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Research progress and main ecological functions of soil viruses
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Abstract: Viruses are the most abundant biological entities on Earth and widely exist in various
ecosystems. They play a role in regulating microbial community composition, influencing
microbial evolution, participating in element biogeochemical cycles, and even causing plant and
animal diseases. Soil is an important reservoir of viruses. Due to the limitations of soil
heterogeneity, adsorption of soil colloids, and lack of research and analysis methods, the research
on soil viruses lags far behind that on viruses in marine or other aquatic ecosystems. In recent
years, the rapid development of molecular biology and the gradual improvement of ecological
theory have promoted the research on soil viruses, researchers gradually paid attention to the
function of viruses in soil ecosystem. In this paper, we summarized the research status and progress
of soil viruses in terms of the types, research methods, and ecological functions. On this basis, the
future development trends and key research directions of soil viruses were prospected in this paper.
This review can deepen people’s understanding of soil viruses and provide scientific reference for
the research on soil viruses.

Keywords: soil; virus diversity; viromics; ecological functions

PRGN, AR, EEMEAR  FAES KRR, SRR R

ANSERNMZIR Y B 4 AL R, TCA I Ls e,
MK i A = A BB A ) A . e RE R Mk Ak
R ZEY SR, PEAGE, B AT A RN B
o 2 4.8x10° A, T ARTE TR L W
o WAL PIMUK T K AR A R SS
ag e YR 1989 4, Bergh % HF 5T &
PRV PR BE T AR AE RN RE, Bl R b oexs
MRS BE R AL . ZREMERIE S TRE AT
THRIE® MBI A Ve o B R A
10°-10" VLP (virus-like particles)/mL!"™, #H [t
ZF, THAEARRE RS, WS
J9107-10" VLP/g T+ Mz R, 305
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SRS R A Wik, HERE
TR HOW S B . b4, TR pH 54
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K, JAREAE TR R G T AR DI EIE
WAL, RN T B 2RI R R SSTE
SR, T IR A S TR PE IR I A 3%
KRR TE I TR e, B = X+ 58 7 &
Hop T Ae v LRI AHLE 0 B3, A K 580
BEE IR AR A SR A kg . BT
R S B A ST BUAR AR SORs DA - 538 75 ol
Je . WRFETT Ik KA 25 T RESE T TR S RE Y
TS R TER IR

1 +ERFME

1.1 X% DNA fF &

P AT R LANE B R S, WA
#5170 5t A2 W) B 3 LA XU4E DNA (double-
stranded DNA, dsDNA), . 4% DNA (single-
stranded DNA, ssDNA) & RNA . W50, 14
o TR R 32 DL A dsDNA - 1Y I B AR
FPL WUEE DNA R 8 R/ —, SERHE 2R/
0 B ML T8 3L B LIR AR LR, Hodr, o
TR 10 35 PR £ 4 K ) I T A I Raoult 251217 BT oK
AR I HUAAR P B K KO 7 (Mimivirus),
K5e HAE KL M 400 nm, 5 37K K /N2
I 1D 5 4 ik DR 2 2 £ M 1 BUEE DNA 70 T, K
BEk 1181 404 DKL X . Jansson 2520V 55 %f
IMG/VR v3 ¥4 72 /1 32 XU EE DNA % 2 7 571
PEATWESE, RIKRT 1/3 B 3 9 01k kAT
32, AR AI2EE 14 DNA R #E T I5R 6 4~
R B, WA A2 W E R e kR
AV N N =
(Herelleviridae) . AJLEEME R AR (Myoviridae) . %
FE W B & Bl (Podoviridae), K J& W i A& Bl
(Siphoviridae) f1 & J2 #% 7% B (Tectiviridae) ; X &£
W DNA SRR LS I/ NS S5 Hdr, HREE
WA R Z H R . 1o, ik
Wik DNA G EERR AR YL 4R & 41, b TR ety
KEAZAEY . KL, AW A0 = 806 5 4 R 35
(Bacteria) . 7 B 3k (Archaea) & H ¥ A= ¥ 38§

(Autographiviridae) |

(Bukarya)#fs J2& T3 X5E DNA 5 ITEAE S 3 .
1.2 B DNAFRE

5 3E DNA JiagAa b, H e 438 v s
DNA W81 T AR # A R, F 25 K& DNA
WP e ) 21 X XUBE DNA 17RO AL, Hoks
fi DNA W EEHERRZESN. HAh, %) 3% DNA
o A 1 AR R B NI RS DNA i 55
HEBRFE AL o BT 7 3 AN A 23560 B8 DNA
B CE R A e, ok ] 2 R By
(multiple displacement amplification, MDA AR Y™
HOR R LT, 15 2 (45 5 sE DNA I
FE P, Han S50 i E 6 4~ #8041
TR AT SY, R S - R
2 FE LU BAAE DNA KGR0 o Jin 2250 13
Xof F ] PG R R £TAM AR - R 2 AR Y
K, HUBE DNA JRHHRFEE . Trubl FEPERA
A J7 VEWE IR A VR AR T P e RE I, &
PLEEE DNA R 8E H 7 4%, iR AFo8 45 5 22
S ELRMMR T ERAARIGIER . Hik, &
PP B AR A, XU DNA A
FE DNA 55 2 RARNT = BEEF TIPA .

S U DNA e F AL, [HARZHR
F2PH bR UL BLEE DNA g | Tl Vi 7
Fh(Microviridae) . PR35 8 FH(Circoviridae) FI
9515 BHGenomoviridae) 22227 5 15E DNA
PREESSML, TREE DNA JERL ] ek A =5
fi 20, FHE R4 HAEE DNA J 28 T i
i, XA G LREFM . Bk, HEEME T
s S, AR, MR Y ALY
HUEE DNA S s 2 A H U 0 I A, WU
2 (Geminiviruses) Fll %% 45 %% # (Nanoviruses), iX
2 s 1 v AR Y EE B A TR AR 5 R ™ Y
E, LA =7 TR, Wik, 7545
(B9 e 22 22 M G T B4 DNA i eg, LA
T HAE by AR SRR T RE
1.3 RNA &S

5 DNA SR EEAH LG, AATRF 1% RNA J 5
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1 e AR AR S RGP VEH T A 55
Ao SR, Bl R SR PR R EL, K
RO I RNA 5 2 E AT AR,
Starr 25PRAE 5 [ i A 45 2 W N —4F A i -
BEREAS, 38 L 0 B A SR 2 AR AT IO
KL RNA JE#E 2R, B+ i
B, MR AR RS RELEN, K
R ER 7 RNA i 5 J& T #R 5 RNA g 7 Fl
(Narnaviridae) 5 ' 1 5 2 Bt (Leviviridae), o
MHEEEREAE, FEFERRETIEET]
(Proteobacteria)ipd . LA, @IS WFFEIE &I+
erh RNA W81 R il 2 S 80m F4iiEser, A
X— i R G ER = AT Wu 4D
FIHZHFH R (EFEE I | R e k%
AT B - 58 DNA 5 Il RNA il
ST R v S B Y N, B9 [ ML
Konza 2 55 v 09 75 Hb + 18 RNA 95 5 F=
. oF B AR = 1Y o i 0 B B (Reoviridae),
Horp o s #E R BE 2 AR R AR T
R R JF H R A R s AR A XS 1 4
DNA F1 RNA JR 8 AL AL . 16 M R A D) hg
M ABEKRWEZN, HETTE RNA SR ERE T
M, B AGBREH TP AR, KT8 6
(artificial intelligence)$ AL 7E IL 20 3045 2] T 1%
I3z A . Hou ZEPHIE T 75 A1 BA T & 09 TR
27> Bk “LucaProt”, XTSRRIk ZFh A= 25
AU 10 487 DINEREA L 1 s B A 742
Wi, RIAEAE R 2R RNA .

