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The cyclic GMP–AMP synthase (cGAS)–STING pathway is a central component of the
cell-autonomous innate immune system in animals1,2. The cGAS protein is a sensor of
cytosolic viral DNA and, upon sensing DNA, it produces a cyclic GMP–AMP (cGAMP)
signalling molecule that binds to the STING protein and activates the immune
response3–5. The production of cGAMP has also been detected in bacteria6, and has
been shown, in Vibrio cholerae, to activate a phospholipase that degrades the inner
bacterial membrane7. However, the biological role of cGAMP signalling in bacteria
remains unknown. Here we show that cGAMP signalling is part of an antiphage defence
system that is common in bacteria. This system is composed of a four-gene operon that
encodes the bacterial cGAS and the associated phospholipase, as well as two enzymes
with the eukaryotic-like domains E1, E2 and JAB. We show that this operon confers
resistance against a wide variety of phages. Phage infection triggers the production of
cGAMP, which—in turn—activates the phospholipase, leading to a loss of membrane
integrity and to cell death before completion of phage reproduction. Diverged versions
of this system appear in more than 10% of prokaryotic genomes, and we show that
variants with effectors other than phospholipase also protect against phage infection.
Our results suggest that the eukaryotic cGAS–STING antiviral pathway has ancient
evolutionary roots that stem from microbial defences against phages.

Bacterial antiphage immune systems, such as CRISPR–Cas and restriction modification systems, tend to concentrate in ‘defence islands’ in
bacterial genomes8; this property has facilitated the discovery of defence
systems on the basis of their colocalization with known ones9–11. We
noticed that homologues of the gene that encodes cGAS in V. cholerae
(dncV; ‘dinucleotide cyclase in Vibrio’) frequently tend to appear near
defence genes. Out of 637 homologues of this protein that we identified through a homology search in 38,167 microbial genomes, we found
that 417 (65.5%) are located in the vicinity of known defence systems
(Fig. 1a). It has previously been shown that such a high propensity of
colocalization with defence genes is a strong predictor that the gene
under inspection has a role in phage resistance11. These results therefore
suggest that the gene that encodes the bacterial cGAS participates in
defence against phages.
The bacterial cGAS and the effector phospholipase ‘cGAMP-activated
phospholipase in Vibrio’ (CapV)7 are encoded by adjacent genes in the
V. cholerae genome and are probably expressed in a single operon7.
The same operon also contains two additional genes, the presence of
which next to the capV-dncV gene pair is conserved in the majority of
cases (96%, 613 out of 637 homologues), suggesting that the putative
functional defence system that involves bacterial cGAS comprises these
four genes (Fig. 1a). As has previously been noted7,12, the two additional
genes encode proteins with domains that are known to be associated
with the eukaryotic ubiquitin system: the E1 and E2 domains that are
typical of ubiquitin transfer and ligation enzymes, and a JAB domain,

which is similar to de-ubiquitinase enzymes that remove ubiquitin from
target proteins (Fig. 1b).
To test whether the four-gene operon that contains cGAS is an
antiphage defence system, we cloned the operon of V. cholerae serovar O1 biovar El Tor (hereafter, V. cholerae El Tor) or the homologous
operon from Escherichia coli strain TW11681 into the laboratory strain
E. coli MG1655, which naturally lacks this system. In both cases, the
putative four-gene system was cloned together with its upstream and
downstream intergenic regions to preserve promoters, terminators
and other regulatory sequences. We then challenged E. coli MG1655
bacteria containing these four-gene systems with an array of phages
that spans the three major families of tailed, double-stranded DNA
phages (T2, T4, T6 and P1 from the Myoviridae; λ-vir, T5, SECphi18
and SECphi27 from the Siphoviridae; and T7 from the Podoviridae),
as well as the single-stranded DNA phage SECphi17, of the Microviridae family.
Both the V.-cholerae-derived and the E.-coli-derived four-gene operons conferred defence against multiple phages. The system from E. coli
provided 10–1,800-fold protection against 6 of the 10 phages that we
tested, and the system from V. cholerae protected against 2 of the phages
(Fig. 1c, Extended Data Fig. 1). None of the systems protected against
the transformation of a multi-copy plasmid (Extended Data Fig. 2). The
stronger protective effect that was observed for the E.-coli-derived
system, as compared to that from V. cholerae, possibly stems from the
higher compatibility of the former with the E. coli host and the coliphages
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Fig. 1 | Systems containing bacterial cGAS protect against phage infection.
a, Genes that encode bacterial cGAS are part of a conserved four-gene operon
that is genomically associated with antiphage defence systems. Representative
instances of the four-gene putative defence systems that contain cGAS, and their
genomic environments, are presented. Genes that are known to be involved in
defence are shown in yellow. Genes of mobile genetic elements are in dark grey.
RM, restriction modification; TA, toxin–antitoxin. BREX, Hachiman and Wadjet
are recently described defence systems9,11. b, Domain organization of the genes
in the operon that contains cGAS. c, The four-gene operon from V. cholerae El Tor
or E. coli TW11681 was cloned into E. coli MG1655 (Methods). The efficiency of
plating is shown for ten phages infecting the control E. coli MG1655 strain (no
system), the strain with the four-gene operon cloned from E. coli TW11681

(system from E. coli) and the strain with the four-gene operon cloned from
V. cholerae El Tor (system from V. cholerae). Data represent plaque-forming units
(PFU) per millilitre; bar graph represents average of three independent
replicates, with individual data points overlaid. d, e, Efficiency of plating of
phages infecting strains with the wild-type (WT) four-gene operon cloned from
E. coli TW11681, deletion strains in that operon and strains with point mutations.
Data represent plaque-forming units per millilitre; bar graph represents average
of three independent replicates, with individual data points overlaid. Empty
vector represents a control E. coli MG1655 strain that lacks the system and
contains an empty vector instead. d, Infection with phage P1. e, Infection with
phage T2.

