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Bacteria sense virus-induced 
genome degradation via 
methylated mononucleotides
Ilya Osterman1, Bohdana Hurieva1, Sarit Moses1, Alla H. Falkovich2, 
Maxim Itkin3, Sergey Malitsky3, Eliane H. Yardeni4,  
Erez Yirmiya1, Rotem Sorek1* 

Phages often degrade the genome of their bacterial host to 
individual nucleotides. In this work, we describe Metis, a 
bacterial defense system that directly senses phage-mediated 
host genome degradation. Metis aborts phage infection once it 
detects the modified mononucleotide N6-methyl-deoxyadenosine 
monophosphate (m6dAMP). As methylation of deoxyadenosines 
usually occurs on the DNA polymer, accumulation of m6dAMP 
signals that the host genome has been degraded. In type I Metis, 
sensing of m6dAMP activates a nicotinamide adenine dinucleotide 
(NAD+) diphosphatase, leading to NAD+ depletion and 
cessation of the infection process, whereas the effector in type 
II Metis is a membrane-spanning protein whose toxicity is 
triggered in response to the modified mononucleotide. We 
further show that Metis defense depends on endogenous DNA 
methylases and that phages can escape Metis through 
mutations that inactivate host genome degradation.

When lytic phages infect bacterial cells, one of the most common forms 
of resource exploitation involves the complete degradation of the host 
DNA and utilization of the emerging deoxynucleotides as building blocks 
for the construction of the phage genome. For example, Escherichia coli 
phage T4 starts degrading host DNA into individual deoxynucleotides 3 
to 5 min after the onset of infection at 37°C (1, 2), and coliphage T7 initi-
ates host genome degradation 8 min after initial infection (3).

DNA methylation is a common epigenetic modification in organ-
isms across the tree of life (4). In bacteria, one of the most abundant 
DNA modifications is methylation of adenine in the N6 position of 
the base. The model organism E. coli encodes a DNA adenine meth-
yltransferase (Dam) that methylates adenines in the context of 
5′-GATC-3′ double-stranded DNA sequence motifs (5). DNA adenine 
methylation occurs in the context of the DNA polymer, so that ade-
nines are methylated only when they are part of the polymerized 
DNA chain (6).

In this work, we report the discovery of a bacterial defense system 
that senses methylated nucleotides released as by-products of host 
genome degradation. This system, named Metis after the Titan-goddess 
of wisdom and deep thought in Greek mythology, specifically recog-
nizes N6-methyl-deoxyadenosine monophosphate (m6dAMP), a mono-
nucleotide that accumulates in the cell when phage nucleases degrade 
methylated host DNA. We show that m6dAMP directly activates Metis 
to abort phage infection and provides protection against multiple un-
related lytic phages, including T2, T4, T5, T6, and T7. Although the 
infected bacterium is essentially dead once its genome has been de-
graded by the phage, the Metis system prevents replication of phages 
in the infected cell, thus protecting the nearby cells from spread of the 
phage epidemic.

Results
A two-gene defense system protects bacteria from lytic phages
We studied the antiphage activity of a defense system encoding two 
proteins with predicted metallophosphatase activities (Fig. 1A). The first 
protein, called here MisA, has a Pfam annotation of calcineurin-like 
phosphoesterase (Pfam accession PF00149), whereas the second protein, 
MisB, is annotated as a haloacid dehalogenase–like phosphatase (Pfam 
accession PF13419). An operon with a similar gene composition was 
recently implicated in an antiphage function in a machine-learning–
based screen aimed at discovering new defense systems (7). We synthe-
sized and cloned three such systems from E. coli strains 401675, 402837, 
and E308 and found that all three systems conferred protection against 
the lytic phages T2, T4, T5, T6, and T7 (Fig. 1B and fig. S1A). Because the 
system from E. coli 401675 conferred the strongest defense, we used this 
system for further in vivo experiments. Infection experiments in liquid 
culture showed that the system protects the culture from phage-mediated 
collapse at low multiplicity of infection (MOI), whereas at high MOI, the 
culture collapsed even when expressing the defense system (Fig. 1C and 
fig. S1, B and C). These results suggest that cells encoding the two-gene 
operon do not survive infection but prevent the phage from producing 
viable progeny. This defense system is henceforth denoted Metis.

