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Diverse enzymatic activities mediate antiviral

immunity in prokaryotes

Linyi Gao"?3, Han Altae-Tran"??, Francisca Bohning"?, Kira S. Makarova®, Michael Segel?>5%,
Jonathan L. Schmid-Burgk%358, Jeremy Koob'?, Yuri . Wolf*, Eugene V. Koonin®, Feng Zhang%356*

Bacteria and archaea are frequently attacked by viruses and other mobile genetic elements and rely
on dedicated antiviral defense systems, such as restriction endonucleases and CRISPR, to survive.
The enormous diversity of viruses suggests that more types of defense systems exist than are currently
known. By systematic defense gene prediction and heterologous reconstitution, here we discover

29 widespread antiviral gene cassettes, collectively present in 32% of all sequenced bacterial and archaeal
genomes, that mediate protection against specific bacteriophages. These systems incorporate
enzymatic activities not previously implicated in antiviral defense, including RNA editing and

retron satellite DNA synthesis. In addition, we computationally predict a diverse set of other
putative defense genes that remain to be characterized. These results highlight an immense array of
molecular functions that microbes use against viruses.

acterial and archaeal viruses are the

most abundant, and possibly the most

diverse, biological entities on Earth (7, 2).

To resist frequent and varied attacks

by viruses, prokaryotes possess multiple
antiviral defense systems. These include the
adaptive immune system CRISPR-Cas, which
provides immunity by memorizing past in-
fection events (3), and a variety of innate im-
mune systems, such as restriction-modification
(RM) systems that target specific, predefined
sequences in the viral DNA; abortive infec-
tion (Abi) systems that induce cell dormancy
or death upon viral infection; and additional
systems with mechanisms that have not
yet been elucidated (4). Antiviral defense sys-
tems range in complexity from a single small
protein (e.g., certain types of Abi systems)
to 10 or more proteins acting in concert (e.g.,
type I and type III CRISPR-Cas systems). Con-
versely, viruses have evolved strategies to
counteract many of these defense systems,
including anti-CRISPR and antirestriction
proteins (5, 6). Given the vast diversity of
viruses and their complex patterns of coevo-
lution with defense systems (7-9), more types
of defense systems with diverse mechanisms
can be expected to exist than are currently
known.
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Domain-independent prediction

of uncharacterized defense systems

Many antiviral defense genes in bacterial and
archaeal genomes show a distinctive tendency
to cluster together in defense “islands” (7, 10).
As a consequence, an uncharacterized gene
whose homologs consistently occur next to, for
instance, RM genes has an increased likeli-
hood of being involved in defense (77, 12). Using
this principle, a recent analysis (4) identified and
validated 10 previously unknown defense sys-
tems, based on the requirement that each (pu-
tative) system contain at least one annotated
protein domain that is enriched in defense
islands.

We hypothesized that additional, unknown
defense systems exist that either lack anno-
tated domains or only contain domains that
are not typically associated with defense but
have been co-opted in specific instances to
perform defense functions. To test this hy-
pothesis, we developed an expanded compu-
tational approach in which putative defense
systems are predicted independent of do-
main annotations (Fig. 1A). We analyzed all
bacterial and archaeal genomes available in
GenBank as of November 2018, collectively
encoding 620 million proteins. To identify
candidate defense genes, we first compiled
a list of all genes within 10 kb or 10 open
reading frames away from known defense
systems (materials and methods). This ini-
tial list (n = 8.7 x 10%, which evidently con-
tained both defense genes and nondefense
ones, was clustered to yield 6 x 10° represent-
ative sequences (“seeds”). To distinguish be-
tween defense and nondefense seeds, we
identified all homologs of each seed present
in GenBank and analyzed their gene neigh-
borhoods. The seed was predicted to be a
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defense gene if these neighborhoods resem-
bled those of known defense genes—in par-
ticular, if a high percentage of homologs
were located in proximity to known defense
genes and displayed context diversity (Fig.
1B, fig. S1, and materials and methods). All
clustering and homolog detection steps were
performed on the basis of amino acid se-
quences, without invoking existing domain
annotations and thus allowing the predic-
tion of previously unknown types of defense
genes.

