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% Check for updates Cold seeps host diverse microbes and viruses with numerous unexplored

defense and anti-defense systems. Analysis of 3813 microbial and 13,336 viral
genomes from 191 metagenomes across 17 cold seep sites reveals extensive
microbial defense repertoires, with over 60% representing candidate systems.
Experimental validation confirms that several candidates protect against viral
infection. These defense systems frequently co-occur, suggesting potential
synergistic interactions, and are broadly distributed across sediments. In
response, viruses have evolved diverse anti-defense genes, and the concurrent
presence of multiple viral and microbial systems highlights intricate coevo-
lution. Functionally critical lineages, such as anaerobic methanotrophic
archaea, sulfate-reducing bacteria, and diazotrophs, appear to modify their
defensive strategies under ecological and environmental pressures; for
example, sulfate-reducing bacteria harbor multiple Gabija systems while cor-
responding viruses carry anti-Gabija genes, illustrating specific coevolutionary
adaptations. Overall, these findings underscore the critical role of virus-
microbe interactions in shaping microbial metabolic functions and environ-
mental adaptation in deep-sea ecosystems.

Cold seeps are extreme deep-sea environments located along con-
tinental margins worldwide, characterized by the migration of fluids
rich in methane and other hydrocarbons from the deep subsurface to
the sediment-seawater interface”. The continuous release of these
fluids enhances local biodiversity and microbial activity, making cold
seeps thriving deep-sea oases’. These ecosystems support diverse
microbial communities, including anaerobic methanotrophic archaea
(ANME) and their syntrophic sulfate-reducing bacterial partners®*.

Moreover, the sediments harbor a rich diversity of previously under-
studied prokaryotes and viruses*®, suggesting the existence of com-
plex and novel microbe-virus interactions within cold seep
ecosystems. Prokaryotes in these environments constantly face viral
threats, leading to the evolution of multiple defense mechanisms that
regulate the flow of genetic information spread by mobile genetic
elements (MGEs) through horizontal gene transfer (HGT)""’. Cold seep
viruses also employ diverse strategies for environmental adaptation,
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including counter-defense systems, auxiliary metabolic genes (AMGs),
reverse transcriptases, and alternative genetic code assignments'’.
Among these, anti-defense systems have evolved to counteract the
defense mechanisms of host microbes. Despite these insights, the
diversity of prokaryotic defense genes and the intricate evolutionary
interactions between prokaryotes and viruses in cold seep ecosystems
remain largely unexplored.

Prokaryotes have developed an arsenal of defense systems to
provide partial or full resistance against viral and MGE infections”*".
The most widespread prokaryotic immune systems are the restriction-
modification (RM) systems and the clustered regularly interspaced
short palindromic repeats CRISPR-Cas system. RM systems recognize
specific DNA sequences in invading phages and distinguish self from
non-self DNA through methylation?, while CRISPR-Cas provides
acquired immunity by incorporating short viral and mobile genetic
element (MGE) sequences as spacers in the host genome’". In recent
years, many novel prokaryotic antiviral systems have been revealed.
For example, Gabija system, composed of GajA and GajB proteins,
degrades viral and host DNA through site-specific double-stranded
DNA nicking by GajA upon activation. The cyclic oligonucleotide-
based antiphage signaling system (CBASS) uses cyclic oligonucleotides
to activate antiviral immunity”. Gabija and CBASS systems defend
against phages by inducing cell death or metabolic disturbance upon
infection, an abortive infection mechanism that is similarly adopted by
various other defense systems'*'. Recent efforts have uncovered
several defense systems with diverse genetic architectures’®, reflecting
the strong selective pressure imposed by viruses and MGEs on
microbial communities in various ecosystems such as soil, marine,
human gut and rumen®". However, in the deep sea, particularly in cold
seep environments, there is a lack of corresponding studies on
microbial defense systems, despite these environments potentially
equipped with vast and untapped wealth of immune systems and
mechanisms®®.

Defense genes encoding components from multiple distinct sys-
tems tend to cluster together in specific genomic regions referred to as
defense islands®'®". This co-localization, especially within MGEs,
facilitates joint HGT, which is thought to confer fitness advantages to
recipient microbes, particularly in virus-rich environments®. Syner-
gistic interactions between different defense systems may drive their
co-localization and favor their joint transfer”?, as evidenced by the
conservation of certain sets of defense systems across different
microbial species. Synergistic systems enhance protective effects
against specific phages beyond the sum of individual systems, pro-
viding microbes with an evolutionary advantage. Recent research
indicated that non-random synergistic interactions between defense
systems in Escherichia coli are adaptive responses to specific selective
forces from the virome, shaping unique fitness landscapes in their
specific ecological niches®. Given that cold seep viruses in extreme
deep-sea subseafloor conditions are endemic and unique compared to
those in other ecosystems®', the specific virus-driven synergistic
interactions between defense systems may differ and warrant
investigation.

Viruses can evade microbial defenses both indirectly, by mutating
immune system activators or disrupting defense pathways, and
directly, by deploying anti-defense genes that target immune system
components®. In this ongoing arms race, viruses have evolved
sophisticated anti-defense mechanisms to overcome microbial
defense systems®***, such as anti-CRISPRs (Acr)**¥, anti-RM*, anti-
CBASS” and anti-Gabija®. These viral anti-defense systems not only
highlight the complexity of viral adaptations but also reveal evolu-
tionary connections within microbial immunity**. Beyond defense
evasion, viruses play a crucial role in shaping microbial communities
and influencing ecosystem functioning, including key biogeochemical
cycles such as methane oxidation, sulfate reduction and nitrogen
fixation, often mediated through AMGs*"*. Despite their importance,

the interactions between viral anti-defense mechanisms and func-
tionally critical lineages in the cold seep environment®—with its
darkness, low temperatures, and hydrocarbon-rich conditions—is not
well understood. Understanding these dynamics in extreme deep-sea
ecosystem is vital for unraveling the full impact of viruses on microbial
ecology and biogeochemical processes.

To explore the diversity of cold seep microbial defense systems,
their interactions, and the evolutionary associations between these
systems and viral anti-defense strategies in extreme deep-sea subsea-
floor habitats, we analyze 3813 microbial genomes and 13,336 viral
genomes from 191 metagenomic samples collected at 17 global sites
(Supplementary Fig. 1). Our findings reveal that cold seep microbes
possess a vast and diverse repertoire of defense systems, which may
work synergistically against viral infections. In response, cold seep
viruses deploy diverse anti-defense systems to counter microbial
defenses. This complex virus-microbe interaction drives microbial
evolution and enhances environmental adaptation. Overall, this study
enriches our understanding of the ecological and evolutionary
dynamics of virus-microbe interactions in deep sea cold seep subsur-
face ecosystems.