that we used. We therefore proceeded with the E.-coli-derived system
for further experiments.
To determine whether the ability to produce and sense cGAMP affects
defence, we experimented with mutated forms of the system. Deletion
of either the cGAS-encoding or the phospholipase-encoding genes
resulted in a complete loss of protection against phage infection (Fig. 1d,
e, Extended Data Fig. 3a–d). Moreover, point mutations in two essential
aspartate residues in the cGAMP-producing active site of cGAS (D129A/
D131A)7,13 abolished defence, which suggests that cGAMP production is
absolutely necessary for the phage-defensive properties of the system
(Fig. 1d, e, Extended Data Fig. 3a–d). A S60A point mutation that inactivates the catalytic site of the CapV phospholipase also rendered the
system completely inactive against all the phages that we tested, demonstrating that the cGAMP-controlled phospholipase activity of CapV is
essential for defence (Fig. 1d, e, Extended Data Fig. 3a–d). These results
indicate that, as in eukaryotes, the cGAS–cGAMP signalling pathway in
bacteria participates in antiviral defence.
We next examined mutations in the two additional genes in the fourgene operon. Defence against the myophage P1 was not affected when
the gene encoding the E1 and E2 domains or the gene encoding the
JAB domain were deleted, which suggests that these two genes are not
essential for protection against P1 (Fig. 1d). Accordingly, a construct
that contained only the capV-dncV gene pair (that is, expressed only
the phospholipase–cGAS pair) showed complete defence against P1
(Extended Data Fig. 4), demonstrating that the phospholipase–cGAS
pair can work as a standalone defence system against some phages.
However, deletion of the gene that encodes the E1 and E2 domains
abolished defence against all of the other phages that were tested (T2,
T4, T5, T6 and λ-vir). The presence of an intact gene that encodes the
JAB-domain protein was necessary for protection against some phages

(T4, T5 and T6), but not against others (P1, T2 and λ-vir). Point mutations that are predicted to inactivate the active site of the E1 domain
(C493A/C496A) or to inactivate the active site of the peptidase in the
JAB domain (D38A) recapitulated the results of deletions of the entire
genes, suggesting that the predicted enzymatic activities of the E1–E2
and JAB proteins are necessary for their roles in phage defence (Fig. 1d,
e, Extended Data Fig. 3a–d). Our mutational analyses suggest that the
four-gene operon forms a bacterial system that relies on cGAMP signalling and phospholipase activity to defend against a broad range of
phages, and that the activities of the two additional genes are necessary
for defence against some—but not all—phages. We denote this system
the cyclic-oligonucleotide-based antiphage signalling system (CBASS).
In animals, the sensing of viral infection is the trigger that activates the
production of cGAMP3. We therefore sought to examine whether phage
infection triggers the production of cGAMP in the bacterial system as
well. To this end, we took advantage of the fact that the CapV phospholipase is activated by cGAMP, and used this protein as a reporter for the
presence of cGAMP in infected cells. We first expressed and purified
the CapV phospholipase from the E. coli CBASS system, and measured
its activity using an in vitro phospholipase activity assay. As expected,
chemically synthesized 3′3′-cGAMP induced CapV phospholipase activity in a concentration-dependent manner (Fig. 2a). Next, we exposed
the purified CapV to cell lysates that were derived from cells containing
the ∆capV CBASS, and which had been filtered to include small molecules only (Methods). The CapV phospholipase became markedly
activated when exposed to cell lysates that were collected 40 min after
infection with phage P1, which suggests that phage infection triggers
cGAMP accumulation in cells that contain the CBASS (Fig. 2b). These
results were corroborated by targeted mass spectrometry analysis,
which detected cGAMP concentrations of 1.4–1.9 μM in lysates that were
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Fig. 2 | Phage infection triggers cGAMP accumulation and cell death.
a, Purified CapV protein was incubated in vitro with synthetically produced
3′3′-cGAMP in the presence of resorufin butyrate, a phospholipase substrate
that emits fluorescence when hydrolysed. The x axis shows the concentration of
cGAMP added (μM); the y axis shows the enzyme activity rate, measured by the
accumulation rate of fluorescence units (FU) per second (Methods). Bar graph
represents average of three technical replicates, with individual data points
overlaid (except for the 2.5 μM concentration, for which the data represent an
average of two replicates). b, Purified CapV protein was incubated in vitro with
filtered cell lysates derived from bacterial cultures infected by phage P1 at
a multiplicity of infection (MOI) of 2. Lysates were extracted from cells
containing the CBASS with the capV gene deleted (‘with system’) or from control
cells that lack the CBASS and contain an empty vector instead (‘no system’).
Lysates were collected 30 min or 40 min after initial infection. Bar graph

represents average of three technical replicates, with individual data points
overlaid. c, Targeted mass spectrometry analysis was performed on the filtered
cell lysates collected 40 min after initial infection by phage P1 at an MOI of 2.
Lysates from uninfected samples were taken as control. The y axis represents the
concentration of 3′3′-cGAMP in the cell lysate measured by mass spectrometry,
as calculated on the basis of a calibration curve with synthetically produced
3′3′-cGAMP (Methods). Three independent replicates for each condition are
shown, and each bar represents an individual replicate. d, Growth curves in
liquid culture for bacteria that contain the CBASS and bacteria that lack the
CBASS (empty vector), infected by phage P1 at 37 °C. Bacteria were infected at
time 0 at an MOI of 0.2 or 2. OD600, optical density at a wavelength of 600 nm.
Three independent replicates are shown for each MOI, and each curve shows an
individual replicate. e, Model for CBASS-based antiphage activity in bacteria.