2 EERERRTE

21 TEREESESEERN

PEAER, XTI R RS SRS, BF
% N Bt 2 3 o i 5 F - 2 U8R (transmission
electron microscope, TEM)iiFfr S 5 R
i 17 ¢ G HL F- {2 5% (epifluorescence microscopy,
EFM) #F 5% 9% 7 19 3 B . Williamson 2571 %
EFM I TEM J7 % 56 AR ERRHAR M 6 4> 13
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FEA (B4 H A 3R ARAR 4458 1Y) 2 )i e Ak
AT THESE, I AR T3 B B B - Xk
1.31x10°-4.17x10° VLP/g ., w4 H 30y
- EE R 0.87x10°-1.1x10° VLP/g T+, Jf
H AR AR - 5 178 9 75 0B 28 07 i 2 4
Swanson 2551k F] EFM A1 TEM J7 12 %) 9% [1 75
¥ ARV ST BT O /N AR B IR IE R 2
FEVE N FREHAT TR, RIUR#HIER &,
FLAEBROIR . AR . Z2IRAFTIR S, AL, e
B2k 1.1x10°-1.2x10° VLP/g T+, HEgix
AR X O 5 S M i LA e & 22 5.
T REREE . SERE, 2 H AT 5
JEROB A ELNRIrE, (HI T e A
BERFA IS L Z R R TRE BT A
2.2 EBUEERARWEA

A BOR B PR K R HE S T IR R AR A
LR, T RERNAKRNER, RS
#E i HE UK (pulsed field gel electrophoresis, PFGE)
Jrik, RIS E WG AT o0 B Je - A e 8L A
Tk, I AR BB TS T AT, AT AT A
DO SR I i B R ) AR S R G R R
A RGHEAT TAROCHESE, JRIUS T — & A
RCARL AL T vk Ti 0 35 PR 2 /IR ABL ) AS [
e 7 A 3 R R AT S T ALY
Z 5% DNA #5ic (random amplified polymorphic
DNA-polymerase chain reaction, RAPD-PCR) J7 %
K HBEPLE | Y% 7 DNA YEATP 18, P )5l
PR ZAY T, TSR RTK T T
Wit AT or e, DASRATT e 15 03 25 40 1) Bk PR R 22 A
PP, Winget %011 UK RAPD-PCR 5k T
IREEI B RIS ZREME RGBT IT P, Rl VI 5% iz
T K R o R VR EAT AT . Li EOORA
RAPD-PCR AR XJ K 9 38 88 F it FH PR 2= i) A HH
TIEPR A E AT, KM
95 BE T PR ZR A S AR B RS, DT R 8 TR A
TR A . BARTFSE 1 C R 1 PFGE
1 RAPD-PCR J5 i X AN [R]85 v o 2 VR 26
PEGEAT TN, SRR L7 VA A —E 1 Ja FR 1%
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T2 R R 2 vk BB A s I 1) o B
Rl Zrett, SEURSZ RS2 75 4
Y PPA T,
23 SFIRCEENNA

— LK, R ] B = 38 FH L DR R
HOICHR T PCR B 5 i Mo B8 2 FE I .
Jei RAFFE N B3 % BRI FH G 5 5 86 5 1 AR <1 &
B R BOR AT w4, SR JE XA
KIEHFFHN AT PCR P48, 67 6 0] X 7 1ot
P IE R ZREE AT I oY X S SL Y 32 B A dS
T4 BIWE R IR g23 JLNM | 5 i 7 DNA B4
fit DNA pol 3£ R W % 7 phoH F& [N
WG BE @20 FE RIUSVRN 5 5 0% B psbA S [R10)
S IXUERRICIE R A LR T g A 45 4 B 1 Y 2
N, ALejs TR, £ A8 TRE
i FE R Hor, @23 FER gAY EE AT E
U7, DNA pol H X 2 b5 i 35 5 FE I T4 14 DNA
RABHS, phoH H= DR 20 5 05 B A i R 6 1 4 ik
PRI o 20 3 DR 25 e i 35 JUL R I 1 AR e 4 2
FIEO) psbA 3 DR G i i S T A6 A dE A B2
DL b3k e bRc J PR 3 B T SR K I
I 1 I SE E M s, FE R IEAIE N H B
Hodr ) @23 FEPRUE S P T W A AR SR R 2
FEPE N P33 L R . HAT, 7E R 4k
M A 35205354 KRS 405 R 38 b DU RR W p A
AHRMFIE o X LEF R R I AR B 1Y T4 RUmg
PR S KA P R AR AR R =5, H
HAERG KT LM, /A, pol FH I phoH
F PR 9k 7 FH T BFA 12 b O R 4w g R AR R TR
ZRENERIBF ST Fp ) A S L I R A hR D
PRI R A 5% R X Bt — S B 5k PR 2 A M R A 7 o
M, MR EEREAR 0 Z2 R PE oIk AR 214
24 ERFHEEBARBNA

H PR REAR IR BUS , T H
K PR R AT, H R e AL
SRR B KRB IR A S R A A R
T5 ks, A RO [ 5 R S B RS

K 9 B L A B R AT R VR A AL . &5
¥ Z RN R D REHEA T AR AT, AN AT
A 3 X9 B 4L 9 B P B 2 e R A 1Y)
W AN HAr, BT 2R E R+
HERGRE ) R B R SRR AN 1 FrR . IEAER,
Bl E 2R iRl R R R, HC s S s
I8 4 e A 0 £ EAF AT vk o Bi PR A
B 2L ok 3 TR R O b X2 AR P S AR MR B
+ R SRR AT S, KA B E A H
(Caudovirales) 23X —Hb X 4 H 135 v %) 3= 220 55
HR ARPR  SARMRPR £ b F B IE 4 R
WEER, HA3E pH RIRSRFHREE LA
MBI . Zhao SR FH 72 95 7 41 B AR 3.
I 0 1 4 e T 9 A 408 L b+ 38 o B R AT
XTHFSE, &3 Microviridae 31X 2 Ff H R A
W R R R IR R, OO A A pH A B JE Y
M) 1Ly i, - S R AR v 1 BV 4 A 1Y 32 B A
2 [ A B, Lt 58 v Y s A o A A
T PR R R f A AR AR 43, T KRS = rp 5 7
iof G A R R AR R thAh, K
(R B R 2 oKL A W TE R LR, A7
T R4 . Huang ZF1MR F 22 R 21 24 F 22
B A H RN T 9 AR A FE K RS SR A T
Wox, MR ERWSIREAYMLL, REERE
INIE B SRS S ARk, ISR
5T g B B AR T 7 ORI R S A T Y
BAEDIRE .