After all filtering and curation steps, we
identified a total of 7472 seeds (table S1) that
represented putative defense genes, along with
4555 seeds for known defense genes under
the same analysis parameters (Fig. 1C and
table S2). These seeds were analyzed with ad-
ditional, more sensitive analysis of their domain
content (table S3). Of the uncharacterized
genes, 1687 (23%) had either no annotated do-
mains or contained only domains of unknown
function (DUFs), and an additional 2756 (37%)
contained only domains that are different from
the characteristic domains of known defense
genes. These results suggest the existence of a
diverse set of defense genes with mechanisms
that remain to be investigated.

Candidate defense systems exhibit antiviral
activity in a heterologous system

To characterize the functional diversity among
the predicted defense genes, we selected 48
candidate systems to test experimentally for
defense activity. Candidate systems were pri-
oritized on the basis of the presence of predicted
molecular functions not previously implicated
in defense; broad phylogenetic distribution;
the presence of at least one protein larger than
300 amino acids (to increase the likelihood of
the presence of enzymes); and, for multigene
systems, conservation of the component genes.
Because wild-type bacterial strains are likely to
harbor multiple active defense systems, thereby
maintaining phage resistance even if one of the
systems were knocked out (13), we elected to
assay activity by heterologous reconstitution.
For each system, one to four homologs were
selected, cloned from the source organism into
the low-copy vector pACYC, and transformed
into Escherichia coli (Fig. 2A), comprising a
total of 395 kb of exogenous DNA (see tables
S4 to S11 for sequence, accession, and source
organism information). Three previously iden-
tified defense systems, BREX type I (13, 14),
Druantia type I (4), and the Abi reverse tran-
scriptase RT-Abi-P2 (15) were included as posi-
tive controls. Each system was then challenged
with a diverse panel of coliphages with double-
stranded DNA (dsDNA), single-stranded DNA
(ssDNA), or single-stranded RNA (ssRNA) ge-
nomes, and phage sensitivity of the bacteria
was compared to that observed with the empty
vector control (Fig. 2, B and C).
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Fig. 1. Domain-independent A
prediction of putative
antiviral defense systems.
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‘We observed antiphage activity for 29 of the
48 tested candidates (60%) (fig. S2). Systems
from source organisms outside the Entero-
bacteriaceae family, which consists of Escherichia
and closely related genera including Salmonella
and Klebsiella, had little to no activity, sug-
gesting the importance of host compatibil-
ity. The most active representative in each of
these 29 systems (representing 4% of the un-
characterized defense seeds) was further
tested with an expanded panel of phages in
two E. coli strains (Fig. 2D and fig. S3). All
29 systems were active against at least one
dsDNA phage, and four were active against
ssDNA phages (M13 or ¢X174). Phage spe-
cificity was typically narrow and varied widely
across systems. The abundance of these de-
fense systems among the sequenced bacterial
and archaeal genomes spans two orders of
magnitude, ranging from ~0.1 to ~10% of the
genomes (Fig. 2D). Overall, 32% of all sequenced
bacterial and archaeal genomes contain at least
one of these defense systems, which are broadly
distributed across bacterial and archaeal phyla
(fig. S4).
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RADAR contains a divergent adenosine
deaminase that edits RNA in response

to phage infection

We identified a two-gene cassette consist-
ing of an adenosine triphosphatase (ATPase)
(~900 residues) and a divergent adenosine
deaminase (~900 residues) that was active
against dsDNA phages T2, T3, T4, and T5.
Because deaminase activity had not been
previously implicated in antiviral defense,
we focused on this system for further inves-
tigation. The system appears in diverse de-
fense contexts and forms three subtypes (Fig.
3A and fig. S5A). In most cases, it consists of
the ATPase and deaminase only, but some
variants also include a small membrane pro-
tein, either a SLATT domain (I6) or the type
VI-B CRISPR ancillary protein Csx27 (7). Mu-
tations in the ATPase Walker B motif or in the
putative divalent metal cation-binding HxH
motif of the deaminase abolished defense
activity, whereas the SLATT domain mem-
brane protein was required for resistance
against phage T5 but not against phage T2
(Fig. 3B).
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Given the large size of the deaminase com-
pared with typical metabolic adenosine deam-
inases and its sequence divergence due to
large insertions in the deaminase domain
(fig. S5B), we hypothesized that it acts on nu-
cleic acids rather than on free nucleosides or
nucleotides. To test this hypothesis, we per-
formed whole-transcriptome sequencing and
found an enrichment of A-to-G substitutions
in sequencing reads at specific sites in the
presence of phage, whereas C, G, or U bases
were not affected (Fig. 3C and fig. S6A),
consistent with RNA editing of adenosine to
inosine. Furthermore, the overall expression
of phage genes, including early genes, was
reduced by ~100-fold even at a multiplicity of
infection (MOI) of 2 (Fig. 3D). Because most of
the cells in the culture were expected to be
infected, this suggested that defense activity
occurs early in the infection cycle, which was
not evident from efficiency of plating alone.

