
Analysis
https://doi.org/10.1038/s41564-020-0777-y

Department of Molecular Genetics, Weizmann Institute of Science, Rehovot, Israel. ✉e-mail: rotem.sorek@weizmann.ac.il

Bacteria and archaea have active defence systems to protect 
themselves against infections by viruses1–4. Recent studies in 
Vibrio cholerae and Escherichia coli have reported a bacterial 

defence system that is thought to share ancient common ancestry 
with the animal cGAS–STING antiviral pathway5. The bacterial 
cyclic GMP-AMP synthase (cGAS)6 generates cyclic GMP-AMP 
(cGAMP) molecules after sensing that the cell has been infected, 
and the cGAMP molecules activate a phospholipase7 that degrades 
the inner membrane of the bacterial cell, resulting in cell death5. 
cGAS-mediated cell death occurs before the phage is able to complete 
its replication cycle, such that no mature phage particles emerge from 
the infected cell and the phage does not spread to nearby cells5. This 
mode of bacterial defence was named CBASS5. In general, CBASS 
systems are characterized by at least two proteins with the following 
minimal configuration: one protein is thought to sense the presence 
of the phage and then produce the cyclic-oligonucleotide signal, and 
the second is an effector protein that senses the cyclic-oligonucleotide 
signal and exerts the cell-suicide function (Fig. 1a).

Bioinformatics and functional analyses have revealed that vari-
ants of the CBASS system are widespread in bacterial and archaeal 
genomes, forming a large and highly diverse family of anti-phage 
defence systems5,8–11. Bacterial CBASS systems show variety in every 
part of the system, including the oligonucleotide cyclase, the signal-
ling molecule produced, the effector cell-killing gene and ancillary 
genes5,8–10.

Here we systematically analysed CBASS systems in microbial 
genomes and identified four major types of CBASS. We analysed the dif-
ferent protein domains that are associated with cyclic-oligonucleotide 
recognition, effector activity and ancillary functions, and propose a 
standardized nomenclature to describe CBASS diversity.

Results
The presence of an oligonucleotide cyclase gene of the CD-NTase 
family is the hallmark of CBASS systems5,8. To study the distribution  

and variation of CBASS systems in bacteria and archaea, we first 
searched for homologues of oligonucleotide cyclase genes in a 
set of 38,167 bacterial and archaeal genomes belonging to 14,566 
species (see Methods). We found 5,756 such genes in 4,894 (13%) 
of the genomes, spanning—in agreement with previous analy-
ses5,8—all major bacterial phyla as well as one archaeal phylum 
(Supplementary Tables 1–5). We next analysed the genomic envi-
ronment of the oligonucleotide cyclases and identified, in the 
majority of cases, the effector gene and additional commonly 
associated ancillary genes, which are denoted CD-NTase asso-
ciated proteins (Cap) genes12 (Fig. 1b,c; see Methods). On the 
basis of the analysis of these identified CBASS systems, we pro-
pose a CBASS classification scheme that is based on three axes: 
the CBASS operon composition (CBASS types I, II, III and IV); 
the effector activity; and the signalling molecule produced by 
the oligonucleotide cyclase (Fig. 1b). Overall, we detected 5,675 
cyclase-containing CBASS operons; some operons contain more 
than one cyclase (see below).