collected 40 min after infection (Fig. 2c). CapV was not activated when
exposed to lysates that were collected from uninfected cells, and only
slightly activated by lysates that were collected from cells 30 min after
infection. This implies that the phage component or cell state sensed
by the CBASS appears in the cell relatively late in the phage-infection
cycle (Fig. 2b).
It has previously been shown that, when stimulated by cGAMP, the
CapV phospholipase degrades the membrane of V. cholerae, which leads
to a loss of membrane integrity and to the arrest of cell growth or to
death7. This, combined with our finding that the production of cGAMP
is triggered by phage infection, led us to hypothesize that this defence
system executes its defence via abortive infection. Abortive-infection
defence systems exert their activity by causing the infected bacterial cell
to ‘commit suicide’ before the phage replication cycle can be completed.
This strategy eliminates infected cells from the bacterial population
and protects the culture from a viral epidemic14. A phenotype such as
this predicts that, with a high multiplicity of infection (MOI) (in which
nearly all bacteria are infected in the first cycle), massive cell death will
be observed in the culture, even for cells that contain the defence system.
To test this hypothesis, we infected bacteria growing in liquid cultures
with phage P1 at varying MOIs and examined the culture dynamics. At an
MOI of 0.2 (in which only around 20% of bacteria are initially infected by
the phage) the culture of the wild-type cells collapsed owing to phage
propagation, whereas the culture of the cells containing the CBASS was
viable (Fig. 2d). Conversely, at an MOI of 2 (in which almost all bacteria
are infected by the phage), the culture of wild-type cells and the culture
of cells containing the CBASS both collapsed, which indicates cell lysis of
the infected, CBASS-containing cells. Moreover, whereas at an MOI
of 2 the wild-type culture started collapsing 70 min after initial infection (consistent with a time to lysis of 60–70 min after infection, as has

previously been reported for phage P115), the culture that contained the
CBASS started collapsing as early as 45 min after infection—a period
that is insufficient for the completion of the phage P1 replication cycle
(Fig. 2d). These results were reproduced for other phages; when phages
were applied at a high MOI, the cells that contained the CBASS showed
lysis before the necessary time had elapsed for the completion of the
phage replication cycle (Extended Data Fig. 5a). In the case of phage
P1, the same phenotype was maintained for constructs that included
only capV-dncV gene pair (that is, without the genes encoding the E1–E2
domains and JAB domain proteins), indicating that the latter two genes
are not necessary for defence by abortive infection against phage P1
(Extended Data Fig. 5b).
These results were further corroborated by the staining of infected
cells with propidium iodide, a fluorescent DNA-binding agent that is not
membrane-permeable and cannot normally enter cells. Fluorescenceactivated cell sorting (FACS) analysis showed that at 40 min after infection by phage P1 a substantial population of the cells that contain the
CBASS became stained by propidium iodide, which indicates a loss of
membrane integrity (Extended Data Fig. 6). This was associated with
the loss of normal cell shape, as was observed via microscopy (Extended
Data Fig. 7).
The above results suggest a model in which the cGAS–phospholipase
defence system somehow senses a phage infection, and this sensing
then triggers the production of cGAMP by the cGAS protein. The cGAMP
molecule in turn activates the phospholipase, which degrades the bacterial membrane and causes cell death (Fig. 2e). This cell death before
the completion of the phage replication cycle aborts the infection and
prevents further propagation of the phage.
It has recently been shown that the bacterial cGAS gene (dncV) belongs
to a large family of oligonucleotide cyclases, members of which are
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a, Phylogenetic tree of proteins with predicted oligonucleotide cyclase domains
that were identified by searching a set of 38,167 microbial genomes (Methods).
Clades are coloured following a previous colour coding16. The percentage of
genes that are located near known defence systems is indicated for each clade.
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genes encoding the E1–E2 domains and JAB domain proteins). Top left, colour
code for system type. Selected oligonucleotide cyclase genes that were
biochemically characterized16 are indicated; the cyclic oligonucleotide that each
produces appears in grey font. cAAG, cyclic trinucleotide AMP–AMP–GMP.
E. cloacae, Enterobacter cloacae; L. pneumophila, Legionella pneumophila;
P. aeruginosa, Pseudomonas aeruginosa; X. citri, Xanthomonas citri. b, Common
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found in about 10% of all sequenced bacterial genomes16. Other genes in
this family synthesize a diverse set of cyclic oligonucleotide molecules,
including cyclic UMP–AMP, cyclic di-UMP and even the cyclic trinucleotide AMP–AMP–GMP16. This family of genes has been divided into several
clades on the basis of sequence similarity between its members16. We
found that all major clades of this gene family have a high propensity to
be genomically associated with other known defence genes in defence
islands (Fig. 3a). Between 44% and 74% of the genes in each clade are
located near known defence systems, which suggests that this entire
family of oligonucleotide cyclases participates in phage defence (Fig. 3a).
When examining the genomic environment of the 6,232 genes that
we identified as belonging to this family (Supplementary Table 1, Methods), we found that in 26% of the cases (1,612 instances) they appeared
as part of a four-gene operon that resembled the CBASS of V. cholerae
(including the genes encoding the E1–E2 domains and the JAB-domain
proteins). In 683 (42%) of these operons the predicted effector gene had
a phospholipase domain, but in the remaining cases the phospholipase
domain in the effector gene was replaced by another domain (Fig. 3b).
Common alternative effector domains included endonucleases (usually of the HNH type); a domain comprising predicted transmembrane
helices; a domain of unknown function (DUF4297) that has previously
been shown to participate in the Lamassu phage-resistance system11; and
a Toll interleukin receptor (TIR) domain that was also previously shown
to participate in antiphage defence11 (Fig. 3b). These observations imply

that in these variants of the CBASS, the alternative domains replace the
phospholipase in exerting the cell-suicide effector activity. For example,
the endonuclease may degrade cellular DNA and the transmembranedomain effector may oligomerize to form membrane pores, as in the
case of the RexA–RexB abortive infection system17.
In addition, and consistent with previous reports18, we found
2,745 cases in which the genes that belong to the family of oligonucleotide cyclases appeared in the context of a two-gene operon that lacked
the genes encoding the E1–E2 domains and JAB-domain proteins. The
second gene in the operon also frequently included phospholipase,
endonuclease or transmembrane helix domains, which suggests that
these operons represent a minimal CBASS that comprises only two genes
(Fig. 3b). The most common predicted effector domain in these operons
was a domain that included either two or four transmembrane helices;
effector domains of this type are present in over 2,000 instances of the
two-gene operons that we identified.
To test whether predicted two-gene CBASSs have a role in phage resistance, we examined a two-gene system from Bacillus cereus VD146 that
contains a predicted effector gene with four transmembrane helices
(Extended Data Fig. 8a). We engineered this system into the laboratory
strain Bacillus subtilis BEST7003 and challenged the engineered strain
with an array of 11 Bacillus phages, as previously described11 (Methods).
The system conferred strong defence against one of these phages (the
myophage SBSphiC), verifying its ability to defend against phages

