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The known diversity of CRISPR-Cas systems continues to expand. To
encompass new discoveries, here we present an updated evolutionary
classification of CRISPR-Cas systems. The updated CRISPR-Cas
classificationincludes 2 classes, 7 types and 46 subtypes, compared with
the 6 types and 33 subtypes in our previous survey 5 years ago. In addition,
aclassification of the cyclic oligoadenylate-dependent signalling pathway
intypelll systemsis presented. We also discuss recently characterized
alternative CRISPR-Cas functionalities, notably, type IV variants that
cleave the target DNA and type V variants that inhibit the target replication
without cleavage. Analysis of the abundance of CRISPR-Cas variantsin
genomes and metagenomes shows that the previously defined systems are
relatively common, whereas the more recently characterized variants are
comparatively rare. These low abundance variants comprise the long tail of
the CRISPR-Cas distributionin prokaryotes and their viruses, and remain to

be characterized experimentally.

Clustered regularly interspaced short palindromic repeats (CRISPR)-
CRISPR-associated protein (Cas) systems are best known as the new
generation of genome engineering tools'?. However, their primary
natural role is adaptive immunity in bacteria and archaea that func-
tions by recognizing and, typically, cleaving a specific sequencein the
target DNA or RNA thatis complementary to a unique spacer between
CRISPR repeats. The CRISPR-Cas immune response includes three
main stages: adaptation, expression and interference, which are dis-
cussed in many dedicated reviews covering various aspects of the
molecular mechanisms of CRISPR-Cas functionality*”. CRISPR-Cas
systems have a characteristic modular organization that roughly cor-
responds to the three stages of adaptive immunity (Fig. 1; details in
Supplementary Note).

As expected of defence mechanisms, CRISPR-Cas systems show
extensive diversity of the organization of their respective genome loci,
cas gene composition as well as domain architectures and sequences
of Cas proteins**®’, In the nearly two decades since the discovery of
the CRISPR-Cas function'®, knowledge and understanding of this
remarkable system has been steadily expanding through the mining of
rapidly growing genomic and metagenomic databases. Classification
of CRISPR-Cas systems based, to the maximum extent possible, on
evolutionary relationshipsis essential for accurate description and fur-
ther characterization of CRISPR-caslociin newly sequenced bacterial
and archaeal genomes and metagenomes, and hence, for the progress
of the entire field of CRISPR research. However, CRISPR-Cas systems
share no universal markers suitable for comprehensive phylogenetic
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Fig.1|Modular organization of CRISPR-Cas systems. In class 1 CRISPR-Cas
systems, effector modules consist of multiple Cas proteins that form a crRNA-
binding complex and function together in target binding and cleavage. Class 2
systems have a single multidomain crRNA-binding protein that is functionally
analogous to the entire effector complex of class 1. Subtype llI-E is an exception
within class 1, with a single effector protein composed of several domains derived
from type IlI-D systems. The schematic shows the typical relationships between
genetic, structural and functional organization for the seven types of CRISPR-
Cas systems. Protein names follow the current nomenclature. Dispensable (and/
or missing in some subtypes and variants) components are indicated by dashed
outlines. Casé6 is shown with a thin solid outline for type I because it is dispensable
insome but essential in most systems and with a dashed line for type Il because
most of these apparently use the Casé6 protein provided in trans by other CRISPR-
casloci.New type VIl has a unique effector protein (Cas14) composed of two

domains: 3-CASP family RNase fused to adomain homologous to the C terminal
of CaslO. The three colours for Cas9, Casl0, Casl12 and Casl3 each reflect the fact
that these proteins contribute to different stages of the CRISPR-Cas activity. The
CARF and HEPN domains often fused in a single protein are the most common
sensors and effectors, respectively, in the type Illl ancillary modules but several
alternative sensors and effectors have been identified as well and are discussed in
more detail in the main text. RING nucleases (Crn) cleave cyclic oligoA produced
by Casl10 and thus control the indiscriminate RNase activity of the HEPN domain
of a CARF protein®’. HRAMP and ARAMP are array-less CRISPR-like systems
derived from typelll, which are typically associated with different nucleases,
most often of HNH and PD-(D/E)xK families. ‘Putative small subunit that is fused
to thelarge subunit in several type I subtypes. “This function can be performed
by unrelated proteins; HD, HNH and PD-(D/E)K, nucleases of the respective
superfamilies; LS, large subunit; RT, reverse transcriptase.

analyses, and both the organization of CRISPR-cas loci and the Cas
proteins themselves evolve fast, which makes the construct of a con-
sistent robust classification amajor challenge. Three previous versions
of CRISPR-Cas classification published in 2011, 2015 and 2020 (refs.
8,11,12) employed a complex polythetic approach. For the purpose of
classification, comparisons the architecture and gene composition of
CRISPR-caslociwere combined with clustering by sequence similarity
and phylogenetic analysis of conserved Cas proteins, such as Casl, the
integrase that plays the key role in the adaptation stage. CRISPR-Cas
types were delineated based on unique effector modules, whereas
subtypes were defined less formally, based on a combination of the
above criteria. A complementary development has been reported
recently: Cas Protein Effector Database of Information and Assessment
(CasPEDIA), a comprehensive classification of class 2 Cas enzymes
based on their activity and target specificity".

The 2020 CRISPR-Cas system classification included 6 types
and 33 subtypes partitioned between two classes that differ in the
architectures of their effector modulesinvolved in CRISPRRNA (crRNA)
processing and interference®. Since then concerted efforts have been
undertaken toidentify additional CRISPR-Cas systems and to decipher
their evolutionary origins, resulting in the discovery of type VII, 13
additional subtypes and numerous unique variants (Extended Data
Figs. 1-4). Compared with previously identified CRISPR-Cas sys-
tems, these recently discovered systems are rare, apparently coming
fromthe longtail of the CRISPR-Cas distribution among prokaryotes
that remains to be further explored. In addition, many previously
unrecognized CRISPR-linked genes have been discovered and the
mechanisms of several CRISPR-Cas subtypes have been elucidated.

Inthis Analysis we describe the latest updates to the CRISPR-Cas clas-
sification and discuss the prospects of further discoveries being made
aswellasthe current understanding of the main routes of the evolution
of CRISPR-Cas systems.

Results
Updated classification of CRISPR-Cas systems
Distinct features in class 1 CRISPR-Cas systems. Although numer-
ous class 1 CRISPR-Cas systems have been discovered since the 2020
classification, only type VIl and two subtypes (IlI-G and IlI-H) have been
explicitly added to the classification’. While working on this classifi-
cation update, we identified a distinct variety of type Il CRISPR-Cas
systems, which seems to qualify as subtype IlI-1, bringing the total
number of subtypes in class 1to 21 (eight in type I, nine in type I,
threeintypelVandoneintype VII (Figs.1and 2a, Extended Data Figs.1
and 2, and Supplementary Note).

The previously undescribed type Vil is represented by CRISPR-
Cas systems found mostly in several taxonomically diverse archaeal
genomes and containing a metallo-B-lactamase (3-CASP) effector
nuclease”. According to the CRISPR-Cas classification princi-
ples, the unique signature effector shared by these systems, desig-
nated Casl4, qualifies these loci as a new type. Casl4 is encoded in a
predicted operon with Cas7 and Cas5, the subunits of the effector
complex, and in some cases Cas6, which is a dedicated nuclease
involvedin crRNA processingin other class1systems (Fig. 2a). Type VII
loci lack adaptation modules and repeats in the associated CRISPR
array often contain multiple substitutions, suggesting that the arrays
do not frequently incorporate new spacers. Analysis of the limited
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number of spacer hitsindicates that these systems target transposable
elements’. Notably, in addition to the B-CASP domain, the Casl4 pro-
tein contains a carboxy-terminal domain that structurally resembles
the C-terminal domain of CaslO, the large subunit of the type Il
effector module, suggesting an evolutionary connection between

types Il and VII (Fig. 2a). This connection is also supported by the
specific similarity between the CasS5 proteins of type VII and sub-
type IlI-D°. The catalytic residues of Cas7 that are required for
the target RNA cleavage in type Ill systems are not conserved in
type VI Instead, type VII systems have been shown to target RNA
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Fig.2|New class 1 CRISPR-Cas systems. a, Genetic organization of the recently
identified type VIl and subtypes IlI-G, IlI-H and 11I-1 CRISPR-Cas systems.
Homologous domains are colour-coded and identified by a family name. The
gene names follow the previous classification™. Protein-coding genes are shown
roughly to scale; CRISPR arrays are not shown to scale. In subtypes I1I-G, IlI-H and
11I-1, the Palm domains of Cas10 responsible for signalling-molecule synthesis are
inactivated. The organism and the corresponding gene range are shown in grey
ontheright of theloci. If genes are not present in every locus of the respective
systems, they are shown by dashed outlines. In the type IlI-G schematic, the
question mark next to Csx26 indicates that the assignment of this proteinasa
Casll counterpart remains hypothetical. b, Schematic representation of CRISPR-
Cas effector complexes of type VIl and subtypes II-D, IlI-E, IlI-G, IlI-H and I1I-1. The
type VII, subtype IlI-D1 and IlI-E schematics are based on the solved structures
(Protein Data Bank (PDB) identifiers 8zwl, 8bww and 7y82, respectively). The
schematics for subtypes IlI-G and IlI-H are based on AlphaFold3 complex models
using the following proteins and RNAs: III-G (NC_012623.1, Sulfolobus islandicus