Classification axis I: CBASS operon configuration. Type I CBASS 
comprises a compact two-gene system. In 2,376 of the CBASS sys-
tems that we identified (42%), the system has a minimal configura-
tion that consists of an oligonucleotide cyclase and an effector gene, 
without associated ancillary genes (Supplementary Table 1). As this 
is the most abundant CBASS configuration, we denote it type I. A 
type I CBASS from Bacillus cereus, when cloned into Bacillus sub-
tilis, was demonstrated experimentally to confer protection against 
phages, indicating that this two-gene minimal configuration does 
not necessitate ancillary genes for its anti-phage activity5. Type I 
CBASS can be found in all major phyla (Fig. 2). The effector pro-
teins in the majority of type I CBASS systems contain one or sev-
eral transmembrane-spanning helices, which are predicted to form 
pores in the membrane once activated by the cyclic-oligonucleotide 
signal5,11 (Fig. 2d).
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Type II CBASS includes ancillary genes that encode ubiquitin- 
associated domains. We found that 2,199 CBASS systems (39%) 
include, in addition to the core cyclase-effector pair, two genes (called 
cap2 and cap3 (ref. 12)) that encode domains that are typical of the 
eukaryotic ubiquitin machinery. These systems are denoted type 
II CBASS. cap2 comprises a fusion between a ubiquitin-activating 
E1-like enzymatic domain and a ubiquitin-conjugating E2-like 
domain. The second gene, cap3, encodes a protein domain that is 
predicted to be an isopeptidase of the JAB/JAMM family, which is 
usually found in eukaryotic deubiquitinase enzymes that remove 
ubiquitin from target proteins. Two type II CBASS systems, one from 
E. coli and one from V. cholerae, were shown experimentally to confer 
defence against a phylogenetically wide set of coliphages, when cloned 
to an E. coli strain that lack a CBASS system5. Interestingly, cap2 and 
cap3 were necessary for protection against some, but not all, of the 
phages, suggesting that these genes have an ancillary function in the 
CBASS system that expands the range of phages against which the 
system protects. As ubiquitin is not known to be present in E. coli or 
V. cholerae, evidence is lacking about which protein is the target of the 
ubiquitin-handling domains encoded by the cap2 and cap3 ancillary  

genes. In the experimentally tested type II CBASS systems from 
E. coli and V. cholerae, the effector gene is a phospholipase that is 
thought to degrade the inner bacterial membrane once activated by 
the signalling molecule5,7; such phospholipase domains are the most 
common effector domains in type II CBASS systems (Fig. 2d).

As the cap3 gene is short (encoding 160 amino acids on aver-
age), it is sometimes not annotated in the genome in which the 
CBASS is identified. Nevertheless, examination of the intergenic 
regions downstream of cap2 enabled the identification of cap3 in 
many cases (Supplementary Table 2). In a minority (19) of type II 
CBASS systems, cap2 and cap3 are fused and, in other cases (13), 
cap3 is fused to the effector gene. A subset of 616 (28%) of the type 
II CBASS systems have a minimal configuration that comprises, in 
addition to the cyclase-effector pair, only a short E2-domain gene, 
without E1 or JAB (Fig. 1c and Supplementary Table 2). It is unclear 
whether this subtype functions on its own or whether it uses other 
genes in the cell to fill in for the missing E1 and JAB functions.

Type III CBASS includes ancillary genes that encode HORMA  
and TRIP13 domains. About 10% of the CBASS systems that we 
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Fig. 1 | General description of CBASS systems. a, A general model for the mode of action of CBASS systems. Phage infection is sensed by the cyclase (or 
by the ancillary genes, together with the cyclase), leading to activation of the cyclase, which generates a cyclic-oligonucleotide signalling molecule. The 
signalling molecule is sensed by the effector and activates its cell-killing function. CBASS cyclases can generate a variety of cyclic di- and trinucleotides, 
and CBASS effectors can exert cell death through membrane degradation, cleavage of phage and host DNA, formation of membrane-spanning pores and 
by other means of which the mechanisms are yet to be identified. b, Four types of CBASS systems classified according to their ancillary gene content. 
The box arrows with dashed outlines represent genes that are present in some, but not all, of the systems in the respective CBASS type. Ancillary genes 
are denoted as Cap genes. c, Representative examples of CBASS operons and their genomic neighbourhood. The name of the bacterial species and the 
accession of the relevant genomic scaffold in the IMG database34 are indicated on the left.
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identified (572 systems) are associated with another set of ancillary 
genes that, interestingly, also encode protein domains that were to 
date mainly described in eukaryotes13. One of these genes (hereaf-
ter, cap7) encodes a HORMA-domain protein; such proteins form 
signalling complexes that control steps in meiosis, mitosis and DNA 
repair in eukaryotes14. The second gene (cap6) encodes a TRIP13 
domain (also called Pch2 domain), which is a known inhibitor of 
HORMA-domain protein activity. In eukaryotes, TRIP13 proteins 
dissociate the HORMA signalling complexes and, therefore, turn off 
the signal15.