A large diversity of bacterial defense systems is known to inhibit 
phage replication by manipulating the intracellular pool of metabolites 
essential for core cellular processes (8). To examine whether the Metis 
system affects the concentration of essential cellular metabolites, we 
extracted cell lysates 15 min after infection by phage T7 and performed 
liquid chromatography and mass spectrometry (LC-MS) analyses. We 
found that in cells expressing the Metis defense system, the molecule 
nicotinamide adenine dinucleotide (oxidized form; NAD+) was depleted 
during infection (Fig. 1D). These results were reproduced for phages T4 
and T5 as well (fig. S1D), and NAD+ depletion was observed regardless 
of whether the system was expressed from its native promoter or an 
inducible one (fig. S1E). NAD+ depletion was not observed in cells lacking 
Metis or in cells infected by a phage against which Metis does not defend, 
suggesting that NAD+ elimination is the consequence of the system’s 
defensive activity (Fig. 1D and fig. S1D). It was previously shown that 
NAD+ depletion is an efficient modality of antiphage defense and that 
many bacterial defense systems—including CBASS (9), Pycsar (10), Thoeris 
(11), and prokaryotic Argonautes (12)—deplete NAD+ to inhibit phage 
propagation. Infected cells expressing the Metis defense system also 
exhibited partial or full depletion of several deoxynucleoside triphosphates 
(dNTPs) and nucleoside triphosphates (NTPs) in addition to NAD+ (fig. S2).

We isolated T4 and T6 phage mutants that escaped Metis-mediated 
defense (Fig. 1E and fig. S1, F and G). Sequencing the genomes of five 
such escaper T4 phages and five T6 escapers revealed that all of these 
phages were mutated in denA, a phage gene that encodes the endonucle-
ase II enzyme responsible for the initial step of host genome degradation 
(Fig. 1F and fig. S1H) (13). Many of these mutations involved frameshifts, 
suggesting that the mutated gene does not produce a viable protein 
product. It was previously shown that T4 phages deficient in endonucle-
ase II do not degrade host DNA but can produce viable progeny when 
grown under laboratory conditions (14). Because all phages sensitive to 
Metis defense degrade the host genome as part of their life cycle, these 
data imply that the Metis system might somehow monitor the integrity 
of the host DNA and become active when host DNA is degraded by phage.

m6dAMP activates NAD+ hydrolysis by MisA
Given our hypothesis that Metis defense is activated in response to 
bacterial genome degradation, we set out to seek the exact molecular 
signal that triggers the system. The N-terminal domain of MisA pro-
vided an initial clue that the signal might involve nucleotides with a 
modified base. This domain is structurally similar to the PUA (pseu-
douridine synthase and archaeosine transglycosylase) domain (15), 
which is known to be involved in the recognition of modified DNA and 
RNA bases (Fig. 1A) (16). We therefore hypothesized that modified 

1Department of Molecular Genetics, Weizmann Institute of Science, Rehovot, Israel. 2Department 
of Chemical Research Support, Weizmann Institute of Science, Rehovot, Israel. 3Life Sciences 
Core Facilities, Weizmann Institute of Science, Rehovot, Israel. 4Protein Analysis Unit, Life 
Science Core Facility, Weizmann Institute of Science, Rehovot, Israel. *Corresponding author. 
Email: rotem.​sorek@​weizmann.​ac.​il

D
ow

nloaded from
 https://w

w
w

.science.org at W
eizm

ann Institute of Science on A
ugust 31, 2026

mailto:rotem.​sorek@​weizmann.​ac.​il
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.aed6782&domain=pdf&date_stamp=2026-07-09


Research Articles

Science  20 August 2026 808

deoxynucleotides released from the host DNA during DNA degradation 
might form the Metis-activating signals.