RNA editing occurred only when both the
defense system and the phage were present;
expression of the defense system without
the phage resulted in a near-baseline level of
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editing, and no editing was detected in the ab-
sence of the system. Mutations in the ATPase
or deaminase active sites abolished editing,
and no DNA editing was detected (fig. S6B).
Editing sites were broadly distributed through-
out the E. coli transcriptome (Fig. 3E, figs. S6A
and S7, and table S12), and editing could also
be induced by coexpressing specific phage
proteins with the system (fig. S8 and table

S13). RNA secondary-structure predictions in-
dicated a characteristic stem-loop structure
at strong editing sites; specific adenosines in
loops were edited with up to ~90% frequency,
whereas adenosines in the stem were not edited
within the limit of detection (Fig. 3E and fig.
S7). Finally, some of the editing sites are likely
to be deleterious to the host cell, resulting in
nonsynonymous mutations such as at the UAA

stop codon of the transfer messenger RNA
(tmRNA) (fig. S8B), which rescues ribosomes
stalled during translation (I8).

On the basis of these results, we named
this system phage restriction by an adenosine
deaminase acting on RNA (RADAR). Growth
kinetics at varying phage MOI revealed a
threshold MOI above which RADAR-expressing
cells had a lower optical density at 600 nm

Fig. 2. Candidate A B Efficiency of plating (EOP) C Lysis area
defense systems Transform | Empty Empty
exhibit antiviral E. coli vector vector
activity in a heter- Defense system cloned 0 ] Ec86 ~ RT + RT
ologous system. from source organism 'é | retron E’,
; ) g 3 =

égiioEnngg;Trfg Zi'mvg" Measure plague : ] Rnitiase & STND
phage plaque assays on '”Lﬁgﬂh 2:::1?:;9 Tervp
E. coli heterologously S I — . |
expressing a cloned 1em 2cm
candidate defense sys- Phage 1 Phage N Phage dilution Replicates
tem. (B) Example
plagues and (C) zones D PhageType . Freeemvpe
of lysis for six candi- dsDNA %é’é %é?‘% dsDNA %e&
date defense systems. # Name Description Locus Architecture Freq (%) q (v o o 7\'5?% > A \\f‘; Source Organism
(D) Antiphage activity HERPT Y TNV @SS
across a panel of 12 2| - ::2‘; vector SR o E":;_DSMSM
COIIphages with dsDNA, g — Druantiatype | — | (IS I B ) .. E. coli DSM5212
sSDNA, or ssRNA o RT-Abi-P2 _ m | | E. coli ECOR30
gen(,)mes (mean of two 1 - Retron-TIR {0 S. dysenteriae NCTC2966
repllcates). The bar g 2 Ec67 Retron-TOPRIM D E. coliNCTC8623
graph shows the abun- ‘3 3 Ec86 Nuc_deoxy + retron DD . E. coli BL21
dance of each system 4 Ecrs Retron + ATPase + HNH  {DIDD E. coli ECONIHS
n Sequenced bacterial 3| 5 DRTtype1 RT-nitrilase (UG1) I ) K. pneumoniae NCTC9143
and archaeal genomes. ] 8| 6 DRTHype2  RT(UG2) ) S. enterica NCTC8273
Domains: RT, reverse g 'g 7 DRTtype3  RT(UG3)+RT(UGS) [T > H B | ] E.coli ECOR12
transcriptase; TIR, & g 8 DRTtyped  RT(UGS5) m O [ | E. coli 21-C8-A
Toll/interleukin-1 =1 9 DRTtype5 RT (UG16) =0 E. coli KTE25
receptor homology S| o RADAR ATPase + deaminase [0 I ‘ E. C. rodentium DBS100
domain: TOPRIM, | 11 apeA ApeA (HEPN) — E. coliNCTC8008
topoisomerase-primase 12 AVASTtype1 MBL +protease-STAND [T ) E. piriflorinigrans CFBP5888
domain; QueC, 7-cyano- o $| 13 AVASTtype2 STAND [ O E. coliNGTC9087
7-deazaguanine E § 14 AVASTtype3 DUF4297-STAND [ D) | | S. enterica NCTC13175
synthase-like domain; 0w E | 15 AVASTtypes MmSTAND m || | E.coliNCTC11132
SIR2, sirtuin: mem- 16 AVASTtype5 SIR2-STAND | ) E. coliNCTC13384
brane, transmembrane 17 dsrt SIR2-DUF4020 | .. E. coliNCTC9112
helix: DUF. domain of 18 dsr2 SIR2 | Y . C. sakazakii NCTC8155