B, ZwmgdsE A/ MNEFE R —+
HERE S BARR T MR, Ak, AR X
KR A & 39 75 A ST A5 21 T 4
1, Bi %% 2015-2018 4E ] Tk [F 24535 5] 7
10 A IICE T 29 A HEEREA, AL LR
ANFE A LR XEASR A W R A )
FER AT TG, RIS A PRV () 1 8% 5
TR BB, XIS IE T A
I LR R AESIERN T, ARHL
9 75 45 T DR BRI T BB KPS . Han S5
7E 2015-2016 4EHREE T IRE 19 (7 L HEHAS,
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DNA extraction of viruses
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Observation of virus abundance
and morphology
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and splicing

(b) Viruses annotation
(c) Host prediction
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e [ Characteristics of host ]

interaction between soil viruses and host

[ Understanding the diversity of soil viruses and analyzing the 1

1 iigﬁﬁigﬁﬁ?iﬁ/ /m.*I.
Figure 1

Xof 3 B 1Y 43 A B HAE WA b R # VE AE
AESER AT TOT5E, R BRI e 8 v
i H RS RN A R 3R ELAA I Y A A RRAE 5
WAL, 3 B R g At 1) 44 Qa0 ik A AT 8 5K 50 48
WA FARN B SRR ARG, s
) A S RGP HETES . T R R AR
S0 A A AR, XA MR
o RO R SRS I TOXERE o BRI, S
}\i‘ PSR BRI Sy LR N A, &

bG5B R S S FE AT DG, N -
i B 1 2 FEVE SR AR S R g0 b R A T RE
11 T B8 . Ma S5 3EF 48k 4 500 75 4000 4R
(global soil virome, GSV)Xf 4Bk 1 824 4>+ 1%

>4 actamicro@im.ac.cn, 7 010-64807516

Flow chart of main research methods of soil viruses.

FERA AT T o081, KILA 96.7% Wk 5
PR BN TR BeAh, s Z R R 2
FEVE S8 EREE MBS E 2 R, TN
HLA RR I M B A5 4 Sy, 52 BRBE IR 7 R B
PR B SR 2 T b RN R ) - R
BRI BRI 2, VT AN N M X () £
BB AR o 3K R BN T4 B - e
BB R EIT GRS R
BRI SEHE B Graham ZE P 3 - HE VT %
ARS8 il B T 2 953 o 4 8 72 FE [ 4R A
A, ST R BR800 - e #E A AL T R g R
T PRAS s 8 A A ) R E 2E A PR A DG 1Y
TIRe B AR, 39 7 X 4 Sk M 5 1
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WEAWAER . 28 DR, BAARIUE I
THERERM PR AR T —ER R, H
SR LA SE R ST IR sk, BB 5 T A 2
PORB R I 583, N ROTFEIE M, 563%

TR RE A AT ST, HESh N R A AR S
J& . 3R 1M UL EJLA RS E 5 iEAT T4
pSEr

IR PP RO Y R8RSR R Mt sh 1T+
ST DTSR, (H F RIS IR AT AT 0 7]
WA (1) PRTEEENAEVN, WHEE
FI AT 2 b M B 2 E 5 iR 5 S A B A MR
BEEIEWNZE I €iR/ SuR/FP/ENCE S
TAEE, T BRI R BRI i B 1 AL UE I,
DRI I 7 vk 2 P B R R B R HEBR A5,
HUR S Z X I IR RE R E— P IRST . BRILZ
b, R AR A R 2 R R SRR A R
(2) — M B A AR A SR U R 8 A5 AR
M AL i SN PP A 2R, PRI o B R B
TR Y AT, AR e 2
A, AHIZY I AR] ssDNA J2EHA fin
[ P, S ECAS BE 4 17 Sz e 3 rhoig 7 A 7 1 L

=1 HREMRGENL

SR . (3) BHAM A EAR RS , 7
PR R AR, B e 5 5 LB,
X G EOUA /NI o B 5 3 23 O LR T
HR VT R TR P 5385 R FF 51
XL 2 BE PR A W5 Y RN 2 —
BT LA LR, JF A T 50 e L T 5T
W77k, B SCEOR AR (F2 2 AL 4 i 2
TEHUR R RE R AT B R B

3 EBREEIUR

31 AEBEEMEDEEERK

MRYEE T AL B P HI R s, 7E B ip
#%%ﬁﬁﬁﬁﬂéﬁaig%ﬂi b PR ) A
R B (R 2 IR FNE A . s FilTE 2 )
m%?%%ﬁﬁaﬂfmfﬁé%ﬁﬁﬁ%ﬁ
P FUMEWER AR — BARAME I, e m Bk
WA, JFR2ors 240, ik, 78 L3R

58 v g TR A G 24 TR v RS 3 OC B Y AR .
Albright ZES2 A5 K BB B3 A8 00 01 R 461
i%$ A%ﬁ%%ﬁi%ﬁﬁ%$§kk%
ik, 3 3¢ B 20 5 A ot R BB AR 3 (kill-

Table 1 Comparison of viruses research methods
Research Advantages Limitations References
methods
Electron Observing the abundance and morphology of viruses Inability to accurately assess the genetic [35]
microscopy diversity of viral communities
technology
PFGE Analyzing the composition of viruses communities Cannot distinguish different categories of [36-37]
viruses with similar genome sizes or viruses
with specific genotypes
RAPD-PCR  Analyzing the diversity of viral communities Insufficient assessment of viral community  [37-40]
diversity
PCR Studing the genetic diversity of viruses Can only analyze the genetic diversity of a  [41-46]
amplification certain type of virus, resulting in the
of molecular inability to evaluate the diversity of the
marker genes virus population
Viral Analyzing the composition, structure, diversity, and The virus gene database is relatively [47-49]
metagenomics potential functions of viral communities; discovering limited, which results in only a small
sequencing previously unreported viral information through the portion of sequences being classified as soil

splicing and assembly of viral genome sequences

viruses
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the-winner)” BRI il 15 F2 A9 AR5 W T A HE
ORI T B[R] 23 R 25 S50 A R A1
ARG R A LS o TR R TR AT
AP T4 Fp e E b, i + 37 %
Ty IO 5 A T AR X ) 2 TR R
R A 3 A5 AT 7 (piggyback-the-winner) (]
BERL 4518 FHEIE , RN R AT
PR A BB AT, TR AT R AR A B R S
ZiE F A, w5 H A RE O AR Y 5
G, W REHRAE L, FEEA T AERKS
o BRI, e R AT Ao I D e R T A S o
5ia FAHEAMER.
3.2 T REPIHIKEFER

