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WA R AR YO SRR R T, PR I B 7 H:
H TR Kbz ms ! 20122 SOAEF A LUK, B
S I H I R MO R A I A S e R
KRAEPEREOR, o B 142.5x10/mL™Y,) X —4 5
PR HB 2R AR T AT o 3 3 B A A AR, I
5, IRFEAEIG R A R G RIE Y ER AL 2 G A TR VR
FHBR S R w0 YRR IER>1000 m)
SRR R A R A (T BRI T ALY 65%),
HHERE R B BRSSP m A&,
TE BRI A ) 77 A AR W R AL 2= O 2 e 2 v 40 i
TEERMAON M YE BRSO TE, ST
FTA AR W i 1 55% . B, AR
FZ10 e P YA A W R Sk 160 Pg, A4 T HbEk
A AR I30%~45% "2, PR IR S HbER (4 T
FIRE AR i d s R AR, FRIR A A AP IR i
W TR YRR B RIE R, R T S SR AL
il I 304X RV PREE s 5 (F B AW TR A Y BIFSE

s T HM R MR, BT E R R
W 3 RV 200 BRI T P A i 3, AT PR T AR S R
BBy im e NP R 136 BB AR . AR SO 7
HARABE T BEREHEAT T 2508, W10 IR T HASAE R AR
ASFIRE, FEXFARARAIFTFETT [ T T

1 DRI AR R AR
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o A T I R S B e I A SR, TER K
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2 TR K (FE 5015000 muK IRAR A 2343 3 A
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JK P R R 450 2.4 % 10°F10.6x10° VLP/mL.
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R, FJ2(0~200 m). F1JZE(200~1000 m)FIEZE KA
(1000~4000 m) H 5 75 F B 2351 4 (6.07+0.69)x 10°,
(1.08+0.15)x10°F1(0.53+0.10)x10° VLP/mL. 20154,
Nunoura A% T FEAE 244365 v Pk 25 T UK 42 K R385
IKEESR AT 2R, 2000 mUL R V7K s 7 =F B AR T
FasE, R4R7E(2.2~3.6)x10° VLP/mLIGIEE N, Ak
BRI B9 B 5 35 TR K. Da-
novaroflSerresi' K F AR b R TR oG 7
FREAE(1~2)x10° VLP/mLZIA], FLURIEEA T35
4%, 20084F, Danovaro®s A" TEXS AR TERE . B
SEFETE NN 23200 B R Z TR o & B, SF-3
W 80.96x10° VLP/g, S5UTHFIT Y hp g 42 5
FH2S. 2E T OK RTINS T, /N IR A 32 2 TR
(7K 9760 m) 5 - H(5.8~6.6)x10" VLP/cm’,
B R IR IS5 26 2 (UK R 10325 m) BB o 83
J 92.4%10°~5.3%10” VLP/cm’"”'. Ortmann#1Suttle™ %}

1000

R fecnm, 13x10%
A, 6.9x10%Q
D BTARY, 3.5%10%g

jﬁ 1 mbsf, TiRY, 5.7x10%cm?®

B
oy i BIRE, 6.2x107/mL
ﬁ BR%, 2.0x10"/mL
ez
6000 i 124 mbsf, SR, 1.1x10%cm®
REBEYB
~11000

L BRI, 9.6x10%g

) 268 mbsf, TR, 2.2x107/cm’ -

i 359 mbsf, 3EEEE, 5.4x10%/mL
528 mbsf, FEFSEFE, 1.2x10%mL

Endeavour# G [X 3/ 16 BRI 1 i 7, fi 8 T TS
4 1.5%10°~9.9x 10" VLP/mL, Frft (14 & s 2 2 B
(2.0x107 VLP/mL)& &5 F AR K (1.1x107 VLP/mL), A
AR T X D7 A9 B A A B B R (3R
4.5%10"F16.2x10" VLP/mL). JtHE 7 TR 1135
Vi, TR N3.9x10° VLP/mL, 15 FHEK ik
I (3.4x10° VLP/mLYMI4PY. H Fip{UA — 1006 T3
IR T R RIRIE: Kellogg ™ X PG B 4 SR IX.
(40T 2 T, 6 R 8 A 0 B R TR A R (1.3%10°
VLP/g) B IR IX (6.9x10° VLP/g)FIUiF#I(3.5%10°
VLP/g)H = I . AERIG TR 2 T TR A=)
B, [RIRE A o R R R A A, LA AE3760 mok
TRIGIEIE LI T 320 mik, JaEERE AT 143.8x10° VLP/
em®™, TFER 20 B R PR AR (RS L T 359~528 m
ARYFRRE S R, TR REAE(0.2~2)x10° VLP/mLZ
6], M5 LE Y A2 BE R Of ().