A type III CBASS from E. coli MS115-1 was shown to provide 
protection against phage-lambda infection9. The oligonucleotide 
cyclase in this system produces cyclic triadenylate molecules 
(cAAA) in response to phage infection, and this molecule was 
shown to activate the effector protein—an endonuclease that 
non-discriminately and completely degrades both phage and host 

DNA leading to abortive infection and cell death9,10. It was shown that 
the HORMA-domain protein (Cap7) is essential for phage defence, 
and that the oligonucleotide cyclase becomes active only when 
physically bound by the HORMA-domain protein. By contrast, the 
TRIP13 protein Cap6 was shown to dissociate the HORMA-domain 
protein from the oligonucleotide cyclase, indicating that TRIP13 is 
a negative regulator of cyclic-oligonucleotide production9. On the 
basis of these results, it was suggested that, under normal condi-
tions, Cap6 prevents Cap7 from associating with and activating 
the oligonucleotide cyclase; however, during phage infection, Cap7 
recognizes the infection (perhaps by binding to a phage-encoded 
protein) and changes its conformation to remain bound to the oli-
gonucleotide cyclase. This binding activates the production of the 
cyclic-oligonucleotide molecule, which in turn activates the effec-
tor protein leading to cell death before the phage has completed its 
replication cycle9,10.
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Type III systems are overrepresented in Proteobacteria and 
are almost completely absent from Firmicutes (Fig. 2c). These 
CBASS systems appear in two main configurations: one with a 
single HORMA-domain protein (Cap7), and the second with two 
HORMA-domain proteins in which one of the two HORMA-domain 
proteins (which we denote Cap8) is considerably divergent and is 
identifiable only through structure-based comparisons, but not 
sequence-based comparisons9 (Fig. 1c). It was found that this diver-
gent Cap8 HORMA domain does not activate the cyclase in vitro 
and it was therefore suggested that it functions as a scaffold9. The 
oligonucleotide cyclases that are present in the two type III subtypes 
form two distinct clades on the phylogenetic tree of the oligonucle-
otide cyclase family (Extended Data Fig. 1). A specific subclade of 
the type III CBASS systems (102 cases, 18% of type III systems) con-
tains an additional ancillary gene with a predicted 3′–5′ exonuclease 
domain (Supplementary Table 3).

Type IV CBASS includes ancillary proteins with nucleotide-modifying 
domains. Type IV is a rare form of CBASS, with only 43 occurrences in 
the analysed genomes, appearing mostly in archaea and Firmicutes. 
Type IV CBASS comprises two ancillary genes (cap9 and cap10) 
with protein domains that are involved in nucleotide modification. 
cap9 encodes a predicted QueC enzymatic domain, which is known 
to convert the modified base 7-carboxy-7-deazaguanine (CDG) 
to 7-cyano-7-deazaguanine (preQ0)16,17. cap10 encodes a predicted 
enzyme called TGT that catalyses base exchange of a specific gua-
nine residue with preQ0 in tRNA molecules18. Proteins with these 
enzymatic domains were also shown to modify guanine residues on 
DNA as part of a restriction-modification system called dpd19. In 
12 (28%) of the type IV CBASS systems, another gene (cap11) that 
is annotated as an N-glycosylase/DNA lyase (OGG) is also present 
in the CBASS operon (Supplementary Table 4). N-glycosylase/DNA 
lyases are known to remove damaged guanine bases (8-oxoG) from 
the DNA and to nick DNA in apurinic/apyrimidinic sites20. To date, 
no type IV CBASS systems were demonstrated to defend against 
phages, and the function of their ancillary genes remains obscure.

Type IV systems are enriched in archaea and form two clades on 
the phylogenetic tree of the oligonucleotide cyclase family (Extended 
Data Fig. 1), one of which is a distinct, previously unreported clade. 
Notably, the relatively small number of sequenced archaeal genomes 
in the databases (representing only 2.5% of the set of >38,000 
genomes that we analysed) may have led to an under-representation 
of type IV CBASS systems in our set of genomes.

