ure 2A). Integration activity was measured using qPCR for
transposition assays in E. coli BL21(DE3), capturing trans-
position products integrated in a right-to-left (RL) or left-
to-right (LR) orientation at a given target site (Figure 2B).
Initial CAST characterization involved targeting a lacZ lo-
cus previously tested extensively with Tn6677 (5), which
possesses a 5′-CC-3′ PAM canonical for type I-F3 CRISPR-
Cas systems. Given that this target site and PAM were pre-
viously shown to enable efficient RNA-guided DNA trans-
position with Tn6677, we tested our ten candidate CASTs
at this target site at both 30◦C and 25◦C incubation tem-
peratures (Figure 2C). Interestingly, in these conditions we
found that integration efficiencies for these CASTs had un-
expected variability, with integration efficiencies ranging
from approximately 0.1% to 100%. Overall, transposition
efficiencies generally increased, if not remained comparable,
when the incubation temperature was reduced from 30◦C to
25◦C. We note that an elongated window of opportunity for
integration to occur and potentially alleviated cytotoxicity
due to slower growth rates at a lower incubation tempera-
ture may contribute to increased integration efficiencies at
25◦C. However, some increases in efficiency at 25◦C may

be due to enhanced kinetics of the CRISPR and transpo-
sition molecular machinery at lower temperatures, as many
type I-F3 CASTs are found in isolates derived from aquatic
environments with naturally lower ambient temperatures
(i.e. <30◦C). As the total integration efficiency is the re-
sult of combining the quantification of right-to-left and left-
to-right orientation transposition events, we can compare
the quantification of each orientation to determine trans-
poson orientation bias (Figure 2D). We found that, at a sin-
gle target site with a 5′-CC-3′ PAM, these systems possess
orientation biases universally skewed toward the RL ori-
entation, with biases ranging from slightly greater than 1:1
(RL:LR orientation bias) to greater than 1000:1, and that
these biases remained generally consistent regardless of in-
cubation temperature. In addition, we tested randomized,
non-targeting spacers for each system and did not detect
any integration events at the lacZ locus using our meth-
ods. Overall, we show that our ten previously uncharacter-
ized CASTs are capable of RNA-guided DNA transposi-
tion, with integration orientation preference universally bi-
ased toward the RL orientation, at a single target site with
a 5′-CC-3′ PAM.

For select CASTs, we generated integration distance data,
where integration distance is defined as the number of nu-
cleotides between the end of the target site and the begin-
ning of the transposon end sequence (Figure 2E). Tn6677
was previously shown to integrate DNA with an integra-
tion distance most frequently centered around 49 bp across
multiple target sites (16). For this target site with a 5′-CC-
3′ PAM, we found that integration distance for these di-
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Figure 3. Assessment of PAM preferences and RNA-guided DNA integration activity at multiple target sites. (A) Illustration of the plasmid library-based
approach to PAM determination. A pDonor plasmid is co-transformed with pEffector and the pTarget library. The pEffector plasmid contains a spacer
complementary to a target site of pTarget, which possesses a randomized 5-nucleotide region immediately upstream of the target site, serving as the variable
PAM region. Primers shown were used to capture integration events and amplicons were deep sequenced and analyzed for PAM frequency and integration
distance data. (B) For each shown CAST, the top 10% most frequent PAMs are represented as WebLogos. Integration distance in base pairs is shown. PAM
wheels were generated using the comprehensive PAM data, with the outer and inner rings corresponding to the –3 and –1 positions of the PAM, respectively.
Grey color is applied to any PAM that did not represent >1% of the dataset. (C) RNA-guided DNA integration measured by qPCR at multiple target
sites with distinct PAM sequences. (D) For Tn6677 and Tn7479, integration distance data is shown for target sites in (C). (E) For Tn6677 and Tn7479,
orientation bias is shown for target sites in (C). For parts C and E, shown are the mean, SD and individual data points from n = 3 biological replicates.

verse CASTs is centered around 49 bp, but the integration
distance patterns vary among systems. While Tn6677 and
Tn7476 largely integrated 49 bp from the target site, Tn7477
integrated DNA almost evenly between the two distances of
49 and 51 bp and Tn7479 integrated with greater frequency
as the distance increased in the 46–49 bp range. Our data
shows that integration distance for type I-F3 CASTs is vari-
able between systems at a single target site using a consistent
spacer length (32 bp) for all systems.