Results and discussion

Cold seep prokaryotes possess diverse and putative defense
systems

We investigated defense strategies of cold seep microbiome by ana-
lyzing 3813 species-level metagenome-assembled genomes (MAGs),
comprising 639 archaeal and 3174 bacterial genomes, spanning 107
bacterial and 16 archaeal phyla (Supplementary Fig. 2). The bacterial
phyla with the largest diversity of recovered species included Pseu-
domonadota (n=471), Chloroflexota (n=399), Desulfobacterota
(n=298), Planctomycetota (n=225), and Bacteroidota (n=219).
Among the archaeal phyla, Halobacteriota (n = 153), Thermoplasmatota
(n=119), Thermoproteota (n =110), and Asgardarchaeota (n =105) were
the most diverse.

We identified defense genes and systems using DefenseFinder"
and PADLOC™ and detected a total of 36,783 defense genes in 65% of
cold seep microbial genomes, which were assigned to 26,389 defense
systems (Fig. 1a and Supplementary Data 1-3). Among these, 63%
(n=16,520) were annotated as candidate systems, primarily including
HECs (Hma-Embedded Candidates) and PDCs (Phage Defense Candi-
dates). These candidates were predicted by PADLOC based on their
recurrent genetic embedding within known defense loci (e.g., Hma,
RM, BREX, DISARM) rather than defense-island enrichment®. Toge-
ther, these candidates comprised 18,195 defense genes, highlighting
that cold seep microbes harbor a diverse array of putative antiviral
strategies. Experimentally verified defense systems, comprising 37%
(n=9869), included 106 types, with RM systems (n =3778) being the
most prevalent, followed by CRISPR-Cas (n=977), SoFic (n=715), and
ADbiE (n=612). This distribution aligns with previous findings that RM
and CRISPR-Cas systems are predominant in microbiomes from soil,
human gut, and Haima cold seep environments®'. In contrast, sea-
water microbial genomes, while also rich in RM systems, exhibit sig-
nificant enrichment of CBASS’, suggesting distinct distribution
patterns of defense systems in cold seep sediments compared to other
marine environments.

To validate whether these candidate systems confer antiviral
activity, we randomly selected eight candidate systems from the top 12
most abundant system types (each accounting for more than 1% of the
total), including PDC-S01, PDC-S09, PDC-S05, PDC-S70, PDC-S27, PDC-
S02, PDC-MO0S5, and HEC-01. Within each selected type, one repre-
sentative gene cluster was randomly chosen for experimental valida-
tion. Recombinant vectors containing these candidate systems were
transformed into the host strain E. coli B (ATCC" 11303™), which
naturally lacks these systems. The transformed strains were then
challenged with three representative lytic phages: T7 (Podoviridae), T5
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Fig. 1| Distribution and activities of defense systems in cold seep prokaryotes.
a Types and proportions of verified defense systems and candidate defense sys-
tems in cold seep microbial genomes, including their primary mechanisms of
action and corresponding system counts. “DS” denotes defense systems and “num”
represents the total count. “Type num” refers to the number of distinct defense
system types within each mechanism category. b Plaque assays demonstrating
phage infection of Escherichia coli B (ATCC® 11303™) transformed with plasmids
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carrying various candidate defense systems or an empty vector (control) using a
small volume drop method. The bacteria described above were mixed in the
molten agar matrix and ten-fold serial dilutions of phages T7, TS5, and T4 were
spotted onto bacterial lawns. All the assays are repeated at least 3 times with similar
results. Predicted protein domains of the tested systems are shown on the right.
Detailed data on annotated defense systems are provided in Supplementary

Data 1-3.

(Siphoviridae), and T4 (Myoviridae). Among them, four candidate
defense systems (PDC-S05, PDC-S70, PDC-MO5, and HEC-01) con-
ferred protection against at least one phage (Fig. 1b). Especially, the
PDC-S05 and PDC-S70 systems exhibited obvious and broad-spectrum
phage resistance. The PDC-SO5 system showed an approximately
1,000-fold reduction in efficiency of plating (EOP) for phages T7 and
T5, and a~10-fold decrease for phage T4. Similarly, the PDC-S70 sys-
tem caused a ~ 100-fold decrease in EOP for phages T7 and T4, and an
~1000-fold decrease for phage T5. Although these results confirmed
the antiviral activity of four systems, the vast, yet candidate defense
systems require further experimental validation. Predicted protein
domain analysis of these four systems (Supplementary Data 4)
revealed that HEC-01 contains an AAA_21 domain, which is associated
with ATP binding and hydrolysis activity. PDC-MO5A harbors ArsR-
like_ HTH and NT_KNTase_like domains, suggesting DNA-binding tran-
scription factor activity. Additionally, PDC-SO5 features a Vir-
ulence_RhuM domain, which is linked to virulence and pathogenicity

(Fig. 1b). These findings indicate that most of these candidate defense
systems may function through mechanisms such as nucleic acid
degradation and replication inhibition.

Defense system mechanisms can be categorized in three types
based on their fundamental mechanisms of action: nucleic acid
degradation, abortive infection, inhibition of replication, and other
unknown mechanisms'*. For instance, RM and CRISPR-Cas systems
function through viral nucleic acid degradation, CBASS and retrons
through abortive infection, and Viperins and dCTP deaminases
through inhibition of replication. Among the experimentally con-
firmed defense systems in cold seep microbes (Fig. 1a), the most pre-
valent mechanism was nucleic acid degradation (n=5416, 55%),
followed by abortive infection (n=1867, 19%) and replication
inhibition (n=722, 7%). Notably, a substantial proportion of
defense mechanisms remain unidentified (n =1864, 19%), encompass-
ing 59 types that represent 56% of all detected defense system
types (n=106).
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Fig. 2 | Characteristics of defense systems in cold seep prokaryotes.

a Proportion of metagenome-assembled genomes (MAGs) containing defense
systems among cold seep prokaryotes, and the proportions of various types of
defense systems within all prokaryotes, archaeal, and bacterial MAGs.

b Distribution of the number of defense systems (DS) per MAG for all prokaryotes

(n=2466) (n=395) (n=2,071)

(blue), archaea (orange), and bacteria (red). c Number of defense systems (DSs) per
MAG for all prokaryotes (blue, n=2466), archaea (orange, n=395), and bacteria
(red, n=2071), with black lines indicating the average number. Detailed statistical
data are provided in Supplementary Data 5. Detailed data on the proportion of
genomes carrying defense systems are provide as a Source Data file.