In E. coli MG1655, genomic DNA is primarily modified by the Dam 
enzyme, which installs methyl residues on adenines in GATC sites (17), 
and the Dcm methylase, which methylates cytosine residues in the 
context of CCAGG and CCTGG sequences (18). Metis was active when 
expressed in Δdcm E. coli cells, but defense was abolished when Metis 
was expressed in Δdam strains, suggesting that host Dam activity is 
essential for Metis function (Fig. 2A).

Because Dam methylates adenines on the N6 position on the DNA 
polymer, we suspected that the Metis-activating signal would involve 
methylated adenines. To test this hypothesis, we purified MisA for 
in vitro biochemical experiments. Because MisA from E. coli 401675 
did not purify well, we instead used a homolog from E. coli 402837 
Metis (Fig. 1B). We incubated purified MisA with a series of modified 
and nonmodified adenine variants and evaluated its ability to hydro-
lyze NAD+. MisA exhibited strong NAD+-degrading activity in vitro in 
the presence of the monophosphorylated nucleotide m6dAMP (Fig. 2B). 
No NAD+ degradation was observed when MisA was incubated with 
related molecules—including nonmethylated dAMP, the methylated 
ribonucleotide m6AMP, the nonphosphorylated nucleoside m6-
deoxyadenosine, or the methylated base m6-adenine—demonstrating 
that m6dAMP is the specific signal that activates MisA (Fig. 2B). We 
measured high affinity for binding between m6dAMP and the PUA 
domain of MisA, with dissociation constant (Kd) = 322 nM, suggesting 
that this domain is responsible for m6dAMP binding (fig. S3A).

High-performance liquid chromatography (HPLC) analysis revealed 
that MisA hydrolyzes NAD+ in vitro to produce nicotinamide mononu-
cleotide (NMN) and adenosine 5′-monophosphate (AMP), showing that 
MisA is an NAD+ diphosphatase that cleaves the bond between the two 
phosphates of the NAD+ molecule (Fig. 2C). These results were consistent 
with LC-MS data from in vivo samples, in which NMN levels increased 
by two orders of magnitude in infected, Metis-expressing cells (fig. S2). 
Incubation of MisA with m6dAMP and adenosine triphosphate (ATP) did 
not cause ATP degradation, suggesting that NAD+ is the primary target 

of MisA and that the reduced levels of ATP detected in vivo may be a 
secondary effect of MisA-mediated NAD+ depletion (fig. S3B).

Previous studies have shown that the signaling molecules of defense 
systems, such as Pycsar and Thoeris, can penetrate bacterial cells when 
added at high-micromolar concentrations to the growth medium 
(10, 19). To test whether m6dAMP can activate Metis toxicity in vivo, 
we added synthetic m6dAMP to growth media and monitored bacterial 
proliferation. Supplementation of 50 μM m6dAMP to the media was 
sufficient to cause growth arrest in cells carrying Metis but not in 
control cells lacking the system (Fig. 2D and fig. S3C). NAD+ measure-
ments in lysates extracted from cells after incubation with m6dAMP 
confirmed depletion of NAD+ in Metis-containing cells, even in the 
absence of phage infection (Fig. 2E). These results demonstrate that 
m6dAMP activates Metis to deplete NAD+ both in vitro and in vivo.

To gain further insight into the molecular basis for m6dAMP recogni-
tion by MisA, we used AlphaFold3 (AF3) (20) to cofold MisA and 
m6dAMP. AF3 modeled m6dAMP in the N-terminal PUA-like binding 
pocket with high confidence [interface-predicted template modeling 
(ipTM) = 0.97] (Fig. 2, F and G, and fig. S3D). Point mutations in residues 
predicted to be in contact with m6dAMP in the binding pocket abolished 
defense in vivo and prevented m6dAMP binding in vitro, supporting the 
prediction that these residues participate in m6dAMP recognition 
(Fig. 2H and fig. S3E). As expected, the AF3 model placed NAD+ in the 
C-terminal metallophosphatase catalytic site of MisA and predicted that 
NAD+ catalysis is coordinated by metal ions, as known for metallophos-
phatases of this family (Fig. 2I) (21). Mutations in predicted catalytic site 
residues abolished Metis defense (Fig. 2H). Purified MisA was active in 
our hands without supplementation of metal ions, presumably because 
it was purified with the necessary metal ions already in place.