Next, we aimed to determine whether transposon size has
a significant effect on integration efficiency for select sys-
tems. CAST Tn7476, which possesses a natural TnsAB fu-
sion, and Tn7472, which had relatively low integration ef-
ficiencies in our initial tests, were chosen for testing with
pDonor plasmids containing a transposon ∼10 kb in size.
The same lacZ target site possessing a 5′-CC-3′ PAM was
used as in our initial tests, and incubation occurred at 25◦C
to alleviate potential cytotoxicity and maximize integration
efficiency. We found that integration efficiencies were sim-
ilar when comparing integration involving transposons of
approximately 1 kb and 10 kb in size (Figure 2F), highlight-
ing the potential for efficient integration of large payloads
regardless of transposon size. Indeed, the upper limit for
CRISPR RNA-guided DNA transposition is likely context-
dependent and may be limited more so by construct genera-
tion and delivery methods than transposition mechanisms,
especially given that type I-F3 CASTs naturally occur >100
kb in length, suggesting cargo size is not material.

PAM determination and DNA integration activity at multiple
target sites

As we saw a wide range of integration efficiency across our
CASTs for a single target site with a 5′-CC-3′ PAM, we
wanted to determine whether PAM preference varies be-
tween our CASTs and if those variations in preference have
a significant impact on integration activity. To determine
PAM preference for each CAST, we conducted a plasmid
library-based assay in which the pEffector plasmid for a
given system bears a spacer to direct integration within the
pTarget plasmid library at a target site with a randomized
five-nucleotide (5N) region upstream (5′ end) of the target
site (Figure 3A). For each CAST, we used PCR to generate
an amplicon specific to RL orientation integration events
within the plasmid library, deep sequenced the amplicon,
and analyzed the nucleotide frequencies within the variable
region to determine PAM preference. Interestingly, we dis-
covered that the PAM profiles for these systems are gener-
ally consistent (Figure 3B; Supplementary Figure S3). For
most systems, we found a strong preference for a C nu-
cleotide in the –2 position, and we note that the –2 posi-
tion is repeatedly the position displaying the most signifi-
cant degree of preference within these PAM profiles. We also
found that the canonical 5′-CC-3′ PAM (for positions –2
and –1) preference is only present within a few systems, and
that the preference for a C in the –1 position is lesser than
the preference for a C in the –2 position. The most strik-
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ing results from this assay was the discovery that Tn7479
possesses near PAM-less functionality, showing only a very
slight preference in the –2 position for a G nucleotide, which
may be attributed to the motif frequency within the base
plasmid library. Integration distance data generated from
the plasmid library assay revealed similar findings to our
initial data from the lacZ target site with a 5′-CC-3′ PAM,
as integration was largely centered around ∼49 bp. Tn7476,
however, had a wider integration distance range as integra-
tion events were detected >60 bp from the target site. This
deviation from a tighter integration distance window may
be influenced by the natural TnsAB fusion of Tn7476, but
further investigation is required.

