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[Abstract] The growing threat of antimicrobial resistance requires the urgent development of new therapeutic
strategies and agents. Bacteriophage therapy offers a promising alternative, utilizing phages' ability to specifically
recognize and lyse bacterial cells. The ubiquity of bacteriophages subjects bacteria to constant evolutionary pressure,
driving the emergence of diverse systems that defend against phage infection. The repertoire of phage defense genes
includes a wide range of functions, such as nucleases, helicases, and ATPases. Host-phage interactions are complex and
multifaceted. Bacterial defense mechanisms operate at various levels: initial innate defenses that inhibit phage adsorption,
block nucleic acid injection, and interfere with virion assembly; early vesicle rupture targeting phage nucleic acids; systems
that specifically target phage DNA and RNA; and abortive infection, which results in the degradation of bacterial nucleic
acids, depletion of NAD", and changes in cell membrane integrity. Notably, abortive infection prevents phage
propagation, though at the cost of bacterial cell death. Although many defense systems have been predicted and identified
through bioinformatics, the precise molecular mechanisms and detailed pathways of most systems remain poorly
understood. Future research should focus on clarifying the exact molecular mechanisms, regulatory networks, distribution
patterns, and roles in bacterial fitness for both newly discovered and established defense systems. Such insights are
essential for developing innovative strategies to combat bacterial infections. This review examines the core mechanisms
and application potential of bacterial antiphage defense. It systematically summarizes four key aspects of the bacterial
antiphage defense system: early infection defense, phage nucleic acid-targeted defense, abortive infection defense, and
transferable defense strategies. It also highlights current bottlenecks in the field, such as unclear defense mechanisms,
insufficient clinical transformation technologies, and risks associated with the transferability of defense systems.
Corresponding countermeasures and suggestions are proposed, including in-depth mechanistic research, construction of
defense profiles for pathogenic bacteria, and development of engineered phages and synergistic therapies, to provide

references for optimizing phage therapy and innovating bacterial infection treatment, thereby offering new perspectives

for treating bacterial infections.
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Fig 1 Defense system targeting bacteriophage nucleic acids

Juk: Jumbo phage killer; RM: restriction modification; ATPase: adenosine triphosphatase; CRISPR-Cas: clustered regularly interspaced short palindromic repeats-

CRISPR-associated; Nhi: nuclease-helicase immunity.



254 PR (BE2E R

5 5745

FEHG L B DNA Y IR 4 ol i s e 5% i FR 3k, B
REaseiFUl| I V) FIHH R A 9 H L DNAJFF . R-MAR S
HR P FE 20 . SR 51 . DNAYIEIA7 | 4 12K
FUR PSR4 R PO R AL, T LR T BUR-M AR S D)
I F AL B i H A S AUDNA . 1T B35, 7E IR I
MBI VIFIDNA, IV RS 5 VI EME s A&
DNAfREasesl H ELAL . 4 P v b A7 E HA 2L A 2
RIR-MIJRE I 57 18 Z2 45, BREX R 48 4% 5 P i X BREX o7
ST TDNA B JEAE R X 531 32 FIWE B AR DNA, PR IHG IE 7
ADNAZBBREX R GRG0 “9E B R "DNAFEAF ).
OFIRZ il T 2RI B 8 R 55, FRAWDISARM AR %, H
Ay MTases 7] LRG| I8 15 EDNA _FAYCCWGGF
B, 445 v s i Y A, oA R AR W TR AR DN A DU
THU3] DA T i R 1) 5 42 % . BREXFHIDISARM ZR 40 45 H 4 [
W B R DNA, X544 4 5 FOR DN A TR A 15 3 40 i 5 A FR
R SRITIX IS R GE A B D) B A AL AR KRR EE 1 ATh
NEHE
3.3 MEFREE{ADNA