MisB prevents system toxicity by degrading basal levels of m6dAMP
Although MisA is frequently encoded as part of a misA-misB operon 
(Fig. 1A), we found that cells expressing MisA alone were resistant to 
phage infection, suggesting that MisA encompasses the defensive ca-
pacity of the system and that MisB is not essential for defense (Fig. 3A). 

Fig. 1. Metis is an antiphage defense system that degrades NAD+. (A) Schematic representation of protein domain composition in the Metis system. (B) Metis systems protect 
against phages. Systems from three E. coli strains were expressed in E. coli MG1655, a strain that naturally lacks Metis. Fold defense was quantified by means of serial dilution plaque 
assays, comparing the efficiency of plating of phages on the system-containing strain with the efficiency of plating on a control strain that lacks the systems and contains an empty 
vector instead. Data represent an average of three replicates. Plaque-forming unit (PFU) quantification for individual replicates is presented in fig. S1A. “s” designates a marked 
reduction in plaque size. (C) Growth curves of E. coli MG1655 cells expressing the Metis system from E. coli 401675 or an empty vector, infected by phage T7 at an MOI of 0.003 or  
3 (or 0 for uninfected cells). Data from three biological replicates are presented as individual curves. OD600, optical density at 600 nm. (D) NAD+ is depleted in cells expressing Metis 
during infection with T7 phage. Cells were infected at MOI = 3; measurements were taken 15 min after infection. Presented are untargeted LC-MS–derived ion count data; bars 
indicate the mean area under the curve of three experiments, with individual data points overlaid. m/z, mass/charge ratio. (E) Plaque assays showing T4 and T6 mutants that escape 
Metis defense. Data are representative of three biological replicates of phages infecting E. coli MG1655 cells that express the Metis system from E. coli 401675. PFU quantification is 
presented in fig. S1, F and G. WT, wild type. (F) The denA gene is mutated in T4 and T6 phages that escape Metis defense. Detected mutations are annotated. FS, frameshift.
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Nevertheless, the strain expressing MisA alone grew slower than the 
strain encoding the full system, suggesting that MisB is necessary to 
prevent MisA toxicity in the absence of phage (Fig. 3B). Basal NAD+ 
levels in cells encoding MisA alone were lower than those measured 
in wild-type cells or in cells expressing both MisA and MisB, explaining 
the slower growth and showing that MisA is residually active in the 
absence of MisB (Fig. 3C).

Because MisA activity is triggered by m6dAMP, we hypothesized that 
low levels of m6dAMP are present in the cell even in the absence of full 
genome degradation. Some m6dAMP can potentially be generated 
through host exonuclease activity during DNA mismatch repair or during 
RecBCD-mediated DNA processing (22). LC-MS analysis confirmed the 
presence of basal levels of m6dAMP in lysates from Metis-lacking cells 

before phage infection (Fig. 3D). However, no m6dAMP was detected in 
lysates from noninfected cells expressing MisB, either alone or in the 
context of Metis (Fig. 3D). These results suggest that the role of MisB is 
to degrade basal levels of m6dAMP to prevent activation of MisA before 
phage infection. In support of this hypothesis, we found that overexpres-
sion of MisB from a plasmid in a strain that already expresses Metis 
results in a substantial reduction in Metis defense (Fig. 3A). When MisB 
was mutated or absent, MisA-containing cells were 10-fold more vulner-
able to DNA-damaging agents (mitomycin C and ofloxacin), providing 
further support to the hypothesis that MisB is necessary to remove basal 
levels of m6dAMP during DNA repair (fig. S4A).

