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ABSTRACT

CRISPR-Cas defense systems have been naturally
coopted for guide RNA-directed transposition by Tn7
family bacterial transposons. We find cyanobacte-
rial genomes are rich in Tn7-like elements, including
most of the known guide RNA-directed transposons,
the type V-K, I-B1, and I-B2 CRISPR-Cas based sys-
tems. We discovered and characterized an example
of a type I-D CRISPR-Cas system which was natu-
rally coopted for guide RNA-directed transposition.
Multiple novel adaptations were found specific to
the I-D subtype, including natural inactivation of the
Cas10 nuclease. The type I-D CRISPR-Cas transpo-
sition system showed flexibility in guide RNA length
requirements and could be engineered to function
with ribozyme-based self-processing guide RNAs re-
moving the requirement for Cas6 in the heterologous
system. The type I-D CRISPR-Cas transposon also
has naturally fused transposase proteins that are
functional for cut-and-paste transposition. Multiple
attributes of the type I-D system offer unique possi-
bilities for future work in gene editing. Our bioinfor-
matic analysis also revealed a broader understand-
ing of the evolution of Tn7-like elements. Extensive
swapping of targeting systems was identified among
Tn7-like elements in cyanobacteria and multiple ex-
amples of convergent evolution, including systems
targeting integration into genes required for natural
transformation.

GRAPHICAL ABSTRACT

INTRODUCTION

CRISPR-associated transposons (CASTs) are naturally oc-
curring mobile elements that offer exciting possibilities for
gene editing due to their capacity to direct a single cargo
DNA insertion at a guide RNA-programmed position in
one orientation (1). DNA cargo insertion by a transposition
mechanism circumvents the need for host DNA double-
strand break repair for integrating DNA cargo as found
with canonical CRISPR-Cas systems. All the CAST sys-
tems that have been characterized are Tn7-like systems with
a core set of transposition genes that coopted CRISPR-Cas
domain proteins from independent subtypes (2–5). Here, we
find that cyanobacteria are a reservoir of diverse Tn7-like
elements, including multiple examples of transposon tar-
geting systems formed by convergent evolution. Among the
new configurations of Tn7-like elements, we discovered and
characterized a new family of CAST elements formed by
the cooption of a type I-D CRISPR-Cas system.

Prototypic Tn7 and Tn7-like elements are defined by the
control they display over target site selection with two path-
ways, one targeting a conserved chromosomal site and a sec-
ond that preferentially targets mobile genetic elements facil-
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Table 1. Strains used in the study

Strain Genotype
Source,

reference

BW27783 F−, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, Δ(araH-araF)570(::FRT), ΔaraEp-532::FRT,
ϕPcp8-araE535, rph-1, Δ(rhaD-rhaB)568, hsdR514

(19)

BW20767 F−, RP4-2(Km::Tn7,Tc::Mu-1), �uidA3::pir+, leu-163::IS10, recA1, creC510, hsdR17, endA1, thi (20)
CW51 F−, ara−, arg-, Δ(lac-pro)XIII, nalR, rifR, recA56 (13)
PO677 BW27783 attTn7::miniTn7-miniMcCAST(KanR) This work
PO788 PO677 pOPO717 (McCAST Cascade operon and lacZ spacer 5 under arapBAD control), pOPO636

(TnsABCQ under lac control)
This work

PO619 BW27783 lacZ+ This work
PO704 BW20767 pOPO701(donor plasmid with mini-transposon of McCAST and an R6K origin of replication) This work

itating cell-to-cell transmission (6). Tn7 has a heteromeric
transposase formed by TnsA and TnsB. All Tn7-like ele-
ments possess an RNaseH family transposase TnsB that al-
lows breakage at the ends of the element and joining to a
new target DNA (7,8). Most possess a TnsA nuclease sub-
unit that cleaves the non-transferred strand allowing the
element to move by a cut-and-paste mechanism (9). One
of the hallmarks of these elements is transposase activity
is latent until it is signaled by the identification of a spe-
cial target DNA. Signaling between the transposase and
target site selecting proteins occurs via an AAA+ protein
called TnsC (10,11). In one Tn7 targeting pathway, trans-
position is directed into a single conserved attachment site
(att site or attTn7) in the chromosome downstream of the
essential glmS gene recognized using a TniQ-family pro-
tein, TnsD. In a second targeting pathway, Tn7 preferen-
tially activates transposition directed into mobile plasmids
by recognizing special replication features using a second
type of protein, TnsE (12,13). Diverse Tn7-like elements
have been identified that appear to use one or multiple
TniQ family proteins to establish dual targeting pathways
(1,2,14–16).

CRISPR-Cas systems have been captured by Tn7-like el-
ements on four separate occasions that have been function-
ally characterized in a heterologous host. The mechanism
used to recognize a fixed insertion site in the chromosome
versus sites on mobile elements capable of cell-to-cell trans-
fer differs across the CAST elements. Type I-B1 and I-B2
CAST manage two pathways with separate TniQ family
proteins, a TnsD-like protein for targeting a fixed chromo-
somal attachment (att) site and a second smaller TniQ for
interfacing with a coopted CRISPR-Cas system (1,2). A
similar configuration with two TniQ proteins is found with
a branch of the type I-F3 CAST elements (5), which was
also shown to function in a heterologous host as two path-
ways (17). Alternatively, type V-K CAST and most type I-
F3 CAST elements only have one TniQ, which associates
with the CRISPR effector, and instead use specialized types
of guide RNAs to allow for two transposition pathways
(2,5,18).

We find that cyanobacterial genomes are rich in diverse
Tn7-like elements showing multiple examples of convergent
evolution for target site selection pathways. In addition to
having three of the four proven CAST systems, we discover
cooption in cyanobacteria of the type I-D CRISPR-Cas
system. Similar to previous examples, cooption occurred
with loss of spacer acquisition function, but specific to I-
D style systems, cooption required both natural inactiva-

tion of Cas10d nuclease activity and loss of the central he-
licase Cas3’ normally used for target degradation. Char-
acterization of the type I-D CAST from Myxacorys cali-
fornica WJT36-NPBG1 reveals cut and paste transposition
with naturally fused TnsA and TnsB proteins and indicates
a new mechanism of cooption, not involving the Cas6 mech-
anism found essential with the type I-F3 elements. Among
the novel features of the I-D CAST system is the capac-
ity to use variable length guide RNAs which we show are
amenable to guide auto-maturation via ribozymes allowing
independence from the steps normally required from Cas6
in most other type I CRISPR-Cas systems. Our bioinfor-
matic analysis also revealed a broader understanding of the
evolution of Tn7-like elements, including multiple new ex-
amples of convergent evolution, which we show predomi-
nate in Tn7-like elements.

