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Table 1 The types, abundances, transmission potential and key influencing factors of phage ARGs in different habitats
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Figure 1 (Color online) Two ecological hypotheses for the dynamics of phage—bacteria interactions
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Figure 2 (Color online) Phage anti-defense systems and host defense systems

8



ISk

P AT R AR T3 AT DL 3 26 ASAMase(S-
TR B R ) vo IRBREX DM 22 48, AW R4 1)
J2 B AL LA S SAM(S-BR T H B SR ) 78 20 Bl e %
o VR AR AE T DA (E2(0)). MR AR SA-
Mase 2 [A] i) X FRAME M R G0 H IISAMP™= AL R, filiL
TeIEIE 3 B DNA(EI2(b)). AN, WA g 0% 15
FHREGRE-DEERR, SRFERIERPIERSE
BRI AR AN B R NI BETA R GBI, 5% A
B A fim R (B12(h)).

BRI B A 2 W] P 44 e PR — N E 22 Hahdk
AR, WFF R IR, AR 1) AR Bh i R G AR Re S
BV, (D ETZ I bAFAE DM RIRLNE, S[R3 a8 e w5
BRI 110004, WFSE I, A0 B A W B A P S 5
HZH P A8 R S OB S IR ARG, IF HIEAE 24 B
RGP A TGS 22 BRIV TR AR (= YL B e B T 2 R
PUvE, T YR RN A AR =2 1R A7 AR K B B A AN T
B AL, (E T R 2RO P e, — s
BAA, FRRIE IR AN B A, AT LAYE 40 B 20 A Y LR B
I AEAE, IR s IRB I R S8, MmiHs e &
S BAT P P, X A DA A S B TR AR 7 1 R
A BRI R HR AR AR 5 4 R 2 T 4 AR
YRR, X REA: R 25 fa L 2 O 2. DR AST
BAERPUE RGBT R, HABMRARE
BT 0 T R o IR 20 T B A 2R S O

3.3 WERR-f AR S GRS PR G

M0 PR -5 240 TR i T2 2 8] A B AE 3K B 4 2 4= )
A, BRI —FP: 858 SR (arms
race dynamics, ARD). I 8hi%#H R (fluctuating selec-

HHAE
. WHER
? v MEEE

B3 (4RO ) IR A R R S A LA (GED) S T 2 2k X 4 4

tion dynamics, FSD)FI3EH H itk (gene exchange
dynamics, GED). TEAA B, 15 R REE LA
DR 32 b BT A T A 977 0 T o A G e o A g
T 55 DR D308 3 2 i i %) B SR ek e iR A = i g
T, TR —RheaE e — R, BE e — S g e L, X
P8 B T 80U R R AR RS L 2 FE I A REAIR,
A B 5878 Sk [ 1 100 5 72 28 SRR U TR, %
SRR A 1 R TR A DI S5 356 R 28 1) J&] B0
BkE. LA FT0 2 B B AR IR B, REAA AU
BRI MR R A S B [z, MR BRI
REARRT, o5 —Rhi 25 SE AU mT 6 G IR 3, AP XA
B T 4R A RN AR s e 2 FE 1, 7E—
SE FSRFPEE R, MDA R-TE AL L AR AR R R 35
TR, I 40 A IV T 4R A A A 4R 1001000,
DAL A D 5 A G R A 2 s PR A [ (L
ARGs)K PR TR, FRRAE RO B iR R A
AT LR B B DR Bl A S 20 A AR A S R A G BT Y
i BN, A E L R L% Ansg 01, 4k 3
Ji7R, X B IE SR W P AR 1 T2 e A o 5 PR e
AR, B 38 5 i LR 24 5L 5 A A TR
M 2R, WA T 250E 04K A 320 0
P AR 0%,