4 | Nature | www.nature.com

(Extended Data Fig. 8b). Deletion of the cGAS-like gene or of the effector gene rendered the system inactive (Extended Data Fig. 8b). Finally,
infection assays of bacteria that contained the two-gene system in liquid
culture showed culture collapse at a high MOI, consistent with an abortive infection system (Extended Data Fig. 8c).
We observed 52 instances of a two-gene CBASS in which the effector
gene contained an N-terminal TIR domain, and also a C-terminal STING
domain (Fig. 3b, Extended Data Fig. 9). Such a domain arrangement
of STING fused to a TIR domain is also found in primitive eukaryotes,
including the oyster Crassostrea gigas and the annelid worm Capitella
teleta1. It is therefore possible that the CBASS with the TIR-STING effector gene represents the ancient evolutionary origin of the eukaryotic
cGAS–STING system.
This study reveals the biological role of a large family of defence
systems that is widespread in microbial genomes, but much remains
unknown. The exact phage component sensed by the system is yet to
be identified; it is unlikely that this component is cytoplasmic doublestranded DNA (as is the case in the animal cGAS–STING system), because
bacteria do not have a nucleus and their cytoplasm therefore always
contains double-stranded DNA. The role of the genes encoding the E1–E2
domains and JAB-domain proteins also remains unknown. These genes
could be involved in the sensing of some phages, or in the mitigation of
anti-cGAS activities that phages are likely to encode.
Accumulating evidence suggests that important components of the
eukaryotic innate immune system have counterparts in bacterial immune
systems. Argonaute—a central protein in the antiviral RNA interference
machinery of plants, insects and animals19—has also been reported to
have immunity roles in bacteria and archaea20,21. TIR domains, which are
essential components of the pathogen-recognizing Toll-like receptors22,
are abundant in bacteria and have recently been shown to have a primary
role in antiphage defence11. Foreign RNA is sensed in eukaryotic cells by
the oligo-adenylate synthase (OAS) protein, leading to the activation
of a non-specific RNase23; this process has recently been shown to have
parallels in type III CRISPR–Cas immunity upon the sensing of phage
RNA24. All of these processes, in addition to our finding that cGAS signalling in prokaryotes has an antiviral role similar to that in eukaryotes,
are unlikely to have been the result of parallel evolution. Instead, these
observations cumulatively point to a scenario in which these defence
systems first evolved in prokaryotes as means of defence against phages,
and the ancient eukaryote (which was probably formed by fusion of a
bacterium and an archaeon25) inherited a primordial version of these
systems from the prokaryotes that formed it. Under this hypothesis,
these systems became the basis for the primitive immune system of the
ancient eukaryote, and have evolved into the cell-autonomous immune
system that we know today. If this hypothesis is correct, future studies
may find homologues of additional components of the human immune
system functioning as phage resistance systems in bacteria.
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Methods
No statistical methods were used to predetermine sample size. The
experiments were not randomized and investigators were not blinded
to allocation during experiments and outcome assessment.

Genomic identification and analysis of DncV homologues
The protein sequence of DncV (NCBI accession NP_229836) was searched
against the protein sequences of all genes in 38,167 bacterial and archaeal
genomes downloaded from the Integrated Microbial Genomes (IMG)
database26 in October 2017, using the ‘search’ option in the MMseqs2
package27 (release 6-f5a1c) with default parameters. Hits with an e value
less than 1 × 10−20 were taken as homologues. The fraction of homologues
found in the vicinity of known defence systems was calculated as previously described11, using a positive set of defence gene families that was
updated to include a recently discovered set of defence genes11.
Genomic analysis of oligonucleotide cyclase genes
For the analysis in Fig. 3, the proteins from the database of 38,167 bacterial and archaeal genomes were first clustered using the ‘cluster’ option
of MMseqs227 (release 2-1c7a89), with default parameters. Clusters were
further aggregated into larger clusters using four additional cycles of
clustering, in which—in each cycle—a representative sequence was taken
from each cluster using the ‘createsubdb’ option of MMseqs2 and representative sequences were clustered using the ‘cluster’ option with the
‘–add-self-matches’ parameter. For the first additional clustering cycle,
the ‘cluster’ option was run with default parameters; for the additional
cycles 2–4, clustering was run with sensitivity parameter ‘-s 7.5’, and for
the additional cycle 4, the ‘–cluster-mode 1’ parameter was also added.
The sequences of each cluster were aligned using Clustal Omega28.
Each multiple sequence alignment was scanned with HHpred29 using 60%
gap rule (-M 60) against the PDB_mmCIF7030 and pfam3131 databases.
Clusters with HHpred 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. Clusters containing
genes that were suspected to belong to toxin–antitoxin gene pairs were
discarded. Overall, this procedure identified 30 clusters containing
6,232 predicted oligonucleotide cyclase genes from 5,150 genomes.
The genomic environments spanning 10 genes upstream and downstream of each of the 6,232 predicted oligonucleotide cyclase genes were
searched to identify conserved gene cassettes and known defence genes
around the oligonucleotide cyclase genes, as previously described11.
Predicted systems were manually reviewed and unrelated genes (for
example, mobilome genes and genes of other defence systems) were
omitted.
To generate the phylogenetic tree in Fig. 3a, the ‘clusthash’ option of
MMseqs2 (release 6-f5a1c) was first used to remove protein redundancies
(using the ‘–min-seq-id 0.9’ parameter). Sequences shorter than 200
amino acids were also removed. To further remove outlier sequences, an
all-versus-all search was conducted using the ‘search’ option in MMseqs2,
and proteins with less than 20 hits were manually examined. Overall,
17 outlier proteins were removed this way. 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 MAFFT28 with gap open
penalty of ‘–op 2’. The FastTree software32 was used to generate a tree
from the multiple sequence alignment using default parameters. The
iTOL33 software was used for tree visualization.
Cloning of the CBASS into E. coli MG1655
The following full-length constructs containing the CBASS were
designed: the four-gene CBASS from V. cholerae El Tor N16961 (GenBank
accession NC_002505) was identified as locus tags VC0178–VC0181,