Standalone oligonucleotide cyclases. We detected 485 (9%) cases 
in which the oligonucleotide cyclase gene was not associated with 
effector and/or ancillary genes (Supplementary Table 5). In many 
cases, these standalone cyclases appear at, or near to, the edge of 
partially assembled genomic scaffolds, most probably represent-
ing cases in which the remainder of the CBASS operon was in 
the not-yet-assembled part of the draft genome. Other cases of 
standalone cyclases may represent degenerated, pseudogenized 
CBASS systems in which some of the genes were mutated or 
deleted, or cases in which the effector gene is not adjacent to the 
cyclase but is rather found elsewhere on the genome. We cannot 
rule out the possibility that some oligonucleotide cyclases exert 
their function as standalone genes. Indeed, we detected three cases 
in which CBASS systems appear on a single gene, comprising a 
fusion between the oligonucleotide cyclase and the effector gene 
(Supplementary Table 1).

Classification axis II: the effector cell-killing domain. The effec-
tor gene of CBASS systems is usually composed of two domains—
the cyclic-oligonucleotide-sensing domain and the cell-killing 
domain that becomes activated once the cyclic oligonucleotide is 
sensed. The various cell-killing domains can be associated with 

several CBASS types. In our CBASS classification scheme, we mark 
cell-killing domains by capital letters (for example, phospholipase 
domain (A), transmembrane domains (B), endonuclease domain 
(C) and so on; see below). Thus, CBASS type I-A is a type I system 
with a phospholipase effector, and CBASS type II-C is a type II sys-
tem with an endonuclease effector.

The following cell-killing domains are identified in CBASS effec-
tor genes. In some cases, they were shown to cause cell death; in 
other cases, the cell-killing effect is hypothesized but has not yet 
been examined experimentally.

Patatin-like phospholipase (A). Effector proteins with a patatin-like 
phospholipase domain were shown to degrade the phospholipids 
of the inner cell membrane, as demonstrated in vitro as well as by 
in vivo studies in V. cholerae7. This leads to a change in the cell shape 
and eventual cell lysis5. Effector genes with phospholipase domains 
are found both in type I and type II CBASS systems, but are absent 
from types III and IV. These effectors are the most common effec-
tors in type II CBASS (Fig. 2d).

Effectors with two or four transmembrane helices (B). This effector 
class is composed of proteins that do not have an identifiable enzy-
matic domain but, rather, encode transmembrane helices. These 
effectors are predicted to promote cell death by forming pores in the 
cell membrane once they become activated by the cyclic oligonucle-
otide5,11. Effectors with two transmembrane helices (2TM) are the 

Table 1 | Pfams that are commonly associated with CBASS 
systems in prokaryotes

Pfam Function in CBASS Additional names

PF18144 Oligonucleotide cyclase CD-NTase8

PF18134 Domain of unknown function fused 
to cyclases

AGS-C11

PF18145 Oligonucleotide-sensing domain SAVED11

PF18178 Oligonucleotide-sensing domain TPALS11

PF15009 Oligonucleotide-sensing domain 
(STING)

STING

PF18153 Effector domain (2TM) S_2TMBeta11

PF18179 Effector domain (2TM) SUa-2TM11

PF18303 Effector domain (2TM) SAF 2TM11

PF18181 Effector domain (2TM) SLATT11

PF18183 Effector domain (2TM) SLATT11

PF18184 Effector domain (2TM) SLATT11

PF18186 Effector domain (2TM) SLATT11

PF18160 Effector domain (2TM) SLATT11

PF18169 Effector domain (2TM) SLATT11

PF18167 Effector domain (2TM) SMODS-associated 
NUDIX domain11

PF18159 Effector domain (4TM) S-4TM11

COG3105 Effector domain (1TM) DUF1043

PF00899 Ancillary gene, type II (E1 domain)

PF14461 Ancillary gene, type II (E2 domain)

PF14464 Ancillary gene, type II (JAB 
domain)

PF18173 Ancillary gene, type III (HORMA 
domain)

PF18138 Ancillary gene, type III (HORMA 
domain)
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most common effector class in type I and type IV CBASS systems, 
and are rare in type III systems (Fig. 2d).

Several protein families (Pfams) have been designated by 
Aravind and colleagues11 to identify CBASS-associated 2TM effec-
tor domains (Table 1). A minority of 2TM effectors contain an 
additional functional domain annotated as a NUDIX hydrolase11 
(Table 1). This domain is known to cleave nucleoside diphosphate 
molecules linked to other moieties21 and, therefore, this subclass of 
effectors probably exerts another function instead of, or in addition 
to, forming membrane pores.