TR T T R 2R G038 1T DA LR AT X E R AR DN A 2F
1M (I811) . CRISPR-Cas Z 45 J e 2 3 (1) 97 H6 22 42
Z—, TEAE T 42% R A0 T FI85% 1 B . 1% R SRS
GaPE N, T 43 = AR 38 I (BRARIMEIE ) | ik
(CRISPRFEF (1% 53¢ | S AR 1) BI04 W 1T
) AT (SN A ) FIEDE]) . CRISPRAGE H 2
HAE Cas R AU MILLAL, 53 22K BRI 64, AN [l
Casti I AAEE ARIFER, TR, MR VA ] B4
JEDNA, SMEDNABERE | Jin T8 4 I CRISPRIA] f# ¥
B rp ST O RE ARG A2, AEANEDN A E BT H R, 38
1o 4] B 7 471 )26 3% 77 2 crRN A, 5 Cas 5 1 IR R B4 B
DNA, i i B B AMIC XS P A Zh DN A, Gabijalj )
F Yt H GajAFIGajB o A1 B, 7 1k 8.5% 4 i A% i [R] 21
H R B, GajBRE TN A Uve dREARHERE, GajA 'S v iR
Vs JEAL SR AZ IR LA RIR Y, Gabj AR GabjBA % A
— N T EAYIGajAB™ . GajAE N —Fh L 5 ek
PV, D) HISUEEDN A, 38 o F A 5 B K DN A fish & 75 £
FE TR A XUE 1 Septu R G A A 411 PtuA il
PtuB/} il & ATP FIAZL TR, f&—Fh 3L T R/ MAKFE5E
RIRA M WERRADNAYIEI RIS R 5 . SheduRGiHH
N 235 K 38R i A% TR T 45 P 4R, NV 2 g 3 e 4 1
DNAFRFE 51 sl A5 ok K ¥ 2 A8 Ak, 0T Chiig A% TR Bl 445
Pl S 1 ) B AR DN A A 3 . Hachiman 2 55 % A
JEFE MY EIDNAR R R A HamAB, Ff% 2 FI DNAJK
Yy, X F )z Y1 6E ) {75 Hachiman 22 55 5 245 18 2 il

Wi TR A o Zorya 28 4 388 2ok JaR 0 Wk T A R e 13 | R 1) 4 e e
SR A, T8 kLA R AR B A S, RSN AR IR
fift R PR RDNA, ANRI 15 E AN A SET- AR AR . 3k Fh
BB FR A 55— 2R B A0 7 B8 “ LB A . e LB
T, Zorya Z Gr Al i i 175 i S 4 AL A DN A 4756 B il
W PR AR P A4 o ik ML 25 5 300 S 4 A 1Y) A A A5 5
FET, AFREAS CRAP B 40 TR AR G0 32 W AT A 19 SR e, AT
SN W TR AR P L2 1 AR R A G s
3.4 PEREEEEFRNA

JUFEE R -PURE B R G0 1 P RN ABH LE 1 P A 2R
FI B, JEM B (K D . SR MBERRLECH
TIE BH 7 I B A B e 5P S, A M AT T R KA
i o T8 3 2 B — el R 3R A 43 W) 200 A Aok R ) 0 B
4%, DA —FOR R a2 RN A 2R bt 2 2Ok Wi s &
B ) e 28, W TR A B i AN R e DT 3R BRI 2
R R, F8UE EAIEAET™, CmdTACR S it fH
1k TR 6 7 0 0 A A R, 0 EE AR I Cmd AR A T AER
CmdCHE[FI/EH, MR 1 Cond TS AR TR PRIR S . W
PRI B BT B B W R A AR FE R A Gp23 5 4 TR
CmdC454 . il &P E F1CmdA N A4 Th B O bl
ClpP 2 PR A, TR B 1 CmdT, CmdTif 1t
ADP- I ALBE M mRN A, BH 1E HEH 1%, Fe 20 il v o
RS, TAHE R B R RGToxIN R EA R X
SR S R B R EARE NP RFEL . —H
TR BERL, % R e R FE PR T 25l AR AR R
RNAVIEIN S0, TR - P R R4 RnlAB™
W AT A SR Y S5 AN B E B R I BT 75 2 I S 0% 75
RnlA, Hi/- SRR S PERNAYIE] . PreCHE (7EIF 3 1%
B0 43 5 177 S — R BRI N DT 2 6 32 HAm Rl
W R A SR U [P I T A 20 940 R 161 2 11 Stp -5 12 PR il
PN DI, &5, SR PrrCE M . BB PreCRE
RIUIEICRNA, DT o U8 28 11 A5 i, e 2 BEL L i A U
JfEHR . CRISPR-CasRGFR 1 FEAFDNASL, i Al LAXS
RNAJEATREA#, T EICRISPR-Casili 2% 25 22 48 A AL
%, HAT MR RERERF i DN A X AER# RN A, V HUCRISPR-
CasH ) Casl12afE H/E N RNaselipre-crRNAJN T A%
crRNA, 1fif VI CRISPR-CasH' [} Cas 13 1] L % 4448 1] 1]
FIFREERNAM DA (1) o
3.5 KM AIDNASEE RS