MATERIALS AND METHODS

Growth conditions

Escherichia coli strains (Table 1) were grown in lysogeny
broth (LB) or on LB agar supplemented with the follow-
ing concentrations of antibiotics when appropriate: 100
�g/ml carbenicillin, 10 �g/ml gentamicin, 30 �g/ml chlo-
ramphenicol, 8 �g/ml tetracycline, 50 �g/ml kanamycin, 50
�g/ml spectinomycin, 20 �g/ml nalidixic acid, 100 �g/ml
rifampicin, 50 �g/ml X-gal.

Strain and plasmid construction

Strain PO677 was constructed with a mini McCAST el-
ement in the chromosome at the neutral attTn7 position
within a mini Tn7 element as described previously (5,21).
A Lac+ derivative of BW27783, PO619, was constructed
by using P1 transduction to move the wild type lac allele
from wild type E. coli K-12 (CGSC#: 4401) (22). Strain
PO704 was used for delivery of a conditional replicon and
oriT (RP4) containing pOPO701 vector with the mini Mc-
CAST element from the Pir+ donor strain BW20767 which
encodes the RP4 conjugation machinery (20). Standard
molecular cloning techniques were used to make the vec-
tors described in supplementary Table S2 according to the
vendor instructions. The biomass of Myxacorys califor-
nica WJT36-NPBG1 was kindly donated by Dr. Nicole
Pietrasiak. The genomic DNA was extracted with DNeasy
PowerLyzer Microbial Kit (QIAGEN) as described before
(23).
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Table 2. Oligonucleotide primers used in this work

Name Primer and description Sequence

JEP2257 Amplify left end junction 5′-CCGCGCTGTACTGGAGGCTGAAGTT-3′
JEP2901 Amplify left end junction 5′-TTGGTCTCTTCAGCTCCTCATGTAAAAGTGTCTTCAAA-3′
JEP1597 Amplify right end junction 5′-CAGCGACCAGATGATCAC-3′
JEP2903 Amplify right end junction 5′-TTGGTCTCTCCAATTACCAGCACCATGATCTTTATAA-3′
JEP3375 Making PAM library 5′-GTTGCTCTTCAAGAGTTGCCCGGCGCTCT

CCGGCTGCCCGGCTTCCATTCAGGTCGAG-3′
JEP3376 Making PAM library 5′-GTTGCTCTTCATCTGGCTCACAGTACGCG

TAGTGCNNNNTGCAGAATCCCTGCTTCGT-3′

Bioinformatics

Annotated protein fasta files, genomic sequences, and fea-
ture tables of cyanobacteria were downloaded from Na-
tional Center for Biotechnology Information (NCBI) FTP
site. In total, there were 2,163 genomes for analysis. Profile
HMMs associated with TnsA (PF08722, PF08721), TnsB
(PF00665), TnsC (PF11426, PF05621), TniQ (PF06527)
downloaded from the European Bioinformatics Institute
(EMBL-EBI) Pfam database, were used for detecting ho-
mologs with hmmsearch (HMMER3). Candidate proteins
were grouped into tnsBC operons, and each operon was
then grouped with its neighboring tnsA and tnsQ into one
transposon functional unit. The tnsA and tniQ adjacent to
more than one tnsBC operon are allocated to the closest
one. Only those with at least one tnsA or tnsQ are collected.
The dataset of Tn7-like elements with TnsAB fusion gener-
ated during this study is available in Supplementary Table
S1. The TnsB and TniQ proteins were aligned with MUS-
CLE (24). Similarity trees were made with FastTree using
WAG evolutionary model and the discrete gamma model
with 20 rate categories as previously described (1). The vi-
sualization of the trees and coloring was done with iTOL
(Interactive Tree Of Life) (25).

Mate-out transposition assay

The frequency of transposition was monitored in a large
pool of independent transformants, as described previously
(5). Briefly, vectors encoding the core transposase genes
(TnsABCQ/TnsABC with lactose induction) and target se-
lection genes (Cascade operon, crRNA/TnsD with arabi-
nose induction) were co-transformed into cells (BW27783
background) carrying an F plasmid derivative with the tar-
get sequence and the mini-McCAST element (Kanamycin
resistance gene flanked by left and right McCAST transpo-
son ends) on a donor plasmid. Plates were grown overnight,
and hundreds of transformants were washed off the plate
in LB media, pelleted, washed twice with M9 minimal me-
dia, and finally resuspended to O.D. 0.6 in M9 minimal me-
dia supplemented with 0.2% w/v maltose, required antibi-
otics, 0.2% w/v arabinose, and 0.1 mM IPTG for induction.
After 18 h of incubation with shaking at 30◦C, 0.5 ml of
the donor cells was spun down, washed twice with LB, and
resuspended into 0.5 ml LB supplemented with 0.2% w/v
glucose for recovery with shaking at 37◦C for 30 min. To
monitor transposition from the donor plasmid into the F
plasmid target, donor cells were then mixed with mid-log
recipient cells (CW51) in LB supplemented with 0.2% w/v
glucose at a ratio of 1:5 donor:recipient and incubated with

gentle agitation for 90 minutes at 37◦C to allow mating. Af-
ter incubation, cultures were vortexed, placed on ice, then
serially diluted in LB 0.2% w/v glucose and plated on LB
supplemented with required antibiotics for selecting CW51
recipient cells for transconjugants 20 �g/ml nalidixic acid,
100 �g/ml rifampicin, 50 �g/ml spectinomycin, 50 �g/ml
X-gal, with or without 50 �g/ml kanamycin to sample the
entire transconjugant population or select for transposition
respectively. Plates were incubated at 37◦C for 24 h before
colonies were counted. For testing the effects of express-
ing additional Cas11d and Cas7d, pOPO808 or empty vec-
tor control pBBR-GenR-ara was co-transformed with the
other transposition gene expression vectors, with 10 �g/ml
gentamycin supplemented into LB agar and induction M9
minimal media in the following step.

Mapping insertions

To confirm the target site duplication expected with trans-
position, transposon junctions from insertions in the
lacZ gene (guided by lacZ spacer 1) were amplified by
colony PCR with primer pairs JEP2257 + JEP2901 and
JEP1597 + JEP2903 (Table 2) and subjected to Sanger
DNA sequencing. Illumina sequencing was used to map
the total insertions from F plasmids from transconjugants.
Transconjugants were collected, and F plasmid DNA was
isolated using the ZR BAC DNA Miniprep Kit. Inser-
tions were mapped with BBtools (BBMap – Bushnell B. –
sourceforge.net/projects/bbmap/).