To validate our findings within the plasmid library as-
say, we next selected five additional target sites within lacZ,
each possessing a distinct PAM sequence (Figure 3C; Sup-
plementary Figure S4A). Two of the additional targets re-
tain a C in the –2 position of the PAM, while the remaining
three targets instead have a T, G or A at the –2 position.
This set of target sites allowed us to evaluate the extent of
preferences toward a canonical 5′-CC-3′ PAM or the less re-
strictive 5′-CN-3′ PAM that we found to be more applicable
to most of our CASTs. We discovered that the differences in
PAM flexibility initially seen in our plasmid library assay do
translate to differences in integration efficiency when target-
ing different genomic loci. We found that only one system,
Tn7476, relies heavily on a C in the –1 position, as it inte-
grates most effectively at the target site with a 5′-CC-3′ PAM
and shows a severe drop in efficiency when the –2 position C
is retained but the –1 position C is replaced with an A or a G.
Additionally, integration with Tn7476 was nearly or entirely
undetectable when the –2 position in the PAM contained a
T or A. Other CASTs, such as Tn7473 and Tn7474, have
similar integration activity at all three 5′-CN-3′ PAM tar-
gets, but efficiency noticeably declines when the –2 C of the
PAM is replaced with a T, G or A. Interestingly, most sys-
tems show near or entirely undetectable integration activ-
ity for the target site possessing a 5′-AC-3′ PAM. This bias
against a 5′-AC-3′ PAM is likely to mitigate self-targeting
activity within the CRISPR array due to the 5′-AN-3′ mo-
tif often present at the 3′ end of the CRISPR repeats asso-
ciated with these systems (Supplementary Figure S5A). Ex-
citingly, we validated the plasmid library assay results that
highlighted Tn7479 as an effectively PAM-free system, ex-
hibiting PAM flexibility similar to the type I-F3 CASTs of
a previous study (44). Regardless of the target site, Tn7479
exhibited highly efficient integration activity and, notably,
Tn7479 integrated DNA with significantly higher efficiency
than Tn6677 at the target site with a 5′-TAC-3′ PAM.

Though we previously showed that integration distance
varies between CASTs at a single target site, we wanted to
explore the variation in integration distance between two
systems at the same set of target sites to determine whether
individual CASTs have identifiable preferences regarding
integration distance across target sites (Figure 3D). We gen-
erated integration distance data for Tn6677 and Tn7479 for
five of the target sites used for integration assays. We found
that the integration distance pattern remains strongly cen-
tered around ∼49 bp for both systems, however the integra-
tion distance is spread unpredictably when looking at mul-

tiple targets for a single system or when comparing the two
systems at a single target. However, we do note that the in-
tegration distance for Tn6677 tends to skew toward >49 bp
for these sites, while the Tn7479 integration distance tends
to be <49 bp. Overall, we show that integration distance is
often largely present in a ∼5 bp window for a single target
site, but no system has a single, defined integration distance.
Additionally, based on current knowledge, there is no way
to predict the integration distance pattern for a system apart
from a ∼49 bp approximation. These results align with re-
cent work that revealed TnsC assembly at a target site ex-
plains the strict ∼50 bp integration distance for Tn6677,
though structural and functional variations between ho-
mologous proteins may explain deviations from the defined
integration distance for Tn6677 (15) (Supplementary Fig-
ure S2A). We note that the PCR-based method for detec-
tion means we may have missed distant integration events
that occurred outside of the range defined by the primers
used and that PCR-free methods may result in more clearly
defined integration patterns. As mentioned above, we can
parse out transposition orientation bias data from the sum
integration efficiency data. For the additional integration at
different targets within lacZ, we found that orientation bias
is generally consistent between targets for any given system
(Figure 3E; Supplementary Figure S4B). Our original bias
data is supported here, as we found a range of bias from
∼1:1 to >1000:1 for RL:LR orientation events. Indeed, the
highly skewed bias of Tn7479 was present for DNA integra-
tion at all target sites.