and the operon was taken together with its upstream and downstream
intergenic regions, spanning the nucleotide range 178,424–183,957
in GenBank accession NC_002505. The four-gene system from E. coli
TW11681 (GenBank accession AELD00000000) was identified as locus
tags ESGDRAFT_00026–ESGDRAFT_00029 and the operon, together
with its upstream and downstream intergenic regions, spanned the
nucleotide range 21,738–27,072 in GenBank accession AELD00000000.
These two constructs were commercially synthesized and cloned by
Genscript directly into the plasmid pSG1-rfp10,11 between the AscI and
NotI sites of the multiple cloning site.
For strains with gene deletions and point mutations, plasmids containing systems with these deletions or mutations were also commercially
synthesized and cloned into the plasmid pSG1-rfp by Genscript, except
for one construct in which the genes for both the E1–E2 domains and
JAB domain were deleted (used for Extended Data Figs. 4, 5b). To build
this construct, the pSG1-rfp backbone was amplified with primers P1-Fw
+ P1-Rv using KAPA HiFi HotStart ReadyMix (Kapa Biosystems KK2601)
(Supplementary Table 2). Primers P2-Fw + P2-Rv were used to lift the gene
pair capV and dncV with their native promoter from the plasmid that
contained the full system derived from E. coli TW11681 (Supplementary
Table 2). After gel purification of the PCR products with Zymoclean Gel
DNA Recovery Kit (cat. no. D4001), the two fragments were assembled
using NEBuilder HiFI DNA Assembly cloning kit (NEB E5520S) to produce
the construct that lacks both gene C (encoding the protein with the E1
and E2 domains) and gene D (encoding the JAB-domain protein).
The plasmids were transformed into E. coli MG1655 cells by electroporation, and the resulting transformants of the wild-type and mutated
systems were verified by whole genome sequencing as previously
described10 to verify system integrity and a lack of mutations. A negative control was constructed as a transformant containing an empty
pSG1 plasmid.

Cloning of the CBASS from B. cereus into B. subtilis BEST7003
The two-gene CBASS from B. cereus VD146 (GenBank accession
KB976672) was identified as locus tags IK1_05630–IK1_05631, and the
operon was taken together with its upstream and downstream intergenic
regions, spanning the nucleotide range 60,974–63,493 in GenBank accession KB976672. The construct, as well as two additional constructs in
which one of the two genes was deleted, were commercially synthesized
and cloned by Genscript directly into the plasmid pSG1-rfp10,11 between
the AscI and NotI sites of the multiple cloning site. The plasmid was
transformed into B. subtilis and integrated into the amyE locus as previously described11. A negative control was constructed as a transformant
containing an empty pSG1 plasmid integrated in the amyE locus. The
resulting transformants of the wild-type and mutated systems were
verified by whole genome sequencing as previously described10.
Phage cultivation
E. coli phages (P1, T4, T5, T7 and λ-vir) were provided by U. Qimron.
Phages SECphi17, SECphi18 and SECphi27 were isolated in our laboratory11. T2 and T6 were ordered from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ) (DSM 16352 and DSM 4622,
respectively). The following B. subtilis phages were obtained from the
Bacillus Genetic Stock Center (BGSC): SPO1 (BGSCID 1P4), φ3T (BGSCID
1L1), SPβ (BGSCID 1L5), SPR (BGSCID 1L56), φ105 (BGSCID 1L11), ρ14
(BGSCID 1L15), SPP1 (BGSCID 1P7), SP82G (BGSCID 1P5). Phage φ29 was
obtained from the DSMZ (DSM 5546). Phages SBSphiJ and SBSphiC were
isolated in our laboratory11. Phages were propagated on E. coli MG1655
or B. subtilis BEST7003 in liquid culture, and their titre was determined
using the small drop plaque assay method, as previously described11.
Plaque assays
Bacteria were mixed with MMB agar (LB + 0.1 mM MnCl2 + 5 mM MgCl2
+ 0.5% agar), and tenfold serial dilutions of the phage lysate in MMB
were dropped on top of them. After the drops were dry, plates were

incubated overnight at 37 °C for E. coli phage and at room temperature
for B. subtilis phages. Plaques were counted to calculate the efficiency
of plating in plaque-forming units per millilitre. For phages showing
a fuzzy killing zone in which single plaques could not be counted, the
lowest phage concentration in which a killing zone was observed was
counted as ten plaques. Fold defence was calculated as the efficiency
of plating on control bacteria divided by the efficiency of plating value
obtained on bacteria containing the CBASS.