© 0m, 8K, 2.6x10%mL

02 m, YK, 2.1x10

$ 500 m, 82K, 5.9%10°/mL

T ORI, 1.1x10"/mL

2 2000 m, 5K, 2.4x10%mL

T 3002 m, @, 3.6x10°mL

ENEN IR ALY

[ 10325 m, STF4, 5.3x107/cm®

B 1 (M RRE @)E‘i’ﬂﬁ@ﬂiﬁ”l ﬁ&ﬂﬁﬂir TR PR
(?%.’(Gulf of Mex1co)m]\ FAEVS I (Peru Margin) > #1248 8 7% (Juan de Fuca Ridge)™. [P LR

[16,19]

trench) Endeavourﬁh WX I_[ZO] N

VIR TRER AWyl b 3t A B2 A 23 ) [ E LR 401 4 (Mariana

Flgure 1 (Color 0n11ne) Abundance of viruses in typlcal deep-sea environments Vlral abundance data in hadal zone, hydrothermal vent, cold seep and

deep biosphere are from Mariana trench[””w],

Endeavour hydrothermal vent™

[25]

, Gulf of Mexico™, Peru Margln ! and Juan de Fuca Ridge™™,

respectively. The figure shows the average of viral abundances at the correspondlng sites. mbsf, meters below seafloor

1599



MG 8 & 2019558 %648 #1154

1.2 ZHEE

FLLE20064F, Anglys A\ IR A a4 L vkt
3246 mIRIGHE M AE N 2R B AL22 0T R, 90% LA
BT A BRI TP A RIR R B, R A TR
TR B AR E AR ZRENE. 20134E, Yoshidag A1
YR 22 10000 mP) VR IE TR Y 00 22 9 s AL ik A 743
BT, AU 24%~30% 15 51 RELE A e rh 4% 2 [
3, Horh 550k 3R (Microviridae) . ¥R #ERHCir-
coviridae) FI XU 5 7 FH(Geminiviridae) % 45 DN A
(ssDNAYHEE, X — KRGy & KEe
F I ssDNASRRE. (EAHTE RIS, 09T A B & 3
J& ssDN AR 2 /37 98 1] G & i T Hr R MDA
(multiple displacement amplification)¥}ssDN AR AR (1
T . MizunoZ AP0 15 1l A WA 2
FE R 41 SCE 64321 Fosmid ve [ 77047 TR, &3
T 99N EE R IR i contigs, F M 41435 T 28N 5¢
AR R E N A (K/NFE29.8~41.2 kb [R], GCHifE
30%~61%Z[1), 78 s EA 15 2 AEEE B35 AR,
Engelhardt® A *lii 1 o - 5 BB WL B A 1 el
DU ML 5 Ao 25 UKL 52 B 22 R OR [R]TE 25 F /N,
VLIZIAEE e B2 A G TR = 1 246, Corinaldesi®s
NPk B Ml RN PG RS SN AR [ R 0
TRUFTURRPIRE i OKIRAE1970~5571 mZ )47 T Z50%
AW, RIAFRFEAZ fAEREREFZESH
TCIEERERFA, 16 B R A5 i s A7 AR AR e st
G2k, T REAuds T R E R AR EEFIZE. 2015
4, Engelhardt¥ A\ et 224 S 4 07 V48R T
TRIARUTRRY) P A TR BRI BE 2,  H 2295 RH(In-
oviridae) & HH L AFIRE. NEA WEKE, Wi
AR X TR s B2, LR,
HAFGEAE F RS 2 5.

