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Progress in the genetic resources of deep-sea viruses
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Abstract: The deep sea encompasses a wide range of ecosystems, including cold seeps,
hydrothermal vents, seamounts, and hadal trenches, whose extreme environmental conditions
support diverse and unique microbial communities. Among them, viruses, as one of the most
abundant biological entities on Earth, exhibit remarkable novelty in terms of genome composition,
functional proteins, and evolutionary lineages and play crucial roles in regulating microbial
community structure, driving biogeochemical cycles, and facilitating horizontal gene transfer. In
recent years, with the rapid development of deep-sea sampling technologies, high-throughput
sequencing, multi-omics approaches, and artificial intelligence-based analyses, a vast number of
uncultivated deep-sea viral genomes have been identified, revealing a substantial reservoir of viral
“dark matter” and significantly expanding our understanding of viral diversity, ecological
functions, and adaptive strategies in deep-sea environments. Accumulating evidence indicates that
deep-sea viruses participate in ecological processes through diverse infection strategies, including
lytic, lysogenic, and chronic infections. During long-term adaptation to extreme environments and
virus-host coevolution, deep-sea viruses have accumulated a rich repertoire of unique genetic
resources, including virus-encoded functional genes and enzymes with significant potential for
biotechnological applications. This review systematically summarizes recent advances in the
abundance, distribution, diversity, ecological functions, and genetic resource exploration of deep-
sea viruses. Furthermore, this paper discusses the main challenges and future perspectives in this
field, with the aim of providing a theoretical framework for a deeper understanding of deep-sea
microbial ecological processes and the sustainable utilization of deep-sea genetic resources.
Keywords: deep-sea virus; genetic resource; ecological process; nucleic acid metabolism-related
enzyme; application potential
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AL T H AR EOREL . RIS 7 1 i SR R
REMNAYY), (EFEBR ALY M DOM %
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—#4> DOM J& F 1] F| 4 DOM (labile DOM),
ALk R SR AR ) SR W R R T, 4R
T HARYCR . SUCFER, U R
T EERARE R WA R E N, R T ERY
B F AL, 3X i B PR R e BE 43 UL (viral
shunty"Pls 55—, R KA T AR
(viral shuttle)""™, fifi £ H 24 7= A 19 &) — 4345
W% et m KRG, g
= 24 A e T A4 i TR A3 A TR K K AT 2 1R
SRR, X SR 1915 T DOM (recalcitrant
DOM) A] KINTE BRI FREE hifs 8, (b iE A Pl
W E BRI, FERSOR A Wi 58 B K I et A7 3L
R R EEEERTSL Hk, R, &K
A LB A BRATR IG5 1Y
S X T A AL 0 I 20 5 K ) 77 R e
TEZEFATTERR, BeAh, e B A Bt he
Z 5 EFRYRAIEA . B RN, KDL
B 298 25% MRS 01 35 40 i b By
95 BE 23 TE MU AP I SR T B s o i, i
Yrift—A I B DOM, A T g 558 A1 Y. 2
WA GEw = TR IR AR S SR B A, (A
B B AR T v ) TR0
22 REBEFRAESERRE

RIS B8 BAA — e m s Rk, H
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A G FHEA, BEE T F RS 6
PASE R $5 T iE A 3 s K 5™, Lok
Uh, IR R A BRI A RS A J2 4
i G AR IE BRI B (provirus); 18 PRI GLJE9E
e BE LA 2RO SRR g B A g, MRS ED
P AE T 31X 2 PRI B RE NS WK T
TN, FERFIEESGEBUE 5 T A SR
JEI, ORI [ B AT R R,
WIEERRE TR Ve A T B R, 4
BRE D 40% B JEUR SR P B DR b S A T
RPN BN, Yu SEPVR R R A e
VT LU AR ) T 3 i A A, AR = B2 2
BEREE Y 34%. Wang RPN G i A FLES
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A SO RS 1A i PR PO 2 7T BB T st A%
SR (A

