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Advances in the study of viral diversity and ecological functions in marine
hydrothermal ecosystem

DU Xin-Cheng" ?, CAO Qin-Yuan" %, XIAO Xiang" **, JIAN Hua-Hua'" ?

(1 State Key Laboratory of Microbial Metabolism, Institution of Deep Life and Resource Investigation, Joint
International Research Laboratory of Metabolic & Developmental Sciences (Ministry of Education), School of
Life Sciences and Biotechnology, Shanghai Jiao Tong University, Shanghai 200240, China; 2 Hainan Research

Institute, Shanghai Jiao Tong University, Sanya 572024, China)

Abstract: Marine hydrothermal ecosystems represent some of the most extreme environments on Earth, harboring diverse and
unique microbial and viral communities. Existing studies have demonstrated that hydrothermal viruses exhibit distinct
characteristics, including high abundance, vast diversity, and remarkable novelty. These viruses deeply participate in key
ecological processes, such as microbial community dynamics, biogeochemical cycling, and energy flow, through the "viral shunt”
effect and the carrying of auxiliary metabolic genes (AMGs). This review summarizes recent progress in the diversity,
community structure, virus-host interaction mechanisms, and ecological functions of hydrothermal viruses. It further discusses
key scientific questions and potential future directions, aiming to provide a comprehensive reference for advancing research
within the hydrothermal biosphere. Based on a systematic synthesis of representative studies, current research progress on
hydrothermal viruses is categorized into the following four core sections. First, significant spatial heterogeneity. The abundance
distribution and evolutionary trajectory of hydrothermal viruses are jointly driven by habitat types, geographic isolation, and host
community structures, resulting in unique ecological patterns. Second, extraordinary morphological and evolutionary diversity.
Metagenomic data indicate that the vast majority of hydrothermal viruses cannot be assigned to existing taxonomic frameworks;
among classifiable groups, Caudoviricetes represent the predominant double-stranded DNA (dsDNA) viral taxa in these
environments. Third, unique life-history strategies. The survival modes of hydrothermal viruses are shaped by their infection
mechanisms and life-history strategies (lytic or temperate). Whether hydrothermal viruses are predominantly virulent or
temperate remains a matter of debate and is yet to be conclusively determined. Fourth, multidimensional ecological functions.
Acting as "regulators” of the ecosystem, viruses maintain community stability through flexible switching between lytic and
lysogenic cycles. Furthermore, they facilitate horizontal gene transfer among hosts by carrying AMGs or integrating into host
genomes via lysogenic pathways, thereby promoting genetic exchange and functional innovation to help hosts adapt to extreme
hydrothermal conditions. Despite substantial progress, critical knowledge gaps remain. Systematic research on hydrothermal
RNA viruses is still in its infancy, leaving the full diversity of the virosphere partially unrevealed. Additionally, bottlenecks in
cultivation techniques have limited the successful isolation of hydrothermal viruses and their microbial hosts, constraining in-
depth analysis of their biological traits. Looking forward, breakthroughs in hydrothermal viral research will depend on the deep
integration of multidisciplinary approaches. By combining multi-omics technologies with biochemical experiments, researchers

can strengthen the functional validation of viral proteins and the resolution of virus-host interaction mechanisms. This will
enhance the accuracy of functional inference for unknown viral genes, ultimately leading to the systematic construction of viral
gene expression profiles and regulatory networks in hydrothermal ecosystems.
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PIFLLA S R BEMIAAR 2 75 218 5 VPRAE A
RS 11 PR IE AR 5 AR A AT BT AR T A A 2 it
P=E 5 fe2E R (&S AL R P BESE ) IS ) = i
FFPE,

Yoshida-Takashima2§ 28 i 58 2B , 76 w48 o
& (Okinawa Trough)Hatoma Knoll#G# X 1) [t & )
A BE (LA AR 1 S BEGS A RS A KA AR R |
AEYIE ) e E R S A A B A
KHKFR(r = 0.889,p < 0.001) ,{HVPRIE# AL T 1,
TR AR B AN SRR s LI ] N R 45 48 s 75
FEEFART R PR . 1% FFE o AR AE R I, I
B35 A B8 )8 BV 40 1 5 TR D AR B ABUOA AN TR] , H
R FE R, F BRI AN R A R A IX 22 (]
WAFTE W] W AR BERE IR 0 A 22 7 I, Z 2550
Py A X KA By 2 = B e TSI IX T T DL X 9
BFEERI ARBAMUE W E R ES RS
9o 1 B AR I = B A REAE 52 i 0 B 0 B TR A1
SRR o AN TR AR S v B 1Y B R 32 R A A
W1 25 5« A6 e iR i K R TR b, e dE A O
()R A R o A R B S ) £
Moo AR T, BR A R RSN, TN T
BB (Microviridae) W 3 B H B & B F BER) 12 41
i p25.26)