Phage-infection dynamics in liquid medium
Overnight cultures were diluted 1:100 in MMB medium and incubated
at 37 °C while shaking at 250 r.p.m. until early log phase (OD600 = 0.3).
One hundred and eighty microlitres of the diluted culture were transferred into wells in a 96-well plate containing 20 μl of phage lysate for
a final MOI of 2, 0.2 or 0.02 as applicable. Infections were performed
in triplicate and OD600 was followed using a TECAN Infinite 200 plate
reader with measurement every 5 min.
Transformation efficiency assay
To prepare electro-competent cells, E. coli MG1655 cells (with or without
the CBASS) were diluted 1:100 in 100 ml LB medium supplemented with
ampicillin, 100 μg/ml. At OD600 = 0.6, the cells were transferred to ice for
15 min and then centrifuged for 15 min at 4,000 r.p.m. The supernatant
was discarded and the pellet was resuspended in ultrapure ice-cold
water. This step was repeated twice and the supernatant was removed.
The resultant pellet was resuspended in 10% glycerol, centrifuged for
another 10 min and the supernatant was discarded. The final pellet was
mixed in 500 μl of 10% glycerol and aliquots of 50 μl were flash-frozen
in liquid nitrogen and transferred immediately to −80 °C.
One hundred nanograms of pRSFDuet-1 was added to 50 μl electrocompetent cells and the mixture was transferred to a Bio-Rad Gene
Pulser Curvette (0.2 cm, cat. no. 165-2086). The cells were electroporated with a Bio-Rad Micropulser using the ‘Ec1’ setting and then
immediately transferred to 1 ml LB medium to recover at 37 °C for 1
h. After incubation cells were diluted 1:100, and 100 μl were plated on
LB plates containing ampicillin (100 μg/ml) and kanamycin (50 μg/
ml), and incubated at 37 °C overnight. Transformation efficiency was
calculated by dividing the number of transformants that grew on LB
plates containing ampicillin and kanamycin by the live count grown on
LB ampicillin (100 μg/ml) only.
Cloning, expression and purification of CapV from E. coli
TW11681
The CapV protein from E. coli TW11681 was PCR-amplified (primers
P3-Fw + P3-Rv, and P4-Fw + P4-Rv), fused with a C-terminal His tag
(linker plus His tag sequence: SerGly4His6) and cloned into pET28b.
The plasmid was transformed into BL21(DE3)pLys cells and grown at
37 °C, 250 r.p.m., until induction (1 mM IPTG) at an OD600 of 0.6. After
induction, bacterial cell culture growth was continued for an additional
14 h at a temperature of 18 °C. Cells were then centrifuged for 10 min
(3,900g, 4 °C) and pellets kept at −20 °C. Pellets were thawed on ice
and resuspended with an ice-cold buffer containing 50 mM phosphate
buffer (pH 7.4), 300 mM NaCl, 10% glycerol (v/v). The buffer was supplemented with 10 μg/ml lysozyme, and 1 μl benzonase-nuclease (5KU
Merck). The suspension was then mixed with Lysing matrix B (MP)
beads and cells were disrupted mechanically using a FastPrep-24 (MP)
bead-beater device (2 cycles of 40 s, 6 m s−1). Cell lysate was centrifuged
at 12,000g for 10 min at 4 °C and the supernatant was then mixed with
Ni-NTA magnetic agarose beads (Qiagen) for 2 h (4 °C). CapV–6×His
proteins bound to Ni-NTA beads were washed 3 times with a 50 mM
phosphate buffer (pH 7.4), 300 mM NaCl, 10% glycerol (v/v), 20 mM
imidazole and then eluted with the 50 mM phosphate buffer (pH 7.4),
300 mM NaCl, 10% glycerol (v/v), 250 mM imidazole. The eluent was
loaded onto an Amicon Ultra-0.5 centrifugal filter unit 10-kDa filter
(Merck) to exchange the elution buffer with the reaction buffer (50

mM phosphate buffer (pH 7.4), 300 mM NaCl, 10% glycerol (v/v)).
Buffer exchange was done by centrifuging the centrifugal filter unit
at 14,000g for 10 min at 4 °C 4 times with the reaction buffer. Eluted
protein purification was assessed by running the sample on an SDS–
PAGE gel and quantity was measured by using a Qubit Protein Assay
Kit (Thermo Fisher Scientific).

Fluorogenic biochemical assay for CapV activity
The esterase activity of the 6×His-tagged CapV was probed with the
fluorogenic substrate resorufin butyrate. The 6×His-tagged CapV
was diluted in 50 mM sodium phosphate (pH 7.4), 300 mM NaCl,
10% (v/v) glycerol to a final concentration of 1.77 μM. To measure
the linear range of CapV activation, purified 6×His-tagged CapV was
incubated for 5 min with increasing concentrations of 3′3′-cGAMP
(Merck), ranging from 0.04 to 2.5 μM of 3′3′-cGAMP. In parallel, 6×Histagged CapV was incubated for 5 min with cell lysates derived from
E. coli cells infected with phage P1 or uninfected. Subsequently, the
enzyme–cGAMP or enzyme–lysate solution was added to DMSOsolubilized resorufin butyrate (stock of 20 mM mixed with 50 mM
sodium phosphate (pH 7.4), 300 mM NaCl, 10% (v/v) glycerol reaching
a final concentration of 64 μM (final assay DMSO concentration was
0.32%)) to a final assay volume of 50 μl, and fluorescence was measured in a 96-well plate (Corning 96-well half area black non-treated
plate with a flat bottom). Plates were read once every 30 s for 10 min
at 37 °C using an Infinite-200 (Tecan) with excitation and emission
wavelengths of 550 and 591 nm, respectively. The enzymatic reaction
velocity was measured as previously described34. For this, a regression
fit was calculated for the output values of each reaction over time,
and the slope of this linear regression fit was used for determining
the initial reaction velocity (FU s−1).
Cell lysate preparation
E. coli MG1655 cells containing the E. coli TW11681-derived CBASS in
which the capV gene was deleted were used for preparation of cell
lysates. Cells containing an empty vector (pSG1) were used as control.
Cells were grown in 100 ml MMB medium (flask size 250 ml) at 37 °C
(250 r.p.m.) until reaching an OD600 of 0.3. Cells were then infected with
5 ml of phage P1 (titre of 1010 infective particles per millilitre, estimated
MOI of 2). After 30 or 40 min from the initial infection, samples were
collected and centrifuged at 3,900g for 5 min at 4 °C. Following centrifugation, pellets were kept on ice until resuspended in 600 μl buffer
containing 50 mM sodium phosphate (pH 7.4), 300 mM NaCl and 10%
(v/v) glycerol. The resuspended pellet was supplemented with 1 μl henlysozyme (Merck) (final hen-lysozyme concentration of 16 μg/ml). The
resuspended cells were then mixed with Lysing matrix B (MP) beads and
cells were disrupted mechanically using a FastPrep-24 (MP) bead-beater
device (2 cycles of 40 s, 6 m s−1, at 4 °C). Cell lysate was then centrifuged
at 12,000g for 10 min at 4 °C and the supernatant was loaded onto a 3-kDa
filter Amicon Ultra-0.5 centrifugal filter unit (Merck) and centrifuged at
14,000g for 30 min at 4 °C. The flow-through—containing substances
smaller than 3 kDa—was used as the lysate sample for evaluating cGAMP
production within the cells (Fig. 2).
Quantification of 3′3′-cGAMP by high-performance liquid
chromatography and mass spectrometry (HPLC–MS)
Cell lysates were prepared as described in ‘Cell lysate preparation’.
Lysates collected at 40 min after infection were analysed by MS-Omics
using ultra-performance liquid chromatography (UPLC) (Vanquish,
Thermo Fisher Scientific) coupled with a high-resolution quadrupoleorbitrap mass spectrometer (Q Exactive HF Hybrid Quadrupole-Orbitrap, Thermo Fisher Scientific). An electrospray ionization interface
was used as an ionization source. Analysis was performed in positive
ionization mode. A calibration series of 3′3′-cGAMP (SML1232, SigmaAldrich) ranging 0.001 to 50 μM was prepared and a linear regression
from 0.001 to 5 μM was used for cGAMP quantification.