Incubation of purified MisB from E. coli 401675 with m6dAMP showed 
that MisB efficiently dephosphorylates the molecule to generate m6dA 

Fig. 2. MisA is activated by m6dAMP to cleave NAD+. (A) Metis is not active in cells in which dam is deleted. Data represent PFUs per milliliter of T5 phage infecting control cells 
(no system) and cells expressing Metis, transformed to wild-type E. coli, Δdam strain, or Δdcm strain and Δdam transformed with the Dam methyltransferase under its native 
promoter. Bar graphs are the average of three independent replicates, with individual data points overlaid. (B) MisA degrades NAD+ in vitro in the presence of m6dAMP. In total,  
100 μM NAD+ was incubated with 1 μM purified MisA and 10 μM synthetic adenine variants for 120 min, and NAD+ levels were measured with the NAD/NADH-Glo biochemical 
assay. The average of three replicates with individual data points are overlaid. (C) HPLC analysis of the products of NAD+ degradation by MisA in the presence or absence of 10 μM 
m6dAMP. Products of cleavage were identified by comparing the peaks with the retention time of chemical standard molecules (fig. S3F). (D) m6dAMP is toxic to Metis-expressing 
cells. Shown are growth curves of E. coli MG1655 cells expressing the Metis system from E. coli 401675 or an empty vector after addition of 50 μM m6dAMP to the growth media. 
Three replicates are presented as individual curves. The chemical composition of m6dAMP is presented above the curves. (E) NAD+ concentration in lysates obtained from cells 
expressing Metis or control cells with an empty vector instead (no system). Samples were analyzed 0, 15, 30, and 60 min after adding 50 μM m6dAMP to the growth media. Average 
of three replicates; error bars indicate SD. (F) AF3-predicted structure of MisA from E. coli 401675 in complex with m6dAMP, NAD+, Zn2+, and Fe3+. Binding sites of m6dAMP (1) and 
NAD+ (2) are shown in dashed boxes. (G) Close-up view of the predicted m6dAMP binding site. The ipTM of the complex of MisA with m6dAMP is presented. Red dashes indicate 
predicted hydrogen bonding interactions. (H) Mutations in MisA abolish defense against phage. Data represent PFUs per milliliter of T5 phage infecting cells that express WT Metis 
or Metis mutated in misA in the indicated residues. Bar graphs are the average of three independent replicates, with individual data points overlaid. (I) Close-up view of the 
predicted NAD+ binding site. The ipTM of MisA cofolded with m6dAMP, NAD+, Zn2+ (green), and Fe3+ (yellow) is presented. Amino acids mutated in this study are in purple.
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(Fig. 3E), a molecule that cannot activate MisA (Fig. 2B). Kinetic analysis 
of the m6dAMP dephosphorylation reaction demonstrated that MisB is 
a slow enzyme with a turnover rate of 0.05 molecules per second under 
saturating substrate conditions (fig. S4B). The slow turnover rate of 
MisB explains why high concentrations of m6dAMP released during 
phage-mediated genome degradation overwhelm the capacity of MisB 
to degrade all m6dAMP, allowing MisA activation during infection.

Cofolding of MisB with m6dAMP by using AF3 yielded a high-
confidence model in which m6dAMP is placed in the active site pocket 
of the MisB phosphatase (Fig. 3F and fig. S4C), which contains two 
aspartic acid residues typical of haloacid dehalogenase (HAD) phos-
phatases (23). Mutations in these residues led to reduced growth rates 
and reduced NAD+ levels in the absence of phage, confirming that the 
catalytic activity of MisB is necessary for toxicity prevention (Fig. 3C 
and fig. S4, D and E).