Y.N.15.51): 6xCas7 (most 5’), 1xCas7 (between csx26 and cas10), 5xCsx26,1xCas5,
1xCaslO0, crRNA (48 nucleotides (nt)); IlI-H (RPGO01000026 ‘Candidatus
Argoarchaeum ethanivorans’, AEth_01085): 7xCas7, 1xCas5, 1xCasl10, crRNAis the
same as for llI-G; llI-1 (Desulfonema magnum WP_207677910 and WP_207677911.1):
1xCas7-11i,1xCasl10, crRNA is from type llI-E of D. magnum (PDB 7zol). AlphaFold3
interface predicted template modelling scores: IlI-G, 0.52; 11I-H, 0.59; 11I-1, 0.75.
The black line schematically represents crRNA. Full models in Extended Data

Fig. 5. ¢, Genomic locus organization of type  and type IV variants that acquired
anew nuclease domain and/or lost Cas3 helicase-nuclease. Designations are as
ina.d, Genomic locus organization of new Tn7 and Mu transposon-associated
type I CRISPR-Cas variants. The tns and tni genes encode transposase subunits.
Designations are asin a. e, Genomic locus organization of new type Il variants.
Designations are asina. PD-(D/E)xK, nuclease of the respective superfamilies;
TPR, tetratricopeptide repeats; STAND, signal transduction ATPases with
numerous domains; NTD, N-terminal domain; CTD, C-terminal domain.

in a crRNA-dependent manner, cleaving the target via the nucle-
ase activity of Casl4 (Supplementary Table 1). Type VII systems
seem to be simple and have probably evolved from type Il via the
reductive route as discussed below. However, the recently solved
cryogenic-electron-microscopy structure of the type VII effector
complex contains up to 12 subunits, with Casl4 binding to the Cas7
backbone via its Cas10 remnant domain, making this complex one
of the largest among the class 1systems™ (Fig. 2a and datafile Lin ref.
15) https://doi.org/10.5281/zenodo.15882620.

Thethree previously undescribed subtypes of type Il CRISPR-Cas
systems—that is, IlI-G (Sulfolobales-specific, previously reported as
unclassified®), IlI-H (present in various archaea and a few bacterial
metagenome-assembled genomes (MAGs)) and IlI-I (present in more
than160 genomes in the National Center for Biotechnology Informa-
tion (NCBI) non-redundant (NR) database, mostly from the phyla
Thermodesulfobacteriota and Chloroflexota)—are not closely related
but share some features that suggest reductive evolution’ (Fig. 2a).
In subtypes IlI-G and IlI-H, the polymerase/cyclase domain of Casl0,
the large subunit of the effector complex, is inactivated as indicated
by the replacement of the catalytic amino acids. The lost capacity to
generate cyclicoligoadenylates (cOAs) correlates with the loss of genes
encodingancillary proteins containing a cOA-binding domain (such as
CRISPR-associated Rossmann fold (CARF) or SMODS (second messen-
geroligonucleotide or dinucleotide synthetase)-associated and fused
to various effector domains (SAVED)) fused to an effector domain,
such as higher eukaryotes and prokaryotes nucleotide-binding (HEPN)
RNase or other effectors that are typical of type Ill CRISPR-Cas sys-
tems®. Thus, these subtypes have lost the cOA signalling pathway that
induces collateral RNase activity in most type Il systems. Although
subtype IlI-H is distantly related to IlI-F, a unique feature of Ill-H sys-
tems is a highly diverged small subunit (Casll) that apparently has
replaced the C-terminal domain of Casl10 (Fig. 2a). In subtype IlI-G,
Csx26, the signature protein of this subtype, might replace Casll
in the effector complexes (Fig. 2b and Extended Data Fig. 5). Both
these new subtypes lack adaptation modules and no CRISPR array
hasso farbeen foundinlll-Gloci, suggesting that this system recruits
crRNAs from other CRISPR-cas loci in trans. Given the lack of con-
servation of catalytic aspartates in Cas7 and the presence of appar-
ently active HD-nuclease domains in Casl10, both IlI-G and llI-H are
predicted to cleave DNA targets (Fig. 2a, Extended Data Fig. 2a and
Supplementary Table 1).

The effector module of the new subtype IlI-I systems (Fig. 2a,b,
Extended Data Figs. 2 and 6 and data file 2 in ref. 15) discovered dur-
ing the present analysis has two unique features: (1) an extremely
diverged Casl0 lacking the amino-terminal polymerase/cyclase
domain; this protein lacks detectable sequence similarity to Cas10
but was confidently identified as a Cas10 homologue in the structure
similarity search (distance-matrix alignment (DALI) Z-score =10.9);

and (2) amultidomain protein with adomain architecture resembling
that of Cas7-11, the effector protein of subtype IlI-E, but apparently
originating independently from a different variant of subtype IlI-D
(Extended Data Fig. 6). The lll-l effector protein consists of three fused
Cas7 domains and a Casll domain that lacks both the N-terminal Cas7
domain and an insertion in the C-terminal Cas7 present in Cas7-11
(Extended DataFig. 6). Based on the presence of conserved aspartates
ineach ofthe three Cas7 domains, the subtype I1I-1 CRISPR-Cas system
most probably cleaves RNA (datafile 2 inref. 15). We propose to denote
the lll-1 effector Cas7-11i and accordingly amend the designation for
thelll-E effector to Cas7-11e.

Inaddition to type VIl and the three previously undescribed sub-
types, multiple variants of class 1 CRISPR-Cas systems with unique
domain architectures and functional features have recently been dis-
covered (Fig. 2c). Three of these variants (I-E2, I-F4 and IV-A2) encom-
passan HNH nuclease that is fused to Cas5, Cas8f and CasDinG proteins,
respectively’. Robust crRNA-guided double-stranded DNA (dsDNA)
cleavage activity has been demonstrated for each of these variants*'".
Notably, thel-E2 and I-F4 variants typically lack Cas3 helicase-nuclease,
whichis responsible for the shredding of the DNA target in most type
I CRISPR-Cas systems, so that the HNH nuclease seems to replace the
nuclease activity of the HD-nuclease domain of Cas3. The HNH nucle-
ase is typically encoded by mobile genetic elements (MGEs) such as
group I self-splicing introns'®. Cas9, the type Il effector, also contains
an HNH nuclease that is inserted into the other RuvC-like nuclease
domain of Cas9 andisresponsible for the target DNA strand (the strand
that hybridizes to the crRNA during R-loop formation) cleavage. The
discovery of the new HNH-encoding variants shows that this mobile
nuclease hasbeen coopted by different CRISPR-Cas systems on multi-
pleindependent occasions. However, unlike the case of Cas9 where the
HNH nuclease is responsible for the cleavage of only one DNA strand
inthe dsDNA target, in the new variants HNH is the only effector nucle-
ase that cleaves both strands”'®". The IV-A2 variant is of special note,
being thefirst type IV system shownto cleave thetarget. All other type
IV-Aand IV-B systems lack effector nucleases, apparently suppressing
MGE reproduction viainhibition of transcription, at least in the case of
IV-A*". Type IV-C systems are predicted to target and cleave DNA via the
HD domain but remain experimentally uncharacterized. Another new
variant, I-E3, encompasses adistinct nuclease of the PD-(D/E)xK family
that is fused to Cas11’. Some of these systems contain Cas3, including
an apparently active HD-nuclease domain, so the role of the PD-(D/E)
xK nuclease remains to be determined.

Another recurrent trend in CRISPR-Cas evolution is the recruit-
ment of CRISPR-Cas systems by large transposons, enabling
RNA-guided transposition. The CRISPR-associated Tn7-like transpo-
sons (CASTs) of subtypes I-F and I-B were introduced in the previous
classification® as I-F3 and I-B2 variants, respectively. More recently,
three additional CAST varieties derived from subtypes I-D, I-C and
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IV-A?"*? have been discovered and aI-A system was found to be associ-
ated with Mu-like transposons’ (Fig. 2d). Unlike most CASTs in which
CRISPR-Cas effectors are inactivated (discussed later), some of the
I-D CASTs are active, apparently representing the most recent cap-
ture of a CRISPR-Cas system by a transposon and, possibly, perform
adual function, acting both as a CAST and as abona fide CRISPR-Cas
system”. The I-A CASTs associated with Mu-like transposons have not
yet been characterized experimentally and are expected to interact
with the transposition machinery in a distinct manner because these
transposons lack the TniQ-TnsD protein, an essential component
of all previously discovered CASTs”. Finally, a distinct CAST variety
(I-E5), also lacking TniQ-TnsD, was recently found in association witha
distinct class of telomeric transposons?. This CAST contains an active
HD-nuclease domainin the Cas3 protein and might also performa dual
function. All CASTs, except for subtype IV-A, of which so far only one
instance has been found, were includedin the current classification as
variants of the respective CRISPR-Cas subtypes (Fig. 2d and Extended
DataFigs.1and2).

Other rare derivatives of class 1 systems continue to be dis-
covered, for example, a type IV variant with a cas core gene set of
apparent chimaeric origin, with Cas7 derived from IV-B and Cas5
from IV-A, and associated with a RecD-like helicase***, or a I-F vari-
ant that seems to be an intermediate between I-F1 and I-F2 variants
(Extended Data Fig. 1). Despite low abundance, characterization of
such variants can potentially shed light on CRISPR-Cas evolution and
reveal novel functionalities.

Diversity of sensors and effectors in type lll systems. Most of the
type lll CRISPR-Cas systems are markedly more complex than other
types including a striking variety of accessory proteins®”. In the
updated classification, type lll is divided into nine subtypes, each of
which encompasses a specific set of core effector genes and forms a
distinct clade in the phylogenetic tree of Cas10 (Figs. 1 and 3a). The
exceptions are subtype IlI-E, which lacks a cas10 gene, and subtype
11I-1, which has an extremely diverged Cas10 derivative. Nevertheless,
comparison of loci organization and phylogenetic analysis of Cas7
clearlyshows thatbothlll-Eandll-1are derived from different variants
of subtype IlI-D* (Extended Data Figs. 2a and 6).