PAM screening

A PAM library was constructed by PCR amplification of
plasmid pBBR-GenR with JEP3375 + JEP3376, subse-
quent digestion with SapI and self-ligation. The plasmid
PAM library was transformed into DH5�, pooled, and
plasmid isolated for PAM screening. To screen PAM pref-
erence, the PAM library was electroporated into the PO788
(BW27783 with vectors carrying the transposition genes)
and plated on LB agar supplemented with the appropriate
antibiotics, and 0.1mM IPTG, and 0.2% w/v arabinose for
induction. After 17 h of incubation at 37◦C, the colonies
were scrapped from the plates, and the plasmids extracted
then retransformed into DH5� with electroporation for se-
lecting those with insertions on LB agar supplemented with
50 �g/ml kanamycin and 10 �g/ml gentamycin. Each step
of the process was repeated to ensure a library coverage
greater than 80X. The plasmids with transposon insertions
and the original PAM library were sent to Illumina sequenc-
ing for comparing their PAM compositions.
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Testing the TnsA activity with mate-in transposition assay

To monitor whether the TnsAB fusion protein of Mc-
CAST moves by cut-and-paste transposition or forms coin-
tegrates, we monitored vector backbone integration ge-
netically following a mate-in transposition assay with an
appropriate control. Briefly, a donor plasmid carrying a
mini-McCAST element and TetR marker on its backbone
(pOPO701) was delivered by conjugation into recipient cells
where the donor plasmid cannot replicate. Transposition
by simple insertion or cointegrate formation could be as-
sessed by monitoring whether the backbone TetR marker
was retained after transposition in recipient cells. The re-
cipient strain PO619 (Escherichia coli BW27783 lacZ+)
was freshly transformed with vectors carrying transposi-
tion genes. Overnight cultures of the transformed recipi-
ent strain were diluted 50 times into induction media (LB,
0.1mM IPTG, 0.2% (w/v) arabinose, required antibiotics),
and grown to mid-log phase. In parallel, an overnight
culture of the donor strain PO704 (BW20767 carrying
pOPO701) was diluted 25 times into LB with appropriate
antibiotics and grown to mid-log phase. The cultures of
donor and recipient strains were spun down, washed with
LB twice, and resuspended to O.D.600 = 10. The donor was
then mixed with recipients in a ratio 1:5, 20 �l of each mix-
ture was spotted on LB plate supplemented with 0.1 mM
IPTG and 0.2% (w/v) arabinose. Conjugal mating was con-
ducted at 30◦C for 2 h. After mating, each spot was washed
up with 3 ml LB medium, serial diluted, and plated on
LB plates supplemented with appropriate antibiotics and
X-gal. One hundred fifty white colonies (presumably on-
lacZ transposition) were purified onto a fresh plate, then
streaked on LB agar supplemented with tetracycline to test
for cointegration of donor plasmid backbone. As a control,
the experiment was repeated with different combinations of
vectors carrying transposition genes (TnsABC + TniQ with
or without a TnsA active site mutation, Cascade operon
with and without target spacer) transformed into the recip-
ient strain as described in the text.

Quantification and statistical analysis

Statistical details are listed in figure legends. When stated,
experiments were performed with three biological replicates
(n = 3).

RESULTS

Diverse configurations of Tn7-like elements are found in
cyanobacteria

We surveyed 2,163 annotated cyanobacterial genomes on
NCBI for Tn7-like transposons, defined as transposons
with TnsB and TnsC and encoding either TnsA or TniQ
family proteins, and found >800 Tn7-like transposons. Sim-
ilarity trees of TnsB and TniQ subdivided candidate Tn7-
like elements based on basic transposase architecture, ele-
ments without TnsA (i.e. only the TnsB transposase in ad-
dition to TnsC and TniQ), elements with separate TnsA
and TnsB transposase proteins, or derivatives with TnsA
and TnsB fused as the transposase (Supplementary Table
S1)(Figure 1A, B). Different types of CAST elements are

found across all three branches of transposons and distin-
guished by transposase architecture. The clade that lacked
a tnsA gene is predominated by type V-K CAST systems,
elements with a separate tnsA gene include type I-B1 CAST
elements, and the clade with the tnsAB fused transposase
includes type I-B2 CAST elements (1,2,15,18). It is unclear
why so much of the known CAST diversity is found in
cyanobacteria, but further examination here indicates addi-
tional novelty not realized in the previously published stud-
ies (see below).

To better understand TniQ diversity and CAST path-
way acquisition, we primarily focus on the clade with the
fused TnsAB transposase in this study (Figure 1C). Most
transposons in the TnsAB clade found in tRNA attach-
ment sites that based on similarity trees are likely recog-
nized by a TnsD-like protein with an N-terminal TniQ do-
main (PF06527) and a C-terminal DNA binding domain
(Figure 1C). These elements often also encoded a second
TniQ protein. Based on the known behavior of Tn7-like
elements to typically have a second pathway that targets
mobile plasmids, we examined the TniQ branch positions
in elements encoding two TniQ proteins. We hypothesized
that if the TnsD-like protein is for targeting transposition
into the tRNA gene attachment site, the second TniQ en-
coded in the element is likely adapted for a targeting path-
way facilitating the horizontal transfer of the element. This
analysis revealed six prominent TniQ branches as putatively
adapted as an alternative targeting pathway based on form-
ing independently branching phylogenetic groups (Marked
with black, green, and red bars in Figure 1C) (See discus-
sion). Two of the TniQ branches identified using this anal-
ysis consisted of proteins lacking C-terminal DNA binding
domains, a feature common among known CAST systems
(marked with green and red bars in Figure 1C). One such
branch includes the recently validated type I-B2 CRISPR-
coopting TniQ (2) (green bar in Figure 1C); however, a sec-
ond branch within this group of tRNA targeting elements
was a group with a distinct branch of small TniQ family
proteins (red bar in Figure 1C). Of further interest, instead
of possessing a type I-B2 CRISPR-Cas system, this small
group associated with type I-D CRISPR-Cas systems sug-
gests a new example of CRISPR-Cas cooption. The type I-
D CRISPR-Cas associated transposons are closely related
to type I-B2 PmcCAST in the core Tns proteins (∼48%
a.a. sequence identity of concatenated TnsABCD). Multi-
ple features of the associated type I-D CRISPR-Cas sug-
gested that the system had been coopted for RNA-guided
transposition.