2 R AR SRR TR

TR DX IR RN Vi i o W 5 TR 3, tfEAR K
TR B RME TRREA AR, Lide AR g KR
T£0~2000 miFER 7E PR ST TAE s 7 3 L B B
B 5 REAK((0.36~1.05)x 10" /mL % (0.43~0.80)x10°/
mL), {HAEGHE K T2000 m2Z )5, FeE4 8 SR G
ZIAREE PEER/EZ A ) e (virus-to-prokar-
yote ratio, VPR)KE, HpEREE e Y. De
Corte 5 NP2 Ht 78 K P 1008 1125 8 1933l 45 A g A RE

1600

fl (R N 75~6000 m)BEATHF9E,  [A)kE & PLVPRBERE
HE im0 (e 1958 2253). bt 9Eid K, S (lytic)
I B 8] 7 A e B DR RS I s, T TR (lysogenic)
TR Y 7 A 5 K IR A AR, DanovaroE A1
XPoR HRPEHE . F RT3 B b g 4 Bk R TR
FESIRFSE K B, TRPERRER, ZUPESNEE(virulent virus)id
WAL A O T R . OA IR BN, R
SUE R E R A TR IR AR, HA S
B B R R](0.1 d). [RIL, B A A% AR
YIFET B R (LA B 1 B SBT3 5 604%), X 15
BT A9 P 2 S T BR ELA T s A sk = p B,
W& TYREEZ 41, MagiopoulosFlPitta’™ 58 2 i =40 A
T 2R b H i A W) 25750 R KR b B BB A T 1 bF
7%, KPR TEREE VPR B35 21548 1k, X
WAEARAE ] ¥ T3, R i 25 0y 25 AR Ak i W A
G R AR FA TR PR, GongZs AP E— %t plg
WPrydz Bayl/ACREEMIAFR LB, 5ik)=HEKAHL,
TRIR T 7K rho B AR 1 25 S 55 TR B DA K8 R ) (AN i
FRERVAHDC. A MM 5T RV, TREE 2 18 ORI 2 AT
F A A 2 R R N HAES S IS
A VBB R 2 S BN ENLT: SRR TIREAR
Aty e K AR AL, IR T A R R B v HAd AL
SHL(WRE RIS FRYD 25 52 A RO FREE T,
SNEE IR . R, RS, BRY . APVUITCHUERY)
aE FABFRIE P TSR 28 B )iz v, a7
TR, X SEPREE N2 5 SRR AHOC, DU ENTRE
M 2 B2 o 45 () R A AR5
3 WEEREEN Y B S%E

e AR A T 19684F Johnson 78 [ R
E[FEEEMTIR (International Indian Expedition) ' L3000 m
BRUFTURE) h 43 25 B SIER WE TR R (Vibrio phage), HL T i
TR R HSHIE A Sk AR 60 pm,  FEFFAN .
M T SR EL ST, XHZWE R AR REE T R .
LIt TR A0 50 2 )5, RN B 70 T AR
FHARBEZARIE (R 1).  H R 48R0 8 BRI K (R
1500~7000 m)H 443 25 4 5E, Hirb3#kJ& T Siphoviridae,
17—tk B T Myoviridae, ‘B 1R 20 K/ NE38~48 kb
Z ). Yoshida% A5 5 WAL AT A H AR 14
Oy B AR 2 BRIE A AMM-1RIPstS-1, AT E/R ik
A4 (mosaic  genome)E5H), XHER T IRIEEE AN
RUWE R AR 22 (A AAAE 45 85 (5 B ac e iy id 72, Tang%F
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A W MR MERoseobacter 43 B T 24k W B 4
vB_ThpS-P1FlvB_PeaS-P1, HAIEKNA ML E F 5
Bri s 5 R B8 T — A T T2 404 i Mu-
like head phageZ&#f.