B BN 15 LD ZH AT B ] BE S TE RS
SO LT e R e O BUIRZS I BE T, DA 7K
ABBAETIOK, AfE ERY iR LI iR s AL Y ot
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CRISPR-Cas) & 4t 1 R il - & i 2 4t (restriction-
modification system, R-M system)%:, LLFR il 7
DNA ARIFHERFFRE A5 e
24 HMENSHEIINEELE: HR
FHEE

TR T B BE IS5 11 R D) RE Y i DA LA 45
i EROACHE R . o BE R I T A0 M R
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200 0 %) o R AR AR 5 5 A IR SO, AR e 1
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. AVGs 216 T A A H1ES 545 I i ek
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B IR EE D H) AMGs £ 8 Bk [ e . B4R
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Ecological functions and genetic resource formation of deep-sea viruses. Created with BioRender.
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End-to-end workflow with key bottlenecks and constraints
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Figure 2 Workflow for mining and application of genetic resources from deep-sea viruses. Created with
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H ORI SNI2 Ja B G i OBk 12 i H] TR A
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FE AT v He L TR AR i A 4 AR B T B AR T
VETERCUR . Elsaied S AR 11995 25 07 2k
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JE 08 DNA B OCHERE . B i i) iz i 2
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e [ V8 Ay [ 52 el AR IR 1) W A TR ——— K A A A
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Ui S o FERET AR SZ B L fE A4S 1Y 2R
Berbr, HEMTRIER N T4 H B RIROE
S HET TR DNA 55 i 45 52 ) AH DG S R 124
I e I ] g 5 1) [ AT AR S A T AR Y A N AR
fE, BB ARRMESR, fEEE. &R
HAEZM IR EA mRENE . M EEER,
Zheng 25O TUR Y o R BT 9 B G A 1)
DNA AR AR Y . Huang 2 IRV
PRI BE NrS-1 h & Bl — APt Rr i 3 H DNA
& Wl A 5| Y)W T e A i, 1% g RE 98 (R
dNTPs M3k & K4 DNAM, H HAG 1hFR 1
R EALE, #HE T E- BT
fiff (archaeo eukaryotic primase, AEP) i# &K J& )
Primase-Polymerase (Prim-Pol) %% ik, H: v 3
53 Prim-Pol it fig 8 & ¥ 6 &% 5% [ (reverse
transcriptase) (1 7% PE' 2, Rambo ZE1'22V ¢ Y 7 J%
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Iy e il el A5 DRV 9 T A = Ui . R A ) RE S B
DNA i 05 iR s 258 AT RE#EAT2F A F A9 5L
HEHGBE . WG TIEE, X
URIEH% 75 DNA R4 B EAT I8 WA o PR S . 2
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WIS BUAEY) 22 R R R G T H
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splinted DNA #84&H HJEA A, DAITTAE 20 MK
X mRNA #4755 R G, 5a oo &8,
AT IR K 3 B 1 — Bk A% BT DNA B 3 CroV
G HCHST NAD i DNA ligase M 25 DNA &5
fitg, AR5 53 Bt dnb 7 ok 4 5 DR 7R SRR e 1 2 0
) Y, IR BR e IA . kT, HATE
XF G 7 DNA 3 452 i (1 F 5841+ 0 A FR .
Hwang %5105 B0 SR 2k P 3R R AF 9T 6
PR TR Z R A OGN, 40 DNA R&
it . DNA NG o 4T R 25 1F T
R B T BB i #5717 5 ik PR 4 5 o A S A
KR TIREEEA, A B T 4rhpis 8 2 P 4 e 3 1k
NERTIAEE S DNA $ih, A it — D248 A
RAE, i S 52 R R S A 0B B i 43 TR,
SEAERTEL
34 FREMAERAYIEE

RIS il P 4% 12 PN U] B (restriction enzyme) f2& H
A DNA f s R N UImgE,  REGSIRUNITDIH
FEE R E RPN, 2 A RS- R g n %
B RS o W R RE I AL A B g A IR A 4
Y g A AH B 1 2 % 72 [ (methyltransferases,
MTases), FFE&GL it 2 b S0 HLXT 16 35 DNA [ FE
fift O B LA PR 0 FE TR IR BT R
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Zhang 251V BRI PR G A RE T GVE2 it
() HNH RUZ 1R P9 YD BEAE =5 i T A Be O = e R
EPE, HIZEEES Mn* 5% Zn™ 455 5 R H A
7] i) DNA YIHEIB, #0028 T 36 1o 4 ARt
PR B F8 G A2 AL e 3 N TR ek . e R A
SR . HET, BRI EE R AR R N 1)
il I, BAEAR IR R, XA B
SR R RS R AR A T B DNA TR
B T H
3.5 HEERER