Type II Metis encodes a transmembrane effector that senses m6dAMP
Homologs of misB in diverse bacteria are frequently encoded next to 
misA homologs, confirming that these two genes function together 
(Fig. 4A and table S1). However, in many bacterial genomes, misB homo-
logs are not in the vicinity of a misA gene but instead appear in an operon 
with a gene we denote misC, which is annotated as encoding a membrane-
spanning protein with the Pfam accession PF24838 (Fig. 4, A and B). A 
MisB-MisC operon cloned from Phyllobacterium sp. UNC302MFCol5.2 
and expressed in E. coli MG1655 conferred antiphage defense (Fig. 4C). 
An operon from E. coli strain 2862600, encoding homologs of MisC and 
MisB, was previously shown to defend against phage T7 (24).

To test whether the Phyllobacterium MisC-MisB operon shares func-
tional features with the Metis system, we expressed this operon in an 
E. coli strain in which the Dam methyltransferase was deleted. As in 
the case of the Metis system, the MisC-MisB operon did not protect 
against phages when Dam was inactive (Fig. 4C). T6 denA mutants 
that overcame defense by the MisA-MisB Metis system also displayed 
resistance to the MisC-MisB system, indicating that both systems re-
quire phage-mediated host genome degradation for activation 
(fig. S5A). We therefore designate this operon type II Metis. As in the 
case of the MisA-MisB Metis (which we henceforth refer to as type I 
Metis), cells encoding type II Metis could not grow when m6dAMP was 
mixed with the growth medium. These results suggest that type II 
Metis is also activated by the methylated adenine nucleotide (Fig. 4D).

We used AF3 to cofold MisC with m6dAMP. AF3 modeled the nucleo-
tide with high confidence in a small pocket predicted to be formed in 
the intracellular portion of MisC (Fig. 4, E and F, and fig. S5B). Multiple 
sequence alignment of MisC homologs shows that residues predicted 
to form the m6dAMP-binding pocket are conserved (fig. S5C). A point 
mutation in a conserved leucine residue residing in this pocket abol-
ished type II Metis defense, confirming its importance for system activa-
tion (Fig. 4G). As in the case of type I Metis, mutation in the catalytic 
aspartic acid of MisB did not affect the antiphage defensive activity, 
showing that the MisC transmembrane protein alone can protect against 
phage and suggesting that the role of MisB in this operon is to prevent 
MisC toxicity in the absence of phage infection (Fig. 4G and fig. S6).

AF3 further predicted that MisC oligomerizes into an octameric 
circular structure (Fig.  4H). Mutations in residues predicted to 

Fig. 3. MisB degrades residual m6dAMP and prevents Metis toxicity. (A) MisA alone or Metis with mutated MisB, but not MisB alone, protects bacteria from phage infection. 
Data represent PFUs per milliliter of T5 phage infecting cells that express the indicated system, measured with serial dilution plaque assays. Bar graphs are the average of three 
independent replicates, with individual data points overlaid. The bar annotated as Metis + MisB refers to a strain in which MisB was overexpressed on a plasmid, in a strain 
expressing a genomically integrated Metis. (B) In the absence of MisB, MisA causes growth retardation. Growth curves of E. coli MG1655 cells expressing Metis, MisA alone, or an 
empty vector (no system) are shown. Data from three replicates are presented as individual curves. (C) NAD+ concentration measured in lysates extracted from cells expressing 
WT Metis, MisA alone, or the Metis system with point mutations in MisA or MisB. Cells were collected from the experiment shown in (B) after 100 min of growth. Bar graphs are 
the average of three independent replicates, with individual data points overlaid. (D) MisB eliminates basal levels of m6dAMP. Cells were collected before infection and 15 min 
after infection with phage T7 (MOI = 3). Presented are LC-MS ion count data; bars indicate the average area under the curve in three experiments, with individual data points 
overlaid. (E) LC-MS analysis of m6dAMP degradation by MisB in the presence of Mg2+ ions. The product was identified by comparing the observed peak with the retention time 
and m/z signals of the m6dA chemical standard (fig. S4F). (F). AF3-predicted structure of MisB from E. coli 401675 in complex with m6dAMP and Mg2+ (ipTM = 0.96). Mutated 
residues are in pink; Mg2+ is in green. Red dashes indicate predicted hydrogen bonding interactions.
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contribute to protomer–protomer interactions in MisC abolished de-
fense and also abolished m6dAMP-mediated toxicity (fig. S7). Similar 
analysis of diverse homologs of MisC revealed that all of these are 
predicted to bind m6dAMP and form octameric, transmembrane-
spanning circular structures (figs. S8 and S9).