9 BE AR TE 0, M S A R RTIEEA
BLY) N0 rhoRE ik o, X e R E A LY
k. AL BE. BASEITER, Al Y
TEYIEFFIH, X — i BREFR A I 8 B A2 (viral
shunt)”!"1, Duan ZE70T%F 3 [ 49 P4 M < 290t
RN KA w5 A ) 3 b 15 2 AR S 5 78
FHEAER RIS TH5E, 45RFWHAERK
EH AL R agErh, R LR Qe D REPESE
KFEMRR . ROCEEIA . Wang FE7 N F [ 2L Jp
LA VLI SR8 3 N [a) 3l g A 0
PP TR AT % 01 20 BV AR S I AT T ESE
SRR - B A E S R R, 2
RS E A FTF TR (Enterobacter), FER T HHERIA
REJ1, MASE M A IR R B . Gao 2177
X E IR A E WAL A S e
B2 M AR DIRe AT TS, SRR
FEA TR BE 52 e B 1 oA M RE TR A5, kA,
WS E NS AE A EEN, JF2S
TRICE A

T R RERR I o R s 2 5o R A
BRAGZAAG IR L RS, 34 mT 3 o R i 4 B AR
1 3 K] (auxiliary metabolic genes, AMGs)Z: 5 7T
UG, BRI, JNEEHAS AT AMGs 7E /B
NSRRIk, H AMGs F=¥) EH dm e fg
YR MAC A R, XA W B ER AL 2R R PR 7 AR EL

P4 actamicro@im.ac.cn, 7% 010-64807516

ST Han RTINS0 7 7R B AR P &
FERWSTEAE AT T AROCHE S, 45 R R W] 1%
S B 1] G b 5 B QI AR SC B JE DR, DT X - 458
B RGBS AR . Bi FP R
A P A 3 1 5 B A A B oK Ak A
Wi P4 Bt (carbohydrate-active enzymes, CAZyme)
MFER, 25 R R IEEE RIS AMGs 1] [A] 42
SR HE LAY R TE AN, R 2 ik
TG
3.3 NSKEEEER

9o 2 A 19 7K S 3 [ 5 #% (horizontal gene
transfer, HGT) 24 ) Z ALV E IR B E1 2L
W7 R HGT 718 Il L P ikt
HGT TE4N B A SR h i B HEAEH], (40
R B DR 1Ak I35 1 AS TR A B R B8 £ 1E0)
WREERR T gihS S5ICRIEIAE M AMGs 4, iE
Al gt HAB D BB, IFA X LI 7E AN [
6 2 [ S, DT a8 A 8 AR5 T
B, IR, R IR b hi A
= P H A (antibiotic resistance genes, ARGs) i
FEAEFE, HINEETE ARGs R A4 E
FAEIT®. Ross 2700 75 it FH 4= 36 Fn A 9 11 44
JERH A A T 4 458 rh TR AR X ARG 154 & #5711
WAEAE AT THE5E, WFEEs Rt — kst 7
- I W TR A R B A 2R T 24 5 D] Y A A
It B W TR TE A B PE 5L DK 5 88 rh &
PEEEAER . Chen ZEPXT A HLAE B R 435 th ok
BEAE VR M SRR OGP R E R AT T
oY, 253 WA HLIE i jits B AT LA AR o 13 1
WAt , EMWE-MEAESNE, BT
A - HRUEFEE TR BN S/ ARGs 615,
S A RS RS . Zheng 25D TR
Ll — b S 2 4F B TAHILARZY
(organochlorine pesticides, OCPs)i5 4t fit) 1338 A
A, T LRSS Y ARGs 2 S TEFEAR
hE4E, LLARTE ARGs =55 OCPs 4%
REARAR DG SE N, 25 L RIS Joi5 e iy 3k
AL, FEREAR 2575 YL 1 L SRR AS s 25 4 5



NG S5 | AR, 2025, 65(7)

2779

()55 240 P A G A AR PR A A OGS AMGs S =F
BMZEE, JF HULA s A - 5 f k1T s
e L HER B R AL T — R . EAh,
2+ MEIR G A7 B T 4 R ARG e s Y, R
AT DL o 5 i 1 2 R K P 3 R #S H
T BT e A AR DA o A AR R
Huang 283 3 [ ik 4 iy Ayt My 2 4k 24875
Y 1) - HERE A v g B 2H e W TR A 5 4 T TR B A
HAERXRMAT TISE, 450 R TE Yek 2s
TN ERE N EE . SR AR,
I HY 7 R E G Y, WA E SR
P 35 R %) e o A B HL A AR R R, Sk
e vt 58 Hh s B A4 - 18 B A AR R AR T NE AR
FNILA A BRAl, ST SR IR T R A AR
R TS B o R O 4 B b & A I B
EH .
34 ZmEERGTIE

W TE AT 2R AN R T e R A, R
FICAR ARG EAMS, SR E B4
O AW I 2 Syl = = i e {0 A e
ARG sh & AR A E R RS, SEE £ A
AR SR R A AR o e R R R
SIHAETE A B A AR, SR
g . Wi, dbmisgmng £ A S e Rt
FRRO pbAh, A e R R A A AR A 55— Fb
Jr A& ST AMGs ik, X2 AMGs JE4EFE
P i ol 4 AR IR AR 1 G D B, O e A0
LA B 7R S5 T AR Y R T E
REPEDE B fihn, AR TS Y 3R R AR T
Y i) L IEVE MR TR XS 52, R IAERR = 55 5
R, T N P R T 2 R R
RN AMGs'®™ . Wang ZEPH| FH R
5 YK T AN SC G, LIS AT R fig SRR ]
A W R SRR B RS e SRR L, AR T R
BHG YL N IR L RUE DAL, 25 R,
FEAR T R f YERL AL B b, 5 5 110 S A 1 0 T
FRT A HYE, BRI AR THEY N E
Atk KAL G AR MR, TR AT A IR R

LA PR RE G 1 2 At A B A O I PR T
TEEEIFAM R AR ARE ST, M4 g £ %
Tl T T

HET, KREHEW5 LN 500 0ae £ %
e PR BRI IR AN ROGR A
Py BRI L A KT B DR 5 78 K5 T 1
TGS X ILITH(E 2), [HREREAE T IERR T
i A Z A AT AT R IR AR ST . B4
Ho TR R A S RS AR, A
Bl T2 0 00 R AR M S AN (LR T T

4 RHEH5RZ

BARIE AR LR R AR FARR T —ER
K&, (BB BAFIE N 56 580 7 AR
R IEMAR T A B . T YA I E
RIEaH, A5 TN AT A H R D
FILJrTE

(1) Y FTRF B0 BF 9T £ 24 % T DNA
JE, X RNA JREEM) T AT KRR
KO -5 RNA SR EEIIESE, LR BLHT Y RNA
R, U RNA R E A LR R ESD)
e, A BT M g e 8 2 ARk AR TS
DIREATIRA T -

(2) BT, 8 EE0E £ e b 1
s FE I 5 IR AR A D R MERSL . 7E A I B A R
FREGE . AR ERIOT R ECEE, K
1T A6 B 50 2 BT 7 T, AT B in v 1)
S EE UM A, RIS B N TR RE R AR (An %
PEEE | MARIAE) DL ST SE e TR AR R, 3K
A T o B L AT A B BN, SR iR A A
K.