I3 B 00 5% S RE 05 LA RNA AR & il B
4b DNA (complementary DNA, ¢cDNA), 5%
FE M 2R B 5% Sk JT 1 &R 48 (diversity-generating
retroelement system, DGR) T} [6] 4 FH . 9 25 100 4%
ST Tl A3 O R S 90 2R AR ML P 5 | AR 454
W EEE A 2, A B TR EE 2 e
TIPSR Bk BT T, R eI, R IA B
HR A 485 A 300 2 S A 6 35 TR ) s 1 AR
Peng 25 UOVZE YU ¥4 SR UL Hh Kk B 75 HE A
Z P i Sk A G OT A, 045 DGRs. retrons
DA K UG26 F1 UG28 Z&¢, e N8 5k
PROH AT AR S RN T 38 N g ) B LR —
Kolundzija 25858 1o 72 % 5% 21 4 R 25 41 4 XF
KAEABRG ) RNA SRR T T 081, KB
BB 43 B RNA s B 45 7 100 5% 5% 2k A (RTase
genes). SRIMT,  H AR URTERI B 00 % Sl AF 5
AP Ak T A= A S8 2 T (R w2 B B o TR 7
T I ST Tt ) T 1 R FH U T v AR A B 7 4y
298 BEE TR RNA 5 198 3 iR
AT RIS 5 SR Ay 28 I IF 258 T i 20
SRR ST R A S il T
3.6 #ZERIZIHES

o B 1 4% I 1 1T il 2 — 283 3 b 2 B A%
MR ok PR B B L AL DR A T, 7F 0 A ek
ORI DS S TR sk SN il S R L A (B
H, EFEH LN . HESLALRE (glycosylase) Fl
Z B AL (demethylase) 4% .
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JpieE DNA HIEEFEF2 R (DNA methyltransferase,
DNMT) & 5 g i 1) — 2 G D ge R 1y, 222
0T H B LR 2] DNA [ H SEA 8 1 R skt 50 1%
BEL 1 P DR R RN VTR, S BX 1 = 7 1 R
Se Rkt R REPL B AE 2R 4 Y T B4 A
53 o DNMT &l f7 7 TR s BE R 2 v,
A0 A0 S R R I D RR R N . MR R
B], DNMT ] REAAN 58 1 7 X i fid 3205 1)
FAW A LA, BT RERFFIH T A B3
AR 0, DLRGE I 5 224 2 Rl Z 8] /Y
RN, geah, HEARRDKZ SR FRRR >
IR B9 B 7E DNA H AL g AL A7 76 B
2= S, HE O B nY B AR B A7 B Z Y
PERER 1, H 5 HAs A& R ik A A7 S g BB AH
SO R, BRI TR IR DNMT Al BEEA
B TR B U AR AL R E . EAE R, Peng
GOV S R T 4 S5 ) 72 B TR A 43T B 257 T
5 9% MTases. Fifi 5 IR BE DL I RF 2
PEAR B8 /R, 3038 F IR AL RS AN (S Ry PR
TR W -0 B P IR) E AR BB AL TR AR,
S A 4 T ELAR A TR

HBT, G T TR s 7 0 5 A4 A% 1R 118 1 A G
B A A A AT R, FERIE RS A S, H
FEEDEAYE R AW Z T, = RS
W Bz, DA R R R 0 A R A A O
I EEARAN TS T B dEs A% 5 IR A Dy fig
o R i e R R A T S PR T AR BT Bl 2 1Y)
fEEe o AR AL T IR,