Cold seep defensive patterns are associated with microbial
taxonomy

The distribution of verified defense systems differed across tax-
onomical domains (Fig. 2a and Supplementary Fig. 3), suggesting
that archaea and bacteria possess diverse and distinct defense
strategies against viral or MGE infections*****¢, Most bacterial and
archaeal MAGs harbored a limited number of defense systems,
averaging four per genome (Figs. 2b, ¢), consistent with observa-
tions from other marine environments®'°. However, this value is
lower than the average numbers reported for bacterial genomes
(5.6-5.8)%" and archaeal genomes (4.55)*. This discrepancy may be
attributed to the completeness of MAGs used in this study, differ-
ences in detection methods and parameter settings, and the unique
ecological pressures of cold seep environments. On average, bac-
terial genomes in cold seep environments still encode more defense
systems per genome than archaeal genomes (4.1 vs 3.5, Supple-
mentary Data 5). Despite this average, several genomes (n=40)
encoded more than 20 defense systems. For instance, a genome
belonging to the Bacteroidales order encodes 54 defense systems,
followed by 48 in a Methylococcales genome (Gammaproteo-
bacteria) and 39 in a Desulfuromonadales genome (Desulfobacter-
ota) (Supplementary Data 3). Additionally, we found that the
majority of defense systems (-99.88%) are encoded in

chromosomes, several systems—especially AbiV, AbiD, DRT, and
AbiL—are carried by plasmids, and others like AbiZ, PT_Dnd, and
Lamassu are carried by proviruses (Fig. 3 and Supplementary
Fig. 4a). Furthermore, the number of defense systems in prokar-
yotes increases with the number of proviruses and plasmids, a trend
particularly evident in bacteria (Supplementary Fig. 4b), suggesting
that defense genes in cold seep prokaryotes could be disseminated
between microbes through MGEs***°.

The density of defense systems (per MAG and per Mb) varied
widely among different clades (Fig. 3, Supplementary Figs. 5-6, and
Supplementary Data 3). In archaeal MAGs, the density ranged from as
low as 0.11 in certain phyla to over 10.5 in the Aenigmatarchaeota
phylum (Fig. 3a and Supplementary Fig. 5). In bacterial MAGs, the
density can be as high as 15.1 in the Desulfobacterota phylum (Fig. 3b
and Supplementary Fig. 6). While previous studies have suggested that
deeper phylogenetic lineages accumulate more horizontally trans-
ferred genes, potentially leading to a buildup of defense systems*, our
linear regression analyses indicate that phylogenetic depth has a
relatively minor impact on the number of defense systems (Supple-
mentary Data 6). This suggests that other factors, such as environ-
mental pressures, viral diversity, and ecological interactions, may play
a more significant role in shaping the abundance and distribution of
defense systems.
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Fig. 3 | Abundance and distribution of defense systems in cold seep prokar-
yotes. Phylogenetic representation of archaeal (a) and bacterial (b) MAGs, cate-
gorized and color-coded by their corresponding phyla. The heatmap illustrates the
density of defense systems (DSs per Mb, blue), defense genes (DGs per Mbx10?,
orange), candidate defense systems (CDs per Mbx107, green), and the number of
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genome sizes of MAGs (Mb). Detailed statistical data for this figure are provided in
Supplementary Data 3.
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Cold seep defense systems tend to co-occur and may interact
synergistically

Previous studies have demonstrated that certain defense systems
interact to enhance or broaden protection against viruses®*>*.,
Here, based on the relative abundances of defense systems, we
used Pearson correlation analysis to investigate the relationships
among defense systems in cold seep prokaryotes to explore their
potential interactions. We considered only statistically significant
correlations (p < 0.05), following the approach of Wu et al.”*. We
identified 182 pairs of defense systems exhibiting significant
positive correlations and 10 pairs with significant negative cor-
relations (Fig. 4a and Supplementary Data 7). Among these sig-
nificantly correlated pairs, 94.8% were positive, suggesting that
defense systems are more likely to co-occur rather than to be
negatively associated. This pattern is consistent with observa-
tions in certain bacterial genomes, such as E. coli, Enterobacter-
ales, Bacillales, Burkholderiales, and Pseudomonadales®. Notably,
prevalent defense systems such as Gabija (20 pairs), RM (19
pairs), CRISPR-Cas (19 pairs), and SoFic (18 pairs) exhibited a
higher number of significant co-occurrences. Additionally, less
common systems such as Septu (18 pairs), Druantia (15 pairs), and
Menshen (15 pairs), also demonstrated a tendency to co-occur
with other defense systems. This suggests that the significant co-
occurrence of these systems is not merely a result of their higher
overall frequency but may also stem from functional
complementarities®**'. For instance, CRISPR-Cas and RM systems
can work synergistically by targeting different sites on invading
phage DNA, thereby enhancing overall protection*. Similarly,
defense islands encoding both BREX systems and type IV
restriction enzymes have been shown to provide layered
protection®’. Furthermore, RM-mediated cleavage of viral DNA
can stimulate spacer acquisition in CRISPR-Cas systems, reinfor-
cing their cooperative function*’. Interestingly, different subtypes
of the same defense system exhibited distinct co-occurrence
patterns with other systems (Supplementary Fig. 7 and Supple-
mentary Data 8). For example, Wadjet | co-occurred with multiple
other defense systems, showing 11 pairs of co-occurrences. In
contrast, Wadjet Il had only 4 co-occurrences, which included
CRISPR-Cas I-G, CBASS I, Eleos, and PD-T4-3; notably, none of
these systems co-occurred with Wadjet I. These specific co-
occurrence patterns may indicate unique cooperative interac-
tions among different subtypes of defense systems.

Defense islands are sometimes associated with MGEs integrated
into distinct hotspots—regions of high genetic turnover—that may
serve as catalysts for novel defensive strategies’”. The clustering of
defense systems in these islands, especially within integrated MGEs,
enhances the probability of horizontal co-transfer. If the repertoire
of defense systems is primarily shaped by HGT, rather than func-
tional synergies, we would expect the systems co-localizing in
defense islands to correspond with those co-occurring in microbial
genomes®. To explore the potential link between the co-occurrence
and co-localization of defense systems, we selected 34 defense sys-
tems clustered in defense islands and analyzed the correlations
among them. Among the clustered systems, 105 pairs were identified
with significant correlations (p <0.05), which is lower than the 182
significant pairs observed when considering all defense systems.
Notably, only one pair among the clustered systems exhibited a
negative correlation (Fig. 4a and Supplementary Data 9). Further-
more, there appears to be no obvious relationship between the
number of defense systems clustered in defense islands and the
number of significantly correlated pairs among those systems
(Fig. 4a and Supplementary Fig. 8). For instance, although RM and
CRISPR-Cas systems were frequently found in defense islands, they
did not exhibit an obvious higher number of correlations with other
systems. In contrast, systems like BREX (13 pairs), Septu (13 pairs),

and PT_PbeABCD (12 pairs), which were less commonly associated
with defense islands, showed more significant correlations. These
findings suggest that co-localization represents only a specific
instance of co-occurrence, and the repertoire of defense genes is
influenced by various factors beyond HGT.