(3) B B A 0 2 AT 5% 22 4 e /N Rl
— AR, XRRE BN RS
BUR B, I, AR BREFEN E A T KR ST T
i, MR R b O s A OG5, X T
o7~ 35805 B 19 2 (8] 43 A A% Ry S b B 43 S A=
BHUR E TR,

http://journals.im.ac.cn/actamicrocn



2780

SUN Yan et al. | Acta Microbiologica Sinica, 2025, 65(7)

Infection
Soil viruses =—— Host

lLysis

Cell lysis

Infection
Soil viruses —— Host
Kill-the-winner
Piggyback-the-winner l
Co-evolution
Constructing microbial
community

B2 mEAETRMEPHERESIIE

Soil viruses

o Infection Lysis  Nutrient
Soil viruses Host —>
release

Influence
——

Biogeochemical
cycling processes

Soil Encoding  Influence

AMGs . Biogeochemical

cycling processes

viruses

Horizontal

gene transfer
Soil viruses =—————————- Host

Figure 2 Main ecological functions of viruses in soil environment.

(4) 5] B _E %) - 38 2 B F 5 5 22 (A B A
BHES . FEAZHEME L, ZBOTTERER
TR S ERUEIBR AR . I, RK
WEFE N s 7 5 Mo d B HARSLR TS, 2t
— PRI N RE S 1 ERUEY R PRI O
A, XRAT RS EEARE R L
gL ARy T HAT S

(5) MHE T HABBEY N, LR TE AL
BoRBEoR, bW F 5 IR, it
TERA T Z MBI E . FET, MR AT
FEESE . B EFRMAME ML, i
T 38 e A A8 % B 6 O i R D . R
T 55 Bt X AN [+ 266 TR B0 T ) e T AR B 0, XF By
PSRN E | P e KA e
Wik R A i A Al B BT SCHRR

P4 actamicro@im.ac.cn, & 010-64807516

16 STk = ¥

e EIRSC e MHE SRS R
R R AR =, I SCE R gt T 2
EZA Mg UMt TR RS dig
SRR AL TG SO XSO R
R AR T, JEXHE USRI T

B A 25 ok RATFF A

VRS P AN AEAT AR T B8 23 52 R AS SCHI 4l
HITAERE AT s AR ER

Sk

[1] SUTTLE CA. Viruses in the sea[J]. Nature, 2005,
437(7057): 356-361.

[2] EDWARDS RA, ROHWER F. Viral metagenomics[J].
Nature Reviews Microbiology, 2005, 3(6): 504-510.

[3] PALERMO CN, FULTHORPE RR, SAATI R, SHORT
SM. Metagenomic analysis of virus diversity and relative



Ve

Par
23

WA=, 2025, 65(7)

2781

(10]

(1]

[12]

[15]

abundance in a eutrophic freshwater harbour[J]. Viruses,
2019, 11(9): 792.

RAMOS-BARBERO MD, MARTINEZ JM, ALMANSA
C, RODRIGUEZ N, VILLAMOR J, GOMARIZ M,
ESCUDERO C, RUBIN SD, ANTON J, MARTINEZ-
GARCIA M, AMILS R. Prokaryotic and viral community
structure in the singular chaotropic salt lake Salar de
Uyuni[J]. Environmental Microbiology, 2019, 21(6):
2029-2042.

BUTINA TV, BUKIN YS, KRASNOPEEV AS,
BELYKH OI, TUPIKIN AE, KABILOV MR, SAKIRKO
MYV, BELIKOV SI. Estimate of the diversity of viral and
bacterial assemblage in the coastal water of Lake
Baikal[J]. FEMS Microbiology Letters, 2019, 366(9):
fnz094.

X588, fRE, BhE, ok, skBd, H, t—, Tk,
BEIE, IR, AL, A 22, R, THAEAL, X4
A, XIS 6, WRARAA . Ll b 5 AR ok 1 R T A S R L
DNA Ji5 7% i Z REM: 5 I RE[D]. Bl2Aa i, 2023, 68(20):
2418-2433.

LIU YQ, JIAO NZ, ZHONG X, ZANG L, ZHANG R,
XIAO X, SHI Y, ZHANG ZH, TAO Y, BAI LP, GAO
BL, YANG YL, HUANG XY, JI MK, LIU JZ, LIU PF,
YAO TD. Diversity and function of mountain and polar
supraglacial DNA viruses[J]. Science Bulletin, 2023,
68(20): 2418-2433.

BERGH @, BORSHEIM KY, BRATBAK G, HELDAL
M. High abundance of viruses found in aquatic
environments[J]. Nature, 1989, 340(6233): 467-468.
BRUM JR, SULLIVAN MB. Rising to the challenge:
accelerated pace of discovery transforms marine
virology[J]. Nature Reviews Microbiology, 2015, 13(3):
147-159.

SUTTLE CA. Marine viruses: major players in the global
ecosystem[J]. Nature Reviews Microbiology, 2007,
5(10): 801-812.

WEINBAUER MG. Ecology of prokaryotic viruses[J].
FEMS Microbiology Reviews, 2004, 28(2): 127-181.
WOMMACK KE, COLWELL RR. Virioplankton:
viruses in aquatic ecosystems[J]. Microbiology and
Molecular Biology Reviews, 2000, 64(1): 69-114.
TRUBL G, SOLONENKO N, CHITTICK L,
SOLONENKO SA, RICH VI, SULLIVAN MB.
Optimization of viral resuspension methods for carbon-
rich soils along a permafrost thaw gradient[J]. PeerJ,
2016, 4: €1999.

WILLIAMSON KE, FUHRMANN JJ, WOMMACK KE,
RADOSEVICH M. Viruses in soil ecosystems: an
unknown quantity within an unexplored territory[J].
Annual Review of Virology, 2017, 4(1): 201-219.
KUZYAKOV Y, MASON-JONES K. Viruses in soil:
nano-scale undead drivers of microbial life,
biogeochemical turnover and ecosystem functions[J].
Soil Biology and Biochemistry, 2018, 127: 305-317.
PRATAMA AA, van ELSAS JD. The ‘neglected’ soil
virome: potential role and impact[J]. Trends in

[18] FIERER N,

Microbiology, 2018, 26(8): 649-662.