Canonical type I-D CRISPR-Cas systems shares fea-
tures common to both type I and type III CRISPR sys-
tems (26–29). Like other type I CRISPR-Cas systems, I-
D systems have the signature Cas3 protein, but the Cas3
functional domains are separated in these systems as the
Cas3′ protein and a Cas3′′ functional domain is part of the
Cas10 protein (30). Cas3′ contains the helicase domain for
unwinding dsDNA allowing processive cleavage over long
distances. The Cas3′′ HD nuclease domain is part of the
large subunit Cas10 protein, a protein typically associated
with type III CRISPR-Cas systems. In addition, the Cas7
of type I-D CRISPR has a separate nuclease activity, en-
abling its Cascade complex to cut the target ssDNA strand
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Figure 1. Bioinformatic analysis reveals a novel family of CAST. (A) TnsB similarity tree of Tn7-like transposons in cyanobacteria. (B) TniQ similarity tree
of Tn7-like transposons in cyanobacteria. (C) TniQ similarity tree of Tn7-like transposons with TnsAB fusion in cyanobacteria. The dashed line separates
the tree into two parts, the top is mostly large TniQ (>450 a.a.), and the lower half is mostly small TniQ (<350 a.a.). TniQ proteins encoded in the same
transposon are connected with curved lines. The tRNA-targeting TnsD are indicated in blue with the specific tRNA indicated, tRNA-Leu* contains a
group I intron. The type I-B1 CAST TniQ are indicated in green and type I-D CAST TniQ are indicated in red. The TniQ proteins of PmcCAST are
marked with a green asterisk. Another four prominent tRNA-targeting TnsD-associated secondary TniQ groups are marked with black bars. (D) The gene
configuration of four putative type I-D CAST are indicated, cargo genes are not shown for simplicity. Dashed outline means the transposon end cannot
be found or the gene is a pseudogene. L: transposon left end; R: transposon right end.
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at 6nt intervals, much like how type III CRISPR-Cas Cas-
cade cut target RNA (26). Examining the architecture of
the transposon-associated type I-D systems indicated they
lack the cas3′ gene required for processive DNA cleavage
found in canonical type I-D systems (Figure 1D and Sup-
plementary Figure S1A, B), reminiscent of the loss of Cas3
in type I-F3 systems (Supplementary Figure S1A, B) (1).
In addition, the transposon associated type I-D CRISPR
systems maintain short CRISPR arrays and lack the spacer
acquisition genes cas1, 2, 4 found in the canonical I-D sys-
tem (31,32), which are convergent features shared by all
known CAST families (Supplementary Figure S1A). In-
terestingly, closer examination of the Cas10d HD nucle-
ase domain in the transposons reveals a change from the
conserved HD residue that is normally required to coor-
dinate a metal essential for nuclease activity (Supplemen-
tary Figure S1A–C), whose importance was confirmed ex-
perimentally and structurally (29,33). This loss of active-site
residues is reminiscent of nuclease-inactivating mutations in
the Cas12k proteins in the type V-K CAST systems (15). All
observed features strongly support these transposons repre-
sent a novel family of CAST.

McCAST is a type I-D CRISPR-guided transposon

We selected the type I-D CAST from Myxacorys califor-
nica WJT36-NPBG1 (McCAST) for experimental valida-
tion in a heterologous E. coli host. McCAST is the only
type I-D CAST where both ends of the element could be
identified along with the characteristic target site duplica-
tion indicating transposition was used for the integration
of the element. Additionally, all the CRISPR-associated
and transposition genes were present and are not pseudo-
genes in this element (Figure 1D). As in previous validation
work, RNA-guided transposition was tested in the heterol-
ogous E. coli host using a mate-out assay (5). In our as-
say, a mini-McCAST transposon with the cis-acting trans-
poson ends flanking an antibiotic resistance determinant
was situated on a donor plasmid and a lacZ gene main-
tained on an F plasmid derivative as a transposition tar-
get (Figure 2A). The cas and transposase genes were ex-
pressed from separate plasmids. The native single spacer
array downstream of the cas operon was replaced with re-
striction sites for cloning and expressing candidate spacers.
A spacer targeting the F plasmid-encoded lacZ gene was
used for the transposition assay, and we used a GTT proto-
spacer adjacent motif (PAM) known to be favored in many
type I-D CRISPR systems (28,29,32,34). After inducing ex-
pression of the system, RNA-guided transposition events
were detected and quantified by using conjugation to trans-
fer F plasmids into a tester strain. Transposition assays in-
dicated that the McCAST type I-D CRISPR-Cas was ca-
pable of guide RNA programmable transposition (Figure
2B). RNA-guided transposition only occurs when the lacZ
targeting spacer and the Cascade and TnsABCQ proteins
are expressed. In the assay, on-target and off-target trans-
position events are roughly estimated with LacZ activity
(i.e. blue/white screen with X-Gal). Greater than 99% of
the insertions render the F-plasmid LacZ− indicating a high
level of guide RNA targeting. RNA-guided transposition

was further verified by Sanger sequencing, showing the 5bp
target site duplication at the transposon ends (Figure 2B).
NGS mapping of F plasmids targets showed that the in-
sertions are concentrated 75 ± 6 bp downstream from the
GTT PAM. Deep sequencing also allowed us to visualize a
small fraction of insertions trailing downstream from the
preferred site, something not observed with other CAST
subtypes. Consistent with other Tn7-related transposons,
insertion events also show the expected orientation bias,
with >99% of insertions having transposon left end adja-
cent to the target sites.

The second, larger TniQ (TnsD) was predicted to tar-
get transposition into the tRNA-Leu attachment site in
M. californica WJT36-NPBG1 based on the informatics
analysis presented above. To confirm this prediction, we
constructed a target F-plasmid carrying a tRNA-Leu gene
from M. californica WJT36-NPBG1 and a vector carry-
ing the tnsD gene. We found that the TnsD protein can in-
deed direct insertions downstream of the tRNA-Leu gene
at the position found natively in the M. californica genome
(Figure 2C). This pathway requires only TnsABC and
TnsD, consistent with a previous study on the PmcCAST
tRNA targeting pathway (2). Similar to PmcCAST, we
found that the expression of TniQ reduces the efficiency
of the tRNA-targeting pathway, indicating the two TniQ
family proteins may interfere with each other (2). Com-
pared to the RNA-guided transposition events, the TnsD-
guided insertions are more precise; almost all insertions
are at 29 ± 1 bp after the target tRNA-Leu, similar to
PmcCAST.

The type I-D McCAST system shows features of other
guide RNA-directed transposition systems. As found with
both canonical and CAST CRISPR-Cas systems, activity
can vary between protospacers, even when they all contain
the correct PAM. Transposition rates varied greatly when
eight spacers in lacZ were randomly selected and tested, all
with the predicted GTT PAM (Supplementary Figure S2A).
These differences cannot be explained by which strand of
DNA was targeted (Supplementary Figure S2A). The dis-
tribution of insertions fell within the range of 75 ± 6 bp
downstream of the start of GTT PAM and almost all in
a single orientation (Supplementary Figure S2B). The ex-
periment confirmed the programmability of McCAST, even
though the efficiencies are highly guide RNA-dependent.