Single-cell microscopy analyses showed that during infection, MisC-
expressing cells exhibited malformations, reflected in the appearance 
of “void” spaces in the cytoplasmic area (fig. S10). Such a phenotype 
was previously shown to be the outcome of inner-membrane collapse, 
either resulting from outward osmotic flow of water (25) or from the 

Fig. 4. Type II Metis. (A) Phylogenetic analysis of the MisB protein family in bacterial genomes. The outer ring indicates whether MisB is associated with MisA or MisC. Bacteria 
carrying systems experimentally validated in this work are marked on the tree. Bootstrap values are shown for major clades. (B) Schematic representation of the type II Metis 
system. TM, transmembrane. (C) Type II Metis is not active in cells in which dam is deleted. Data are PFUs per milliliter of T6 phage infecting control cells (no system) and 
cells expressing type II Metis from Phyllobacterium sp. UNC302MFCol5.2, transformed to wild-type or Δdam E. coli strains. Bar graphs are the average of three independent 
replicates, with individual data points overlaid. (D) Growth curves of E. coli MG1655 cells expressing type II Metis or cells with an empty vector, after addition of 500 μM m6dAMP 
to the growth media. Data from three replicates are presented as individual curves. (E) AF3-predicted structure of MisC from Phyllobacterium sp. UNC302MFCol5.2 in complex 
with m6dAMP (ipTM = 0.95). The predicted binding site of m6dAMP is indicated in the dashed box. (F) Close-up view of the predicted m6dAMP binding site in MisC. Amino 
acid selected for mutagenesis is in dark green. (G) Point mutations in MisC, but not in MisB, abort type II Metis defense. Data are PFUs per milliliter of T6 phage infecting cells 
that express wild-type type II Metis or Metis with the indicated mutations. Bar graphs are the average of three independent replicates, with individual data points overlaid. 
(H) AF3-predicted structure of MisC octamer. TM, transmembrane region. (I) Model for the mechanism of Metis antiphage defense.
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activity of bacterial defense systems (26, 27). Altogether, our data sug-
gest that MisC in type II Metis senses phage-mediated host genome 
degradation by binding methylated mononucleotides and that this 
binding causes MisC-mediated toxicity.

Discussion
Combined, our results suggest a model for Metis activity against phage 
propagation (Fig. 4I). Under normal growth conditions in the absence 
of phage infection, the Dam enzyme methylates GATC sequences on the 
double-stranded DNA polymer so that roughly one in every 256 adenines 
in the genome is methylated. These methylated adenines are released 
to the cytosol as m6dAMP only in rare cases of partial endogenous DNA 
degradation, most likely during DNA repair, and these are rapidly 
“cleaned” from the cell by MisB to prevent MisA or MisC toxicity. When 
a lytic phage degrades the bacterial genome into individual nucleotides, 
the intracellular concentration of m6dAMP rises at least 100-fold (Fig. 
3D). Because MisB has a slow turnover rate for m6dAMP degradation, 
these high concentrations of m6dAMP likely overwhelm the capacity of 
MisB to degrade all m6dAMP, allowing MisA activation by m6dAMP, 
which leads to NAD+ depletion and prevention of phage propagation. 
Metis defense does not save the bacterium from phage-induced death 
because cells cannot recover after their genome was completely de-
graded. Rather, Metis does not allow phages to replicate in the infected 
cell, thus saving neighboring bacteria from phage spread.