The genomic context of defense islands supports the observed
correlations among defense systems. For instance, the CBASS system
frequently clusters within these islands, often flanked by defense genes
related to RM and Abi systems (Fig. 4b and Supplementary Data 10).
These defense islands are not limited to defense genes alone; they also
encompass a rich array of functional genes involved in transport,
replication, recombination, repair, and transcription. This high genetic
turnover within defense islands creates hotspots of genetic diversity,
promoting the evolution of novel defense strategies in cold seep
microorganisms’. Thus, the clustering and dynamic interactions within
defense islands highlight their role in the co-localization and co-
evolution of defense systems.

Cold seep defense systems are abundant, actively expressed and
site-dependent

To assess the distribution and activity of defense systems in cold seep
prokaryotes, we calculated the relative gene abundance and transcript
abundance of various defense genes and systems. In alignment with
the prevalence of defense systems in microbial genomes (Fig. 1a), RM,
CRISPR-Cas, AbiE and SoFic systems exhibit higher metagenomic
abundances, primarily due to the elevated abundances of restriction
endonucleases (REases), methyltransferases (MTases), AbiEi, Abikii,
SoFic proteins, and Cas2 genes associated with these systems (Fig. 5a
and Supplementary Fig. 9). These differences are statistically sig-
nificant at both systems (Kruskal-Wallis: y2(9) = 955.0, p < 2.2e-16, n? =
0.0579, small effect) and gene levels (Kruskal-Wallis: y2(25) =2417.2,
p<2.2e-16, % = 0.579, large effect). Although there were no significant
differences in metatranscriptomic abundances among defense sys-
tems, the detection of their expression levels (averaging 3.64 tran-
scripts per million [TPM], with over 1 TPM for 30 systems) indicate
microbial defensive responses are active in situ. Additionally, most
defense systems were detected across geographically diverse cold
seep sediments (17 sites) at almost every sediment depth (0-68.55
meters below seafloor [mbsf]; Supplementary Fig. 10), indicating a
widespread presence of these systems in cold seeps globally. High
abundances of defense systems were particularly notable in archaeal
Halobacteriota, and bacterial Desulfobacterota, Atribacterota, and
Pseudomonadota (Fig. 5b). The relative abundance of defense systems
varied considerably across phyla, with RM, CRISPR-Cas, AbiE and SoFic
systems being the most predominant.

The distribution patterns of defense systems in global cold seep
prokaryotes are shaped not only by host microbial taxa but also by
their targets, such as viruses and MGEs. The distribution of cold seep
microbes and viruses is influenced by sediment depth and site
location'>****; consequently, these factors may also impact the dis-
tribution of defense systems. To assess potential depth stratification
of defense systems, we categorized each metagenome based on
depth ranges: surface (<1 mbsf), shallow (1 to 10 mbsf), and deep
(>10 mbsf). Our analyses revealed no significant differences in the
abundance of defense systems across these depth categories at
either the metagenomic or metatranscriptomic level (Figs. 5c, d and
Supplementary Fig. 11), except for difference between the shallow
and deep layers in the metagenomic data (shallow vs deep, Wilcoxon
rank-sum test: W=289, p=0.043, r=0.302, moderate effect). Sig-
nificant differences in defense system abundance were found among
different cold seep sites, with more pronounced differences in
shallower depths (surface, Kruskal-Wallis: x2(13) =49.4, p=3.83e-6,
n? = 0.328, large effect; shallow, Kruskal-Wallis: x2(7)=26.2,
p=4.68e-4, n?* = 0.799, large effect) compared to deeper depths
(deep, p>0.05; Supplementary Fig. 12a). Metatranscriptomic
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defense systems across phyla (Kruskal-Wallis: x2(50) = 312.0, p < 2.2e-16, n* = 0.260,
large effect). Data are presented as mean + SD. ¢ Gene abundance of defense sys-
tem genes at different sediment depths in cold seeps, measured in GPM. Sediment
depths are categorized into three groups: surface (<1 meter below seafloor [mbsf],
n=125), shallow (1-10 mbsf, n=32), and deep (> 10 mbsf, n =13). Differences were
computed using a two-sided Wilcoxon rank-sum test. Boxplot: center line, median;
box limits, upper and lower quartiles; whiskers, 1.5 x interquartile range; points,
individual data values. d Expression levels of defense system genes at different
sediment depths in cold seeps, measured in TPM. Sediment depths are categorized
into three groups: surface (<1 mbsf, n=10), shallow (1-10 mbsf, n=13), and deep
(>10 mbsf, n=9). Differences were computed using a two-sided Wilcoxon rank-
sum test. Boxplot: center line, median; box limits, upper and lower quartiles;
whiskers, 1.5 x interquartile range; points, individual data values. Source data are
provided as a Source Data file.

abundance also varied significantly across different sites, with a more
notable difference observed in surface depths (Wilcoxon rank-sum
test: W=0, p=6.06e-3, r=0.827, large effect; Supplementary
Fig. 12b). Overall, these results suggest that the distribution of
defense systems in cold seep prokaryotes is more strongly influ-
enced by site-specific environmental and ecological factors than by
sediment depth.

Cold seep viruses employ diverse anti-defense genes to coun-
teract host defense systems

We retrieved 13,336 single-contig viral genomes with estimated com-
pleteness of greater than 50% from 191 cold seep metagenomes
(Supplementary Fig. 13 and Supplementary Data 11) using three virus
identification tools: VIBRANT*, Virsorter2*® and geNomad*. These
viral genomes were clustered into 9971 species-level viral operational
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taxonomic units (vOTUs)*. Of these, 9638 vOTUs (-97%) could be
taxonomically assigned, predominantly belonging to the Duplodna-
viria phylum (n=9600), with a majority classified under the Caudo-
viricetes class (n=9599; Supplementary Fig. 14 and Supplementary
Data 12). However, less than 0.4% vOTUs (n = 36) within this class could
be annotated further, highlighting an obvious knowledge gap in the
taxonomy of deep-sea cold seep viruses®'’.

We used the iPHoP v1.3.2 pipeline*’ and CRISPR spacer sequence
alignment to infer host-virus linkages, and identified a total of 2688
connections between prokaryotes (810 genomes) and viruses (1310
vOTUs; Fig. 6a, Supplementary Fig. 15 and Supplementary Data 13).
These host-virus linkages spanned 57 phyla, including 10 archaeal and
47 bacterial phyla. The most common predicted host phyla were
Chloroflexota (n=156), followed by Halobacteriota (n=86), Pseudo-
monadota (n=85), Planctomycetota (n=56), and Asgardarchaeota
(n=52). Most of the identified connections involved viruses in the
Caudoviricetes class infecting the Chloroflexota (731 pairs), and
archaeal Asgardarchaeota (446 pairs) and Halobacteriota (284 pairs).
The host-virus network revealed that the majority of clusters (60%,
n=1616) consisted of more than one viral or prokaryotic genome. This
suggests that a single virus could infect multiple prokaryotic popula-
tions, or a single prokaryote may be susceptible to several viral
population®’, indicating a complex relationship between viruses and
prokaryotes in cold seeps.