Some CBASS systems encode effector proteins with four trans-
membrane helices (4TM). This is possibly a fusion of two 2TM 
effectors, containing two distinct 2TM effector domains. A 4TM 
effector was demonstrated to promote infection-mediated cell death 
in the type I CBASS system of B. cereus VD146 (ref. 5). Interestingly, 
about 10% of the systems with a 4TM effector have two cyclase 
genes (compared with ~1% in systems with other effectors), suggest-
ing that the effector may respond to signals from the two cyclases  
(see below).

Finally, several CBASS effectors (69 of the cases) involve a single 
transmembrane domain (1TM). Most of these are annotated with a 
domain of unknown function DUF1043.

Endonuclease (C). Another common effector type encodes an 
endonuclease domain (Fig. 2d). Endonuclease domains are found 
mostly in CBASS types II and III. Four different subclasses of endo-
nuclease domains appear with these effectors: HNH endonucle-
ase (CBASS types I and II), NucC endonuclease (mostly in type 
III CBASS), a recently identified endonuclease of Pfam PF14130 
(formerly called DUF4297)12 and, rarely, Mrr or calcineurin-like 
nucleases. The NucC-domain effector protein of type III CBASS 
from E. coli MS115-1 was shown to be activated by its cognate 
cyclic oligonucleotide (cyclic triadenylate) and, once activated, it 
was shown to degrade double-stranded DNA indiscriminately to 
fragments sized 50–100 bp (ref. 10). DNA degradation during the 
infection process eliminates both phage and host genomes, abort-
ing the infection and leading to cell death10. In a similar manner, 
effector proteins that contain the DUF4297 endonuclease (denoted 
Cap4) or the HNH endonuclease domain (Cap5) were shown to 
degrade DNA into short fragments when activated by their cognate 
cyclic-oligonucleotide molecules12.

TIR domains (D). Toll/interleukin-1 receptor (TIR) domains were 
originally found in pathogen-sensing innate-immunity proteins 
in eukaryotes22. These domains were recently shown to partici-
pate in a widespread anti-phage defence system called Thoeris, 
the mechanism of action of which is yet to be deciphered2.  

The presence of TIR domains within CBASS effectors mark TIRs 
as possibly exerting a cell-killing function. Three subclasses of TIR 
domains are associated with CBASS systems: (1) a TIR-like domain 
fused to a STING domain in type I CBASS; (2) a TIR-like domain 
fused to a cyclic-oligonucleotide-sensor domain annotated as Pfam 
PF18145 in type II systems; and (3) a TIR-like domain fused to a 
cyclic-oligonucleotide-sensor domain annotated as Pfam PF18178 
in type III systems.

Phosphorylase/nucleosidase superfamily (E). Protein domains with 
this annotation are found rarely (60 cases in our set) in effector 
genes from type III CBASS systems.

Peptidase (F). Peptidases of the caspase-like superfamily are found 
rarely (20 such cases in our set) in effector genes that mostly belong 
to type I CBASS. We postulate that this domain may be involved in 
cell suicide, perhaps by cleaving essential cellular proteins.

Classification axis III: the signalling molecule. In a recent com-
prehensive study, Kranzusch and colleagues showed that the bac-
terial cGAS protein, which was originally detected in V. cholerae6, 
is part of a large and diverse family of oligonucleotide cyclases 
(CD-NTases) that is widespread in microorganisms8. Various 
cyclases from the CD-NTase family have been experimentally 
shown to generate a variety of cyclic di- and trinucleotides, includ-
ing cyclic cGAMP, cyclic UMP-AMP, cyclic UMP-UMP and cyclic 
AMP-AMP-GMP8. CBASS systems of the same type can encode 
different cyclases that produce different signalling molecules (Table 
2). We propose to include the biologically active signalling mole-
cule of CBASS systems as a superscript annotation, such that, for 
example, a type II CBASS with a phospholipase effector that utilizes  
cyclic UMP-AMP signalling molecule will be named CBASS type 
II-AUA (Table 2).

A phylogenetic tree of the oligonucleotide cyclase proteins is 
shown in Extended Data Fig. 1. This tree largely follows the trees 
for this family of proteins presented in refs. 5,8, and we now add the 
updated CBASS and effector types overlaid on the tree (Extended 
Data Fig. 1).