ARSI 2 20074 DR IR TP RS- I DU Y
WG Shewanella  piezotolerans WP3 "1/ 31| H i
fE— () — BRI 2RI B RS W1, 3143 brdds
RN Vibrio e U5 (1) 22 IR W TR IA AT 25 B = (R AE B
PE 2 JE X HEDNAKE il B3N %38 07 kAT T IRA
W9 & B 5 1 32 B9 A I S0 RN % 3R 0 B B AE O,
HRIERZ BB Y, SRt e R i
CTXDA[, SWIAAMBFARNTH N HAA5'UTR
A SRR R R IR TR, Ak, 2 PCRAIHL T2
TR 2 A 45 S Fe B SW LTE /= FRAIR 258 T b Fi% BR
RS, X5 A R IR R B A 50 5
— R NIRRT BV W L, AT (R 4
Bacillus sp. W13, HYE60CH EHE IR TE A &, X
5 A R el A KR (68 °C)—E™.

TEGR I DR TR AR B0 45 vh A A 0 B 23 25 A 41 i
Engelhardt%/\[24]}J\j(#%ﬁﬁﬁ“jzﬂ(Ocean Drilling Pro-
gram) I RAS B IRFRUTRR Y Th 4388 T A FE Rhizobium, Vi-
brio, Oerskovia, Paenibacillus%JETEMN I ZFHAH).
W A 22 2485 R Ci5 - 1 ik 2 LI A B 2
WATAE, U—HKRANER Paenibacillus glucanolyticusn] 7=/
SERRIRORE T, EATRYSEHL417E38~95 kb AP, H
T WA L S 7R X SRR T IR R TR i g 2 2L
“FMyovirusesFISiphoviruses”". EngelhardtZE AP %3k
V5 F Rhizobium radiobacterff) Witk ARR1-AFIRR1-
BiFAT T JR i BE D A I R 3 pr, 25 SR 3R I AR TR T
TREBTLRRY rh 2 434

DRI H 2R SR i S X2 —. PAVI
S — MR R I D o AR B e T, AOE
FERR IR BT O 2 ORI 250 AR, 75 1E W s
TR, PAVISFREEH TG 3 Pyrococcus abyssitf4y
W, IR E R B S {E(>10° VLP/mL). UV, y
BT 22T R C R A ZFP a0 55 3 TC AT PAV L
AT SRR, XLl AR TR PAV 1 A — Pl A1
AR A (carrier  state) AN 2 S R R 1 T8 A2 AE T4
F B, Yoshida-TakashimaZi A" M Iheya North#Aifk
F 9438 T J& T e-proteobacteriall Nitratiruptor sp.
SB155-2, JBUHADL 5 A B ANTS- 1R EEAFAE [ 4175
SIS (R T 42x107 VLP/mL). K2 5047045

1602

2B, H[FVEIE N FE e-proteobacteria | ¥z 404, HAF
1E 515 BAEEAIEE . MillardZs AP E X East Scotia
Ridge Ak X s 5 i s A v 2 I T B Rk i B ATAR
ALK 22 R B R, M B A A R . B
B8 357 P A2 IR RSP PR X 0 B 1 3R AR e g A
W Geobacillus sp. E263/%#EGVEL, GVE2HID6E, &
14351 J& T Siphoviridae flMyoviridae. 181 J54k— £ 4
MIRFSE TAE, i 1408 TR R IAGVETER Ju . 2
i HLAE TR Geobacillus sp. E263i 4 f2FPAHCAYEHE
[ GVEL 5 HAE FE Geobacillus sp. E263E
BCR H AT SR A RO -1 AR S

I 21 2 e T B A B AR RN 3 b - B i) Gk
K, SN T FRATTA M R B 3R A B A
(#2). 1 IR IR ETRE 5 v 43 i S 4l Ak B 0k,
HE LU B2 DN A58 B s 1 e, Pl a5 210
FEONDHERZIAE, WA v] REAS 2 52 4% i 7 2L N 41 M
AP dn AnantharamanZ A7 55 4 b K TR
TR DX T P i (1) 2299 B 4. (2224498684 reads)
BEAT 0T, 3815 T 18/ dsDNAJKGRE Y S8 BEFE R 4. 55—
Tty 22 DA 7 35 PR A 30l o 7 10 15 B 4R B Ok
R A T RN AP RREFAIMGEE,
Mizuno NP7V VG 1233 Fh 5 vk ITARIEE IR /K 2 R 41
TSR T 2 E 8 R R L AL XS 2 2 vk
AT T LA B, T DR MR B AR B R F 1Y
0N i N i o = S N G 7 S e A S e e )
BEROET X225 TAE.