Viruses encode an arsenal of anti-defense proteins that facilitate
infection by disabling various prokaryotic defense mechanisms'®*. A
total of 1197 anti-defense genes were detected from 11% viral genomes
(n=1065), predominantly comprising anti- CRISPR-Cas, anti-Thoeris,
anti-Gabija, and anti-RM genes (Fig. 6b and Supplementary Data 14).
While most anti-defense genes were detected across a broad range of
viruses, some were found only in specific viral genomes. For example,
anti-CRISPR, anti-RM, anti-Thoeris, and anti-Gabija genes were com-
monly found, whereas anti-RecBCD genes and broad-spectrum anti-
defense genes (orfl48”, a broad-spectrum anti-defense gene in
Escherichia phage OSYSP that targets conserved host barrier defenses
and metabolic pathways to weaken the host’s multi-layered antiviral
mechanisms) were exclusively detected in certain Caudoviricetes
viruses. From the 2688 host-virus linkages, we identified 155 pairs in
which host microbes contained defense genes while the correspond-
ing viruses possessed anti-defense genes (Fig. 6¢c and Supplementary
Data 13). These connections were predominantly observed between
viruses in the Caudoviricetes class and their hosts, including archaeal
groups such as Asgardarchaeota (38 pairs) and Halobacteriota (26
pairs), as well as various bacterial taxa including Pseudomonadota (25
pairs) and Desulfobacterota (24 pairs). Notably, a single virus employ-
ing two anti-defense systems could infect two ETH-SRB1 genomes
belonging to the Desulfobacterota phylum, and one Asgardarchaeota
genome was found to harbor six defense systems to fend off infection
by five viruses (Fig. 6¢ and Supplementary Data 13). These findings
suggest that the distribution of defense and anti-defense genes appear
lineage dependent, particularly among various archaeal lineages and
their viruses'>>*,

A single virus may encode multiple anti-defense genes, enabling it
to counter various host defense strategies or adapt to different
defenses employed by the same host throughout its life cycle”. We
identified 118 viruses that encode two or more types of anti-defense
systems (Supplementary Data 13). For instance, a viral genome from
the Caudoviricetes family contains AcrlF17, AcrlF24, and Tadl genes to
counteract the CRISPR-Cas and Thoeris defense systems of its host
belonging to the phylum Pseudomonadota (Fig. 6¢). Additionally, two
viral genomes from the same family harbor DarB and Tad2 genes to
counteract the RM and Thoeris defense systems of their host, ETH-
SRB1 (Fig. 6d and Supplementary Data 13 in green). The predicted
dimeric structure of AcrlF24 from Caudoviricetes exhibits high simi-
larity (TM-score = 0.86) to the anti-CRISPR protein form Pseudomonas

aeruginosa (Fig. 6e), which has been experimentally confirmed to
inhibit Cas7f*. AcrlF24 interacts with immune system components
through steric or allosteric effects in a stoichiometric, non-enzymatic
manner®. Many other anti-defense genes that function similarly were
also detected in cold seeps, including most Acrs (e.g., AcrllA7, AcrllA2,
AcrllA4, AcrllIB1, and AcrlIC1). In contrast, enzymatic inhibitors, which
effectively suppress host defenses by permanently neutralizing
microbial immunity*****, were also identified, such as Acbl, NTases,
Acrlll-1, and AcrVAL-5. Additionally, several anti-defense systems with
unknown molecular mechanisms, such as Anti-Dnd, Gad2, Abcl, and
KIcA, were also present. Overall, viral anti-defense systems engage in
complex evolutionary interactions with host defense systems,
employing enzymatic, non-enzymatic, and unknown molecular
mechanisms in cold seep ecosystems.

Defense systems protect key metabolic microbial groups from
viral infections

Anaerobic methane oxidation, sulfate reduction, and nitrogen fixation,
associated with the activities of the mcrA, dsrA, and nifH genes,
respectively, are key metabolic processes in cold seeps**~%. The sig-
nificant correlation between the abundance of defense systems and
these key metabolic genes (Supplementary Fig. 16) underscores the
role of defense systems in protecting functional microbes from viral
and MGE infections. To further explore this relationship, we analyzed
35 anaerobic methanotrophic archaea (ANME), 47 sulfate-reducing
bacteria (SRB), and 57 diazotrophs identified from 3813 species-level
MAGs. The total number of systems and the diversity of families varied
significantly across individual microbial groups, particularly among
SRB and diazotrophs (Fig. 7b). While the overall repertoire of defense
systems remain relatively conserved across major microbial groups
(Fig. 7a, Supplementary Fig. 17, and Supplementary Data 15), their
abundance and diversity differ markedly among groups, underscoring
the complexity of defense system distribution across different
microbial groups. For example, ANME generally encode fewer defense
systems, with a limited diversity of types. Within SRB, ETH-SRB1
encode on average 17.6 defense systems across 7.3 types, whereas
another SRB strain in Gemmatimonadota order (SY6 _cobin 101)
encodes only 3 systems of just 1 type (belonging to AbiE; Fig. 7b and
Supplementary Data 15).

In detail, SRB predominantly encode type IIG and type Il RM
systems, followed by type I RM systems. ANME and diazotrophs
primarily encode type IIG and type I systems, with type Il RM systems
following (Supplementary Fig. 18 and Supplementary Data 15). The
number of these systems in ANME is obvious smaller compared to
the other two functional groups. RM systems primarily function in
the early stages of viral infection to eliminate invading nucleic acids",
indicating that cold seep prokaryotes possess the ability to respond
rapidly and clear viruses promptly. CRISPR-Cas systems are cate-
gorized into two classes and six types based on the set of Cas genes
they encode and whether their effector is a single protein or a protein
complex***¢°, Both classes of CRISPR-Cas were present in cold seep
microbes, with class | being more abundant in both number and
diversity (Supplementary Fig. 19 and Supplementary Data 15). Most
archaea, including ANME, primarily encode type I CRISPR-Cas sys-
tems, while the majority of bacteria, including SRB and diazotrophs,
mainly encode both type I and type Ill CRISPR-Cas systems. CRISPR-
Cas has been shown to contribute to shaping a highly dynamic net-
work of interactions between viruses/MGEs and their prokaryotic
hosts in various ecosystems® >, Additionally, SRB tend to harbor two
or more Gabija systems, particularly in ETH-SRBI strains, with some
encoding as many as four Gabija systems (Supplementary Fig. 20 and
Supplementary Data 15). Overall, these findings highlight the diver-
sity and complexity of defense systems across various microbial
groups, likely shaped by distinct evolutionary pressures and ecolo-
gical niches”.
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Gabija is effective in providing bacterial immunity against certain
bacteriophages, as shown by its strong defense against phi29, rhol4,
phil05, and SpBeta in Bacillus cereus VD045’. Through sequence
alignment and both sequence- and structure-based phylogenetic
analyses (Supplementary Fig. 21), we found that Gabija is widely pre-
sent in cold seep microbes, spanning 45 phyla (including 9 archaeal
and 36 bacterial phyla) and encompassing the three key metabolic