Thediversity of type [l CRISPR-Cas systemsis not adequately cov-
ered by the classification into subtypes and variants, requiring amore
nuanced approach. A central feature of type Il is the built-in signalling
pathway inwhich, inresponse to target recognition, the polymerase/
cyclase domain of Cas10 synthesizes either cOA or S-adenosyl methio-
nine (SAM)-AMP, second messengers that are bound by the sensor
domain of an ancillary protein. Binding of the messenger molecule
induces a conformation change in the ancillary protein, resulting in
activation of its effector domain (most often an HEPN RNase but in
some variants distinct nucleases or other effectors), which causes
growth arrest” (Fig. 3b). In addition, these signal transduction path-
ways are attenuated either by ring nucleases cleaving cOA*** or by
enzymes responsible for cleavage of SAM-ATP* (Fig. 3b). Sensors,
effectorsandring nucleasesin these pathways comein multiple forms
resulting in combinatorial diversity®. Although the polymerases/
cyclase domain of Casl0 is occasionally inactivated (subtypes III-C,
I1I-G and IlI-H) or lost (subtype IlI-1), about 97% of the Cas10s are pre-
dicted to be active and capable of producing messengers (Fig. 3a,
Extended Data Fig.2 and datafile 3 inref. 15).

The cOA sensorsin typelll CRISPR-Cas systems are almost exclu-
sively CARF and related SAVED domains™?***, Whereas many ring
nucleases also possess CARF domains, several ring nucleases with
enzymatic domains unrelated to CARF have also been identified™.
Classification of CARF domains by sequence similarity led to the iden-
tification of 11 families, seven of which mostly consist of proteins
containing both sensor (CARF) and effector (mostly, HEPN RNase but
also other enzymes) domains, three include known or predicted ring
nucleases and one (Csmé6) consists of proteins apparently perform-
ing all three functions®** (Fig. 3b, Supplementary Table 2 and data
file 4 inref.15). Here we introduce a systematic nomenclature for the
major groups of the sensor and ring nuclease CARF domain-containing
proteins (Crfl-11families; Crfis an abbreviation of CARF that we intro-
duce to differentiate it from the generic domain name) to facilitate
systematic analysis and description of type IIl CRISPR-Cas systems
and the relationships among them. To ensure compatibility with
the published work, legacy names are also indicated if they exist
(Supplementary Table 2). All experimentally characterized families
of ring nucleases are designated as Crn1-Crn5, with legacy names also
retained (Supplementary Table 2).

The most common cOA-activated effectors are HEPN RNases but
avariety of other unrelated effectors have been identified, including
RNases of the PIN and RelE families, DNases of the PD-(D/E)xK and
HD families, proteases of the Caspase and Lon families, several other
enzymes as well as transcriptional regulators and integral membrane
proteins® (Fig. 3b). Whereas the cOA pathway is well-established,
components of the SAM-AMP pathway have not been thoroughly
characterized. A membrane protein homologous to the magnesium
transporter CorA that was identified in some IlI-B and IlI-D loci and
shown to sense SAM-AMP via a dedicated sensor domain seems to be
asignature of this pathway??. However, it remains unclear if the CorA
homologue in IlI-D systems senses SAM-AMP or another signalling
molecule, especially given that, in contrast to the IlI-B loci, known
SAM-AMP cleavage enzymes are not encoded in the lll-D loci (Fig. 3a,b).

Another notable cladeinthe CaslO tree is thelll-A2 variant, which
lacks an identifiable Casl1 (Figs. 2e and 3a). In this variant, Cas10 is
predicted to synthesize cOA, which in some of the systems probably
directly activates the NucC nuclease effector**. The conservation of the
catalyticaspartate in Cas7 suggests that this system might target both
RNA, viaCas7,and DNA, via NucC (datafile 3 inref. 15).

Both sensors and effectors are scattered across the clades of the
CaslO tree, which is suggestive of extensive module shuffling and
horizontal gene transfer shaping of the cOA and SAM-AMP signalling
pathways in type Il systems (Fig. 3a and data file 3 in ref. 15). Despite
the extensive shuffling of signalling pathway components, some trends
arenotable®™. First, ring nucleases are an important component of the
signalling pathway and are present in most of the loci encoding enzy-
matically active Cas10 capable of cOA synthesis (Fig. 3aand datafile 3in
ref.15). Second, SAM-AMP is cleaved by adistinct set of enzymes typi-
callyencodedintherespectiveloci (Fig. 3aand Supplementary Table 2).
Investigation of exceptions from these trends might lead to the dis-
covery of Cas10s synthesizing different messengers as well as cor-
responding novel sensors and nucleases. A proof of principle is the
identification of the Crf1_Csmé6 family of proteins with a dual function
of'sensor and ring nuclease associated with IlI-Alociin which no other
ring nuclease was detected®®. Other cases such as the aforementioned
CorA-associated IlI-D systems require further study.

Fig. 3| The built-in signalling pathway of type IIl CRISPR-Cas systems.

a, Phylogenetic tree of Cas10 with information on associated genes involved
inthe signalling pathway and domain functionality mapped to the branches.
Branches are colour-coded according to the key on the right. The circles around
the tree show (from the inner to the outer): (1) inactive PALM (iPALM) domain,
indicating that the respective Cas10 cannot make a second messenger molecule;
(2) the presence of the HD-nuclease domain; (3)-(6) the presence of genes

encoding Crfl, Crf2, Crf4 and Crf9 in the respective loci; (7) the presence of a
gene encoding the CorA homologue; and (8) the presence of genes encoding
SAM-AMP cleaving enzymes. b, Schematic of the signalling pathway. HEPN, PIN
and RelE, ribonucleases of the respective families; CorA, divalent cation channel;
HTH, helix-turn-helix domain. *In some Crf4 proteins, PD-(D/E)xK nuclease is
capable of cleaving both DNA and RNA.
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Expansion of class 2 CRISPR-Cas systems. The discovery of numer-
ous class 2 CRISPR-Cas systems, primarily subtypes of type V, was the
hallmark of the 2020 update of the CRISPR-Cas classification®. The
distinguishing feature of these class 2 CRISPR-Cas systems is that
their effector machinery consists of a single multidomain protein,
namely Cas9 in type Il, Cas12 in type V and Casl13 in type VI (Fig. 1
and Extended Data Figs. 3 and 4). Class 2 CRISPR-Cas systems are
more simply organized than those of class 1, so classification relies
primarily on comparison and phylogenetic analysis of the single
large effector signature proteins. The continued discovery of dis-
tinct variants in the last few years led to the delineation of subtype
1I-D. This subtype includes the former II-C2 variant characterized by
small archaeal Cas9s®, designated II-D in CasPEDIA", together with
the recently described variant encompassing the smallest known
possibly ancestral Cas9s and also designated II-D¥. Despite variation
insize, phylogenetic analysis shows that Cas9d proteins confidently
group together and form a deep branch in the Cas9 tree (Fig. 4a and
datafile4inref.15). Furthermore, the respective locishare the adap-
tation module containing casl, cas2 and cas4 genes, with all Casl
proteins forming a monophyletic branch in the Casl tree, support-
ing the robust classification of these loci as a single new subtype
(Fig.4a,b, Extended Data Fig.3a and datafile 4 inref.15). Notably, II-D
systems are common among symbiotic and parasitic nanoarchaea of
the Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota
and Nanohaloarchaeota (DPANN) superphylum, along with some
bacteria, whereas previously class 2 systems were considered a bac-
terial staple absent from the archaea. It has been shown that, like all
type Il CRISPR-Cas systems, type II-D loci encode trans-activating
CRISPR RNA (tracrRNA)”. Given that, like all other archaea, DPANN
members encoding type II-D CRISPR-Cas systems lack RNase I11, the
pre-crRNAinthis caseis likely to be processed either by an alternative
RNase or by Cas9d itself. Arare, but notable, variantIl-C2 encoded in
phage genomes encompasses a Cas9 protein with aninactivated RuvC
nuclease domain but apparently active HNH nuclease, which might
function as an anti-CRISPR protein’ (Fig. 4b).

Asinthe 2020 CRISPR-Cas classification®, the greatest prolifera-
tion of subtypes and variants was observed within type V. Compre-
hensive phylogenomic analysis of transposon-encoded RNA-guided
TnpB nucleases, the evolutionary ancestors of Casl2, showed that
emergence of new type V CRISPR-Cas variants through the asso-
ciation of TnpB with CRISPR arrays and/or adaptation modules is
not arare event in the evolution of bacteria and archaea’®. About 50
such independent events have been inferred and, beyond doubt,
many more remain to be discovered in the ever-expanding genomic
and metagenomic databases (Extended Data Fig. 4b and data files
5and 6 in ref. 15). It is not always easy to decide which of these loci
qualify as subtypes and which should remain variants. Variants can
be upgraded to subtypes as they are studied experimentally and/or
expanded through continued genome and metagenome explora-
tion. In the last few years, six previously uncharacterized type V sub-
types and 12 variants have been studied experimentally®*’ (Fig. 4c-e
and Extended Data Fig. 4a,b). At least five additional variants seem
to be strong subtype candidates based on phylogenomic analysis
(Extended Data Fig. 4b). One notable trend in type V evolution is the
flexibility of target and collateral substrate recognition, including
nucleases that can target and cleave both single-stranded (ss) RNA

and ssDNA, such as Cas12g*’, or areinvolved in both RNA targeting and
collateral cleavage of ssSRNA, ssDNA and dsDNA, such as Cas12a2 (ref.
41). Another trend is the inactivation of the RuvC-like nuclease domain
of Cas12that occurredindependently on multiple occasions. At least
some of these inactivated type V subtypes and variants nevertheless
retain the interference capacity via mechanisms that do notinclude
target DNA cleavage, suchas blocking transcription viacrRNA-guided
binding of Casl2 to the target as demonstrated for subtypes V-C*
and V-M****, and confidently predicted for V-O and V-P, and possibly
Casl2b3 (Extended Data Fig. 7). Other inactivated type V subtypes
have beenrepurposed by transposons for RNA-guided transposition
(discussed later; Extended Data Fig. 4b).