CBASS effector genes must encode cyclic-oligonucleotide-sensing 
domains that match the signalling molecule produced by their cog-
nate oligonucleotide cyclase. About 30% of the effector proteins 
in CBASS systems encode a domain called SAVED11, which was 
recently shown to form the oligonucleotide-sensing platform in the 
effector protein. Divergence in the nucleotide-binding pockets of 
SAVED enables the specific recognition of a large variety of cyclic 
oligonucleotides that differ in ring size and composition12. Other 
protein domains that are found in CBASS effector proteins that 

Table 2 | Experimentally studied CBASS systems and their classifications

Species Cyclase Effector Ancillary 
genes

Signalling molecule CBASS 
classification

Ref.

E. coli, V. cholerae DncV (cGAS) Phospholipase Cap2, Cap3 cGAMP Type II-AGA 5

P. aeruginosa, Xanthomonas 
citri

CD-NTase002 CD-NTase003 Phospholipase Cap2, Cap3 cGAMP Type II-AGA 8

E. coli CdnE Phospholipase Cap2, Cap3 Cyclic UMP-AMP Type II-AUA 8

Legionella pneumophila Lp-CdnE02 2TM None Cyclic UMP-UMP Type I-BUU 8

Enterobacter cloacae Ec-CdnD02 Endonuclease Cap2, Cap3 Cyclic AMP-AMP-GMP Type II-CAAG 8,12

E. coli CdnC Endonuclease Cap6, Cap7 Cyclic AMP-AMP-AMP Type III-CAAA 9

P. aeruginosa CdnD Endonuclease Cap6, Cap7, 
Cap8

Cyclic AMP-AMP-AMP Type III-CAAA 9

B. cereus IK1_05630 4TM None Unknown Type I-B 8

Acinetobacter baumannii AbCdnD Endonuclease Cap2, Cap3 Cyclic AMP-AMP-AMP-AMP Type II-CAAAA 12
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do not encode SAVED domains are predicted to form additional 
oligonucleotide-sensing platforms (Table 1).

Variations on a theme. In addition to the common CBASS con-
figurations presented above, several variations are worth men-
tioning. There are 78 cases in which the CBASS operon contains 
two oligonucleotide cyclase enzymes (Supplementary Tables 1–5). 
Interestingly, the majority (53%) of these CBASSs encode a 4TM 
effector that seems to be, as described above, a fusion of two 2TM 
effectors. It is possible that these systems represent an actual fusion 
of two CBASS effectors, and that each half of the effector senses the 
signalling molecule generated by one of the two associated oligo-
nucleotide cyclases but not the other.

In 914 of the CBASS systems we examined, the oligonucleotide 
cyclase gene encodes an extra domain (Pfam PF18134). The vast 
majority (98%) of these cases are type I systems (Supplementary 
Table 1). It has previously been suggested that this protein domain 
functions as a cyclic-oligonucleotide sensor11, but its presence in 
the oligonucleotide cyclase protein suggests that its role may be to 
identify the invading phage. The abundance of the PF18134 protein 
domain specifically in type I CBASS systems may also imply that 
this domain replaces the function of the ancillary genes, which are 
naturally missing from type I systems.

An interesting variant of CBASS systems lacks the hallmark oli-
gonucleotide cyclase gene. Instead, these systems contain a gene that 
is annotated as an adenylate/guanylate cyclase, as well as an effec-
tor gene with a cyclic AMP (cAMP)-binding domain instead of the 

common cyclic-oligonucleotide-binding domain (Supplementary 
Tables 6 and 7). We found 460 such systems (303 of type I CBASS 
and 127 of type II CBASS), and it is possible that, in these systems, 
the signalling molecule is a single nucleotide with a cyclic mono-
phosphate rather than a cyclic oligonucleotide. As cAMP is fre-
quently used for housekeeping signalling functions in bacteria23, it 
is probable that the signalling molecule is cGMP. Alternatively, it is 
possible that the adenylate cyclase gene produces a cAMP variant 
that differs from the housekeeping cAMP (for example, perhaps the 
cyclic phosphate is formed by covalent linkage with the 2′ carbon of 
the ribose instead of the 3′ carbon).