R EE A T B AT 5 2 1 s R 2 AR, AN [
% 11 0] B9 27 = B 22 57 . 3% . /£ Clam Bed . S&MAII
Salut =/MgE 1 27) G = 1 f i 5 A A T A 22
— MR TREIR TR EEREVR 4311 52 BN [
W% 1Ak 2 B A o BB AR 5 S5 R (R TR
Langwig4: 20 48 B R, 26 K 22 B0 2570 H P 4y
A b B MR , B9 B RE A AH BE 2 22 9 s 1 [R]
LT ARSI X T R REE R SR B LT AR
Bl Cheng5 !> &t , #8171 %95 75 I8 53 %
(viral clusters, VCs {XAFTE T H—M5 0, AN, A{EL
A B B T B S BA  [R] 1 40 A R, X S BE
TEOC T IR W VR 51 el KRR i A L
H R AR S MR Y 2 18— 320

FEOR B BRAC IR 5 B 0 b PR 2 LA A B -1
FH AR T ARBRE T A ) AR
S8, URIE PRI %) 4 P R RN BRGR BE 11 1) IR 43 A
BT S A R AR R PR T R A R
B, T 2E b M B3 R AE . HOR, B A K

TSP S 75 2 B DR 2 9 X 3R ], i 1 LA B
PE (virulent) Sy 32120260 T 20 150 B B
%) £ o Jo S A B 2 0 e RV L, ik itk — 2B R T
TRRERE ST, IR T PR B 70 M B AR
e AN, IR S 1 EZ AW AFTEE B H
VE 95 75 32 BB GL BREE T (Y OB D BRI A W 2
U Campylobacterotal | HlGammaproteobacteria
4125200 g F R A A T AR A (hn
i R VE ) B2 BRI B S AR I 4%, I
1ok A B B35 25 0 2H AR T AL, TE B PR - 1 32 -
R A R R AOC R . P, IR R 24
PERS Jmy A R HAR I 1 P 2 PR b 3R R 2 A 5 o
A 1E FER R EAEILFYEE R .

TR S M FAIR s B AV 53 A1 1Y BB LA
o SRIBRBRAESRGHIL, RIFERRAES RS
R AL AR 5 I K B e T S e O
% Yoshida-TakashimaZs[ 28! % B} , 7F Hatoma Knoll
PRI X 9 75 = B RNV PR BEBRIR I AR EL 5384 T
T, AR IR PR rh PR I A A XS BE AR VR B
BEEA 25 3RO . AL T R AR
BRGEPIX 2 AR BN, HIITE 24T s 5
(Taketomi island) 3= Mm% T P 7 =F B 29 42.6x10°
VLPs/mL(VPR=12.1),iBA& X }1.0x10°~1.4x10°
VLPs/mL(VPR=6~8) , M ¥ 5 #E/K H1.1x10° VLPs/
mL(VPR=4.28), iXLL45 R PR, B ifE PR X K
B M VPR TSI A IR . 7EhEse kg i
WE 1AL, VPREE A T-95 5HE, $875 ZUME e 2 MUAR
TE R PRI o] B8 A2 BN PN H , M AN PE (temperate )
S RELE LIS T P B B0 s, o
DU RS O it — 20 5 7 AT I AR
o BE oA AR . 7R b g Panarea 1 JE 7
V5 (Sulawesi ) SR 1A X, TR S UTLIE D) T 1Y)
W7 BRI R2.7x108~5.2x10% VLPs/g, VPR
HO0.8~12.7, HIKMRFRIEARL , i 26 TR i Y
VPRALAEAEMSE [ A5G, Bl 4 55 18 11 B 25 A48 n
i 0,
3 BERRAESREHINRESHG