microbial groups. We discovered that one ETH-SRBI1 strain encodes
two Gabija systems, and the virus infecting it carries the gadI anti-
defense gene (Fig. 7c). This ETH-SRB1 strain harbored both a complete
and an incomplete Gabija system. In the complete system, the GajA
protein contains an N-terminal ATPase domain and a C-terminal
Toprim (topoisomerase-primase) domain, while the GajB protein
includes an AAA domain and a UvrD-like helicase®*®*. In contrast, the
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Fig. 6 | Interactions between cold seep viral anti-defense systems and host
defense systems. a The network diagram illustrates 2688 host-virus pairs identified
in cold seeps. Prokaryotes are colored according to their phyla. b Anti-defense
genes identified in cold seep viruses, showing the types of anti-defense systems and
corresponding viral taxonomy. c lllustration of 155 host-virus pairs where host
prokaryotes contain defense genes and the corresponding viruses possess anti-
defense genes. d Genomic organization of viral gene clusters containing multiple
types of anti-defense systems, along with the corresponding host defense systems.
Viral genes are categorized and color-coded: anti-defense genes (yellow), metabolic

genes (blue), structural genes (brown), attachment genes (pink), and unknown
genes (grey). Host defense genes are highlighted in green, transport-related genes
in orange, and other functional genes in purple. Green lines indicate interactions
between host defense systems and viral anti-defense systems. e Structural com-
parison of the AcrlF24 protein dimer from a Caudoviricetes virus infecting Halo-
monas sp. (blue) with the known cryo-electron microscopy structure from
Pseudomonas aeruginosa (pink, PDB code: 7ELM). A detailed view highlights key
sites involved in AcrlF24 protein dimerization and binding to the Csy complex.

GajB of the incomplete Gabija system lacks the UvrD-like helicase
(Supplementary Fig. 20). The predicted structure shows similarity
(TM-score = 0.70) to the Gabija protein from Bacillus cereus VD045*°
(Fig. 7d), suggesting potential conservation of functional domains. The
viral protein Gadl (Fig. 7e), larger than other phage immune evasion
proteins (-35kDa), appears to bind and encapsulate the GajAB com-
plex, potentially blocking the degradation of target DNA. The binding
of Gadl to the GajAB complex encoded by a virus targeting ETH-SRB1
suggests that Gadl may inhibit the Gabija system in this strain.

Considering the differences in the number and types of defense
systems among functional microbial groups, we hypothesize that the
specific pairs of co-occurring and negatively associated defense sys-
tems vary across these groups. As anticipated, defense systems that co-
occurred in one group were absent in another (Supplementary Fig. 22
and Supplementary Data 16). For example, AbiE system in SRB exhib-
ited 28 co-occurrences, including with CBASS, DarTG, Gabija, and
Mokosh, none of which were observed in ANME or diazotrophs. These
findings highlight the unique defensive strategies employed by dif-
ferent microbial lineages. Previous research has revealed that the
relationships between defense systems likely depend on environ-
mental and genetic factors that select for a particular anti-virus
immunity strategy, and that synergistic immunity provides an evolu-
tionary advantage to microbial populations®. Overall, our results
indicate that cold seep microbial defense systems are generally
mechanistically compatible, allowing microbes to adopt diverse and
flexible strategies for anti-virus defense based on their unique envir-
onmental and genetic contexts.

Implications of microbe-virus relationships in cold seeps

Cold seep ecosystems, characterized by the seepage of hydrocarbon-
rich fluids into deep-sea sediments, harbor a diverse array of pre-
viously uncharacterized microbes and viruses engaged in a continuous
evolutionary arms race. In this study, we identified diverse defense
systems in cold seep microbes, including a substantial proportion of
candidate systems. These defense systems frequently co-occur and
may work synergistically to combat infections from MGEs and viruses.
Experimental validation confirmed that several of these candidate
defense systems effectively protect against viral infections. Notably,
defense systems such as RM, CRISPR-Cas, AbiE, and SoFic exhibited
high metagenomic abundances, widespread distribution, and active
expression across various microbial genomes from different sediment
depths and geographical locations, underscoring their vital role in
microbial survival within these extreme environments. In response,
cold seep viruses have evolved diverse anti-defense mechanisms,
functioning through enzymatic, non-enzymatic, and as-yet-unknown
mechanisms to evade host defenses. The presence of multiple viral
anti-defense genes within single viral genomes, along with various
defense genes in their hosts, highlights the intricate and dynamic
interactions between these viruses and their microbial hosts, reflecting
a potential ongoing evolutionary arms race. Functionally critical
lineages in cold seeps, such as ANME, SRB, and diazotrophs, adjust the
correlations among different defense systems according to their eco-
logical niches and environmental pressures. Overall, these findings
emphasize the complexity and flexibility of interactions within
microbial defense systems in extreme environments. The ability of

cold seep microbes to maintain diverse and adaptable defense
mechanisms highlights their resilience and evolutionary success in one
of Earth’s most challenging habitats. This study deepens our under-
standing of virus-microbe interactions in cold seep ecosystems and
underscores the significance of microbial defense systems in shaping
microbial ecology and evolution in extreme environments.

Methods

Dataset and processing

Metagenomic assemblies were generated from 171 deep-sea sediment
samples collected from 17 geographically diverse cold seep sites, with
sediment depths ranging from O to 68.55 mbsf (Supplementary Fig. 1).
The construction of the genomic inventory followed the methods
detailed in our previous study®. Raw metagenomic sequence data
underwent quality control and were assembled into contigs sequen-
ces. Contigs exceeding 1000 base pairs in length were selected for
binning. The resulting MAGs were deduplicated using dRep v3.4.0%
(parameters: -comp 50 -con 10) at a 95% average nucleotide identity
threshold, yielding a total of 3813 cold seep prokaryotic MAGs. Initial
taxonomic assignment of each MAG was conducted using GTDB-TK
v2.1.3*” with reference to the Genome Taxonomy Database (GTDB)
release R214, followed by validation through a maximum-likelihood
phylogenomic tree. For the archaeal MAGs, the phylogenomic tree was
inferred based on the concatenation of 53 conserved single-copy
genes as marker genes, while for the bacterial MAGs, it was based on
120 marker genes. The trees were constructed using IQ-TREE v2.2.0.3
(parameters: -m MFP -B 1000)°® and visualized by using iTOL v6*.
Sankey plots were constructed using Pavian (https://fbreitwieser.
shinyapps.io/pavian/)’°. Protein-coding sequences were predicted
from the MAGs using Prodigal v2.6.3 (parameter: -p meta)”, resulting
in a gene catalog annotated from all MAGs.