To explore any differences from other CAST systems
and canonical I-D CRISPR-Cas systems, we also examined
mismatch tolerance. Previous structural work with type I
systems indicates that every sixth position in the R-loop
is flipped out and does not contribute to the specificity
of the protospacer (35–38). Consistent with this idea, we
found that a spacer with mismatches at every sixth posi-
tion showed no reduction in transposition efficiency (Sup-
plementary Figure S2C). Mismatches were not tolerated in
the seed region and seed proximal region of the spacer. Con-
secutive 5 bp mismatches at any of the seed-proximal five
Cas7 binding sites impairs transposition as much as the
scrambled spacer control. Only mismatches at the most dis-
tal region where the most distal Cas7 is expected (31–35
bp) showed substantial transposition compared to controls
(Supplementary Figure S2C).
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The type I-D McCAST element shows the PAM preference
found with canonical I-D elements

Canonical I-F1 systems strongly prefer a CC PAM, while di-
verse type I-F3 CAST show high levels of PAM promiscuity
(17,39) and in one case, an element (Tn7479) lacks any PAM
requirement (39). To get more information on the sequence
requirements of the type I-D CAST system, we monitored
transposition frequency and targeting when we tiled crRNA
downstream relative to lacZ spacer 2. The tiling spacer ex-
periment showed that most spacers with non-GTN PAM on
their targets allow low but detectable levels of guide RNA-
directed transposition (Figure 3A). We conducted a PAM
screen to investigate the PAM requirement of the type I-
D McCAST system. A PAM library was made on a tar-
get plasmid with the most efficient protospacer we identi-
fied and used as a transposition target in vivo (Supplemen-
tary Figure S2A). Plasmids in the library with preferred
PAMs should be over-represented as targets in a popula-
tion of cells capable of McCAST transposition, and anti-
PAMs should be underrepresented following deep sequenc-
ing of the population. PAM enrichment is measured by
comparing the sequencing results of the PAM library be-
fore and after the screen. The type I-D McCAST showed
no clear nucleotide preference at –4 position, while there
was a clear G/T, T, T bias across the –3 through –1 po-
sitions (Figure 3B). There were clear sequences that were
also biased against, suggesting anti-PAMs exist in the type
I-D CAST system (Figure 3B). By plotting the normalized
relative abundances of PAM sequences after screening as a
swarm plot, the PAM requirement of McCAST aligns with
the general GTN PAM of type I-D CRISPR systems, but
in addition to GTN, TTN are also among the top perform-
ing PAMs (Figure 3C). In contrast, the NAN PAMs are all
disfavored by McCAST; considering the type I-D CRISPR
repeat also has an A at its –2 position, it can serve as an anti-
PAM signal to reduce self-targeting. Direct testing of se-
lected PAMs in the mate-out transposition assay confirmed
the PAM screening results. Although our study revealed
an unusual preference toward TTN PAM and showed that
some other PAMs can support a modest level of transposi-
tion (Figure 3B, C), McCAST does not have PAM promis-
cuity as observed in many type I-F3 CAST elements (17,40).

Extended spacers are functional for type I-D McCAST trans-
position

The CRISPR surveillance complexes of Class I CRISPR
systems comprise multiple proteins and a crRNA;
oligomerization of Cas7 family proteins on the RNA scaf-
fold forms the backbone, while other proteins cap the ends.
In many type I CRISPR-Cascades, Cas11 (small subunit)
forms part of the complex on the guide RNA along with the
Cas7 filament, similar to type III CRISPR-Cascades (41).
In type I-A, I-E, the small subunit is encoded in a separate
gene (41,42); while in type I-B, I-C, I-D, the small subunit
is encoded within the large subunit gene (Cas8/Cas10)
(28) (Supplementary Figure S3A). Many type I CRISPR-
Cas systems can accommodate non-standard length
spacers with changes in the oligomeric state of Cas7. For
examples, the type I-E CRISPR-Cas from E. coli, the type
I-Fv2 CRISPR-Cas from Shewanella putrefaciens CN-32,

and the type I-F1 CRISPR-Cas from Aggregatibacter acti-
nomycetemcomitans D7S-1 are all functional with extended
spacers (43–45). Previous work on type I-F3 CAST Tn6677
found that shortening or extending a spacer greatly reduces
the activity of RNA-guided transposition (4).

We tested for changes in functionality with changes in
guide RNA length in the type I-D McCAST system. While
shortening the spacer by 12 bp greatly diminished trans-
position, extended spacers were functional and generally
showed a higher frequency of transposition (Figure 4, Sup-
plementary Figure S4). Mapping insertions using NGS re-
vealed that with the extended spacers, the resulting transpo-
sition events shift further downstream. Interestingly, while
a portion of the transposition events could be shifted to
increasing distances from the PAM with longer spacers, a
prominent hotspot of insertions was fixed at ∼75 bp from
the PAM. Longer guides revealed additional hotspots at
∼100 and ∼135 bp with this spacer. One possible expla-
nation is that the crRNA of type I-D CRISPR-Cas may
be a mixed population with different lengths. A heteroge-
neous mix of type I-D CRISPR crRNAs was found when
transcripts from a native host were examined with high-
throughput transcriptome analysis; the less abundant tran-
scripts differ in length by about 6 nt intervals, suggesting the
trimming and natural variation in the number of Cas7 (46).
Recent structural studies on purified type I-D Cascade also
observed the heterogeneity of the length of Cas7 filament
(28,29). The pre-crRNA in type I and type III CRISPR-
Cas systems is processed from the transcript by a Cas6 fam-
ily endonuclease (Cas5 for type I-C) into functional guide
RNAs. In some CRISPR-Cas families (type I-C, I-E, I-F),
the nuclease remains part of the Cascade complexes. How-
ever, in other CRISPR-Cas subtypes, the Cas6 endonucle-
ase dissociates (type III, I-A, I-B), and the crRNA is fur-
ther processed at the 3′-end by an unresolved factor such as
a host nuclease(s) (47), usually resulting in a heterogeneous
population of crRNAs. Previous work showed the impor-
tance of the Cas11 subunit encoded withing the Cas10 gene
(28). We overexpressed the Cas7 and Cas11 proteins (see
Materials and methods) under the hypothesis that more of
these proteins could be needed with extended spacer to coat
the longer guide RNAs, but overexpression of these compo-
nents modestly reduced the frequency of transposition and
did not alter the distribution of insertions (Supplementary
Figure S3).