A 1YL 45 FAT) s POBUR RE TR B 28 1
PR v B 2R, R 9 DB 25 1 0 7 A

AT ARG (Rudiviridae) ®' 320 2 4R 9% 5
(Lipothrixviridae) " ¥R 2 (J&YL Pyrococcus



418 G5

b $38%

M Thermococcusfiid) 323 HREWHE (5
Myoviridae \JiiSiphoviridaeF i Podoviridae , H i
ICTVE R X =AW EERR) P48 BRIE o 7
(Globuloviridae) ") JHARIE T (Guittaviridae) L)
&gﬁ/"ﬁﬁﬁ(ﬁﬂPleolipoviridae)%Bg]o i FEE
PITE SRR, PR R Z AR 2R ARt 1 I8
() EAF S A A, Hoh U R s i o o W I
Hb, BT R Z BN 18 AT Bk = DI RE Y 5L 50 55
WESERE. C T IhRe % iy A 3 ok 22 90 L A
P, X AT A5 O R TR R A0 35 7 25 DA G
BZE BT, O ISHRIE T IR A 5T 195
BRI B 5% BRI T2 E it R S5 8
FHESZREE (L) . 20034, GeslinZ5 #0147t
THEA NG TURY o B AR #EPAVL, B
HFGEIESNIL, 15 3 h Pyrococcusf@g i b1 o BlJE ,—
YA BB A AR gk & B, 41 an N DTRR A it K
B mBVWIEY GVELRH GVE2I RID6E!
Hoim 150 A 2E AT R (Bacillus : BVW 1) FllHiL 2
P )& ( Geobacillus: GVE1 .GVE2 .D6E) . MR
TR R R B 3 B TPV B2 (455 32 : Thermococcus
&) MPV1'¥) (15 3 . Marinitoga)@ ) UL L NrS-113%)

90

(16 & : Nitratiruptor)@ ) #t— 23 & T AR N
ZREE . IEAER , AR IR B B R SR IR RN B
WP %5 235 vB_Rhks P1'*) (45 3 : Rhodovulum
&) MCV1/2"%) (45 & : Marinitogal@ ) .PVI1P7) (15
¥ : Psychrobacillus)g ) L R SNW-114¢0 (45 3
Sulfurimonas)& ) . A, R H IR AVPV R £
TEERTEE R, 15 1 il Wi Archaeoglobus)@ . (HASTE
YR, 20254F SantiniZE Y7 B 1Y Pacmanvirus
lostcity & H MNP AE S R G 0 B 1 AW R,
HATE1£395.71 Kb HERI 4, 52— A FREG4
6 F M Acanthamoeba castellanii($1) .

T 258 3R T, PR B 2 AR PRI
825 B R FE " RRIE X 2 BIREAS T E K
TR TR L 20 25 2 (40T B 4 K B B
W IO I AR 7 RAIR R TE R 4 R,
FEIRTEMN (Caudoviricetes ) S R I o i 2
WUEEDNA (dsDNA ) HEJSAE 2220 0 F i, LA 2K
TRIRNAME R BEA N RBRENRCA — &
A HZHANAE TRIHB B . inFR2R , 1251
AT RIS AGE T RIS Th R R R AR

60

30

< /
Juan de Fuca Ridge ‘
T .
T 202
T ‘. Mid-Atlantic Ridge
2 0
£
© .
= .
20191 AV1 e
2025 lﬁ .
73 .
B G \
Tonga-kermadec Subduction System
-60 4

FEAV R AR TR A P AR T PRIRCRI AL

Sample Type
o deposit

o fuild

= mat

o plume

@ sediment

symbiosis
= water

- BRERE

- CiRERO
-~ v

\\

Southwest Indian Ridge

-180 -150 -120 -90 -60 -30

30 60 90 120 150 180

0
Longitude(®)

1 BFERARESRERESEERREFHRINBEMGE
SR SR PR S R GE P B Rz 5 1E DT TAREIABOR B 19 2 LA 04l , A R BB R TR A RE AR S 2, K7
RESH Gy , PSS EFR RS S0 S, 5 SCRX N 5 £ 15 Rl 5wk B s 230 A0 F T 009 3 20 T AR
X 5 HAIE 1 (B ok I FMARHYS Database 3.01°0).,
Figure 1 Geographic distribution of viral isolation, cultivation, and omics studies in marine hydrothermal
ecosystems

Black circles indicate viruses isolated from hydrothermal ecosystems. Squares represent reports of metagenomic and related omics
analyses of hydrothermal viruses, with different colors denoting different sample types. The numbers denote the publication years,
and the bracketed superscripts refer to the corresponding references. Red ellipses and diffuse scatter points mark the currently known
major marine hydrothermal fields and vent sites (data source: MARHYS Database 3.0[9]).
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Figure 2 Ecological functions of viruses in hydrothermal ecosystems

In hydrothermal ecosystems, viruses are widely distributed across diverse habitats, including hydrothermal plumes, seawater,
chimneys, sediments, microbial mats, rocks, and symbiotic systems. By infecting hydrothermal microbial communities, viruses
perform multiple ecological functions within the ecosystem. On one hand, they can carry auxiliary metabolic genes or integrate into
host genomes through lysogenic pathways, thereby facilitating horizontal gene transfer among hosts, promoting genetic exchange and
functional innovation, and helping microorganisms adapt to extreme conditions such as high temperature, high pressure, oligotrophy,
and anoxia. On the other hand, viruses regulate the balance between lytic and lysogenic cycles to maintain the structure and stability
of microbial communities. Furthermore, by modulating the biogeochemical cycling of key elements such as carbon, nitrogen, and
sulfur, viruses participate in the processes of material flow and energy transfer, acting as an essential ecological driver sustaining the
stability and evolution of hydrothermal ecosystems.
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