' S 19 - SIR2 + HerA mE O [ | E.coliNCTC11129
unknown function. 2 - DUF4297 + HerA [ n | E. coliNCTC11131
Proposed gene names: g 21 tmn Transmembrane ATPase [ » . - E. coli ECOR25
DRT, defense-associated S| 22 gamscD ATPase +QueC +TatD [ O OB n | E. coliNCTC9009
reverse transcriptase; & | 23 hhe DUF4011-helicase-Vsr | 0 1)) . E. coli ATCC43886
RADAR, phage restric- g 24 mzaABCDE ~ MutL+Z1+DUF +AIPR [ DI OB 1D ..- | S. enterica NCTC5773
) : S| 25 Tervp VWA + PP2C + STK-0B DD C. gillenii NCTC9094
tion b_y an ader_]osme 26 upx DUF1887 | Il E. coliNCTC8620
deaminase acting on 27 ppl PHP-ATPase [ O S. enterica NCTC6026
RNA; AVAST, antiviral 28 ietAS ATPase + protease | ] E. coli ECOR52
ATPase/NTPase of the 29 - Restriction-like system [T OPIL_ I D - E. coil ECOR58
STAND superfamily; dsr, 1 1000 aa 011 10 | |
defense-associated ATPase Protease = Nitrilase Phosphatase % bacterial and  <10' 102 10° >10* <21 22 28 o4
sirtuin; tmn, trans- m— Helicase RT == Deaminase mmm Membrane archaeal fold reduction in fold reduction in
membrane NTPase; gat, m— Methylase — TIR QueC = DUF cgoenr;gir:s‘sg efficiency of plating lysis area
QueC-like associated Nuclease = TOPRIM = SIR2 Other system E.coliK-12 E. coli strain C

with ATPase and TatD

DNase; hhe, HEPN, helicase, and Vsr endonuclease; mza, MutL, Z1, and AIPR; upx, uncharacterized (P)D-(D/E)-XK defense protein; ppl/, polymerase/histidinol
phosphatase-like. aa, amino acids; HerA, helicase; MBL, metallo p-lactamase.

Gao et al., Science 369, 1077-1084 (2020)

28 August 2020

3of 8

020z ‘2z 1snbny uo /610" Bewadusids aoualds//:dny woly papeojumod


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

(OD600) compared with the empty vector con-
trol, suggestive of RADAR-mediated growth
arrest (Fig. 3F). Together with the abundance
and broad distribution of editing sites in the
host transcriptome (figs. S6 and S7), these results
are consistent with an editing-dependent Abi
mechanism that is activated by phage.

Fig. 3. RADAR mediates A
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containing reverse transcriptases
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against dsDNA phages. In all
cases, mutations in the RT
active site [(Y/F)xDD to (Y/
F)xAA, where x is any amino
acid] abolished activity (Fig.
4B and fig. S9, A and B). We
named these genes defense-
associated RTs (DRTs).