Article
FACS analysis of infected cells
Overnight cultures of E. coli MG1655 cells containing the E. coli TW11681derived CBASS, and E. coli MG1655 cells containing an empty vector
(pSG1), were diluted 1:100 in 0.5 ml MMB and grown at 37 °C and 500
rpm to an OD600 of 0.3. Cells were then infected with phage P1 (titre of
1010 infective particles per millilitre, estimated MOI of 2). At 40 min after
infection, 40 μl of each culture were diluted into 2 ml of filtered PBS
containing 1 μl of propidium iodide (Invitrogen LIVE/DEAD BacLight
Bacterial Viability Kit (L7007)). The diluted bacteria were incubated in
the dark in room temperature for five minutes and were then analysed
by a BIORAD ZE5 Cell Analyzer. A 5-s agitation was performed and then
25,000 ungated events were recorded for both the CBASS-containing
and CBASS-lacking cultures at 0.2 μl s−1. Forward scatter and propidium
iodide fluorescence were measured using the height (H) parameter.
FlowJo v.10 was used to analyse and visualize the data.
Microscopy of infected cells
E. coli MG1655 cells that contain the E. coli TW11681-derived CBASS or
the same CBASS with a point mutation of the phospholipase catalytic
site (S60A) were grown in MMB medium at 37 °C. When growth reached
an OD600 of 0.3, bacteria were infected with P1 phage (MOI of about 2).
Five hundred microlitres of the infected samples were centrifuged at
10,000g for 2 min at 25 °C and resuspended in 5 μl of 1× phosphate-buffered saline (PBS), supplemented with 1 μg/ml membrane stain FM4-64
(Thermo Fisher Scientific T-13320) and 2 μg/ml DNA stain 4,6-diamidino2-phenylindole (DAPI) (Sigma-Aldrich D9542-5MG). Cells were visualized
and photographed using an Axioplan2 microscope (ZEISS) equipped
with ORCA Flash 4.0 camera (HAMAMATSU). System control and image
processing were carried out using Zen software version 2.0 (Zeiss).
Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended Data Fig. 1 | Fold antiphage defence conferred by four-gene
defence systems against various phages. The four-gene operon from either
V. cholerae El Tor or E. coli TW11681 was cloned into E. coli MG1655 (Methods).
Fold antiphage defence, as measured by plaque assays, is shown. The fold
defence was calculated as the ratio between the efficiency of plating of the

phage on the operon-lacking control strain and the efficiency of plating on the
operon-containing strain (Fig. 2b, Methods). Bar graph represents average of
three independent replicates, with individual data points overlaid. Points that
fall below the x axis (for SECphi17, SECphi18 and SECphi27) denote values lower
than 1.
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Extended Data Fig. 2 | Transformation efficiency assays. Transformation
efficiency of plasmid pRSFDuet-1 into strains that contain the four-gene operon
derived from E. coli TW11681 or from V. cholerae El Tor, presented as a fraction of
the transformation efficiency to E. coli MG1655 carrying an empty vector instead
of the four-gene operon. Bar graph represents average of three independent
replicates, with individual data points overlaid.
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Extended Data Fig. 3 | Efficiency of plating of coliphages on defence systems
with whole-gene deletions or point mutations. The efficiency of plating of
phages infecting strains with the wild-type E.-coli-derived four-gene, deletion
strains and strains with point mutations. Data represent plaque-forming units
per millilitre; bar graphs represent average of three independent replicates, with
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individual data points overlaid. Empty vector represents a control E. coli MG1655
strain that lacks the system and has an empty vector instead. a, Infection with
the phage T4. b, Infection with the phage T5. c, Infection with the phage T6.
d, Infection with the phage λ-vir.
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Extended Data Fig. 4 | Efficiency of plating of phage P1 on a double-deletion
strain. The efficiency of plating is shown of phage P1 infecting strains with the
wild-type E.-coli-derived four-gene system, strains with individual genes deleted
and a strain with two genes deleted. Data represent plaque-forming units per
millilitre; bar graphs represent average of three independent replicates, with
individual data points overlaid. Empty vector represents a control E. coli MG1655
strain that lacks the system and has an empty vector instead.
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Extended Data Fig. 5 | The bacterial CBASS functions through abortive
infection. a, Growth curves in liquid culture for CBASS-containing and CBASSlacking (empty vector) bacteria infected by phage SECphi18 at 25 °C. Bacteria
were infected at time = 0 at an MOI of 0.02 or 2. Three independent replicates for
each MOI are shown, and each curve shows an individual replicate. b, Growth
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curves in liquid culture for cells containing a minimal CBASS comprising
phospholipase–cGAS (capV-dncV) only. Bacteria were infected at time = 0 at an
MOI of 2 by phage P1. Three independent replicates for each MOI are shown, and
each curve shows an individual replicate.
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Extended Data Fig. 6 | Cell sorting of infected cells stained with propidium
iodide. Cells containing the CBASS derived from E. coli TW11681, and control
cells containing an empty vector, were stained with propidium iodide, a
fluorescent DNA-binding agent that penetrates cells that have impaired
membrane integrity. Cells were infected by phage P1 (MOI of 2) and sorted on the
basis of propidium-iodide fluorescence intensity (y axis); the x axis represents
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forward scatter. a, Uninfected cells that lack the CBASS. b, Uninfected cells that
contain the CBASS. c, Cells that lack the CBASS, 40 min after infection. d, Cells
that contain the CBASS, 40 min after infection. A large population of cells with
high propidium-iodide fluorescence intensity is observed. Data from a
representative replicate of two independent replicates are shown.