[16] EMERSON JB. Soil viruses: a new hope[J]. mSystems,

2019, 4(3): e00120-19.

[17] JANSSON JK, HOFMOCKEL KS. Soil microbiomes and

climate change[J]. Nature Reviews Microbiology, 2020,
18(1): 35-46.

JACKSON RB. The diversity and
biogeography  of soil  bacterial communities[J].
Proceedings of the National Academy of Sciences of the
United States of America, 2006, 103(3): 626-631.

[19] WILLIAMSON KE, RADOSEVICH M, WOMMACK

KE. Abundance and diversity of viruses in six Delaware
soils[J]. Applied and Environmental Microbiology, 2005,
71(6): 3119-3125.

[20] JANSSON JK, WU RN. Soil viral diversity, ecology and

climate change[J]. Nature Reviews Microbiology, 2023,
21(5): 296-311.

[21] RAOULT D, AUDIC S, ROBERT C, ABERGEL C,

RENESTO P, OGATA H, SCOLA BL, SUZAN M,
CLAVERIE JM. The 1.2-megabase genome sequence of
Mimivirus[J]. Science, 2004, 306(5700): 1344-1350.

[22] KIM KH, BAE JW. Amplification methods bias

metagenomic libraries of uncultured single-stranded and
double-stranded DNA  viruses[J]. Applied and
Environmental Microbiology, 2011, 77(21): 7663-7668.

[23] HAN LL, YU DT, ZHANG LM, SHEN JP, HE JZ.

Genetic and functional diversity of ubiquitous DNA
viruses in selected Chinese agricultural soils[J]. Scientific
Reports, 2017, 7: 45142.

[24] JIN' M, GUO X, ZHANG R, QU W, GAO BL, ZENG RY.

Diversities and potential biogeochemical impacts of
mangrove soil viruses[J]. Microbiome, 2019, 7(1): 58.

[25] TRUBL G, ROUX S, SOLONENKO N, LI YF,

BOLDUC B, RODRIGUEZ-RAMOS J, ELOE-
FADROSH EA, RICH VI, SULLIVAN MB. Towards
optimized viral metagenomes for double-stranded and
single-stranded DNA viruses from challenging soils[J].
Peer], 2019, 7: €7265.

[26] REAVY B, SWANSON MM, COCK PJA, DAWSON L,

FREITAG TE, SINGH BK, TORRANCE L,
MUSHEGIAN AR, TALIANSKY M. Distinct circular
single-stranded DNA viruses exist in different soil
types[J]. Applied and Environmental Microbiology, 2015,
81(12): 3934-3945.

[27] HAN LL, YU DT, BI L, DU S, SILVEIRA C, GUEMES

AGC, ZHANG LM, HE JZ, ROHWER F. Distribution of
soil viruses across China and their potential role in
phosphorous metabolism[J]. Environmental Microbiome,
2022, 17(1): 6.

[28] MALATHI VG, RENUKA DEVI P. ssDNA viruses: key

players in global virome[J]. Virusdisease, 2019, 30(1):
3-12.

[29] KRISHNAMURTHY SR, JANOWSKI AB, ZHAO GY,

BAROUCH D, WANG D. Hyperexpansion of RNA
bacteriophage diversity[J]. PLoS Biology, 2016, 14(3):
€1002409.

http://journals.im.ac.cn/actamicrocn



2782

SUN Yan et al. | Acta Microbiologica Sinica, 2025, 65(7)

[30] ALLEN LZ, MCCROW JP, ININBERGS K, DUPONT
CL, BADGER JH, HOFFMAN JM, EKMAN M, ALLEN
AE, BERGMAN B, VENTER JC. The Baltic Sea
virome: diversity and transcriptional activity of DNA and
RNA viruses[J]. mSystems, 2017, 2(1): e00125-16.

[31] DOLJA VV, KREUZE JF, VALKONEN JPT. Comparative
and functional genomics of closteroviruses[J]. Virus
Research, 2006, 117(1): 38-51.

[32] STARR EP, NUCCIO EE, PETT-RIDGE J, BANFIELD
JF, FIRESTONE MK. Metatranscriptomic reconstruction
reveals RNA viruses with the potential to shape carbon
cycling in soil[J]. Proceedings of the National Academy
of Sciences of the United States of America, 2019,
116(51): 25900-25908.

[33] WU RN, DAVISON MR, GAO YQ, NICORA CD,
McDERMOTT JE, BURNUM-JOHNSON KE,
HOFMOCKEL KS, JANSSON JK. Moisture modulates
soil reservoirs of active DNA and RNA viruses[J].
Communications Biology, 2021, 4(1): 992.

[34] HOU X, HE Y, FANG P, MEI SQ, XU Z, WU WC, TIAN
JH, ZHANG S, ZENG ZY, GOU QY, XIN GY, LE SJ,
XIA YY, ZHOU YL, HUI FM, PAN YF, EDEN JS,
YANG ZH, HAN C, SHU YL, et al. Using artificial
intelligence to document the hidden RNA virosphere[J].
Cell, 2024, 187(24): 6929-6942.¢16.

[35] SWANSON MM, FRASER G, DANIELL TJ,
TORRANCE L, GREGORY PJ, TALIANSKY M.
Viruses in soils: morphological diversity and abundance
in the rhizosphere[J]. Annals of Applied Biology, 2009,
155(1): 51-60.

[36] STEWARD GF, AZAM F. Analysis of marine viral
assemblages[M]//Microbial Biosystems: New Frontiers
Proceedings of the 8th International Symposium on
Microbial Ecology. Halifax: Atlantic Canada Society for
Microbial Ecology, 1999: 159-165.

[37] FILIPPINI M, MIDDELBOE M. Viral abundance and
genome size distribution in the sediment and water
column of marine and freshwater ecosystems[J]. FEMS
Microbiology Ecology, 2007, 60(3): 397-410.

[38] COMEAU AM, CHAN AM, SUTTLE CA. Genetic
richness of vibriophages isolated in a coastal
environment[J]. Environmental Microbiology, 2006, 8(7):
1164-1176.

[39] WINGET DM, WOMMACK KE. Randomly amplified
polymorphic DNA PCR as a tool for assessment of
marine viral richness[J]. Applied and Environmental
Microbiology, 2008, 74(9): 2612-2618.

[40] LT YT, SUN H, YANG WC, CHEN GX, XU H.
Dynamics of bacterial and viral communities in paddy
soil with irrigation and urea application[J]. Viruses, 2019,
11(4): 347.

[41] ROHWER F, EDWARDS R. The phage proteomic tree: a
genome-based taxonomy for phage[J]. Journal of
Bacteriology, 2002, 184(16): 4529-4535.