Evolutionary shuffling of CBASS systems and genes. Many 
anti-phage defence systems were shown to undergo a high level of 
horizontal gene transfer1,24,25. It was suggested that bacteria use hori-
zontal gene transfer to access defence mechanisms encoded by the 
pan-immune system of closely related strains1. In accordance with 
this, we found that different strains of the same species can host dif-
ferent CBASS types and effectors, sometimes with multiple systems 
in the same genome (Fig. 3a). This chequered pattern of CBASS dis-
tribution in closely related genomes suggests that CBASS systems 
are rapidly gained and lost, consistent with the present theory on 
the pan-immune system of bacteria1. We found 561 genomes that 
contain more than one CBASS, with some genomes containing four 
or even five of such systems (Supplementary Tables 1–7).

Examination of the phylogenetic tree of oligonucleotide cyclases 
shows evidence for shuffling of cyclase and effector genes between 
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CBASS systems (Extended Data Fig. 1). Cyclase genes that are phy-
logenetically close to each other on the tree (that is, those that have 
similar sequences) can be associated with different effector types 
and even with different CBASS types (Extended Data Fig. 1). In 
some cases, we found highly similar systems (>80% identity when 
comparing the cyclase proteins) that have completely different 
effectors (Fig. 3b). Presumably, such a shuffling of effector genes 
between CBASS systems is evolutionarily driven by the necessity to 
mitigate infection by phages that can inhibit or overcome some of 
the effectors.

Discussion
We have classified the vast diversity of CBASS systems into a 
streamlined nomenclature that will hopefully help researchers to 
give recognizable names to the CBASS systems that they study. The 
three classification identifiers are operon organization, effector type 
and signalling molecule, and applying this classification strategy 
will enable straightforward description of most CBASSs, provid-
ing a common language for research in the field. The complexity of 
CBASS systems parallels that of CRISPR systems, for which similar 
past classifications were instrumental in generating a common lan-
guage for research in the field26,27.

CBASS types differ by the content of their ancillary genes. In 
type II and type III CBASS systems, the proteins encoded by the 
ancillary genes have counteractive functions. In type III CBASS, 
the Cap7 HORMA-domain protein activates the oligonucleotide 
cyclase by directly binding to it, and the Cap6 TRIP13 protein 
inhibits this activation by dissociating Cap7 from the cyclase 
enzyme9. In a similar manner, it is predicted that the Cap2 ancillary 
protein of type II CBASS systems uses its E1 and E2 domains to 
conjugate a (yet unidentified) moiety to a target protein to possibly 
activate the cyclase enzyme, while the Cap3 JAB-domain isopepti-
dase protein would counteract this activity by removing this moiety 
from its target.

An interesting parallel of the CBASS system is found in type 
III CRISPR–Cas systems. After recognising foreign nucleic acids 
through the crRNA–protein complex of type III CRISPR–Cas, the 
Cas10 subunit of the complex generates a cyclic oligoadenylate mol-
ecule (comprising 2–6 adenosine monophosphate molecules conju-
gated in a cyclic form)28,29. This molecule then binds to and activates 
the RNase effector Csm6 that indiscriminately degrades the RNA 
of both host and phage, presumably leading to cell dormancy or 
death28,29. In at least some cases, bona fide CBASS effectors, such as 
the NucC endonuclease, function as effectors of type III CRISPR–
Cas systems10, suggesting that these two defence systems share func-
tional components.

Interactions between bacteria and phages have led to the evo-
lution of multiple and diverse bacterial immune systems. Many 
of these systems, including CBASS, are absent from many model 
organisms and have only been discovered very recently by study-
ing the genomes of non-model organisms1,2,5,30–33. It is probable that 
many more novel defence systems will be discovered that will show-
case the manifold ways in which bacteria have evolved to defend 
against virus infection.