Each of these RT systems
displayed a distinct pat-
tern of phage resistance (Fig.
2D). Moreover, whereas UG2
(drt2), UGI5 (drt4), and UG16
(drt5) act as individual genes,
the UG3 (drt3a) and UGS
(drt3b) RTs are components
of the same defense system
(DRT type 3), with both RTs
required for defense activ-
ity. Like RADAR, some sub-
types of the UG1 (DRT type 1)
and DRT type 3 systems
are also associated with small
membrane proteins (Fig. 4A).
Moreover, DRT type 1 en-
compasses a much larger
protein (~1200 residues) than
the other five RTs and also
contains a C-terminal nitri-
lase domain. Mutation of the
catalytic cysteine of the ni-
trilase to alanine (C1119A)
abolished activity (Fig. 4B).
Nitrilases typically function
in processes unrelated to
defense, such as nucleo-
tide metabolism and small-
molecule biosynthesis (23).
Thus, DRT type 1, which is
divergent from typical nitri-
lases and forms a distinct
clade in the phylogenetic
tree of the nitrilase family
(fig. S10), exemplifies a non-
defense domain that was
apparently co-opted for a
defense function.

To further characterize
these RTs, we performed
whole-transcriptome sequenc-
ing of RT-expressing E. coli
during phage infection. These
experiments revealed sub-
stantial differences in phage
gene expression across the
different RTs (Fig. 4C). For
instance, DRT type 1 strongly
suppressed the expression
of phage late genes, such as
capsid proteins, whereas early
and middle genes were not
substantially affected, sug-
gesting that it is active before
the late stage of infection
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Fig. 4. Diverse families of RTs mediate antiviral defense. (A) Examples of genomic loci containing two RT-based defense systems
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retron 5" inverted repeat. (C) Effect of defense RTs on the expression of phage T2 genes in E. coli infected at an MOI of 2. (D) RNAseq
reads mapping to the DRT type 3 system. (E) Predicted secondary structure of the highly expressed noncoding RNA identified in (D).
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Fig. 5. Domain architectures and mutational analysis of additional defense
systems. Graphics show domains identified by using HHpred, and stars indicate
locations of active site mutations. Bar graphs (n = 4 replicates per bar) show either
logyo fold change of efficiency of plating (for phages T2, P1, and 1) or log, fold
change in the area of the zone of lysis (for phages T7 and ¢V-1) relative to the empty

but does not prevent the injection of phage
DNA into the host cell. By contrast, DRT type
3 did not strongly suppress expression of any
of the phage genes, despite growing at a rate
similar to DRT type 1 during phage infection
(fig. S11A). Transcriptome sequencing also iden-
tified a highly expressed, structured noncoding
RNA at the 3' end of the DRT type 3 system that
is required for activity (Fig. 4, B, D, and E).
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Retrons mediate antiphage defense

We also found that retrons, a distinct class of
RTs that produce extrachromosomal satellite
DNA [multicopy ssDNA (msDNA)], are active
antiphage defense systems. The retron msDNA
is produced from the 5’ untranslated region of
its own mRINA and is covalently linked to an
internal guanosine of the RNA through a 2’-5'
phosphodiester bond (24). First identified

28 August 2020

DUF4011 (HEPN) Helicase Vsr DUF3320

hhe * *
WTH %—10
D1387A (Walker B){§
(oV-1)
E1710A (Vsr)4 B

T T T T T
0 2 4 6 8 10

VWA Prot phos Kinase ssDNA-binding

x tery
Wi B
terY :: S22A/S24A- §
B H (T7)
acHE
.
0 5 10
DUF1887
upx *
wiEf
E1176A/K1178A1 8 (P1)
(DUF1887) b——
100 10" 102 103 104 105
PHP ATPase
* ppl *

wrf
H12A/H14A (PHP)-
& ™

D798A (Walker B)-{ [

T T T 1
100 10" 102 10% 10“

ATPase Protease
ietA ietS *
wrl &
ietS :: S505A- B (T7)

0o 2 4 6 8

ATPase DUF499 DUF3780
*
DUF1156 MTase PLD Helicase
*
wr R
A::D171A
(Walker B) 73 )
D :: D370A-{FY
(Walker B)