[42] 248, PV, XIRAR, Whik, EO6HE . ARy
T4 T R A 23 FE [N (9 ZAEPE D). Gl 9241, 2019,

>4 actamicro@im.ac.cn, 7 010-64807516

[43]

[44]

[45]

[46]

[47]

[48

—_

[49]

[50]

[51]

[52]

[53]

[54]

59(2): 364-373.

LI X, SUN Y, LIU JJ, YAO Q, WANG GH. T4-type
bacteriophage g23 genetic diversity in wetland sediments
in northeast China[J]. Acta Microbiologica Sinica, 2019,
59(2): 364-373 (in Chinese).

LI X, SUN Y, LIU JJ, YAO Q, WANG GH. Molecular
diversity of cyanopodoviruses in two coastal wetlands in
northeast China[J]. Current Microbiology, 2019, 76(7):
863-871.

LI X, SUNY, LIU JJ, YAO Q, WANG GH. Survey of the
bacteriophage phoH gene in wetland sediments in
northeast China[J]. Scientific Reports, 2019, 9(1): 911.
JING RY, LIU JJ, YU ZH, LIU XB, WANG GH.
Phylogenetic distribution of the capsid assembly protein
gene (g20) of cyanophages in paddy floodwaters in
northeast China[J]. PLoS One, 2014, 9(2): ¢88634.
WANG XZ, JING RY, LIU JJ, YU ZH, JIN J, LIU XB,
WANG XJ, WANG GH. Narrow distribution of
cyanophage psbA genes observed in two paddy waters of
northeast China by an incubation experiment[J].
Virologica Sinica, 2016, 31(2): 188-191.

FILEE J, TETART F, SUTTLE CA, KRISCH HM.
Marine T4-type bacteriophages, a ubiquitous component
of the dark matter of the biosphere[J]. Proceedings of the
National Academy of Sciences of the United States of
America, 2005, 102(35): 12471-12476.
ADRIAENSSENS EM, COWAN DA. Using signature
genes as tools to assess environmental viral ecology and
diversity[J]. Applied and Environmental Microbiology,
2014, 80(15): 4470-4480.

GOLDSMITH DB, CROSTI G, DWIVEDI B,
McDANIEL LD, VARSANI A, SUTTLE CA,
WEINBAUER MG, SANDAA RA, BREITBART M.
Development of phoH as a novel signature gene for
assessing marine phage diversity[J]. Applied and
Environmental Microbiology, 2011, 77(21): 7730-7739.
ZHONG Y, CHEN F, WILHELM SW, POORVIN L,
HODSON RE. Phylogenetic diversity of marine
cyanophage isolates and natural virus communities as
revealed by sequences of viral capsid assembly protein
gene g20[J]. Applied and Environmental Microbiology,
2002, 68(4): 1576-1584.

LINDELL D, JAFFE JD, JOHNSON ZI, CHURCH GM,
CHISHOLM SW. Photosynthesis genes in marine viruses
yield proteins during host infection[J]. Nature, 2005,
438(7064): 86-89.

MANN NH, COOK A, MILLARD A, BAILEY S,
CLOKIE M. Marine ecosystems: bacterial photosynthesis
genes in a virus[J]. Nature, 2003, 424(6950): 741.

LIU JJ, WANG GH, ZHENG CY, YUAN XH, JIN J, LIU
XB. Specific assemblages of major capsid genes (g23) of
T4-type bacteriophages isolated from upland black soils
in northeast China[J]. Soil Biology and Biochemistry,
2011, 43(9): 1980-1984.

WANG GH, YU ZH, LIU JJ, JIN J, LIU XB, KIMURA
M. Molecular analysis of the major capsid genes (g23) of



Ve

S

| AR, 2025, 65(7)

2783

[60]

[61]

[62]

[63]

[64]

T4-type bacteriophages in an upland black soil in
northeast China[J]. Biology and Fertility of Soils, 2011,
47(3): 273-282.

LI Y, LIU HY, PAN H, ZHU XY, LIU C, ZHANG QC,
LUO Y, DI HJ, XU JM. T4-type viruses: important
impacts on shaping bacterial community along a
chronosequence of 2 000-year old paddy soils[J]. Soil
Biology and Biochemistry, 2019, 128: 89-99.
HOLMFELDT K, SOLONENKO N, SHAH M,
CORRIER K, RIEMANN L, VERBERKMOES NC,
SULLIVAN MB. Twelve previously unknown phage
genera are ubiquitous in global oceans[J]. Proceedings of
the National Academy of Sciences of the United States of
America, 2013, 110(31): 12798-12803.

SULLIVAN MB. Viromes, not gene markers, for
studying double-stranded DNA virus communities[J].
Journal of Virology, 2015, 89(5): 2459-2461.
COUTINHO FH, SILVEIRA CB, GREGORACCI GB,
THOMPSON CC, EDWARDS RA, BRUSSAARD CPD,
DUTILH BE, THOMPSON FL. Marine viruses
discovered via metagenomics shed light on viral
strategies throughout the oceans[J]. Nature
Communications, 2017, 8: 15955.

BIL, YU DT, DU S, ZHANG LM, ZHANG LY, WU CF,
XIONG C, HAN LL, HE JZ. Diversity and potential
biogeochemical impacts of viruses in bulk and
rhizosphere soils[J]. Environmental Microbiology, 2021,
23(2): 588-599.

ZHAO XL, WANG S, WANG L, ZHU ZK, LIU YL,
WANG JK, CHEN JP, GE TD. Contrasting viral diversity
and potential biogeochemical impacts in paddy and
upland soils[J]. Applied Soil Ecology, 2024, 199: 105399.
HUANG X, ZHOU ZC, LIU HY, LI YQ, GE TD, TANG
XJ, HE'Y, MA B, XU JM, ANANTHARAMAN K, LT Y.
Soil nutrient conditions alter viral lifestyle strategy and
potential function in phosphorous and nitrogen
metabolisms[J]. Soil Biology and Biochemistry, 2024,
189: 109279.

BIL, HAN LL, DU S, YU DT, HE JZ, ZHANG LM, HU
HW. Cross-biome soil viruses as an important reservoir
of virulence genes[J]. Journal of Hazardous Materials,
2023, 442: 130111.

MA B, WANG YL, ZHAO KK, STIRLING E, LV XF,
YU YJ, HU LF, TANG C, WU CY, DONG BY, XUE R,
DAHLGREN RA, TAN XF, DAI HY, ZHU YG, CHU
HY, XU JM. Biogeographic patterns and drivers of soil
viromes[J]. Nature Ecology & Evolution, 2024, 8(4):
717-728.

GRAHAM EB, CAMARGO AP, WU RN, NECHES RY,
NOLAN M, PAEZ-ESPINO D, KYRPIDES NC,
JANSSON JK, McDERMOTT JE, HOFMOCKEL KS,
CONSORTIUM SV. A global atlas of soil viruses reveals
unexplored biodiversity and potential biogeochemical
impacts[J]. Nature Microbiology, 2024, 9(7): 1873-1883.