4 RiERBE-EER/FEENSE
w1

BT LR A A £ e
Sb. VRUBHTRES A H1 T — I ELATH
T . SRR, VRIS 0
P TR (1) VRIS o 5 Ak

PREEAE B A IR S, R AR S A R
PEAC A I R AL T R T 22 R T B A R
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SIS (1 IR =15 5 A N i S R S v e =g
B R ML AN 215 A5, DT A 38 ST 245
UK s (2) TERSmIRES FfE EAYIERIERE SR,
RN B R T B S5 M R S B RE N
Bl anm %/ . Wy . RS, Hit, fEEAE
oAz R ok B i £ 5 i 24 (multidrug-
resistant, MDR)4H B %175 . 1550 Ht i o m& ifi 1l Pk
A% G A 5 U, SO R TR B Y 3 A %
VAL TR 25 BRORS HER IG . TR B AR A 8T LA
K 250 T Bt i 7000 2 2y T HL A
I VT
4.1 FREMBEHRZ

FER I -1 £V Rk AR, R
AL H 22 Fh i By 4 5L [H] (anti-defense genes) L 2
W ER k. R, 2=/ 20% B9
BRIENA P EE 1| AU ERPBiEEEN, 7
20 w5 2 A A 2 PP BB AL N, R
AR NI I 1 A ZE B RIS Har, Xt
BLBHREHL R A 42 58 A0 53 2 TR 2RI T
Kip¥eds IR R Z U1 S URI R BT
Bi AL PR T BE A T JEAith

HHT, XTI P R S o &
TAE TP T RA S B R R ] i T £
s FRERG MBI HIER, AR K
() 7 20 gt # g g e, Hodh, Bt Cas. BT
R-M. #i Thoeris FI#i Gabija J&[H - 77176, i
£ % RecBCD %5 DNA &= A GBI R G 0) 3%
P BFE A AE DR Rk & B, gt
40 ¥ SR 95 B of VR B4 Bt B AR 56 PR B 3 0 R
BESCHG, T 5 iE L RE 9% 47 2045 B Thoeris |
Gabija fil CBASS R &), 18 Ui 34 55 (1) 98 i
T, SREEDTBE M ZR 40 0T fig EL A TR A i 2
MIEE. B2, W EER &S 1E e S
P A8 T A SRR B A A
LGRS B B B A R R RETT & R o AR T
L KB R BT TR M, DT I B R TR BT
e Ak K Tt i B2 B B 3 22 7 T 2435 I 11 25 1 %
il;g"::',f/lz)gﬁ[l47-l48]o

42 TRESELE

Ji B 74 B8 il (viral endolysins) e W B 14 24 fif
RGN A R 53, AT ARR S 7K e 4 TR 41
BERR IR BT, 1 P ) SR, 5 7 7 TR it
W 5 2 £L K (holin) A1 5 Il £ H (spanin) 55 i Bl &
FEMRWERT, I8 LI 2 fih 4 i B, 53K
o EAMMININES & AT, B 251 A 40 A i
40300 AR R AR it F A R VS B O T
ot B AR PRI AT AR AR A A 2R fige 2 TR A
REMSH D HAG, WA E B R A AT
itk £ 22— Efegihi it R aig Rk
JT ¥ (phage therapy)# Lt , 5 5714 12 i i B L ik
FROTH . A TR R AT PR ST () 4 i BE 2544
AN gy o251 s RIS A R
AT R & SoRE o bk, A B TR IE W R
PIREARI B TR AR RS KR RSN
NSRRI, R T A A S = IR P
P S BRI DL S L A s, HoaE e TR
MOGE, WCRE TR S PR R ST AR, A
FHVA TGS holin SFAY HHR A HGSE, 7] b 25150
HAG RSP HEAD, W58 E IO IR IRTR
J7 . B ORI RN E A A S
7 R R R A (S