T T T 1
100 10" 102 10% 10*

vector control. MBL, metallo B-lactamase; SIR2, sirtuin; HerA, helicase; QueC,
7-cyano-7-deazaguanine synthase-like domain; Vsr, very short patch repair
endonuclease; TatD, DNase; vWA, von Willebrand factor type A; Prot phos, serine/
threonine protein phosphatase; PHP, polymerase/histidinol phosphatase; MTase,
methyltransferase; PLD, phospholipase D; DUF, domain of unknown function.

more than 30 years ago, retrons have been
harnessed for bacterial genome engineering
(25), but their native biological function has
remained unknown. We found that the orig-
inal E. coli retrons Ec67 (26) and Ec86 (27), as
well as a homolog of the Ec78 retron (28) and a
previously uncharacterized TIR (Toll/interleukin-1
receptor) domain-associated retron, medi-
ate defense against dsDNA phages. The Ec86
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retron is natively present in the widely used
laboratory E. coli strain BL21. Mutations in
the (Y/F)xDD active site motif of the RT, as
well as at the branching guanosine, abolished
activity, indicating that the defense function
depends on msDNA synthesis (Fig. 4B and
fig. S9C). Furthermore, perturbations to the
msDNA also abolished activity (fig. S11), sug-
gesting that its structure, and not simply
formation, is essential for the defense activity.
Indeed, a single nucleotide mismatch in the
msDNA hairpin reduced activity by 100- to
1000-fold, but introducing a second muta-
tion on the complementary strand to restore
the structure of the msDNA also restored wild-
type activity (fig. S11). Notably, these retrons
are associated with other domains, including
TOPRIM (topoisomerase-primase) (29); TIR
(30), anucleoside deoxyribosyltransferase-like
enzyme; and the Septu defense system (4), all
of which are required for activity (Fig. 4B).

Additional molecular functions
of defense systems

We investigated several additional systems
with diverse components (Fig. 5 and fig. S12).
These include a three-gene system contain-
ing a von Willebrand factor A (vWA) metal
ion binding protein, a serine/threonine protein
phosphatase, and a serine/threonine protein
kinase that provided strong protection against
T7-like phages (T3, T7, and ¢V-1). This system,
called the TerY-phosphorylation triad (TerY-P),
has been previously analyzed computationally
in the context of tellurite resistance-associated
stress response and might operate as a phos-
phorylation switch that couples the activities
of the kinase and the phosphatase (31).

Additional systems include proteins con-
taining a SIR2 (sirtuin) deacetylase domain
that is also present in the recently discovered
Thoeris system (4) and has also been detected
in the same neighborhoods with prokaryotic
Argonaute proteins (32); ApeA, a predicted
HEPN-family Abi protein (33) and a putative
ancestor of the type VI CRISPR effector Cas13;
a ~1300-residue P-loop ATPase containing an
unusual insertion of two transmembrane helices
into the ATPase domain, similar to the KAP
ATPases (34); and a four-gene cassette con-
taining a 7-cyano-7-deazaguanine synthase-
like protein (QueC), suggestive of small-molecule
biosynthesis. All of these components are es-
sential for defense activity (Fig. 5). Further
investigation is required to understand the
mechanisms by which these systems sense
and respond to phage infection.

Finally, we also demonstrate defense func-
tions for several predicted nucleoside triphos-
phatases (NTPases) of the STAND (signal
transduction ATPases with numerous asso-
ciated domains) superfamily (Fig. 5). This ex-
pansive superfamily consists of multidomain
proteins that include eukaryotic ATPases and

Gao et al., Science 369, 1077-1084 (2020)

GTPases involved in programmed cell death
and various forms of signal transduction
(85, 36). Typically, STAND NTPases contain
a C-terminal helical sensor domain that, on
target recognition, induces oligomerization
by means of ATP or GTP hydrolysis, leading
to activation of the N-terminal effector do-
main. The role of the STAND NTPases in pro-
karyotes has long remained enigmatic (35, 37);
the few for which experimental data are avail-
able contain a helix-turn-helix domain and
have been shown to regulate transcription (36).
Several STAND NTPases were active against
dsDNA phages (Fig. 2D); these proteins con-
tained different putative effector domains,
including DUF4297 [a putative PD-(D/E)xK-
family nuclease], an Mrr-like nuclease, SIR2,
atrypsin-like serine protease, and an unchar-
acterized helical domain. We named these
systems antiviral ATPases/NTPases of the
STAND superfamily (AVAST). As homologs of
essential eukaryotic programmed cell death
effectors, AVAST systems are likely to function
through an Abi mechanism, i.e., by causing
growth arrest or programmed cell death in
infected hosts.