Extended spacers were also tested for their mismatch tol-
erance at the PAM distal extension. For CRISPR-Cas that
were shown to be able to accommodate extended spac-
ers, the type I-E CRISPR-Cas from E. coli was found
to be susceptible to mismatches at the extension (43); on
the contrary, the type I-F CRISPR-Cas from A. actino-
mycetemcomitans D7S-1 was found to be functional as long
as its Cascade can form R-loop longer than 32 bp start-
ing from 5′-end of spacer (45). An intermediate pheno-
type was found when we examined the type I-D McCAST
system (Figure 4B, Supplementary Figure S4). The results
differed slightly depending on the initial activity of the
spacer chosen. Generally, increasing the length of the mis-
matched segment at the distal end modestly reduced trans-
position. Nonetheless, extended spacers are functional in
McCAST.
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Figure 3. PAM preference of McCAST. (A) Spacers are tiled along lacZ gene in a 1-bp increment from lacZ spacer 2. The transposition efficiency of each
spacer is determined with the mate-out assay. The three nucleotide PAM of each spacer is labeled. Data is shown as mean + SD. The off-lacZ transposition
rates are too low to be visible in the bar chart. The position of each tiled spacer is illustrated below; green bars indicate protospacers, and orange bars
indicate PAM. (B) The PAM screening process is illustrated on the left. The enrichment of PAM is determined with deep sequencing the library before
and after selection, log2 scale enrichment of nucleotides at each position is shown on the right. (C) The relative abundance of PAMs normalized by the
most abundant PAM are plotted on a swarm plot on the left. The PAMs with different nucleotides at the -4 position showed no clear preference at the
position. To confirm the PAM screening results, eight different F plasmids carrying a lacZ fragment with different PAMs were constructed and tested
for transposition efficiency with the mate-out assay with results indicated in the bar graph. Data are shown as mean + SD. The off-target rates are not
measured in this experiment.

The type I-D McCAST system can be engineered for simpli-
fied guide RNA maturation and independence from Cas6

Studies suggest that the Cas6 endonuclease may not be
functionally essential in canonical type I-D CRISPR-Cas
effectors. For example, the type I-D CRISPR-Cas from Sul-
folobus islandicus LAL14/1 was shown to be functional in
vitro without Cas6. Moreover, type I-D crRNAs extracted
from S. islandicus LAL14/1 and Synechocystis sp. PCC6803
were truncated at the 3′-end, no longer maintaining the re-
peat sequence required for Cas6 binding (26,46). However,
type I-D Cascade from Synechocystis sp. PCC6803 when ex-
pressed in E. coli showed Cas6 co-purified with full-length
crRNA with the same stoichiometry as the complex (28).

As the first test for Cas6d dispensability for guide RNA-
directed transposition in the I-D McCAST system, we re-

moved the downstream repeat normally required for Cas6d
processing and binding at the 3′ end of the guide RNA
complex. Removing the 3′ repeat drastically reduced trans-
position, but on-target transposition events were still de-
tected, implying Cas6d activity was not essential (Figure
5A). Constructs with an extended spacer did not compen-
sate for the loss of Cas6d processing (Figure 5A). To di-
rectly test if Cas6d was an essential component of the ef-
fector complex involved in type I-D McCAST transposi-
tion, we deleted cas6 gene and set up a ribozyme-catalyzed
system for guide RNA production. In this synthetic con-
struct, a constitutive heterologous J23119 promoter drives
the expression of a guide RNA that functions as a self-
processed ribozyme guide ribozyme (RGR) construct (Fig-
ure 5B). The RGR construct was initially developed to over-
come the limitations of gRNA processing in non-native set-
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tings. Processing occurs via hammerhead and the hepatitis
delta virus (HDV) ribozymes self-cleaving at the 5′ and 3′ of
crRNA, respectively, thereby removing the need for native
Cas6 processing activity (48). This construct allowed us to
directly test Cas6d dependence and provided another mech-
anism of altering the length of guide RNAs. Guide RNAs
produced in the systems were functional for guide RNA-
directed transposition in the absence of Cas6d, while the
same spacer cannot guide transposition without Cas6d in
the context of a normal array (Figure 5C). Transposition
rates varied with guide RNA length with the auto-processed
RGR construct (Figure 5D), but the same general profile
of insertions was found with the Cas6-processed and auto-

processed RGR constructs (Figure 5E). Guides engineered
to be +60 in length showed the same hotspot as the 35 base
spacer, although a portion of the insertions extended from
the hotspot with the extended construct (Figure 5E). While
these results confirm that Cas6d is not essential for guide
RNA-directed transposition with the type I-D CAST sys-
tem, we cannot rule out a contributory role for Cas6 beyond
processing. Optimization will need to be explored to allow
the auto-processed system to match the frequency of trans-
position found with the native system. Guide RNA flexibil-
ity will be a promising parameter to explore in future work
adapting this CAST system to heterologous hosts across all
three domains (see Discussion).
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The type I-D McCAST element moves by cut-and-paste
transposition and has regulatory characteristics similar to
other CAST systems

The entire tRNA-targeting branch where the McCAST and
PmcCAST elements belong have TnsA and TnsB as a single
polypeptide (Figure 1). In spite of having the TnsA nucle-
ase domain, in a previous study, PmcCAST was found to
form cointegrates at roughly the rate as found with TnsA-
free type V-K CAST, suggesting its TnsAB fusion protein
lacked the expected TnsA nuclease activity (2). To inves-
tigate the TnsA activity of McCAST, which is a close rel-
ative of PmcCAST (TnsAB a.a. identity 54%), we devel-
oped a transposition assay to measure the cointegrate rate
with McCAST transposition. The assay utilizes a mate-in
strategy to deliver a conditional donor plasmid into host
cells where plasmid replication is not maintained. The use
of the mate-in assay with a conditional plasmid helps guard
against potential toxicity that could result from integrating
a second origin of DNA replication into the chromosome,
something that could favor confounding RecA-mediated
cointegrate resolution. As in the mate-out transposition as-
says described above, transposition of the mini-McCAST
element was directed to protospacers in the lacZ locus to
estimate successful guide RNA-targeted transposition on
agar selection plates containing X-Gal. Targeted transposi-
tion required the lacZ spacer in the assay (Figure 6A). The
incidence of cointegrates could be monitored phenotypi-
cally because the conditional vector backbone used in this
assay encoded resistance to tetracycline (TetR). On-target
transposition events in the lacZ gene (white colonies on X-
gal) were screened for TetR which indicated that none of the
transposition events with the type I-D CAST system were
cointegrates (0/150) (Figure 6A). As a control for the assay,
we also tested an active site mutant predicted to inactive the
nuclease activity in the TnsA active site and result in coin-
tegrates (9). In the TnsAB(D106A) mutant, nearly all the
transposition events were stable cointegrates (149/150), in-
dicating these could be readily detected in the assay when
present (Figure 6A). These experiments indicate that the
TnsAB fusion found in the McCAST element has a func-
tional TnsA nuclease activity catalyzing transposition via a
cut-and-paste mechanism in the heterologous E. coli host.