4 R TER PR R AT

4.1 wiaElli&(viral shunt)

TR Y FR (microbial loop)Hf, WEHE Rl A %5
SRR IR E Y. HRTRORITSY o R B R TR IR
M FREAAAE, 2 B SR ELB]. 20084F, Dano-
varoE NI A BRI TR T 2 B P AL IS R,
5 1 I S A W B0 T R B K TR I T 2 K
TE1000 mLA T TR, JLT- A W R A% A 4R
PR R A LIRS . Pfh R, DRI AR ] A 4
BRRUEE A4 A A Bl L8 0.37~0.63 Gt, WG
IS RGARE T EE M S A AT RE. B—Ir
TR, ERCA R v A ) R B R (25 %) 45 48
Dig Pk B B, AR S RE37~50 MuAHHLY,
XANECE 3 AR 2 TR A R P A TR IR TR TR IS
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Table 2 The viromics studies in diverse deep-sea environments

S B WIFr % Bl it rmmmn OEOHIE
DR R VIR ERTEAIA454 sequencing) 70882 reads  Microviridae: Circo-Nano - [19]

(1181 m)

INREJEEIE (9760 m) LA FIRREUL(454 sequencing)

SHEWYNETH(10325 m)  DIEW)  ZOREE41(454 sequencing)
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Figure 2 (Color online) The influence and function of viruses in benthic ecosystem
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Believed to be the most abundant (~1030) biological agents in the ocean, viruses play an important role in microbial
metabolism, prokaryotic mortality, and nutrient recycling in marine ecosystems, thereby significantly influencing the
geochemical cycles of our planet. The importance of viruses in the surface ocean has been well recognized, however we are
just beginning to understand the viral role and the underlying mechanism in the deep ocean. As an essential part of the
marine environment, the abyssal ocean has extensive material and energy exchanges with the upper ocean and the deep
biosphere, and they constitute an integral whole of the marine ecosystem. With an average depth of approximately 3800 m,
the benthic environment is characterized by total darkness, low temperature (<4°C), and high hydrostatic pressure
(>10 MPa). The deep-sea inhabited microorganisms, including viruses, are believed to develop unique strategy to survive
under multiple extreme environmental stresses. Studies on deep-sea viruses have revealed their abundance, diversity, and
important ecological functions. In this review, advances in research on deep-sea viruses are summarized into four parts:
general features, relationship between environmental factors and deep-sea viruses, isolation and characterization of
representative viruses, and significant influences of the viriobenthos on the physiological and ecological function of deep-
sea microorganisms. In general, the functions of viruses in the deep-sea environment mainly include two aspects: First, the
regulation of material and energy cycle (viral shunt) and the dynamic change in ecosystem composition (balance of
microbial communities) modulated by viral lysis; second, the expression of viral metabolic related genes (auxiliary
metabolism) and the effect of viruses on host physiological activities (environmental adaptability). The former has been
widely recognized, but the influence and molecular mechanism of the latter in the extreme deep-sea environment need to be
further investigated. Here, we propose research directions and challenges in this field to undertake in future studies.
Notably, the relationship between environmental factors and deep-sea viruses remains poorly understood. A deep-sea viral-
host model system must be developed to investigate the underlying regulatory mechanism of gene expression and the
interaction between deep-sea viruses and their hosts under extreme environmental conditions. At present, the number of
isolated deep-sea viruses is less than 30, which is below 1% of the total number of viruses in the International Virus
Classification Database. In terms of classification, most of the isolated deep-sea viruses belong to Caudovirales, and nearly
no representatives have been identified yet from other viral orders. Furthermore, deep-sea viruses have been rarely
subjected to in-depth study possibly because of very few benthic microorganisms with genetic operating system. In
addition to maximizing the use of existing virus-host systems, scholars must focus on isolating other representative deep-
sea viruses. Although our understanding on viriobenthos is still far from complete, data provided here encourage us to
hypothesize that viruses are the key component of the benthic ecosystem and play an indispensable role in the deep ocean
and deep biosphere.

deep-sea virus, ecological function, viral shunt, auxiliary metabolism, environmental adaptation
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