Type I-F3 CRISPR-associated transposon orthogonality

Recent work revealed that type I-F3 CASTs can be generally
categorized into compatibility groups based on the orthog-
onality resulting from the TnsB binding sites present within
the transposon ends (16). Significantly diverged type I-F3
CASTs are unable to mobilize each other’s associated trans-
poson based on the inability for one system’s TnsB protein
to recognize the TnsB binding sites within the transposon
ends of the other systems. We used this recent data to pre-
dict compatibility groups for two of our novel CASTs and
performed orthogonality testing by using all nine pEffector-
pDonor combinations for the three selected systems, includ-
ing Tn6677 (Figure 4A). The CASTs tested were selected
based on the associated TnsB binding sites (Figure 4B,
Supplementary Figure S5B) that putatively classified the
systems into three distinct compatibility groups. Though
full orthogonality was not always observed between mem-
bers of different compatibility groups (16), we only de-
tected integration activity with pEffector-pDonor combi-
nations where both plasmids were associated with the same
CAST (Figure 4C). This data supports the use of Tn6677,
Tn7477 and Tn7479 as orthogonal RNA-guided DNA in-
tegrases and additionally supports the general classification
scheme of type I-F3 CASTs into functional compatibility
groups based on TnsB binding site divergence (Supplemen-
tary Figure S2B). These orthogonal systems can be used for
sequential integration events at the same or distance target
sites to, respectively, circumvent issues arising from target
site immunity and transposon remobilization.
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Figure 4. Orthogonality testing of three Type I-F3 CRISPR-associated transposons. (A) The orthogonality testing scheme is illustrated. The pEffector
plasmid from each CAST was cotransformed with each of the three possible pDonor plasmids for a total of nine pEffector-pDonor combinations. (B)
WebLogos were generated using 27-bp regions predicted to contain the ∼20-bp TnsB binding sites for each system. (C) Relative RNA-guided DNA
integration efficiency, as measured by qPCR, for the testing scheme shown in (A).

Type I-F3 CRISPR-associated transposons with multiple
self-targeting spacers

During the CAST candidate curation process, we discov-
ered a unique instance of two self-targeting spacers among
a selected candidate system, Tn7475, derived from a Nep-
tunomonas qingdaonensis strain. We examined additional
Neptunomonas genomes and identified a second instance
of a CAST with two self-targeting spacers in a N. japon-
ica strain (Figure 5A). In both instances, two self-targeting
spacers were identified with complementarity to the same
region of the ffs attachment site previously identified as one
of four major attachment sites for type I-F3 CASTs (24).
Mismatches between these self-targeting spacers and their
target site are generally present at 6-nt intervals within the
spacer sequence, following a previously identified prevalent
pattern of mismatch tolerance for type I-F3 CASTs (24)
(Figure 5A). We found no significant similarity between the
non-self-targeting spacers of the two systems and were un-
able to confidently identify any protospacers correspond-
ing to these non-self-targeting spacers. We also failed to
detect any candidate Xre transcription factor binding sites
adjacent to the CRISPR arrays in either system, in agree-
ment with regulation patterns seen in other systems of the
type I-F3b branch (24). Alignment of the CRISPR repeats
from Tn7475 revealed that the atypical repeats associated
with the self-targeting spacers are distinct from one an-
other in terms of sequence and putative crRNA structure.
For instance, one atypical repeat (R4) from Tn7475 con-
tains a shifted stem loop structure with a shorter 4-nt loop,
while the other atypical repeats (R5, R6) have highly dis-
rupted putative stem-loop structures (Figure 5B). Given the
presence of multiple self-targeting spacers and their associ-
ated atypical repeats in Tn7475, we wanted to determine
if one set of repeats enables more efficient RNA-guided
DNA integration, as previous work has shown that priva-
tized crRNAs incorporating atypical repeats generally re-
sult in more efficient DNA integration (16,24). Intriguingly,
we discovered that Tn7475 utilizing the first two repeats of
the CRISPR array, which flank a non-self-targeting spacer,
resulted in the most efficient integration activity at a lacZ
target site (Figure 5C). Finally, we performed a genomic
comparison using the predicted Neptunomonas type I-F3
CASTs, highlighting the split tnsB and cas8 genes of the N.
japonica CAST, and found no significant overlap between
cargo genes of the two CASTs aside from the transposition-
essential genes and an expected Xre family transcription
factor (Figure 5D).