Discussion

These findings substantially expand the space
of protein domains, molecular functions, and
interactions that are used by bacteria and ar-
chaea in antiviral defense. Some of these func-
tions, including RNA editing, have not been
previously implicated in defense mechanisms.
The high success rate of defense system pre-
diction based on the evolutionary conservation
of their proximity to previously identified de-
fense genes supports the defense island con-
cept (4, 7, 10) and demonstrates its growing
utility at the time of rapid expansion of se-
quence databases. Furthermore, the compu-
tational approach implemented in this work
provided for a substantial expansion of the
range of the identified putative defense sys-
tems. Many of these previously unknown sys-
tems contain enzymatic activities as well as
predicted sensor components that potentially
could be engineered for new biotechnology
applications.

Despite similarities in domain architectures
among some of the identified defense systems,
their phage specificities differ significantly,
emphasizing the importance of multiple de-
fense mechanisms for the survival of prokar-
yotes in the arms race against viruses. These
observations are compatible with the concept
of distributed microbial immunity, accord-
ing to which defense systems encoded in dif-
ferent genomes collectively protect microbial
communities from the diverse viromes they
confront (38). Additionally, several of the iden-
tified defense systems incorporate molecular
functions from typically nondefense sources,
highlighting the versatility of activities that
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are recruited for antiviral defense. These in-
clude the RADAR deaminase, nitrilases, RTs,
and retrons. The demonstration of defense
functions for multiple RTs, which are gener-
ally associated with mobile genetic elements
(MGE?), is consistent with the “guns for hire”
paradigm whereby enzymes are shuttled be-
tween MGEs and defense systems during
microbial evolution (8). Finally, most of these
defense systems do not appear to be substan-
tially enriched within prophages, suggesting
that they are dedicated host defense genes,
rather than virus superinfection exclusion
modules (fig. S13 and materials and methods).

The overall patchy pattern of phage speci-
ficity observed for the different defense sys-
tems was unexpected. In some cases, the same
system exhibited widely varying levels of pro-
tection against similar phages; for instance,
retron Ec67 and DRT type 3 offered full protec-
tion against phage T2 but poor protection
against phage T4, which is ~82% identical to
T2. We hypothesize that phage-encoded inhib-
itors or antidefense genes that have yet to be
discovered may play an important role in
determining the specificity of defense systems.
Indeed, many phage-encoded proteins have
no known function and remain to be inves-
tigated for antidefense activity.

With the exception of RADAR, we do not yet
know the mechanisms of most of the identi-
fied defense systems. The range of domains
contained in these systems indicates that they
use diverse biochemical activities. Additional
experimental characterization is required
to elucidate the effector functions for these
systems and the molecular basis of anti-
phage action and specificity. The identifica-
tion of these defense systems, as well as others
we have predicted computationally, pro-
vides a foundation for further mechanistic
investigation.

The results described here have broad impli-
cations for understanding antiviral resistance
and host-virus interactions in natural popula-
tions of microbes, as well as for technological
applications such as the development of anti-
bacterial therapeutics, nucleic acid editing, mo-
lecular detection, and targeted cell destruction.
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Prokaryotic enzymes for viral defense

The arms race between prokaryotes and viruses provides a strong evolutionary force to create diverse enzymatic
activities that mediate antiviral immune responses. These immune components often cluster together in the host
genomes, leading to expanded defense systems. Taking advantage of the evolutionary modularity of defense systems,
Gao et al. bioinformatically predicted defense genes in most available bacterial and archaeal genomes. In addition, they
reconstituted the newly identified systems in Escherichia coli and verified their defense functions against specific
bacteriophages. In particular, they characterized defense functions for several predicted nucleoside triphosphatases.
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