A ssignature feature of type Il CRISPR-Cas systems is the involve-
ment of tracrRNA in crRNA maturation and interference®. Among
the type V systems, some also use tracrRNA (and are thus predicted
to employ RNase Ill for pre-crRNA processing), whereas pre-crRNA
processing is catalysed by a distinct active site in Casl12 itself in at
least half of the characterized subtypes*’. Thus, tracrRNA apparently
evolvedindependently on many occasionsintypelland type V CRISPR-
Cas systems*’.

Two previously unrecognized subtypes of type VI, namely VI-E and
VI-F, have been established. Both Cas13e and Cas13f are deep branches
inthe Cas13 dendrogram (Fig.4e,fand Extended DataFig. 3b-d). Cas13e
isby far the smallest, most compact Casl3 protein and apotential early
intermediate in type Vlevolution®’. Subtype VI-F, which was mentioned
as an unclassified variant in the 2020 CRISPR-Cas classification is so
far limited to a single bacterial genus, Brachispira. Structure analysis
showed that Cas13b proteins share features distinct fromthose of other
type Vleffectors, suggesting the possibility of two independent origins
of Cas13 from HEPN-containing toxins*’. The group of subtype VI-B
systems with the smallest known effectors are referred to as variant
VI-B3 (Extended DataFig. 3d).

Beyond the main effector nucleases, many class 2 CRISPR-Cas
systems encompass a growing set of accessory proteins thataugment
the immune response, including some reported or characterized
since the publication of the 2020 CRISPR-Cas classification. Subtype
VI-B systems show a particularly notable diversity in both Cas13b
size and the presence of associated genes*”*%, Csx27 and Csx28 were
previously identified as accessory proteins and shown to augment
the immune function of Cas13b*. It has subsequently been shown
that, following Cas13b activation, Csx28 forms an octameric pore
that depolarizes the inner membrane®°. Some of the other acces-
sory proteins in class 2 CRISPR-Cas systems include the predicted
PIN-domain nuclease PcrlIC1 that is encoded in some II-C loci and
enhances the efficiency and promiscuity of DNA targeting®-** and
an RNase H fold nuclease of the DUF3800 family encoded in some
VI-F and V-A2 loci (Fig. 4g). More accessory proteins associated with
class 2 systems and enhancing their immune function via different
mechanisms probably await discovery.

Distribution of CRISPR-Cas systems in bacteria and archaea. As
generally expected of antivirus defence systems™, the different types
and subtypes of CRISPR-Cas systems are highly non-uniformly distri-
buted among bacterial and archaeal lineages at all levels, from phyla
to isolates within species. We surveyed CRISPR-cas loci in the cur-
rent collection of complete bacterial and archaeal genomes. Among

Fig. 4 |New class 2 CRISPR-Cas systems. a, Schematic of the relationships
between type Il subtypes based on Cas9 phylogenetic analysis (Extended Data
Fig. 6). New subtypes and variants are showninblue. b, Loci organization of new
type Il subtypes and variants. ¢, Schematic of the relationships among new and
previously experimentally characterized type V subtypes based on the UPGMA
dendrogram (Extended Data Fig. 4b) and information on their function and
organization. Y, presence of the feature; p, partial presence of the feature; n,
absence of the feature. ‘Collateral’ refers to indiscriminate cleavage of single-

stranded RNA or DNA by Cas nucleases. d, Dendrogram for new experimentally
characterized subtype V-F variants (Extended Data Fig. 4b) and information

on their functionality and organization. e, Loci organization of the new
experimentally characterized type V subtypes and variants. f, Schematic of the
relationships between type VIsubtypes (Extended Data Fig. 3c). New subtypes
and variants are shown in blue. g, Loci organizations of new type VI subtypes and
variants.Inb, eand g, the organism and the corresponding gene range are shown
ingrey on the right of the loci. Inact, inactivated.
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the 47,545 analysed genomes, complete CRISPR-Cas systems were
identified in a majority of archaea (410 of 683 genomes, prevalence
of 52% after adjustment for sampling bias; Methods) but in less than
half of bacteria (16,488 of 46,862 genomes, 41%; Fig. 5a and data
file 7 inref. 15). As observed earlier®, an overwhelming majority of
both bacterial and archaeal thermophiles tend to possess complete
CRISPR-Cas systems (weighted prevalence of 84 and 90% for ther-
mophiles and hyperthermophiles, respectively), whereas they are
substantially less prevalent in mesophiles and psychrophiles (46 and
38%, respectively). In this census, the fraction of archaeal genomes
containing CRISPR-cas loci was much lower than that in the previous
analyses. Clearly, this drop in CRISPR-Cas prevalence is due to the
recently increased genome sequencing and broader sampling of meso-
philic archaea, which shows that high prevalence of CRISPR-Cas is a
signature of thermophiles rather than archaeaas such. Amongarchaeal
phyla, Bathyarchaeota (marine sediment mesophiles) stand out
for the hitherto complete lack of detectable CRISPR-cas loci
despite the availability of 23 diverse, completely sequenced genomes.
Archaea (specifically, Ferroglobus placidus) harbour the only type VII
system among the completely sequenced genomes. In agreement
with earlier observations, the archaeal CRISPR-Cas repertoire is
dominated by class 1systems (Fig. 5b), although a few class 2 systems
are scattered across Methanobacteriota and Thermoproteota, and
(as pointed out earlier) subtype II-D is widely represented in the
DPANN superphylum. In most archaea, type I systems comprise
the majority, except in Thermoproteota where type Ill accounts for
51% of the CRISPR~-casloci. The most abundant subtype across archaeal
phylais subtype I-B, with two exceptions: subtype I-A in Thermopro-
teota and subtype llI-A in Thermoplasmatota. The high prevalence

of subtypes IlI-B and llI-D in Thermoproteota and Nitrososphaerota,
respectively, is also notable.

Among the well-sampled bacterial phyla, only Gemmatimonadota
completely lack detectable CRISPR~-cas loci; in Chlamydiota, only
one genome (‘Candidatus Protochlamydia naegleriophila’) of the 437
analysed harbours a single type I-E locus (Fig. 5b). Class 1is also sub-
stantially more abundant than class 2 in bacteria (Fig. 5b), with a few
exceptions. These include Mycoplasmatota, Bacteroidotaand Bdello-
vibrionota, where type Il systems dominate the landscape. Type Vand
VIsystems are much less abundant across the diversity of prokaryotes
thantypesI-IV, although typeV systems are comparatively prominent
inSpirochaetota, Cyanobacteriota, Planctomycetotaand Verrucomi-
crobiota (8-13% of all CRISPR~-cas loci), whereas type VI systems are
commonin Fusobacteriotaand Bacteroidota (9 and 5%, respectively).

Compared with the previous census®, the new types and sub-
types identified in the intervening five years comprise only 0.3% of
the CRISPR-Cas repertoire in the completely sequenced prokaryotic
genomes (Fig. 5c). New subtypes of type Vand type lllaccount for most
of this expansion. A qualitatively similar picture emerges from the sur-
vey of the clustered NR database (Fig. 5d). Thus, whereas all common
types and subtypes of CRISPR-Cas systems seem to be already known,
the discovery of new, increasingly rare, variants will probably continue
inthe coming years, extending the tail of the distribution.

Many CRISPR-Cas systems are currently found onlyinincomplete
genomes or metagenomes. Not surprisingly, most of these belong
totherareanddiversetypeVsubtypesV-C,E,G,H,1,J,L,N,OandP,and
most of the new variants. Furthermore, only one representative of type
VIl and subtypelll-leach and none of subtype Ill-H are present among
complete genomes, whereas dozens of these loci are identifiable in

Nature Microbiology


http://www.nature.com/naturemicrobiology

Analysis

https://doi.org/10.1038/s41564-025-02180-8

the NCBINR database. Nevertheless, the recent massive effort on pre-
diction of novel CRISPR-Cas systems in a large metagenomic dataset
revealed only a few novel systems at the type and subtype levels’. It
should be noted thata variety of unusual class 1 variants, such as those
associated with MGE and those containing HNH nucleases fused to
different Cas proteins, are difficult to identify, requiring dedicated
computational approaches and manual curation to distinguish them
from the mainstream CRISPR-Cas systems.

Discussion

The updated CRISPR-Cas classification presented here consists of two
classes, seventypes and 46 subtypes. Because the types and subtypes of
CRISPR-Cassystems that are widespread inbacteria, archaeaand their
MGEs seem to be already known, the current classification is likely to
remain stable in its main features. By contrast, the tail of the CRISPR-
Casdiversity distributionis very long and many subtypes and variants,
and possibly even new types, remain to be discovered. However, these
yetunknown varieties of CRISPR-Cas systems are bound to be increas-
ingly rare and the discovery of previously unknown variants requires
mining of enormous amounts of genome and metagenome sequences
using dedicated computational pipelines.