DISCUSSION

We identified and characterized diverse type I-F3 CASTs
and provide evidence that all of our selected systems are
active for RNA-guided DNA transposition. In their native
context, these systems may span over 100 kb in size and
possess diverse cargo genes that likely confer a multitude
of benefits to the recipient host, including an expanded an-
tiviral defense system arsenal and metabolic potential. Our
selected systems are capable of DNA integration at a wide
range of maximum efficiencies across multiple target sites,
and at least one system (Tn7479) possesses remarkably flex-
ible PAM requirements for efficient integration. To further
test the PAM flexibility of Tn7479, additional target sites
with less frequent PAMs from the PAM determination as-
say could be validated to identify relative rates of integra-
tion. Additional testing is required to confirm the specificity
of a system with such relaxed PAM requirements, as well as
to confirm the expected high frequency of simple insertions
events rather than cointegrate products. Type I-F3 CASTs
with highly flexible PAM requirements, such as PtrCAST,
Tn7007 and Tn7016, have been shown to retain high speci-
ficity within E. coli, though stringent target selection criteria
may need to be applied when expanding the applications of
these flexible systems to avoid off-target integration events
(16,44).

We also explored integration distance patterns for these
systems at multiple target sites and found that, currently,
integration distance is largely confined to a small ∼5-bp
range based on a central distance of 49 bp. Given the varia-
tion in integration distance, these genome editing tools can-
not currently be used for integration events requiring pre-
cise, nucleotide-level insertions at a fixed distance from the
target site. Still, many genome engineering goals, especially
those incorporating large DNA insertions, are not hindered
by such limitations, and a recent study applied ShCAST to
ultra-long DNA insertions for metabolic engineering (45).
We note that our PCR-based detection method may have
failed to capture distant integration events, and further
studies are required to elucidate the mechanisms behind in-
tegration distance variation with regards to system, target
site, transposon size, TnsB binding site identity and config-
uration, and biological context.

Recent work categorized type I-F3 CASTs into func-
tional compatibility groups based on TnsB binding site se-
quence divergence (16), and our orthogonality testing re-
sults support this classification scheme by providing two
systems that are fully orthogonal with Tn6677. Though
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Figure 5. Instances and characterization of Type I-F3 CRISPR-associated transposons with two self-targeting spacers. (A) Two Neptunomonas strains each
possess a type I-F3 CAST with two self-targeting spacers with complementarity to the ffs att site. Atypical repeats are colored light grey, the N. qingdaonensis
repeats and spacers are numbered (R#, S#), and the mismatches between the two self-targeting spacers and the ffs target site are colored red. Non-self-
targeting spacers and self-targeting spacers are shown as brown and pink rectangles, respectively. (B) The Type I-F3 crRNA stem loop structure typically
forms from CUGCC/GGCAG RNA pairing. These nucleotides are boxed for each repeat and deviations from the expected CTGCC/GGCAG repeat
DNA sequence are colored red. (C) Comparison of RNA-guided DNA integration efficiency, as measured by qPCR, using a lacZ-targeting spacer and
repeat pairs comprised of typical and atypical repeats derived from N. qingdaonensis (Tn7475). (D) Genomic comparison between the two Neptunomonas
CASTs shown in (A). Protein sequences with at least 30% identity are linked between the two CASTs with identity (%) shown. For part C, shown are the
mean, SD and individual data points from n = 3 biological replicates.

these systems can be used for iterative DNA integration
events without the issue of target site immunity or transpo-
son remobilization, CRISPR repeat recognition orthogo-
nality between systems must be assessed before any simulta-
neous integration events can be performed to ensure target
sites remain specific to the intended system. Recent work re-
garding the structural basis of TnsB binding site recognition
may also allow for refinement of the predicted compatibil-
ity groups (46). Even with orthogonal and multiplexed ap-
proaches, holistic consideration of these features will likely
enable precise genome editing events with controlled inte-
gration copy number.

To our knowledge, we described the first instances of mul-
tiple self-targeting spacers in two distinct type I-F3 CASTs.
Unexpectedly, both sets of repeats associated with the two
self-targeting spacers of Tn7475 resulted in less efficient in-
tegration relative to integration involving the typical repeats
of the CRISPR array, in contrast to previous work that has
shown atypical repeats of type I-F3 systems privatize cr-
RNAs and, in many cases, increase integration efficiency
(16,47). Type I-F3 CASTs Tn6677 and Tn6900 were thor-
oughly tested with typical and atypical repeats and alter-
ations thereof, however, none of the repeats tested had cr-
RNA stem-loop structure disruptions as significant as those
found in the atypical repeats of Tn7475 (Figure 5B) (47).
Though the Tn7475 atypical repeat-derived crRNAs are
likely privatized from canonical type I-F CRISPR-Cas sys-
tems, they may result in less efficient integration due to de-