Thirty-three metatranscriptomes, originating from cold seeps of
the South China Sea in regions of Jiaolong, Haima, Qiongdongnan Basin,
and the Shenhu area®®”>”* (Supplementary Fig. 1), were subjected to
quality control using the Read QC module of the metaWRAP v1.3.2
pipeline (parameters: --skip-bmtagger)”. Following this, SortMeRNA
v2.1 was utilized to remove ribosomal RNA’®. The resulting clean reads
were then aligned to the gene catalog annotated from all MAGs,
employing Salmon v.1.9.0 (parameters: -validateMappings -meta)”’, to
quantify the transcript abundance of prokaryotic defense genes. Tran-
script levels were normalized to transcripts per million (TPM).

Identification of defense genes, systems, and islands

Defense genes and systems were identified using DefenseFinder v1.2.1
(parameters: --db-type gembase)’ and PADLOC v2.0.0 (parameter:
~fix-prodigal)®. DefenseFinder detects 710 genes related to 154
defense system families by matching sequences to 845 Hidden Markov
Models (HMMs) representing experimentally validated antiviral pro-
teins. It classifies defense systems based on predefined genetic archi-
tecture rules, which require mandatory proteins to be genomically
adjacent and exclude prohibited components. PADLOC detects 385
defense subsystems using HMM libraries and classification files,
enforcing gene proximity via the max_separation parameter and vali-
dating associations through co-occurrence frequency statistics (one-
sample proportion test, p <0.001). Candidate defense systems were
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Fig. 7 | Defense competition between key metabolic microbial groups in cold
seeps and their viruses. a Type of defense systems in key metabolic microbial
groups, including anaerobic methanotrophic archaea (ANME), sulfate-reducing
bacteria (SRB), and diazotrophs. Colored squares indicate the presence of key
functional genes: mcrA for ANME, dsrA for SRB, and nifH for diazotrophs. Colored
circles represent the types of defense systems detected in these microbial groups.
Different phyla are denoted by distinct colors, and different defense mechanisms
are indicated by circles of various colors. To address potential overlap, regions
where mcrA and nifH genes coexist have been highlighted, reflecting functional
versatility within the same microenvironments. b Relationship between the number
of defense systems and the diversity of defense types in key metabolic microbial

groups, categorized into three groups based on quantity: few systems, diverse
systems, and similar systems. ¢ Genomic organization of the Gabija defense system
and the viral gad1 gene in a virus-host pair involving ETH-SRB1 and a Caudoviricetes
virus. Genes are color-coded: anti-defense genes (green), structural genes (purple),
metabolic genes (pink), attachment genes (orange), transport genes (yellow),
defense genes (blue), and genes of unknown function (gray). Green lines indicate
interactions between the host defense system and the viral anti-defense system.
d The structure of GajAB complex in cold seep ETH-SRBI predicted by Alphafold3,
including detailed diagrams of the main interaction sites between GajA proteins
and between GajB proteins. e The structure of Gadl protein in a cold seep Cau-
doviricetes virus predicted by Alphafold3.

Gene abundances of gene catalog annotated from all MAGs were
quantified using Salmon v.1.9.0 in mapping-based mode (parameters:
--meta --validateMappings)’” and read counts were normalized to GPM
(genes per million). The abundance of a defense system is represented
by the sum of the abundances of the genes within that system divided
by the average number of genes in the system.

Identification of viruses and virus-host linkages

Potential viral sequences were identified from metagenomic assem-
blies (contig lengths greater than 10 kb) derived from the aforemen-
tioned 171 cold seep site samples and an additional 20 cold seep
samples. Three methodologies were used: geNomad v1.7.0 (para-
meters: end-to-end)’, Virsorter2 v2.2.3 (parameters: default)*®, and
VIBRANT v1.2.1 (parameters: default)”. The completeness and con-
tamination of these sequences were assessed using CheckV v1.0.1 with
the database v1.5%. Sequences with an estimated completeness of 50%
or more were selected for clustering into species-level viral operational
taxonomic units (vOTUs). Clustering parameters followed CheckV
guidelines: 95% average nucleotide identity and a minimum aligned
fraction of 85%. This process resulted in the identification of 9971
species-level vOTUs. Taxonomic assignment of these vOTUs was
conducted using geNomad v1.7.0. The resulting taxonomic lineages
adhere to the classification outlined in the International Committee on
Taxonomy of Viruses (ICTV) Virus Metadata Resource (VMR) number
19. Open reading frames (ORFs) within each vOTU were predicted
using Prodigal v2.6.3 (parameter: -p meta)”. Functional annotation of
the viral sequences was performed utilizing the virome model in DRAM
v1.4.0”.

Linkages between viruses and their hosts were primarily deter-
mined using the iPHoP v1.3.2 pipeline*, utilizing a database con-
structed from 3813 prokaryotic MAGs identified in this study and the
iPHoP_db_Sept21_rw. iPHoP employs a variety of methods to predict
virus-host linkages, including Blastn v2.12.0%° alignment of viral gen-
omes against the iPHoP_db_Sept21_rw database and its CRISPR spacer
database; The k-mer composition similarity between viral and host
genomes was analyzed using four methods: RaFAH v0.3®', WIsH v1.0%,
VirHostMatcher-Net®*, and PHP®*. In addition to the iPHop methods,
for contigs identified with CRISPR-Cas systems, CRISPRCasFinder
v4.2.21% was used to identify CRISPR arrays flanking the Cas genes.
Local alignments of extracted spacers (with lengths greater than 25
base pairs) against viral genomes were performed using Blastn. Only
BLAST matches with 100% alignment coverage and at most two mis-
matches were considered high-confidence matches. The network
graph between hosts and viruses was visualized using Gephi v0.9.2%.
The workflow for this part was illustrated using Draw.io v23.1.5 (https://
app.diagrams.net/).