Methods
Identification of CBASS cyclases and operon types. Protein sequences of all 
of the genes in 38,167 bacterial and archaeal genomes were downloaded from 
the Integrated Microbial Genomes (IMG) database34 in October 2017. These 
proteins were clustered using the ‘cluster’ option of MMseqs2 (release 2-1c7a89; 
ref. 35), with the default parameters. The sequences of each cluster were aligned 
using Clustal Omega36. Multiple sequence alignments of clusters of 10 or more 
proteins were scanned with HHsearch37 using the 50% gap rule (-M 50) against the 
PDB_mmCIF70 (ref. 38) and Pfam32 (ref. 39) databases. For clusters with less than 
ten proteins, we used a step of HHblits37 with two iterations before scanning with 
HHsearch. Clusters with HHsearch hits to one of the cGAS entries (Protein Data 
Bank (PDB) codes: 4LEV, 4MKP, 4O67, 5VDR, 5V8H, 4LEW, 5VDP, 4KM5, 4O68, 
4O69, 5V8J, 5V8N, 5V8O, 5VDO, 5VDQ, 5VDS, 5VDT, 5VDU, 5VDV, 5VDW, 

4XJ5, 4XJ1, 4XJ6, 4XJ3 and 4XJ4; and Pfam: PF03281) with >90% probability in 
the top 30 hits were taken for manual analysis. Fragmented cyclase genes were 
counted as a single gene in further analyses.

To identify the CBASS operon types, the genomic environments spanning ten 
genes upstream and downstream of each of the predicted oligonucleotide cyclase 
genes were searched to identify conserved gene cassettes, as previously described2,5. 
Predicted systems were manually reviewed and unrelated genes (such as mobilome 
genes and genes of other defence systems) were omitted.

To search for unannotated JAB proteins, the nucleotide sequences of E1–E2 
genes from type II CBASS operons that do not contain JAB were extracted, along 
with the 2,000 nucleotides upstream and downstream. These sequences were 
searched using BLASTx against the JAB protein from the CBASS operon of E. coli 
TW11681 (ref. 5). Hits with an e value of <0.01 were considered to be cases in which 
JAB was present. The same process was used to detect unannotated E2 genes.

Phylogenetic analysis. Genomes that contain CBASS were counted for each 
phylum. A species was counted as containing CBASS (Fig. 2b) if at least one of the 
genomes belonging to the species had a CBASS system.

To generate the phylogenetic tree in Extended Data Fig. 1, cyclases that did not 
have ten genes upstream and downstream were removed. The ‘clusthash’ option of 
MMseqs2 (release 6-f5a1c) was used to remove protein redundancies (using the 
‘--min-seq-id 0.9’ parameter). Sequences that were shorter than 200 amino acids 
were also removed. The human cGAS protein (UniProt: Q8N884) was added, 
as well as the human oligoadenylate synthase genes (UniProt: P00973, P29728 
and Q9Y6K5); these were used as an outgroup. Sequences were aligned using 
clustal-omega v.1.2.4 with the default parameters. FastTree40 was used to generate 
a tree from the multiple-sequence alignment using the default parameters. iTOL41 
was used for tree visualization. Clades were coloured according to refs. 5,8.

Search for CBASS AMP/GMP cyclases. The genomic environments spanning 
ten genes upstream and downstream of E1–E2 genes were searched to identify 
conserved gene cassettes, as previously described2,5. Genes associated with E1–
E2-containng operons that did not contain an oligonucleotide cyclase were mapped 
to their respective cluster (see the explanation for the protein clustering above). 
Multiple-sequence alignments of proteins in these clusters were scanned with 
HHsearch37 using the 50% gap rule (-M 50) against the Pfam32 (ref. 39) database. 
Clusters with hits to Pfam PF00211 with >90% probability in the top 30 hits were 
then manually examined.

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

Data availability
All genomic data that support the findings of this study are available at IMG 
(https://img.jgi.doe.gov/cgi-bin/mer/main.cgi). Accession codes for all data are 
provided in Supplementary Tables 1–7. PDB and Pfam databases are available at 
the HHsuite database page (http://wwwuser.gwdg.de/~compbiol/data/hhsuite/
databases/hhsuite_dbs/).
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Extended Data Fig. 1 | Phylogenetic analysis of oligonucleotide cyclases (CD-NTase) and their CBASS types. The phylogenetic tree of all cyclases, as 
depicted and colored in refs (5 and 8) is presented in the center. Each clade is then expanded and presented in the periphery as a circular tree to increase 
resolution. Outer ring depicts the effector type; middle ring depicts the system type. Numbers next to each clade represent the bootstrap value for that 
node in the central tree.
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