H HOC T W5 B A1 32 kA A IS 3 = A0 i
PRI 32 AT PREE A 4, (30, R TR TR S5 78 SR
D R A A2 3R W, 487 MU W R 4 s
A3FMHTREREDT AR GE, W/ BE AT REE L S B A R 4t
T DA R DR A S o I PR B O O AR 11 A=
P Y- EAEFSR R, RAEKE =7 B EMN
AR A (s 358) 2 G R B X7 AH [R]955 5 Y CRISPR AR 038 2

Figure 3 (Color online) Phage-mediated Gene Exchange Dynamics (GED) and dissemination of antibiotic resistance genes
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The emergence and spread of antibiotic resistance are threatening environmental and public health worldwide, challenging
the efficient treatment and prevention of infectious diseases. Bacteria acquire antibiotic resistance through horizontal gene
transfer, occurring both within and across bacterial species, facilitated by mobile genetic elements such as plasmids,
integrons, insertion sequences and bacteriophages. Bacteriophages, the most abundant biological entities on Earth, play a
crucial role in accelerating the rapid dissemination of antibiotic resistance genes (ARGs) among bacterial pathogens,
thereby driving the emergence of multidrug-resistant “superbugs.” Bacteriophages transfer ARGs through transduction,
driving their evolution and dissemination across various ecosystems, including soils, aquatic environments, animal guts,
wastewater treatment systems and clinical settings. Despite growing evidence of their role, the mechanisms underlying the
bacteriophage-mediated ARG transmission, the co-evolutionary dynamics of bacteriophages and bacteria, as well as the
interaction between active bacteriophages and their hosts, remain poorly understood.

This review systematically examines bacteriophage-mediated dissemination of ARGs, the ecological co-evolution
between bacteriophages and their bacterial hosts, and the contribution of active bacteriophages to ARG transmission. First,
we elaborated on the diversity and ecological functions of bacteriophages as carriers of ARGs, including the classification
of bacteriophages, the ecological roles of their auxiliary metabolic genes in the biogeochemical cycling, and the horizontal
gene transfer mediated by bacteriophages. Secondly, we examined the role of bacteriophages in ARGs dissemination,
addressing the types of ARGs carried by bacteriophages, their distribution across diverse habitats, the driving factors
influencing the bacteriophage-mediated ARGs transmission, and the main methodologies for studying these processes.
Furthermore, we summarized the co-evolutionary dynamics between bacteriophages and their hosts, emphasizing how
shifts in bacteriophage life cycles regulate the microbial community dynamics, and how the ongoing “arms race” between
bacterial defense systems and bacteriophage counter-defense systems influences the transfer of ARGs. Finally, we
reviewed the methodologies for studying active bacteriophages and the association between active bacteriophages (i.e.,
those in the replication, infection, and dissemination states) and ARGs.

Given the limitations of current research, we propose several key directions for future studies: (1) constructing multi-
scale networks for phage-host interaction for exploring the association between auxiliary metabolic genes and ARGs,
alongside in-depth analysis of how bacteriophage-host dynamics at the community level shape ARGs distribution and
dissemination; (2) advancing and integrating multi-omics techniques, including metagenomics, metatranscriptomics,
single-virus sequencing, and DNA-SIP, to achieve more precise monitoring of bacteriophage activity, clarify the role of
active phages in ARG transfer, and support the establishment of an active bacteriophage-ARG database; and (3) integration
of viral ecology into a broader ecosystem food web framework to explore the environmental dissemination of phage-
mediated ARGs among different trophic levels (such as microorganisms, protists, plants, and animals) and their profound
impacts on biodiversity, biogeochemical cycles, and human health.

In conclusion, this systematic review advances understanding of the mechanisms underlying bacteriophage-mediated
ARGs dissemination, providing a scientific basis for understanding the interaction between bacteriophages and ARGs, and
guiding the development of innovative strategies for the prevention and control of ARGs contamination, including
bacteriophage-based therapy. From the macroscopic perspective of “One Health”, it further underscores the importance of
interdisciplinary research and global collaboration in addressing bacteriophage-host interactions and their implications for
antibiotic resistance.
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