Identification of anti-defense genes

The anti-defense genes of viruses were primarily identified through
two approaches. (1) APIS database search. We utilized the Anti-
Prokaryotic Immune System (APIS) database®, which contains
experimentally validated viral proteins that counteract prokaryotic

immune systems and their associated protein families. All viral pro-
teins from our dataset were compared against the APIS database using
DIAMOND blastp v2.0.8 (parameters: -e 1le-10 -id 30)®*® and HMMER
v3.3.2 (parameters: -E 1e-10). (2) Reference sequence comparison. We
compiled sequences of viral anti-defense proteins as documented by
Mayo-Mufioz et al. in their review?’. These 36 reference sequences
were downloaded from the NCBI database and used to construct a
custom database using the DIAMOND makedb command. Our viral
proteins were then compared against this database using DIAMOND
BLASTp v2.0.8 (parameters: -e 1e-10 --id 30). The results were obtained
using two methods, with the more reliable results selected based on
e-values to derive the final set of anti-defense genes.

Experimental validation of candidate defense systems

Coding sequences of the candidate defense systems were commer-
cially synthesized and cloned into the pQE82L expression vector. The
recombinant vectors were transformed into E. coli B (ATCC" 11303™).
Cells transformed with the empty vector served as controls. Plaque
assays were conducted following established protocols'*®. A single
colony from a fresh LB agar plate was inoculated into LB broth con-
taining ampicillin (100 pg/mL) and grown at 37°C to an ODggo Of
approximately 0.6. Protein expression was induced by adding 0.2 mM
isopropyl 3-D-1-thiogalactopyranoside (IPTG). After an additional hour
of incubation, 500 pL of the bacterial culture was mixed with 14.5 mL of
0.5% LB top agar, and the mixture was poured onto LB plates con-
taining ampicillin (100 ug/mL) and IPTG (0.1 mM). The plates were then
spotted with 4 uL aliquots of phage dilutions prepared in LB medium.
Eight 10-fold serial dilutions were used for each phage: dilutions 10 to
10°® for phage T7, and 10° to 107 for phages T4 and T5. Plates were
incubated overnight at 25 °C before imaging. All the assays are repe-
ated at least 3 times with similar results.

Functional annotations

Functional annotation of MAGs was performed by searching against
the KEGG, Pfam, MEROPS, and dbCAN databases using DRAM v1.4.0
(parameters: --min_contig size 1000)”. Gene context was visualized
with Chiplot (https://www.chiplot.online/). Plasmid and provirus
sequences were identified from prokaryotic MAGs using geNomad
v1.7.0". To classify different types of MGEs, such as IS elements and
transposons (IS_Tn), integrons, and conjugative elements (CE),
recombinase marker genes, were identified through alignment with
the proMGE database’ using HMMER v3.3.2. For the identification of
key metabolic genes in cold seep prokaryotes, dsrA genes were
detected using DiSco v1.0.0%, and mcrA genes were identified using
METABOLIC v4.0°> and DRAM v1.4.07°. Nitrogen fixation marker genes
nifH genes were detected using three methods: (1) protein sequences
in the MAGs were compared against NCycDB’* using DIAMOND blastp
v2.0.8%, (2) potential nifH sequences were searched based on nifH
reference sequences (n=1271) from the Greening lab metabolic mar-
ker gene database using DIAMOND blastp v2.0.8 (parameters: --id
65)%, and (3) nifH genes were extracted using HMMER v3.3.2 with the
TIGRFAM model TIGR01287.1.
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Protein sequence and structural analysis

To verify the accuracy and phylogenetic placement of the identified
defense and anti-defense genes, multiple sequence alignments were
performed using MAFFT v7.505%. Alignments were trimmed using
TrimAl v1.4.1 under default settings®>. Maximum likelihood phylo-
genetic trees were constructed using IQ-TREE v2.2.0.3 (parameters:
-m MFP -B 1000)%. Trees were visualized and annotated using iTOL
v6®. Protein domains were identified using the Batch Protein
Annotation plugin in Tbtools-1l v2.042°, which integrates results
from InterProScan”. Sequence conservation among proteins was
aligned and visualized using Jalview v2.11.3.3%, Structural predictions
for proteins, including GajA and GajB, were performed using Colab-
Fold v1.5.5 which leverages AlphaFold2”'' on September 14, 2023.
Structures of the AcrlF24 dimer, GajAB octamer, and Gadl protein
were predicted using AlphaFold3'°’> on August 30, 2024. The pre-
dicted structures were evaluated based on pLDDT and Predicted
Aligned Error (PAE) scores (Supplementary Fig. 23). The reference
structures AcrlF24 dimer and GajAB octamer were obtained from
experimentally determined Csy-AcrlF24 complex (PDB code: 7ELM)
and GajAB-Gadl complex (PDB code: 8U7I). Homologous and struc-
turally similar proteins were identified using the Foldseek web
interface'®. Protein structures were visualized and aligned using
PyMOL v2.5.5'%,

Statistical analyses

Statistical analyses were conducted using R v4.2.3. Normality of the
data was assessed using the Kolmogorov-Smirnov test, and homo-
geneity of variances was tested using Levene’s test. The Wilcoxon rank-
sum test was employed to compare characteristics of defense systems
between archaeal and bacterial groups. For comparisons involving
more than two groups—such as defense system and gene densities
among different microbial phyla, or differences in gene and transcript
abundances among various types of defense systems or genes—the
Kruskal-Wallis test was used. Pearson correlation analysis was con-
ducted using R’s default method (cor.test function with Pearson
method) to evaluate relationships between defense systems and their
subsystems, based on abundance profiles. All correlation analyses
were performed on logy-transformed abundance data to meet nor-
mality assumptions. For multiple comparisons, p-values were adjusted
using the Benjamini-Hochberg false discovery rate (FDR) correction
with a significance threshold of 0.05.

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

Data availability

The metagenomic data analyzed in this study are available from our
previous publication® and the NCBI BioProject ID PRJNA1169195
(Supplementary Data 17). The metatranscriptomic raw reads are
available under NCBI BioProject IDs PRJINA738468, PRINA739005, and
PRJNA831433 (Supplementary Data 18). The non-redundant MAG cat-
alogue and viral genomes are available under NCBI BioProject
PRJNA950938. Accession numbers of the protein sequences used to
construct the custom database for identifying anti-defence genes are
provided in Supplementary Data 19. Protein sequences corresponding
to defence systems, candidate defence systems, and anti-defence
systems have been deposited in the GSA database under BioProject
PRJCA052411'%'%, Phylogenetic trees of GajAB based on amino acid
sequences and protein structural analyses generated in this study are
available on Figshare at (https:/doi.org/10.6084/m9.figshare.
27004438). All additional data supporting the findings of this study
are provided within the article and its Supplementary Information
files. Source data are provided with this paper.

Code availability

The present study did not generate codes, and mentioned tools used
for the data analysis were applied with default parameters unless
specified otherwise.
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