NAD+ depletion is a common outcome of bacterial defense systems 
(8). This enzymatic activity was demonstrated in the case of Sirtuin 
(SIR2), Toll/Interleukin-1 receptor (TIR), and SEFIR effector domains 
associated with many defense systems (10, 12, 28). To date, all NAD+-
depleting defensive proteins have been shown to cleave NAD+ between 
the nicotinamide ring and the ribose, generating free nicotinamide and 
adenosine 5′-diphosphate (ADP) ribose (ADPR) (29). MisA is the first 
antiphage protein shown to cleave NAD+ differently, generating the mol-
ecules NMN and AMP (Fig. 2C). This form of NAD+ cleavage is expected 
to prevent phages from using NAD+ reconstitution pathway 1 (NARP1) 
to alleviate defense because NARP1 relies on ADPR and nicotinamide 
as substrates to rebuild NAD+ (30). The calcineurin-like metallophos-
phatase NAD+-cleaving domain found in MisA was detected in many 
other predicted defense systems (16). We therefore predict that MisA-like 
cleavage of NAD+ into NMN and AMP is common in bacterial defense.

In this work, we describe the discovery of two types of Metis systems 
that sense by-products of host genome degradation, but we anticipate 
that other types of Metis exist in nature. Recognition of methylated 
cytosines, for example, could also be efficient for genome degradation 
sensing because cytosine methylation is a widespread epigenetic DNA 
modification in bacteria (31). Furthermore, we envision that some 
Metis systems would encode their own DNA-modifying enzyme so that 
their activity will not depend on endogenous Dam enzymes. In these 
systems, the DNA-modifying enzyme would install a specific base 
modification on the bacterial DNA, and the Metis effector protein 
would be triggered when this modified base accumulates as a conse-
quence of phage-induced host genome degradation. Indeed, we de-
tected multiple homologs of MisA that are found in an operon with 
predicted methylases, forming putative type III Metis systems (fig. S11 
and table S3).

Many principles of antiviral immunity are shared between bacterial 
and eukaryotic immune pathways, and some components of the hu-
man immune arsenal have been evolutionarily derived from bacterial 
and archaeal defense systems (9, 32, 33). Viruses that infect eukaryotes 
do not commonly degrade the nuclear genomes, although some vi-
ruses, including those infecting freshwater algae, shred the genome of 
the infected cell as part of their life cycle (34), and some animal 
viruses—for example, frog-infecting Ranaviruses—are also thought to 
cause host DNA degradation (35). Because cytosines are frequently 
methylated in eukaryotic genomes in the context of CpG motifs (36), 
it might be possible that defense pathways in eukaryotes can manifest 

similar principles as Metis and monitor the integrity of the cellular 
genome by sensing methylated single-nucleotide cytosines.
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Editor’s summary
Phages exploit bacterial cells by degrading the bacterial genome into individual nucleotides and then building their
own viral genomes out of the pieces. Osterman et al. describe a bacterial defense system called Metis, which senses
modified nucleotides released as by-products of host genome degradation. Once activated, Metis triggers a process
that halts cellular activity and aborts the infection. Metis does not save the bacterium itself because cells cannot
recover once their genome has been completely degraded. However, it prevents phages from replicating in the
infected cell, protecting neighboring bacteria. —Di Jiang

View the article online
https://www.science.org/doi/10.1126/science.aed6782
Permissions
https://www.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS. 

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

D
ow

nloaded from
 https://w

w
w

.science.org at W
eizm

ann Institute of Science on A
ugust 31, 2026

https://www.science.org/content/page/terms-service

	Bacteria sense virus-induced genome degradation via methylated mononucleotides
	Results
	A two-gene defense system protects bacteria from lytic phages
	m6dAMP activates NAD+ hydrolysis by MisA
	MisB prevents system toxicity by degrading basal levels of m6dAMP
	Type II Metis encodes a transmembrane effector that senses m6dAMP

	Discussion
	REFERENCES AND NOTES
	Acknowledgments