The discovery and comparative analysis of previously unknown
CRISPR-Cas systems have led to substantial insights into CRISPR-Cas
origins and evolution. Some overarching trends are becoming appar-
ent: (1) interplay between structural and functional complexification,
andreductive, streamlining evolution of CRISPR-Cas systems; (2) tight
evolutionary entanglement between CRISPR-Cas and various types of
MGE***, as per the ‘guns for hire’ concept®; (3) repeated exaptation
of CRISPR-Cas systems for other non-defence functions®’; (4) in situ
shuffling of effector modules and (5) acquisition of ancillary genes
(Fig. 6 and Extended Data Figs. 8-10; details in Supplementary Discus-
sion). Beyond these trends, the evolutionary trajectories of class1and
class 2 seem to be quite different and so are those of the adaptation
and effector modules of the CRISPR-Cas systems.

Inthe near future artificial intelligence approaches will undoubt-
edly play anincreasingly prominent roleinthe discovery of previously
uncharacterized CRISPR-Cas variants with predefined features®. Such
new discoveries could also come from targeted exploration of specific
environments, in particular, extreme environments. Apart from new
CRISPR-Cas varieties, a vast field for future studies is the widespread
CRISPR-Cas exaptation, in particular, by various MGEs. Functional
characterization of such repurposed CRISPR-Cas systems should
help clarify fundamental aspects of co-evolution between prokaryotes
and MGEs.

Methods

The prokaryotic genome database

A collection of 46,862 bacterial and 683 archaeal genomes available
from GenBank and RefSeq that were completely sequenced or assem-
bled at the chromosome level was downloaded in November 2023.
All 75 x 10° protein sequences with unique identifiers were clustered
using MMSEQS2 (ref. 59) at two levels: (1) with similarity and coverage
thresholds of 0.9 and (2) with asimilarity threshold of 0.5and a cover-
agethreshold of 0.33 (-cluster-mode 2 (greedy incremental clustering)
and -cov-mode 1 (coverage calculated on the target sequence)). The
optimal growth temperature was obtained for 24,711 genomes by rec-
oncilingthe datadownloaded from https://melnikovlab.com/gshc/ (on
3 February 2025) with genome assembly identifiers and species-level
taxonomy identifiers in our dataset.

CRISPR array detection

Atotal of 320,239 CRISPR arrays and CRISPR-like repetitive sequences
were identified within the prokaryotic genome database using the
standalone version of CRISPRCasFinder 4.2.20 (ref. 60) with default
parameters, except for minimumdirect repeat length of 20 base pairs.

Protein annotation

Proteins were annotated using a PSI-BLAST®' search against the
database of all protein sequences encoded by the prokaryotic
genomes in the dataset described above. Queries for these search
processes included public NCBI Conserved Domain Database profiles®
(Pfam, NCBI conserved domains (CD) and clusters of orthologous
genes (COGs)), excluding public profiles for Cas proteins and including
new Cas protein profiles developed in this study. A non-overlapping
set of best-scoring profile hits with a PSI-BLAST e-value threshold of
<0.0001was assigned to each protein sequence.

Phylogenetic analysis

Genome tree. For approximate assessment of the phylogenetic
relationships between the genomes, protein sequences from the
54 nearly universal bacterial COGs and 55 nearly universal archaeal
COGs were aligned using FAMSA®. For COGs represented by two
or more paralogues, a single representative per genome with the
highest similarity to the alignment consensus was selected. After
removing low homogeneity and highly gapped columns®, alignments
of bacterial and archaeal proteins were concatenated separately and
the corresponding approximate maximum likelihood trees were con-
structed using FastTree with gamma-distributed site ratesand Whelan
and Goldman evolutionary model®.

Phylogenetic trees. For the Cas9 protein family, the following proce-
durewas applied to facilitate the multiple sequence alignment (MSA)
construction: (1) clustering using MMSEQS2 to obtain anon-redundant
dataset (similarity and coverage thresholds of 0.9), (2) alignment
of cluster representatives using Muscle5 (ref. 2), (3) poorly aligned
sequences or fragments were discarded, (4) filtering for alignment
columns withahomogeneity value of >0.05 and gap fraction of <0.667,
and (5) the filtered alignment was used as the input for FastTree®
to construct maximum likelihood phylogenetic tree with the Whelan
and Goldman evolutionary model, gamma-distributed site rates;
the same program was used to calculate support values (data file 4
inref.15).

Tobuildtrees for Casl, Cas3 and the RuvC domains of Cas12/TnpB
family, a modification of the above procedure was used as follows:
(1) clustering using MMSEQS2 with a similarity threshold of 0.5 and
a coverage threshold of 0.33, (2) alignment of sequences inside each
cluster using MUSCLES, (3) extraction of the consensus sequence
from each alignment, (4) aligning the cluster consensus sequences,
(5) expansion of this alignment into pseudo-MSA*®®, and (6) filtering
alignment and building FastTree tree as described in the previous
paragraph (datafile 4 inref. 15).

Unweighted pair group method with arithmetic mean dendro-
grams. To investigate the hierarchy of similarity between protein
clusters that do not readily align, relative HHSEARCH® scores
(Sap/ min(Sa 4, Sp,8), Where S, g is the score between profiles A and B)
were obtained for cluster comparison and converted to distances
using the negative log transformation. Hierarchical unweighted pair
group method with arithmetic mean (UPGMA) dendrograms were
then constructed using scipy.cluster.hierarchy and the ‘average’
method in Python or hclust and the ‘average’ method in R. This
approach was applied for Cas8/Cas10s (Extended Data Fig.10), Cas12
(Extended Data Fig. 4b), Casl13 (Extended Data Fig. 3c), Cas7, Cas5
and Casll (data file 4 in ref. 15). The specific settings are indicated in
therespective figure legends.

Hybrid dendrograms. Hybrid dendrograms were built as described
previously®. Briefly, the FastTree program® (Whelan and Goldman
evolutionary model, gamma-distributed site rates) was used to infer
relationships within alignable clusters and the relationships between
these clusters were inferred from HHalign pairwise scores using the

Nature Microbiology


http://www.nature.com/naturemicrobiology
https://melnikovlab.com/gshc/

Analysis

https://doi.org/10.1038/s41564-025-02180-8

matrix-based UPGMA approach as described in the previous section.
The FastTree trees built for clusters were grafted onto the tips of the
profile similarity-based UPGMA dendrogram. Such hybrid dendro-
gram were built for the Cas10 and CARF families (Fig. 3a and data
file4inref.15).

Updating Cas protein profiles

Using NCBI Conserved Domain Database Cas protein profiles (Pfam, CD
and COG)®? and the previously published Cas protein profile sets®, Cas
proteins were retrieved from the prokaryotic genome database. Pre-
liminary CRISPR~-cas genomicislands were then assembled (ten genes
flanking the genes casI-casi4from each side) for tentatively identified
typel,IL 1II, IVand Vil systems (the type V and VI systems were analysed
separately). Unknown genes adjacent to known cas genes or CRISPR
arrays were manually analysed using tools for detection of sequence
and structural similarity, including HHPred for sequences®” and AF2
modelling®s, followed with DALI® for structures. Using the retrieved
Cas protein sequences and sequences from the previously published
CRISPR-Cas profiles®, sets of protein sequences were assembled for
the following major protein families: Casl, Cas2, Cas3, Cas4, Cas5,
Casé6, Cas7, Cas8, Cas9, Casl0, Casl0d, Casll, Casl4, Csx19, Csx22,
Csx24,Csx25,Csx26 and CARF. Cas12 and Casl13 proteins were analysed
separately as described below.

Profiles were constructed for each protein set using the follow-
ing pipeline. Representatives of each protein family were selected
fromthe 0.9 similarity clusters of the prokaryotic protein dataset (the
first member of each cluster, as reported by MMSEQS2). PSI-BLAST
footprints from cognate CRISPR-Cas profiles were retrieved from
this set of cluster representative sequences. For manually annotated
CRISPR-linked genes (unknown genes from the CRISPR-Cas islands
described earlier), the entire sequence was taken as a footprint. The
footprints were further clustered with a similarity threshold of 0.7 and
coverage threshold of 0.9 using MMSEQ2. Profiles were generated for
eachcluster of the footprintsaccording to the following procedure. The
sequences within each cluster were aligned using FAMSA for clusters
including >500 sequences, muscle5 with the ‘super5” option for clus-
ters including 101-500 sequences and muscle5 with the ‘mpc’ option
for clusters including <100 sequences™. To filter fragments or partial
sequences, the resulting alignment was used as a PSI-BLAST query
against all cluster sequences and sequences matching <75% of the
profile length were removed. The cleaned sequence set was realigned
asdescribed earlier.

Because the legacy Cas protein profiles (Pfam, CD, COG and
previously constructed custom profiles®*?) often include inconsist-
ently defined boundaries for the same domain, their footprints could
differ strongly with respect to mapping on the protein structure. To
mitigate this and obtain a consistent set of homologous sequences,
the mapping and realigning procedure described above was reapplied
using the cluster profile as the query for PSI-BLAST.

Each resulting 0.7 similarity cluster was used as a PSI-BLAST
query against the prokaryotic database to identify hits (e-value cutoff
of 0.0001) outside CRISPR-cas islands, which were treated as false
positives for further calculations. A reduced set of clusters repre-
senting closely related protein groups was constructed using the 0.7
similarity cluster profiles and the hierarchical clustering procedure
described earlier with a tree depth cutoff of 0.8. Profiles were gener-
ated for the resulting clusters and these clusters were used to gene-
rate a distance matrix as described earlier. Further clustering was
performed using the neighbour-joining method” until convergence.
In each neighbour-joining iteration, sequences from the closest clus-
ter profile pair were merged, a new profile was generated with the
approach described above and the distance matrix was recalculated.
Clusters were merged only if the PSI-BLAST results for the merged
profile contained more than 98% of the original sequences and no
more thanten new false positives (except Cas3 and CARF genes, where

false-positive counts were not used for the neighbour-joining profile
generation procedure given the abundance of homologues outside
CRISPR-Cas systems).