FEIR T SN ST R GEARTE T 53— Fp A (1 40 T8 s A
B 4N, S5l & R TR Wadjet R 458 0] LA i 4
JEHARIING AAR TR, FEU %) 5 P 1 FRARDN AP,
DL IH , 6F S T 5 ) W T A DN A 35 R ) 0t T L



%13 *

A PUMRTE AR FE . 0 B AT B R % 2% S SR A B U B T ik

255

PR B R B, S48 H A0 = SRR IX R IL ] i e 52
iEEon APk, A% R ity - 7t Ji€ 1 %2 9% (nuclease-helicase
immunity, Nhi) 248 1) 55 —F0 e 517 BT ALH 2 28
B e T, 32 2R A T — e i % ) R A et o A
PEDNAZ il v )4 ) 22 T RE A .

ANEDNAMRH W(1€]2), Hailibu 4l i DUF4297 fllHer AR
A B R, W R S5 AR S T s PR T4
SAENFIREY) b A BTvEAAR . 1R HAZ R it AN A TP RS 14
AR FEDNA, IS FAIAET . LamassufE ARG
AN, LmuA PR RR B VER 0], LmuB S8 T 1A%
Yer= ) DNA Kol & Je 454, %S LmuB LAk,
et ATP 254, 38 LmuA BEHAGUI#] DNA 196,

4 RFERE
4.1 HEZLERFERE
YT 1% G (abortive infection, Abi) MLl [ fi

REFLYIEIfE 2 FIE R A DNA. Retron Z 40 & d 7 78 Wil
20 T 20 L A S8 R M G Al Y, AT A SR

DUF4297

HerA
Phage-triggered
expression

Nuclease

Phage genome or
replication intermediat

ANA binding

LmuCB Loy

Active Nuclease

Retron
RT

msDNA
Modification
RecaT

(Accessory ﬁ%&m@

toxin protein)

l

ShosA
l (antitoxin)
ShosT Inhibition of
(toxin) transcription by
phage
DNA DNA

repair <— duplication

AriA-AriB
Phage Ocr

&
|

|

N

/ oo
¢ e

protein

TIR-domain Endonuclease

.

Phospholipase

MM?

2

il

¢ |

/C

DNA degradation DNA degradation DNA degradation DNA damage RNA-cleavage
Hailibu Lamassu Retron ShosTA PARIS
/ ThsB SIR2 Phage DNK
TIR domain ’o CJ ‘ ShortpAgOs ¢y APAZ
o : 0 @Em @
erA
Nﬁ*—) EfAvs5 KomBC /
PrOf:luctu?n l / ‘ Active
.:%% of signalling KomA
cADPR molecules NAD*
’ NADase NAD* Phage Dmp
NAD* %3' Helicase
ThsA % % % .
SIR2 domain B
cADPR% ; . SIRZ-Tlard commypllse Active KomBC
SIR2 domain Filamentation l 1 1
NAD* depletion NAD* depletion NAD* depletion NAD* depletion NAD* depletion
Thoeris AVAST/Avs SIR2-HerA Non-catalytic pAgo Koming
oy C-term
inhibitor %
. domain dATP
Cyclic Caspase ‘
oligonucleotides
[ J
CD-NTase o3¢ Q.' Gasdermin HalB

Phage Exo

|—=

Va7
T

l Channel open

Degradation of ODA

|

NAD' depletion DNA cleavage

k CBASS and PYCSAR

Membrane disruption

lTM protein
Membrane disruption

Gasdermin

Membrane disruption

Hailong

B 2 LAE YR B AT AR — B SR RE (R P T BE

Fig 2 Bacterial abortive infection protects the population as a defense strategy

ATPase: adenosine triphosphatase; TIR: toll/interleukin-1 receptor; SIR2: silent information regulator 2; NAD": nicotinamide adenine dinucleotide; RT: reverse

transcriptase; msDNA: multicopy single-stranded DNA; cADPR: cyclic ADP-ribose; Avs: antiviral STAND; CD-NTases: cGAS/DncV-like nucleotidyltransferases; TM:

transmembrane protein; ODA: oligodeoxyadenylate.
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