The core machinery of Tn7-like transposons is composed
of a transposase TnsB and an AAA+ ATPase regulator
protein, TnsC. TnsC forms the functional connection be-
tween the transposase and the target site selection proteins,
playing roles in transposase activation and target immunity
(49,50). Recent structural studies showed that in the type
V-K ShCAST system TnsC directly interacts with target se-
lection protein TniQ, and its ATPase activity is essential for
transposition (11). In prototypic Tn7, ATPase activity of
TnsC is also required for targeted transposition. While mu-
tating the TnsC Walker B motif in type I-F3 CAST and V-K
CAST systems abolishes transposition (4,11), inactivating
Tn7 TnsC ATPase by mutating its Walker B motif resulted
in unregulated random transposition (10). We tested differ-
ent Walker B mutations of McCAST TnsC and found that
the predicted loss of ATPase activity impairs both RNA-
guided and TnsD-guided transposition pathways (Figure
6B). It is unclear what accounts for the different effects of

Walker B mutations across Tn7 family elements, but it may
suggest different recruitment mechanisms have evolved for
signaling successful target site capture to the transposase.

The TGT/ACA end sequence is not universally conserved in
Tn7-like transposons

The ends of Tn7-like family transposons have multiple
TnsB binding sites set in an asymmetric arrangement that
allows control over insertion orientation (51). The distri-
bution of TnsAB binding sites differed from most other
Tn7-like element families; TnsAB binding sites are found
in both orientations in the left end instead of a single ori-
entation as found in other elements (Figure 6C). Most
Tn7-like transposons experimentally investigated thus far
are bounded by 5′-TGT/ACA-3′. McCAST, however, is
bounded by 5′-TAC/GTA-3′. Changing the McCAST ends
to 5′-TGT/ACA-3′ had a modest effect on transposition
frequency and showed no increase in off-site targeting out-
side lacZ (Supplementary Figure S5A), consistent with the
idea that the end sequence requirement is not as strict as
originally assumed (1,16). Examples of type I-F3 CASTs
that are bounded by 5′-TGA/TCA-3′ were also recently
found to be functional in E. coli (17). With these ob-
servations, we searched the transposon ends of Tn7-like
transposons with tnsAB fusion and identifiable target-site-
duplication in cyanobacteria with loosened criteria and
found that almost 20% of transposons do not have 5′-
TGT/ACA-3′ ends (Supplementary Figure S5B). Although
the mechanism behind the conserveness of 5′-TGT/ACA-3′
is yet to be understood, the 5′-TGT/ACA-3′ is not univer-
sally conserved.

Extensive targeting flexibility and evidence of convergent evo-
lution with Tn7-like elements in cyanobacteria

The Cas-coopting TniQ of type I-B2 and I-D CAST sys-
tems form their own phylogenetic clades indicating a sin-
gle origin for each of these groups (Figure 1C, marked with
green and red bars) (1,2). However, within the TnsAB el-
ements examined in this study, we find that type I-B2 and
type I-D CAST do not cluster into distinct branches but
scatter across branches of the TnsAB similarity tree (Fig-
ure 7A). This indicates that there are horizontal exchanges
of type I-B2 and I-D systems between elements. Within the
TnsAB Tn7-like elements, we also found Tn5469, an ele-
ment previously identified as a spontaneous insertion muta-
gen in cyanobacteria (52). The Tn7-like Tn5469 element has
no cargo and only one TniQ and was identified in a screen
for spontaneous inactivation of a gene (53), consistent with
the idea that the element inserts without targeting an at-
tachment site of a specific DNA sequence. The even simpler
Tn5541 Tn7-like element with a TnsAB fusion and TnsC
but lacking TniQ and cargo also likely lacks dual target-
ing pathway choice. Interestingly, the Tn5541 branch of el-
ements has an extra extension at the C-terminal of its TnsC
and only appears to be on plasmids in the sequenced rep-
resentatives suggesting a novel type of targeting preference
may be found with these elements found in cyanobacteria.
Further work will be needed to better understand if the level
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Figure 6. Characteristics of McCAST. (A) Examining TnsA activity with the mate-in assay. The experimental procedure is illustrated. The mini-McCAST
element was encoded on a conditionally replicative plasmid that is transferred into recipient cells expressing RNA-guided transposition machinery via
conjugation from donor cells. Four kinds of recipient cells are used, those with and without lacZ spacer 1 and having TnsAB(D106A) mutation or TnsAB
wild type (WT). The amount of recipient cell colonies carrying mini-McCAST marker per donor cell (%) are shown on the left bar chart. LacZ + colonies
are indicated in blue, while LacZ- colonies are indicated in white. White colonies were only found when the lacZ spacer was expressed, supporting RNA-
guided transposition into the lacZ gene. Cointegrate formation was judged by testing for the plasmid backbone marker allowing TetR (n = 150), supporting
cut-and-paste transposition in the wild-type configuration and coinetegrate formation in the TnsA(D106A) nuclease mutant (Right). (B) Different Walker
B motif mutants are tested for their ability to support transposition. The Walker motif sequences and their positions are indicated. The key glutamate
residue (E155) required for ATP hydrolysis is marked in red. All E155 mutants inactivate both transposition pathways, suggesting that ATP hydrolysis is
required for transpositions. In all mate-out assays, n = 3. The off-lacZ bar is not visible because it is less than one percent of the total. (C) TnsAB binding
sites arrangement on the ends of tRNA-targeting transposons with TnsAB fusion in cyanobacteria. Only examples where both ends and the expected
target site duplication could be identified are included. Identical sequences were removed. The TnsAB binding site arrangement is unique among known
Tn7-like elements. The asterisk marks the McCAST.

of modularity we find is driven solely by selection or char-
acteristics of the underlying components in these closely re-
lated systems that show >50% transposase identity.

Our bioinformatic analysis indicates that convergent evo-
lution is a repeating theme with Tn7-like elements. Conver-
gent evolution has repeatedly selected diverse tRNA genes
as targets by guide RNAs or as fixed sites directly recog-
nized by a DNA binding domain (Figure 1C, Supplemen-
tary Table S1) (2,18). We also found examples of convergent
evolution with Tn7-like elements acquiring targeting path-
ways directed at attachment sites where insertion inactivates
genes responsible for natural transformation (genetic com-

petency) (Figure 8). Applying the same analysis we used to
discover the type I-D CAST systems, we identified multiple
cases where the type I-B1 CASTs use the guide RNA sys-
tem to target an attachment site in the chromosome. Of par-
ticular interest, we note multiple examples where candidate
competence (com) genes are targets for guide RNA-directed
transposition. These cases are reminiscent of the Tn6022 el-
ements that utilize an attachment site that inactivates the
comM gene (54). We find multiple examples where the final
guide RNA encoded in the CRISPR array also targets the
comM gene and in another case where the comEC gene is
targeted (Figure 8A, B). Interestingly, as part of our anal-
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Figure 7. Diversity and evolutionary flexibility of Tn7-like transposons with TnsAB fusion in cyanobacteria (A) The unrooted TnsAB protein similarity
tree of Tn7-like transposons in cyanobacteria. The branches that belong to transposons with a putative tRNA-targeting TnsD and an additional TniQ
protein are colored based on the putative functions of the second TniQ. The legend indicates coopting type I-B2 Cas: green, coopting type I-D Cas: red,
others: blue. The transposons without TniQ are colored light blue. Previously described transposons and McCAST are marked with an asterisk and labeled.
(B) The gene arrangements of labeled transposons are illustrated.

ysis, we also identified a different kind of mobile element,
a tyrosine recombinase-based integrating element that also
targets the comM gene (Figure 8C). Presumably, there is
an advantage for mobile elements to inactivate competence
- possibly to prevent recombination from crossing-out the
element––but whatever the advantage, it has evolved inde-
pendently on multiple occasions.