Theresulting clusters were manually reviewed. Clusters contain-
ing <3 sequences were removed if those sequences were represented
in the PSI-BLAST results (e-value cutoff of 0.0001) of larger clusters.
In other cases, and for CRISPR-Cas genes that are poorly represented
(<3 copies) in the prokaryotic database, profiles were constructed
using sequences from the clustered NR. Sequences of the respec-
tive proteins were used as PSI-BLAST queries for three iterations
against the clustered NR database https://ncbiinsights.ncbi.nlm.nih.
gov/2022/05/02/clusterednr_1/ to retrieve additional sequences and
alignthem as described earlier.

Casl2 profiles were derived from distinct branches of phylogenetic
treesand UPGMA dendrogramsreported previously*®*. The Cas12b3
alignment was built using the sequences from NR. For all Cas12 fami-
lies, both near-full-size alignments® and alignments of the RuvC-like
nuclease domains alone were used to construct profiles.

Profiles for Cas13a, -c and -d were derived from previously pub-
lished alignments®; Cas13b alignments and Cas13f were constructed
in this Analysis fromrecently reported sequences*”**’>” For all Cas13
families, separate profiles were constructed for the N-terminal and
C-terminal HEPN domains.

Estimation of recombination within CRISPR-cas loci

A rough estimate of the extent of recombination between modules
within CRISPR-cas loci was obtained by tallying the co-occurrence
of cas1 with distinct effector genes (cas8, cas9, cas1O or cas12) within
the samelocus. If Casl proteins from the samesstrict cluster (90% iden-
tity) co-occurred with effectors from permissive clusters (50% iden-
tity), arecombination event between the adaptation module and the
effector module was registered, producing a conservative estimate of
inter-module swaps.

Estimation of abundance of CRISPR-Cas systems

Profiles of large subunits of effector complexes of Class 1 systems
and effector proteins of Class 2 systems were searched against the
NCBI clustered NR database using MMSEQS2 (ref. 59). For most of the
CRISPR effectors, the corresponding profiles were used as queriesina
maximum sensitivity (-s 7.5) MMSEQS2 search with an e-value thresh-
old of 0.0001. For type V effectors, sequences in Cas12 profiles were
clustered using MMSEQS2 with similarity thresholds of 0.9, and the
cluster representatives were used as queries in a maximum sensi-
tivity (-s 7.5) MMSEQS2 search with an e-value threshold of 0.0001
and similarity threshold of 0.6 (as reported by MMSEQS2). The best
non-overlapping hits that covered at least 0.75 of the query length
(either profile consensus or theindividual query protein) were recorded
for each target protein. The number of hits was then assigned to each
type and subtype, corresponding to the query provenance, and used to
approximatetherelative abundance of CRISPR-Cas types and subtypes
inthe microbial world beyond the completely sequenced genomes.

Assembly of CRISPR-cas genomic loci

Forthegenesencodingall Cas proteins and cyclic oligonucleotide-based
anti-phage signalling systems, genomic neighbourhoods of up ten
flanking genes from each side, including predicted CRISPR arrays,
were defined. Neighbourhoods containing at least one core Cas pro-
teins (casI-casl4) were retrieved. Casl2 proteins were identified and
classified separately using Cas12/TnpB phylogenetic tree (datafile 4 in
ref.15). Such analysisis required to assign subtypes and to distinguish
CRISPR effectors from similar TnpB-like RNA-guided nucleases and can-
didate systems (collectively referred to as subtype V-U)****°, Cas13 pro-
teins were identified using the respective profiles and manually curated
to remove false positives. Annotation of protein-coding genes with
type- and subtype-specific profiles was used to classify CRISPR-Cas
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systems (data files 5, 6 and 8 in ref. 15). Boundaries of CRISPR-cas
loci were defined to include all CRISPR and Cas10-associated cyclic
oligonucleotide-based anti-phage signalling systems genes and mem-
bers of their respective directions at the locus margins.

For CRISPR-Cas systems poorly represented in the complete
genome database used here (subtypes II-D, IlI-H, llI-1, V-L, V-N, V-O,
V-P, V-Q, VI-E, VI-F and VII), genome neighbourhoods were retrieved
from the NCBI nucleotide sequence database. The anchors for these
loci were obtained by searching the corresponding effector protein
profiles against the NCBI clustered NR database (Cas10 for IlI-H, and
Cas7-like and Cas10-like for IlI-I).

Genome weights

To mitigate the massively uneven representation of prokaryotic clades
in the complete genome database, a tree-based genome weighting
scheme was used”. The analysis of the representation of CRISPR-
Cas systems was based on weights obtained for all 47,545 complete
genomes. The representation of CRISPR-Cas systems with respect to
temperature preferences was analysed using the weights for the subset
of 24,711 genomes with known optimal growth temperatures. For the
estimation of the relative abundances of CRISPR-Cas systems, weights
were derived from the subtree of the 16,898 genomes encoding at least
one complete CRISPR-Cas system.

Structural modelling and comparison

Modelling of individual Cas proteins and extraction of core
domains. Structural models of representative Cas7, Cas8 and Cas10
proteins of different type I and Ill subtypes were predicted using
AlphaFold2 (default parameters)®®. Core domains of Cas8 and Casl10
(both AlphaFold2 predictions and from PDB) have been extracted by
identifying fused Cas3 and Casll1 by structure comparison. To do so,
full Cas8 and Cas10 structures have been compared against individual
Cas3 and Casllstructures available in PDB by foldseek. After mapping,
fused Cas3, Cas5 and Casl1 domains were removed, if applicable, and
the core Cas8 and Casl0 proteins kept. Core structures were verified
manually afterwards and used for Cas8 and Cas10 comparison (data
filelinref.15).

Structure comparison of Cas8 and Cas10 proteins. Core Cas8 and
Casl0 domains fromselected representatives of type land Ill subtypes
were extracted from either PDB structures or AlphaFold2 (ref. 68)
models and compared all-versus-all using DALI® (data file 4 in ref. 15).
Pairwise root mean square deviation values were used to construct
an UPGMA dendrogram as follows: (1) the pairwise root mean square
deviation values were normalized to the minimum of the self-scores
and converted to a distance matrix on the natural logarithmic scale
and (2) the UPGMA dendrogram was reconstructed from this distance
matrix using the R package hclust with the argument ‘method’ set to
average (=UPGMA).

Structure comparison of Cas7 domains. Individual Cas7 domains
were extracted fromIlI-1 Cas7-11i (WP_207677910), llI-D Cas7 (8bmw),
I1I-E Cas7-11e (7zol) and AlphaFold2 predicted llI-D2 Cas7-11c (GwCas7-
11c) and compared all-versus-all by DALI. Pairwise root mean square
deviation values were used to construct a UPGMA dendrogram
using the R package hclust with the argument ‘method’ set to
average (=UPGMA).

Modelling of CRISPR effector complexes. CRISPR effector com-
plexes of subtypes llI-G, IlI-H and llI- have been predicted with Alpha-
Fold3” (default settings) using the following input sequences: IlI-G
(NC_012623.1), S. islandicus Y.N.15.51, 7xCas7_1, 1xCas7_2, 1xCas5,
1xCasl0, crRNA (48 nt) and crRNA (38 nt); llI-H (RPGO01000026),
‘Candidatus A. ethanivorans’ isolate Eth-Archl, AEth_01085, 7xCas7,
1xCas5 and 1xCas7, RNA as for llI-G; llI-1, (D. magnum WP_207677910

and WP_207677911.1), 1xCas7-11i and 1xCas10; and RNA from type IlI-E
of D. magnum (PDB 7zol). Predicted complex structures are available
indatafilelinref.15.

Criteria for identification and classification of CRISPR-cas
systems

As in previous classifications of CRISPR-Cas systems, the main
approach fortheiridentification was the search of protein sequences
encoded in bacterial and archaeal genomes using position-specific
iterated BLAST (PSI-BLAST)®.. The queries for these searches were
position-specific scoring matrices (PSSMs) generated from multiple
alignments of the 14 core Cas proteins and additional ancillary proteins
strongly associated with CRISPR-Cas systems. The use of PSSMs rather
than individual protein sequences as queries is essential for reliable
identification of CRISPR-Cas systems due to the typically high evolu-
tion rate of cas genes’. Together, for this work, we assembled a set of
915PSSMs covering cas and other associated genesincluding 293 newly
constructed and curated ones that were used to identify 146,993 core
cas genes (casI-casl4) in 47,545 completely sequenced bacterial and
archaeal genomes that were available at the NCBI in November 2023
(Fig. 1a, ‘The prokaryotic genome database’ section and data files 5,
6 and 8 in ref. 15). For most of the core Cas protein families, multiple
PSSMs had to be used because high sequence divergence did not allow
reliable recognition with a single PSSM. For all core genes, similarity
dendrograms or phylogenetic trees were constructed to assess the
relationships among the Cas proteins in the respective families (data
file4inref.15).Inaddition, representatives of several subtypes and vari-
ants of type V systems were missing in the analysed genome collection,
so the sequences were extracted from recent publications and used
as queries tosearch the GenBank (‘Protein annotation’ section). After
extensive manual curation of the results, this search yielded 21,474
complete (thatis, those containing all core as well as subtype-specific
signature genes of the effector module) CRISPR-Cas systems that were
assigned to types and subtypes (Extended Data Figs. 1-4 and data file
8in ref. 15). The loci that could not be confidently assigned to any of
the previously identified subtypes were designated representatives of
new subtypes or variants. New variants identified inrecent genome and
metagenome analyses but missinginthe complete genome collection
were added to the list of CRISPR-casloci (Extended Data Figs.1-4 and
datafile 8 inref. 15). The substantially updated collection of multiple
alignments and PSSMs for Cas protein families that was developed
and employed in this work is available in data files 5 and 6 in ref. 15.
These alignments and/or PSSMs can be used as tools for identifica-
tion and classification of CRISPR-caslociin sequenced genomes and
metagenomes. Several conflicts with the published classification of
CRISPR-Cas systems are listed in Supplementary Table 3.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Allthe dataused and generated in this work are available at https://doi.
org/10.5281/zenodo.17388109 (ref. 15).
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Extended DataFig. 1| Updated classification of type I CRISPR-Cas systems. The gene names follow the previous classification®. The pink shading shows