TE R B A% i 25 A4 K s L K 5 1 32 A 30
HAET, VR RE T e B AT 8 HE 4k b e 1 45
FARN T BRARAE , S22 BT 2000 5 1 TR T 1) R 2R
PR o SR, BT R IR I 58 105 7 1 TR g 1 BT
FAPRAIR, HATKZEH S FLOCEN
HKfpih . AR K ARSI K b
THEEFERZ KA R R TR
5 B VS R B A BT I ST gk i . Liu Sl I 454
R ETF B, MBI 250 555 4 50 Ps
LR R SR S T, R A R A R
S E AR E S N 2R S B
AR SIS 56 1% 56 UE T EE A TR I Y 2 R
B3V R A L 2 B T XS R AR
THE R HEE HEWL [A4= TAEY) TR (R ) Bedn A BR
oA, 2R PR BE T TR T A D TR D
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AN, EAESR B X BE VA I RN 2
PhaLP 2.0"!fi1 PDVLPD!, LUK A T4 IR
% AF i DeepLysin!'® . DeepMineLys!'®! Fl
SUBLYME" "4 (1) 1 30 Ay 1o 40042 418 VR 183 0 2 V4
PP T SRR
43 TREHRER

i B i B [ (depolymerase, DPs) J2& I
T g 8 1) — 2Bl , BB W8 AR 5 1R R AR A0 A
S JE £ Bl (capsular polysaccharide, CPS) . JIg
% W% (lipopolysaccharides) ©% Hf ~F £ FE
(exopolysaccharides, EPS), il i 7E /YL F 1 & #4
RHEPER, 5 B EE A Sist e W e A e &
AU, F T A W ARG R R A EPS IR
DPs 7 IR A= R ) 55 3500 71 i A2 14 T 5 A
KIREH . CAHMITEY, DPs FEEWBE 2R
s GG I N W ), ARy Rk
W . BEIRARTRAE IR . VRS RI S s AE R
PR AENOT R AT AR A S F A R
BT % 8 BT JC SCHRR T BRI B R TR
() DPs. 72N A MU TR~ s s, IR
W BERE TR AR FE R . RIERFS, H
VR TERY DPs KA RF A48 . Mo, ALY
i B % T HmT H 7 3 5008 76 00 ff SR, o
DePolymerase Predictor (DePP) ' ¥ PhageDPO
UL R, ROk B TR R
HAZIEHTAL DPs, H TR BURH S 30012 P&
gu, DLRCEBREEST A Ek Tl 3 45 i AE )
TEgelol
4.4 EEATERIIEEERASE

MW T AR 7 2 2 — 0 R Y e T 4 388 1) % B
EH P PLR RS . BT, O Kbt oenmg
PRATT VL ) SERE AL 5 52 B AT T 4R 1T,
BT BN TR R BT i T
AR 78y 7 %= A e 1 |- Ry |1 V)
AU W R A IR R LA TE T R
M B TR X RS, W T AR AT g I
SLREREE AR IR, X R RE ARG W Y L B )
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BN, HORE A I o s i BT ) 1 A T AR 4
it 2 i TR T K, TR 1 B Ul ARV B
BRI AR IR R AR S e KBk, H
W, SHrA R, 40T X W A AR AT
it 32 ) S B AN, PR A MR TR AR R 6% 5 A AR
1k, AT kg AR R A IV AE 3 1Y SR B AR AL
HUOT BRAh, WEREARE BRI AL,
A5 T HR A T T 245 490 R P I A PR L B
0%, R R AR — AR O B AR R
o BT, W T SRR RIS SRR A Y PR
TR A= 35 vh I e W TR A7 ¥k R A 5405 A e 4
#F, ABZGUER B T AR R . T R
PRAILHIT SR S s IR, RV RE T
RER T A& b TR R i e 5, il an b It
R PR g TR AR R TR AR X S8 T ¥ 7 (phage
cocktail therapy), FH FHFHEMIEEE | L
7K FRBE A7 5 B v 20

Bifi %5 A B A W 2 TN 3 TR 4 B e R i iR 2
MWk DA AR -0 A 28 DA B ) ;A0 ) T R I R 4 55
[F] foff FH 2 Wt TR AR I Rk I B R R R 2
IS 5, — S S ] TR
V0 5 PO A [ A, ) i e P TR R R
o W TR A BT 45 P e A RO SR L #E O R
LR 4, TR AR HE . HAREL
975 TR N 24 P 3 o A 2 A AU o IBAh, o il R
PR S DR 2 v i 44 3 R R S BT B A S
P i W TR AR IR RE 7, B0 m R B0 A B
S BE R AR, X R CARAZ O BRI Y AR AR B R R
AN 2306 B AR A B AR S e . ik ST R
A RGN T A 2 R TR, M %
A T R U TR DA AR A PSR GE e, i —
AR BE B B G H AR U7