[65] ALBRIGHT MBN, GALLEGOS-GRAVES LV, FEESER

KL, MONTOYA K, EMERSON JB, SHAKYA M,

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

DUNBAR J. Experimental evidence for the impact of soil
viruses on carbon cycling during surface plant litter
decomposition[J]. ISME Communications, 2022, 2(1): 24.
MURRAY AG, JACKSON GA. Viral dynamics: a model
of the effects of size shape, motion and abundance of
single-celled planktonic organisms and other particles[J].
Marine Ecology Progress Series, 1992, 89: 103-116.

WU RN, DAVISON MR, NELSON WC, GRAHAM EB,
FANSLER SJ, FARRIS Y, BELL SL, GODINEZ I,
MCDERMOTT JE, HOFMOCKEL KS, JANSSON JK.
DNA viral diversity, abundance, and functional potential
vary across grassland soils with a range of historical
moisture regimes[J]. mBio, 2021, 12(6): €0259521.
HUANG D, YU PF, YE M, SCHWARZ C, JIANG X,
ALVAREZ PJJ. Enhanced mutualistic symbiosis between
soil phages and bacteria with elevated chromium-induced
environmental stress[J]. Microbiome, 2021, 9(1): 150.
KNOWLES B, SILVEIRA CB, BAILEY BA, BAROTT
K, CANTU VA, COBIAN-GUEMES AG, COUTINHO
FH, DINSDALE EA, FELTS B, FURBY KA, GEORGE
EE, GREEN KT, GREGORACCI GB, HAAS AF,
HAGGERTY JM, HESTER ER, HISAKAWA N, KELLY
LW, LIM YW, LITTLE M, et al. Lytic to temperate
switching of viral communities[J]. Nature, 2016,
531(7595): 466-470.

DUAN N, RADOSEVICH M, ZHUANG J, DeBRUYN
JM, STATON M, SCHAEFFER SM. Identification of
novel viruses and their microbial hosts from soils with
long-term nitrogen fertilization and cover cropping
management[J]. mSystems, 2022, 7(6): e0057122.

WANG YJ, LIU Y, WU YX, WU N, LIU WW, WANG
XF. Heterogeneity of soil bacterial and bacteriophage
communities in three rice agroecosystems and potential
impacts of bacteriophage on nutrient cycling[J].
Environmental Microbiome, 2022, 17(1): 17.

GAO SM, SCHIPPERS A, CHEN N, YUAN Y, ZHANG
MM, LI Q, LTIAO B, SHU WS, HUANG LN. Depth-
related variability in viral communities in highly
stratified sulfidic mine tailings[J]. Microbiome, 2020,
8(1): 89.

THOMPSON LR, ZENG QL, KELLY L, HUANG KH,
SINGER AU, STUBBE J, CHISHOLM SW. Phage
auxiliary metabolic genes and the redirection of
cyanobacterial host carbon metabolism[J]. Proceedings of
the National Academy of Sciences of the United States of
America, 2011, 108(39): E757-E764.

SHARON I, BATTCHIKOVA N, ARO EM, GIGLIONE
C, MEINNEL T, GLASER F, PINTER RY, BREITBART
M, ROHWER F, BEJA O. Comparative metagenomics of
microbial traits within oceanic viral communities[J]. The
ISME Journal, 2011, 5(7): 1178-1190.

[75] BI L, YU DT, HAN LL, DU S, YUAN CY, HE JZ, HU

[76]

HW. Unravelling the ecological complexity of soil
viromes: challenges and opportunities[J]. Science of the
Total Environment, 2022, 812: 152217.

SUN MM, YUAN SJ, XIA R, YE M, BALCAZAR JL.

http://journals.im.ac.cn/actamicrocn



2784

SUN Yan et al. | Acta Microbiologica Sinica, 2025, 65(7)

Underexplored viral auxiliary metabolic genes in soil:
diversity and eco-evolutionary significancel[J].
Environmental Microbiology, 2023, 25(4): 800-810.

[77] TRUBL G, JANG HB, ROUX S, EMERSON IJB,
SOLONENKO N, VIK DR, SOLDEN L,
ELLENBOGEN J, RUNYON AT, BOLDUC B,
WOODCROFT BJ, SALESKA SR, TYSON GW,
WRIGHTON KC, SULLIVAN MB, RICH VI. Soil
viruses are underexplored players in ecosystem carbon
processing[J]. mSystems, 2018, 3(5): e¢00076-18.

[78] SUBIRATS J, SANCHEZ-MELSIO A, BORREGO CM,
BALCAZAR JL, SIMONET P. Metagenomic analysis
reveals that bacteriophages are reservoirs of antibiotic
resistance genes[J]. International Journal of
Antimicrobial Agents, 2016, 48(2): 163-167.

[79] ROSS J, TOPP E. Abundance of antibiotic resistance
genes in bacteriophage following soil fertilization with
dairy manure or municipal biosolids, and evidence for
potential transduction[J]. Applied and Environmental
Microbiology, 2015, 81(22): 7905-7913.

[80] CHEN ML, AN XL, LIAO H, YANG K, SU JQ, ZHU
YG. Viral community and virus-associated antibiotic
resistance genes in soils amended with organic
fertilizers[J]. Environmental Science & Technology,

>4 actamicro@im.ac.cn, 7 010-64807516

2021, 55(20): 13881-13890.

[81] ZHENG XX, JAHN MT, SUN MM, FRIMAN VP,

BALCAZAR JL, WANG JF, SHI Y, GONG X, HU F,
ZHU YG. Organochlorine contamination enriches virus-
encoded metabolism and pesticide degradation associated
auxiliary genes in soil microbiomes[J]. The ISME
Journal, 2022, 16(5): 1397-1408.

[82] FEINER R, ARGOV T, RABINOVICH L, SIGAL N,

BOROVOK I, HERSKOVITS AA. A new perspective on
lysogeny: prophages as active regulatory switches of
bacteria[J]. Nature Reviews Microbiology, 2015, 13(10):
641-650.

[83] KIEFT K, ZHOU ZC, ANDERSON RE, BUCHAN A,

CAMPBELL BJ, HALLAM SJ, HESS M, SULLIVAN
MB, WALSH DA, ROUX S, ANANTHARAMAN K.
Ecology of inorganic sulfur auxiliary metabolism in
widespread bacteriophages[J]. Nature Communications,
2021, 12(1): 3503.

[84] WANG L, LIN D, XIAO KQ, MA LJ, FU YM, HUO YX,

LIU YJ, YE M, SUN MM, ZHU D, RILLIG MC, ZHU
YG. Soil viral-host interactions regulate microplastic-
dependent carbon storage[J]. Proceedings of the National
Academy of Sciences of the United States of America,
2024, 121(45): e2413245121.