The figure schematically shows representative (typical) CRISPR-cas loci for each the effector module. The grey shading of different hues shows the two levels of
class1subtype and selected distinct variants, with the dendrogram on the left classification, subtypes and variants. Where both a systematic name and a legacy
showing the likely evolutionary relationships between the types and subtypes. name are commonly used, the legacy name is given under the systematic name.
The columnon theright indicates the organism and the corresponding gene DNA and RNA are the molecules targeted by the CRISPR-Cas systems.

range. Homologous genes are colour-coded and identified by a family name.
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Extended DataFig. 2 | Updated classification of CRISPR typesIIl, IV and have been detected. Dashed line leading to type IlI-E indicates its likely origin
VIICRISPR. Designations are the same as in Extended Data Fig. 1. Additional from11I-D2. Abbreviations: CHAT, protease domain of the caspase family; TPR,
subunits of effector complexes are shown as grey arrows. Most of the subtype Tetratricopeptide repeats; RT, reverse transcriptase. DNA and RNA are the
111-B, III-C, II-E, 11I-F loci as well as IV-B and IV-C loci lack CRISPR arrays and molecules targeted by the systems.

are shownaccordingly although for each of the type Il subtypes exceptions
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Extended Data Fig. 3| Updated classification of CRISPR types Iland VI.

a,b, The figure schematically shows representative (typical) CRISPR-cas loci of
eachtypell (a) and type VIsubtype (b) and selected distinct variants, with the
dendrogram on the left showing the likely evolutionary relationships between
the types and subtypes. The column on the right indicates the organism and the
corresponding gene range. Homologous genes are colour-coded and identified
by a family name following the previous classification®. Where both a systematic
name and alegacy name are commonly used, the legacy name is given under

the systematic name. The grey shading of different hues shows the two levels of
classification, subtypes and variants. The adaptation module genes casl and cas2
are presentinonly asubset of the subtype VI-A and VI-D loci and are accordingly
shown by dashed lines. The WYL-domain-encoding genes and csx27 genes are
also dispensable and thus shown by dashed lines. Additional genes encoding
components of the interference module, such as tracrRNA, are shown. The
domains of the effector proteins are colour-coded: RuvC-like nuclease, green;

HNH nuclease, yellow; HEPN RNase, purple; transmembrane domains, blue. DNA
and RNA are the molecules targeted by the systems. ¢, Deep relationships among
type Vleffector families. Profile-profile comparisons were performed and the
UPGMA dendrogram was constructed as described in Methods. The tree is based
onthe most conserved C-terminal HEPN domain alignments only. HHsearch

was run with the minimum length coverage for hits set tol=0.33,-u=2.3-gcut =
0.667. Multiple alignments (profiles) of the C-terminal HEPN domains are
availablein datafile Sinref. 15, and the original tree is available in data file 4
inref.15. The dashed line corresponds to the tree depth D between 1.5and 2

(D =2roughly corresponds to the pairwise HHsearch similarity score of

exp(2D) = 0.02 relative to the self-score) and separates most of the subtypes
assigned previously or in this work. New subtypes are highlighted by blue.

d, Organization of representative loci for distinct variants of subtype VI-B.
Designations are thesameasinb.
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Extended Data Fig. 4 | Updated classification of type V CRISPR-Cas
systems. a, Schematics of organization of type Il CRISPR-Cas systems. The
figure schematically shows representative (typical) CRISPR-cas loci of each
experimentally characterized and/or described in previous classification type
Vsubtypes and distinct variants, with the dendrogram on the left showing
thelikely evolutionary relationships between the types and subtypes. The
column on the right indicates the organism and the corresponding gene range.
Homologous genes are colour-coded and identified by a family name following
the previous classification®. Where both a systematic name and alegacy name
are commonly used, the legacy name is given under the systematic name. The
grey shading of different hues shows the two levels of classification, subtypes
and variants. The adaptation module genes casI and cas2 are presentinonly a
subset of the type V subtypes. Dispensable (and/or missing in some subtypes
and variants) components are indicated by dashed outlines. Additional genes

encoding components of the interference module, such as tracrRNA, are shown.
The domains of the effector proteins are colour-coded: RuvC-like nuclease (RuvC
motifs1, 11, 111), green. b, Deep relationships between type V effector families.
Profile-profile comparisons (RuvC-domain only) were performed and the
UPGMA dendrogram was constructed as described in Methods. Specifically,
HHsearch was run with the minimum length coverage for hits set to 0.033,
-u=2.3-gcut = 0.667. Multiple alignments (profiles) used for this analysis are
available in datafile 5in Ref. 15 and the original tree is available in datafile 4 in
ref.15. The dashed line corresponds to the tree depth D between1.5and 2 (D =2
roughly corresponds to the pairwise HHsearch similarity score of exp(2D) = 0.02
relative to the self-score) and separates most of the subtypes that were previously
assigned previously or in this work. New subtypes are highlighted by blue colour.
IS605 (magenta) stands for TnpB RNA-guided nuclease encoded by IS605 family
transposons and not associated with CRISPR arrays.
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Extended DataFig. 5| Alphafold 3 models for III-G, III-H, III-1 CRISPR effector complexes compared with solved structures of I1I-D1, I1I-E and VIl effector
complexes. The models are the same as schematically shown in Fig. 2b. Distinct subunits are coloured as in Fig. 2b.
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Extended Data Fig. 6 | CRISPR-Cas subtype IlI-1. a, Comparison of
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respective arrows. b, Dendrograms for individual Cas7 domains. The larger tree is
ahybrid UPGMA/FastTree tree built for all best hits obtained by PSI-BLAST search
with the three individual Cas7 domain of Cas7-11i used as queries. The smaller
UPGMA dendrogram was built using a matrix of Pairwise rmsd scores as obtained
by DALI comparison for individual Cas7 domain from the Cas7-11i AF3 model,
Cas7-11estructure (7zol), AF3 model for GwCas7*3 28 and the Cas7 domain from
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indicates Cas7 domains with structural similarity and dashed line shows domains
with significant sequences similarity. ¢, AF3 model for Cas7-11i (WP_207677910.1)
and Casl0i (WP_207677911.1) complexed with crRNA from subtype I1I-D. Cas7
and putative Caslldomain are coloured, CaslOiis showninblue.d, Structural
alignment of AF2 model of Cas10i and Cas10d structure (8s9t-C). Below the DALI
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Extended Data Fig. 7| Inactivated type V-B variant Cas12b3. a, Genetic
organization of Actinomyces sp. conjugative plasmid region encoding type IV-B
and the B3 variant of subtype V-B. Plasmid-related genes are shown in brown.
Other genes (black) are mostly uncharacterized or unrelated to CRISPR or
known plasmid genes. b, Schematic representation of HHpred search results

and substitution of key amino acids of the RuvC-l1and RuvC-Il sites in Cas12b3.
¢, Multiple alignment of mini CRISPR array associated with the V-B3 variant.
CRISPR repeats are shown in red. Genome names and accession numbers are
indicated above the alignment.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Analysis

https://doi.org/10.1038/s41564-025-02180-8

RRM1 CARF HEPN

C s mpmp

casposon
s TR TE TSD
\ Q‘ /
KINCE=)E e

cast0 I cas? cass cu!_g,

toxin-antitoxin
system

adaptation effector complex
module
other offctors
@] ) »
—— cas10 cas7 cas5 casT cas6 cast1

Extended Data Fig. 8 | Hypothetical scenario for the origins and evolution

of CRISPR-Cas systems. The figure is anamended version of Fig. 6 from the
2020 classification of CRISPR-Cas systems®. The key evolutionary events are
described to the right of the images. The multiforking arrows denote events that

T

castlV castl  casT cass

[BCASP RNase \i

castd cas? cass.

DNA nucleases

cas? cast-lke. cass

HD

cas3 cas8 cas? cas5 cas11 cas6.