creased rates of crRNA binding and processing by Cascade,
caused by the severely altered stem-loop structure and di-
vergence from the 5′ and 3′ handle sequences of the typi-
cal repeats. It is tempting to speculate about the role and
source of these potentially redundant self-targeting spacers,
but comprehensive bioinformatic analyses are required to
further explore these systems and potentially uncover mul-
tiple self-targeting spacers within other types of CASTs and
the evolutionary pressures likely to have influenced such
features.

Overall, we validated ten previously uncharacterized type
I-F3 CASTs alongside Tn6677, and further expand the re-
cently established CAST toolbox (16). Our findings expand
the repertoire of available efficient, flexible, and orthogo-
nal CASTs for complex genome engineering efforts encom-
passing large cargo insertions, including multiplexed edit-
ing strategies, complex mixed bacterial communities, and,
potentially, eukaryotic systems.
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Boyaval,P., Romero,D.A., Horvath,P. and Moineau,S. (2008) Phage
response to CRISPR-Encoded resistance in streptococcus
thermophilus. J. Bacteriol., 190, 1390–1400.

20. Mojica,F.J.M., Dı́ez-Villaseñor,C., Garcı́a-Martı́nez,J. and
Almendros,C. (2009) Short motif sequences determine the targets of
the prokaryotic CRISPR defence system. Microbiology, 155, 733–740.

21. Nethery,M.A., Korvink,M., Makarova,K.S., Wolf,Y.I., Koonin,E.V.
and Barrangou,R. (2021) CRISPRclassify: repeat-based classification
of CRISPR loci. CRISPR J., 4, 558–574.

22. Makarova,K.S., Wolf,Y.I., Iranzo,J., Shmakov,S.A., Alkhnbashi,O.S.,
Brouns,S.J.J., Charpentier,E., Cheng,D., Haft,D.H., Horvath,P. et al.
(2020) Evolutionary classification of CRISPR–Cas systems: a burst
of class 2 and derived variants. Nat. Rev. Microbiol., 18, 67–83.

23. Camacho,C., Coulouris,G., Avagyan,V., Ma,N., Papadopoulos,J.,
Bealer,K. and Madden,T.L. (2009) BLAST+: architecture and
applications. BMC Bioinf., 10, 421.

24. Petassi,M.T., Hsieh,S.-C. and Peters,J.E. (2020) Guide RNA
categorization enables target site choice in Tn7-CRISPR-Cas
transposons. Cell, 183, 1757–1771.

25. Rybarski,J.R., Hu,K., Hill,A.M., Wilke,C.O. and Finkelstein,I.J.
(2021) Metagenomic discovery of CRISPR-associated transposons.
Proc. Natl. Acad. Sci. U.S.A., 118, e2112279118.

26. Fu,L., Niu,B., Zhu,Z., Wu,S. and Li,W. (2012) CD-HIT: accelerated
for clustering the next-generation sequencing data. Bioinformatics,
28, 3150–3152.

27. Letunic,I. and Bork,P. (2021) Interactive tree of life (iTOL) v5: an
online tool for phylogenetic tree display and annotation. Nucleic
Acids Res., 49, W293–W296.

28. Edgar,R.C. (2004) MUSCLE: a multiple sequence alignment method
with reduced time and space complexity. BMC Bioinf., 5, 113.

29. Seemann,T. (2014) Prokka: rapid prokaryotic genome annotation.
Bioinformatics, 30, 2068–2069.

30. Payne,L.J., Todeschini,T.C., Wu,Y., Perry,B.J., Ronson,C.W.,
Fineran,P.C., Nobrega,F.L. and Jackson,S.A. (2021) Identification
and classification of antiviral defence systems in bacteria and archaea
with PADLOC reveals new system types. Nucleic Acids Res., 49,
10868–10878.
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