ZE LR, BRI TR AT A . W AT
P A MR I T AL, FEE R
O PR S L I 24 JXURS: 0 U 2 PR A5
T, A RHT IR . e R AR M A AR
PUAEFI SR T EEREPT, R, HarkE
B s P e e = e, HARSEBR i,



SREME A5 | TR, 2026, 66(6)

2687

o NS R I RIG T L i 27 e A A
P R PR 20, TR 2 H0™ sk
T ENITE B, A EE FEA I R AR
BHRDI AL, T LUHE D e 28 1) 28 T e (AN AR
T 7 R, i A A R D0 LA R AL
HE B AR 2 R OG

5 RE5R%E

FURTABTFE sE o0 2, DRI 75 BAT 1
(0 B ARG 2R, Sl e R A
259 BRI SRR . (22K NS
FERIEAL, (EYERFIRIEAE S R YR E T K
BT AREACHIPE I o AR R BOR (Y i 4 i
R T IR RE DT SRR, IR T A
IR B 2R . AR SRR Mg A% e IR 0
WL BHAORE, TR B i 1% 5T IR 70 g
PREE L 7 ST - 2RI I R AL A L )
PRI IR o X 8 3 1% BT U5 W HAT 25 F
AL DIREZ R R BRI 5 S L, T Y
TR ARV AR IE SN I kiR
(S <0k (7w v/ = O S ) = R N R R
PERUBLEIT R, ok A DRI A 7 2 B3l R 2
B, (HAZAT ST G AT T e 1 2 Pk . —TF
I, K2 BRI 7 S D RE L T3 45 B AE )Y
ST R T, k= ZR G 7 B B 7 ISR AL 5
T35, 25 R A BRANE BT Ik 1 AN
SETE, 2 T XGRS I R TRA ST .

JEELARK, DRI RE A% TR e B A
LA JLAST7 S 2800

(1) MR A SR S0 % . AE DRI 3RS
AT 2 UL AR PR R P SR SR A W e
HORE, SIS I AR SRR, A B TR
1R T 9 23 B RO LB SR AT  BE -5 i 0 R
REEAE N

(2) MR RIG A AR S AU A R o DAL L PR
g A 358 AR E A W £ R, BE
7 BRI R R AR A RN TR, (R

i« AR B R #h SR T TR H AR BRI 0 254 T
B, Heshiese-1d R R GRS STRAT
gL, AT AN A T S e B T AR
Ll o

(3) AL Z 4l . B TR P S A R
W3, FFEAIRE N TE R, S KA
A RUBE 5 SUER IR 35 (9 S A A AL, 2k —
B FEGRER RIS TR

(4) BRI . N TR REMZE 4 )
PR, RGUIZEIETRIE B R Y 2 R
HHE BT, I i S50 50 U A S R I AR
WAk, SEBLie- B uE-Fe AL B AT 35

(5) e DRI B IR T A9 A B ML AR
Fo WS RIRE IR A L2 MLk,
B SE ARSI AL RS BIAE S, IR A LR
T LE R AT, IR B B IR A AR L
FHT, AERORBIET . DIRESR UL XUBS PAl 2 18]
TREFF o

Bt

TR IR, R B TR s i e,
2 0 B 28 Dy 2% Bk 7R R B o BF 5T L (GEOMAR
Helmbholtz Centre for Ocean Research Kiel, GEOMAR)
SRSCI, AR BEIRES AR =PRI B . BRE A
EEYe, VAL R IR 2 R e AR SO B i A
e g cia e

& STk = FR

SRGEARE . WETH A, BdEER AL, 1B
SCERE RN XL IESURG AN, S 5130
g SRR RSB, Z500he HE: B
Bhz P, RSB FPYE. MRS, 1B
LMEY, RAHES.

{E& M AR AT AR

VR P AEAT AN Al BE 22 B A AS SR A 3% T4
M E R ZHE M 2 AR R
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