Transposon M
T TnsA TnsBTnsC TnsD cas8 cas? cass | casl cas6

—
HERN ﬁAb\F-lype n
I:P» ‘ toxin-antitoxin
cas! cas2 \
@?IM“I:-:-Z>
cast cas2 cas13
viﬂ [x
cast cas2 \

11 s s Y |
cast cas2 cas9
» 2

IscB-RNA-guided
nuclease

tracrRNA

MTan-RNA-gmded
=) / nuclease
cast cas2 \

%mqu—:} I

traciRNA

R R

Tersposon () DI —— T HHH)
T7-like cas12k

TnsBTnsC TnsD

ancestral signaling system

— aquisition of HD nuclease and origin of DNA targeting
- duplication of RRM domain
- origin of RNA-binding

linnate i and si

system

- origin of effector complex by duplication and fission of
RRM domain containing proteins

- origin of Cas1 and CRISPR repeats from casposon

— aquisition of cas2-like gene from toxin-antitoxin system

I ive i ity and si

p system
Class 1 system

- duplication of cas7 family
- origin of cas6 family

generic Type "I system

- reduction of large subunit
- loss of adaptation module and Cas6

generic Type IV system

— loss of adaptation module and Cas6
— loss of N-terminal domains of the large subunit
— fusion of C-terminal domain of Cas10 with RNase from BCASP family

generic Type V" system

—loss of CRISPR array

generic HRAMP system

— loss of signaling activity

— loss of RNA targeting

- origin of Cas8 by inactivation of Cas10

— aquisition of Cas3 helicase

— HD domain transfered from Cas10 to Cas3

generic Typel system

— loss of Cas3
- loss of adaptation module

Type | system exapted by Tn7 transposon

—insertion of AbiF-like HEPN-containing gene next to CRISPR array
— acquisition of random insertions to increase specificity
- acquisition of adaptation module

generic Type VI system
—insertion of RNA-guided nuclease iscB gene
next to CRISPR array, loss of its mobility
- acquisition of adaptation module
- acquisition of random insertions to increase specificity

generic Type " system

- insertion of RNA-guided nuclease tnpB gene, loss of its mobility
- acquisition of adaptation module

- acquisition of random insertions to increase specificity

- origin of tracrRNA from omega RNA

generic Type Vv system

— inactivation of RuvC domain
- loss of adaptation module
— origin of tracrRNA from omega RNA

Type V system exapted by Tn7-like transposon

have beeninferred to have occurred on multiple, independent occasions during
the evolution of CRISPR-Cas systems. Additional abbreviations: “GGDD”, key
catalytic motif of the cyclase/polymerase domain of CaslO that isinvolved in the
synthesis of cOA; TR, terminal repeats.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Analysis

https://doi.org/10.1038/s41564-025-02180-8

Chryseobacterium soli DSM 1929
Chryseobacterium sp 6021061333
Chryseobacterium arachidis DSM 27618
Chryseobacterium haifense DSM 19056
Chryseobacterium caeni DSM 17710
Chryseobacterium hominis DSM 19326
Chryseobacterium aquaticum KCTC 12483
Chryseobacterium taihuense CGMCC 1 10941
| Chryseabacterium polytrichastri DSM 26899
Chryseobacterium palustre DSM 21579
s um DSM 16779

]

Fchrysenba rium indologenes C 885
Chryseobacterium molle DSM 18016

Fl cteri
Flavobacterium
Cloacibacterium normanense DSM 15886

Fi HSM

System

No. of distinct

No. of distinct
modules i

modules

CHIE T <]

cos Heaw RoT Cat Caxz

Chryseobacterium palustre DSM 21579

Cast a2

geyella zoohelcum CCUG 30536
- Chryseobacterium sp 52

Chryseobacterium molle DSM 18016
Chryseobacterium soli DSM 19298
Chryseobacterium polytrichastri DSM 26899
Chryseobacterium piscicola DSM 21068
Chryseobacterium aquaticum KCTC 12483

@yl o
Jeast ! a2

RMORES ¢

m akia -

! kingia miricol 0
) e seobacte sense LM 2
[« 1 Chryseobacterium hominis DSM 19326

pacterium fontis DSM 2566

Chryseobacterium caeni DSM 17710
M 17708

rium suceinic:
erium normanense DSM 15886
o 49512

Cloacibact

m granuli DSM 19729

Bergeyella zoohelcum ATCC 43767

Chryseobacterium taihuense CGMCC 110941

Chryseobacterium arachidis DSM 27619
076

terium crassostreae

Chryseobacterium sp 6021061333

um frigoris DSM 15719

Fraction of distinct
tion modules

involved in recombination in cas loci

175 12008
36 3324
23 1315

Type V 0 87

Type VI 0 4
Extended Data Fig. 9| Example of Cas9 shuffling in situ and estimate of
the shuffling frequency. a, Phylogenetic analysis of subtype II-C genes from
Flavobacteriales. Casl phylogenetic tree is shown on the left and Cas9 tree is
shownon theright. Both trees were constructed using FastTree as described
in Methods. Species of different genera are shown in different colours. Arrows

Type |
Type Il
Type Il

involved in recombination

1.5%

1.1%

1.7%

0%

0%
indicate several outstanding examples of cas9 exchanged in situ (when closely
related casl genes are associated with distantly related cas9 genes). The loci
schematics and percent identity for selected genes are shown. b, Estimated
shuffling rate of adaptation versus effector genes.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Analysis

https://doi.org/10.1038/s41564-025-02180-8

Cas8b|8h67L
_E Cas8b|WP 211430032 1

Cas8b|WP 011305345 1|C25 Cas8b 2
Cas8b|WP 014225624 1|C25 Cas8b 10
Cas8b|WP 026969631.1|C25 Cas8b 6
Cas8g|8b2xM

Cas8g|WP 289268353 1|C25 Cas8g 3
Cas8g|WP 014632297 1|C25 Cas8g 2
Cas8g|WP 139240937 1|C25 Cas8g 4

Cas8a|WP 015858910 1
Cas8alADM27734 1

Cas8a|WP 013159790 1

Cas8a|WP 175059589 1|C25 Cas8a 2

Cas8b|WP 022618044 C|C25 Cas8b 12
Cas8b|RMH33252.1|C25 Cas8b 8
Cas8b|WP 013433574 1|C25 Cas8b 15
Cas8b|WP 307903759 1

Cas8b|WP 251949274 1|C25 Cas8b 11
Cas8a|WP 014026055.1|C25 Cas8a 7
Cas8a|WP 011849951 C|C25 Cas8a 6
Cas8alKU081298.1|C25 Cas8a 9
Cas8b|WP 150885200 1|C25 Cas8b 4
Cas8b|WP 284016709 1|C25 Cas8b 14
Cas8b|WP 048137716 1|C25 Cas8b 1
Cas8c|WP 007785258 1|C25 Cas8c 1
Cas8c|8dejl

Cas8b|WP 046663057 1|C25 Cas8b 9
Cas10d|WP 014434561 1|C25 Cas10d 4

[T 711

[T

—-—

il

Cas10d|WP 210218342 1|C25 Cas10d 1
Cas10d|7sba

Cas10d|WP 054964024 1|C25 Cas10d 5
Cas10d|RJX27673.1|C25 Cas10d 3
Cas10d|WP 206825539 1|C25 Cas10d 6
Cas8e|WP 198319415 1

Cas8e|3wvoA

Cas8b|WP 023055758.1

Cas8f|6vogA

Cas8f|WP 264496508 1|C25 Cas8f1 1

y

Cas8b|C25 Cas8b 3
r|: Cas8b|C25 Cas8b 8

Cas8b|C25 Cas8b 2
Cas8b|C25 Cas8b 10

Cas8b|C25 Cas8b 11
— Cas8b|C25 Cas8b 1

L Cas8c|c25 Casse 1
[—— CasBblC25 Cassb 12

L o 0T

L cassb|c25 Cassb 15
Cas10d|C25 Cas10d 2
Cas8a|C25 Cas8a 5
Cas8b|C25 Cas8b 5
Cas8b|C25 Cas8b 4
Cas8b|C25 Cas8b 9

Cas8b|C25 Cas8b 13
_E Cas8b|C25 Cas8b 7

Cas8a|C25 Cas8a 7

Cas8a|C25 Cas8a 3
E Cas8a|C25 Cas8a 4

Cas8a|C25 Cas8a 10
Cas8a|C25 Cas8a 9
Cas8a|C25 Cas8a 6
Cas8a|C25 Cas8a 8

[ Cas8a|C25 Cas8a 1
Cas8a|C25 Cas8a 2

Cas10d|C25 Cas10d 1

’_L‘

Cas10d|C25 Cas10d 5
Cas10d|C25 Cas10d 3
Cas10d|C25 Cas10d 6
Cas8g|C25 Cas8g 3

I_ Cas8g|C25 Cas8g 1

Cas8g|C25 Cas8g 2
Cas8g|C25 Cas8g 4
r Cas8e|C25 Cas8e 2

L casse|c25 Casge 1
Cas8b|C25 Cas8b 6

Cas8f1/C25 Cas8f1 2
_E Cas8f1|C25 Cas8f1 1

Cas8b|C25 Cas8b 14

Cas10d|C25 Cas10d 4

T

4 3 2

Cas8g|C25 Cas8g 5

1 0

converted to a distance matrix on the natural log scale. The UPGMA dendrogram
was reconstructed from this distance matrix. A depth of -1 (red dashed line)
corresponds to a pairwise z-score of ~7.5-9. Profile IDs are indicated after the
vertical bar. b, Profile-profile comparisons for large subunits of type I effector
complexes (Cas8 and Cas10d families) were performed and the UPGMA
dendrogram was constructed as described in Methods. HHsearch was run
with the minimum length coverage for hitssetto1=0.33, -u=2.3-gcut = 0.667.
Multiple alignments (profiles) used for this analysis are available in data files
5and 6inref.15. The dashed line corresponds to the tree depth D = 2, roughly
corresponding to the pairwise HHsearch similarity score of exp(2D) = 0.02
relative to the self-score. Typically, this tree depth reflects reliable sequence
similarity.

Extended Data Fig. 10 | Deep relationships among structures of large subunits
of type I effector c complexes. a, Relationships between the structures of
typellarge subunit representatives (Cas8 and Cas10d families). Cas8 and
Casl0d correspond to distinct profiles/subfamilies (sdata file 5and 6 in ref.
15), and representatives of each subfamily was modelled with AF2 (ref. 68; with
max_template_date = 2024-12-12). In addition, resolved structures of Cas8 and
Cas10d were retrieved from PDB’’. Additional domains present in some of the
Cas8 and Cas10d proteins (such as Cas5, Cas3 and Casl11) were identified and
trimmed off the structure to keep the respective core structures. These core
structures were compared all against all using DALI®. Pairs without detectable
similarity (no Dali z-score reported) were set artificially to a z-score of 0.1. The
pairwise DALI z-scores were normalized by the minimum of the self-scores and
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