Extended Data Fig. 7 | Microscopy of infected cells. a–c, Phase contrast and
overlay images are shown, of membrane stain (red) and DAPI (blue) images
captured at 20 min (a), 40 min (b) and 60 min (c) after infection with phage P1 at
an MOI of 2. The two columns on the left show E. coli MG1655 cells containing the
CBASS derived from E. coli TW11681. The two columns on the right show E.coli
MG1655 cells containing the CBASS derived from E. coli with a single point

mutation that inactivates the CapV phospholipase (CapV(S60A)). Cell shape is
deformed after 40 min in cells containing the CBASS, but not in cells in which the
CBASS is mutated. After 60 min, phage-mediated cell lysis is observed in cells in
which the CBASS is mutated. Representative images from a single replicate out
of two independent replicates are shown.
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Extended Data Fig. 8 | A two-gene CBASS protects Bacillus against phage
infection. a, Domain organization of a two-gene operon found in the B. cereus
VD146 genome. Locus tags of the depicted genes are indicated below each gene.
b, The two-gene operon from B. cereus VD146 was cloned and genomically
integrated into B. subtilis BEST7003, which naturally lacks this system. The
efficiency of plating of phage SBSphiC infecting the CBASS-lacking and CBASScontaining strains, as well as strains in which one of the two genes was deleted, is

shown. Bar graph represents average of three independent replicates, with
individual data points overlaid. c, Growth curves in liquid culture for B. subtilis
containing the B. cereus two-gene CBASS, or CBASS-lacking B. subtilis that
contains an empty vector instead, infected by phage SBSphiC. Bacteria were
infected at time = 0 at an MOI of 0.2 or 2. Three independent replicates for each
MOI are shown, and each curve shows an individual replicate.

Extended Data Fig. 9 | Domain analysis and homology-based structure
prediction of a bacterial TIR–STING protein. a, Schematics of HHpred29
homology-based search results of the Prevotella corporis TIR–STING protein
(Supplementary Table 1). b, Phyre2 35 secondary structure prediction of the TIR
domain in the P. corporis TIR–STING protein, compared to the solved crystal
structure of the human TIR domain protein MyD88 (PDB accession 2Z5V_A).
c, Phyre2 35 secondary structure prediction of the STING domain in the P. corporis
TIR–STING protein, compared to the solved crystal structure of the human

STING protein (PDB accession 5BQX_A). Black, identical residues; grey, similar
residues. Secondary structure prediction for the bacterial protein appears
above the alignment; secondary structure of solved human domain appears
below the alignment. d, Structural alignment of human TIR domain protein
MYD88 and the modelled bacterial TIR domain. e, Structural alignment of
human STING domain and the modelled bacterial STING domain. In d, e, blue
and red represent the structure of the human protein and the model of the
bacterial domain structure, respectively.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.
Sample size

N/A

Data exclusions

To generate the phylogenetic tree in Fig. 3a, protein redundancies were removed using the "clusthash" option of MMseqs2 (release 6-f5a1c).
Sequences shorter than 200 amino acids were also removed. To further remove outlier sequences, an all-versus-all search was conducted
(using the "search" option) and proteins with less than 20 hits were manually examined. Overall, 17 outlier proteins were removed this way.

Replication

Efficiency of plating (EOP) experiments and growth curves of liquid cultures were performed in triplicate across independent experiments. The
fluorogenic assay for CapV activity was performed in triplicate except for the 2.5 micro-molar concentration in the calibration curve where
data represent two replicates. Three technical replicates were performed to estimate variability in measurement. Mass spectrometry was
performed in triplicate for cell lysates collected across independent experiments.
Attempts at replication were successful.

Randomization

N/A

Blinding

N/A
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Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.
Study description

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic information
(e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For studies involving
existing datasets, please describe the dataset and source.

Sampling strategy

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a rationale
for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and what criteria
were used to decide that no further sampling was needed.

Data collection

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and whether
the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample cohort.

Data exclusions

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the rationale
behind them, indicating whether exclusion criteria were pre-established.

Non-participation

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.
Study description

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.
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Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection

Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work?

Yes
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Research sample

No

Field work, collection and transport
Field conditions

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location

State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water
depth).

Access and import/export

Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and
in compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing
authority, the date of issue, and any identifying information).

Disturbance

Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems

Methods

n/a Involved in the study

n/a Involved in the study

Antibodies

ChIP-seq

Eukaryotic cell lines

Flow cytometry

Palaeontology

MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Antibodies
Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation

Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.
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Policy information about cell lines
Cell line source(s)

State the source of each cell line used.

Authentication

Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination

Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

(See ICLAC register)

Palaeontology
Specimen provenance

Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information).

Specimen deposition

Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods

If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement),
where they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new
dates are provided.
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Eukaryotic cell lines

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
Laboratory animals

For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals

Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals
were caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if
released, say where and when) OR state that the study did not involve wild animals.

Field-collected samples

For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or
guidance was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants
Population characteristics

Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study design
questions and have nothing to add here, write "See above."

Recruitment

Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and how
these are likely to impact results.

Ethics oversight

Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol

Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection

Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
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Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

ChIP-seq
Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.
Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
provide a link to the deposited data.

Files in database submission

Provide a list of all files available in the database submission.

Genome browser session

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Data access links

(e.g. UCSC)
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Outcomes

Methodology
Replicates

Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of
reads and whether they were paired- or single-end.

Antibodies

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone
name, and lot number.

Peak calling parameters

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and
index files used.

Data quality

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold
enrichment.

Software

Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a
community repository, provide accession details.

Flow Cytometry
Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.
A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation

See methods

Instrument

BIORAD ZE5 Cell Analyzer

Software

FlowJo v10

Cell population abundance

N/A

Gating strategy

N/A

Magnetic resonance imaging
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Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Experimental design
Design type

Indicate task or resting state; event-related or block design.
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Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures

State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Acquisition
Imaging type(s)

Specify: functional, structural, diffusion, perfusion.

Field strength

Specify in Tesla

Sequence & imaging parameters

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI

Used
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Design specifications

Not used

Preprocessing
Preprocessing software

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference
Model type and settings

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first
and second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis:
Statistic type for inference
(See Eklund et al. 2016)

Correction

Whole brain

ROI-based

Both

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte
Carlo).

Models & analysis
n/a Involved in the study
Functional and/or effective connectivity
Graph analysis
Multivariate modeling or predictive analysis
Report the measures of dependence used and the model details (e.g. Pearson correlation, partial
correlation, mutual information).

Graph analysis

Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis

Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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