DISCUSSION

Tn7-like elements are abundant in cyanobacterial genomes,
including most subtypes that are capable of RNA-guided
transposition. Here we discovered and characterized a novel

cooption of a type I-D CRISPR-Cas system for RNA-
guided transposition. Interestingly, the mechanism used for
coopting the CRISPR-Cas system is distinct from the other
well-studied examples. The major interface between the
TniQ protein and I-F3 Cascade is via Cas6f (55) while in
the I-D McCAST system described here, the Cas6d pro-
tein is not essential for guide RNA-directed transposition.
Both the type I-F3 and I-D systems show a low level of
off-site targeting and tight orientation control. Unlike the
I-F3 CAST elements, the I-D McCAST element maintains
a PAM preference found in the canonical CRISPR-Cas sys-
tem where it was likely derived and we could identify a ro-
bust anti-PAM property with the I-D system. Maintain-
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Figure 8. Convergent evolution observed in type I-B1 CASTs. (A) TniQ protein similarity tree of Tn7-like transposons with a separate TnsA. TniQ proteins
encoded in the same transposon are connected with curved lines. The type I-B1 CASTs are indicated in blue. The putative type I-B1 CRISPR coopting
TniQ and glmS targeting TnsD are labeled. Some transposons with only type I-B1 CRISPR coopting TniQ are found to carry a chromosome attachment
site targeting spacer (att-spacer) similar to results found with type I-F3 and type V-K CASTs. The att-spacers and protospacers of the transposons are
illustrated, their positions on the tree are marked with numbers (*: the transposon is not on the tree because its tnsB is a pseudogene). All contained an
ATG PAM as expected with type I-B CRISPR-Cas systems. Multiple transposons target comM, one targets comEC, and another targets an unknown
hydrolase. (B) The comEC targeting transposon ends and protospacer sequence are illustrated. The transposon is also predicted to have non-TGT/ACA
ends. (C) A mobile genetic element with tyrosine recombinases also targets comM from the indicated GenBank accession.

ing the PAM system is advantageous for limiting target-
ing into the CRISPR array, an issue found with the type
I-F3 systems that show extensive PAM ambiguity (17,56).
Confirming cut-and-paste transposition with the type I-
D system also increases the potential utility of the Mc-
CAST system for future work. Flexibility in accommo-
dating a variety of guide RNA lengths and independence
from Cas6 through guides that are auto-processed with ri-
bozymes should further simplify adapting the I-D system
to new heterologous hosts. The ability to extend the guide
RNA may also allow future adaptations, such as tethers

that could be appended to the PAM distal region of the
guide.

It is unclear why most of the examples of cooption
allowing guide RNA-directed transposition are found in
cyanobacteria. There may be special unknown benefits to
the CAST lifestyle in cyanobacteria, but diverse Tn7-like
elements in general are common supporting the idea that
tight control of transposase activity likely paved the way for
evolving numerous new targeting mechanisms (54). Canon-
ical type I-D and I-B systems are common in cyanobacte-
ria, which may help explain why members of the I-D and
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I-B groups were coopted. No known canonical type V-K
CRISPR-Cas system has been identified, and it is likely that
the adaptation system from canonical type I-D systems is
used for spacer acquisition with type V-K CAST (18).

The type I-D CRISPR-Cas system shows features sug-
gesting a more recent CRISPR-Cas cooption event than
other systems. The type I-F3 CAST systems are more di-
verged from the canonical I-F1 systems than is found with
the type I-D CAST and canonical systems (1,57). Main-
tenance of a robust PAM system with type I-D CAST is
also consistent with the idea that cooption was more re-
cent. Consistent with a recent capture with the I-D sys-
tem, we find a canonical system that is 56% identical to
McCAST with its central Cas10d protein (MBD1847458.1)
and also a type I-D CAST element that appears to maintain
the Cas1,2,4 adaptation system (Cyanothece sp. PCC 7425,
accession number NC 011884).

Convergent evolution is a repeating theme with Tn7-like
elements. The capture of the type I-D CRISPR-Cas sys-
tem represents the fifth experimentally validated indepen-
dent cooption event with guide RNA-directed transposition
systems. Multiple groups of Tn7-like elements converged on
the strategy of using separate TniQ family proteins, includ-
ing the type I-B1 and I-B2 systems and the type I-D system
described here (Supplementary Figure S6). In another ex-
ample of Tn7-like elements using separate TniQ family pro-
teins to allow two transposition pathways, the I-F3 TniQ-
Cascade system was coopted by a family of Tn7-like ele-
ments with a TniQ targeting an attachment site downstream
of parE (1,5,17). The type I-F3 and V-K CAST systems
converged on the strategy where separate classes of guide
RNA evolved to allow a targeting system that recognizes a
conserved attachment site in the chromosome and a sepa-
rate series of guides that targets mobile elements capable of
cell-to-cell transfer. Interestingly, our analysis here indicates
that the I-B1 family has undergone a similar transition in
re-evolving dual pathways using different guide RNAs with
a single TniQ protein (Figure 8 and Supplementary Figure
S6). Of further interest, Tn7-like elements have converged
on the programmed targeting of the comM gene. Our work
here provides multiple new lines of support for the control
of host gene uptake systems with the lifestyle of integrat-
ing mobile genetic elements. Bacteriophage integration into
the comK gene of Listeria monocytogenes and integration
of Tn6022 into the comM of Acinetobacter baumannii both
compromise natural competence (58,59). A recent preprint
also suggests the �OXC141 prophage downregulates host
natural competence (60).

Bioinformatics analysis of Tn7-like elements continues
to reveal interesting new modalities (1,14–16,18). Expand-
ing on our previous assumptions with these elements and
mining larger data sources should continue to provide ad-
ditional insights and design possibilities with Tn7-like el-
ements. Our results here indicate that carefully focused
searches in specific groups of prokaryotes will also be im-
portant for finding rare types of Tn7-like elements and other
mobile genetic elements that do not follow the same rules
gleaned from earlier studies.
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