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1229, 1230 1 123", I0DP 329 (U1365, U1366, U1367, U1368, U1369, U1370 ATU1371), IODP 323(U1344)"*); ODP Leg 204(1251), IODP
308(U1320AF1U1320B)!"?; IODP 327(1364A %1 1362B)'*. >R JiiOcean Data View(OD V)42 &

Figure 1 Sampling sites for virus research in deep biosphere. Voyage(Sites): ODP Leg 169S(1033B, 1034B)“"; IODP 307(U1317)""; ODP Leg
201(1225, 1226, 1227, 1228, 1229, 1230, 1231)"); TODP 329(U1365, U1366, U1367, U1368, U1369, U1370, U1371), IODP 323(U1344)""*); ODP Leg
204(1251), IODP 308(U1320A, U1320B)""?; IODP 327(1364A, 1362B)""*. Picture made by Ocean Data View(ODV)

7 TiH40(ODP Leg 169S), & HAEHRIA100 mbA T
TUERW) 2598 157 WORE (virus-like particle, VLP)ZF 1
AiA#)10° VLP/g, w835 5 i ) 3 5 3 A
. A KA R] (Integrated Ocean Drilling
Program, IODP)307fi7X, Middelboe%: A"F-20114F
Kl T 48 KV ¥ Porcupine Seabightif X %596 mHY
SERE TR RE AR W ) T, 45 SR R B AR
K A Ok 1 = B B DURR ) PO TR R AR AR R, A
4 mbsf(meters below seafloor)fJ1.0x10® VLP/cm?, 3.8x
10° 40l /cm’®FIE 96 mbsfi4.9x10° VLP/cm®, 9.8x
10° 4ffift/cm’. ODP Leg 201, 7ERM &1 2 1A AR 1B
IR 1l DX SRS TR it (B 22320 misbf), ik 5F
F B H K 1.6x10%~5.7x10% VLP/em®M; 3k B 75k K
V-7 Shimokita Peninsula 3T VA ¥ 355 T L 4 £ i (0.9~
363 mbsf) i H1.6x10%°~7.6x10° VLP/cm®'?;
IODPik Leg 323, [1-4 MUk TFR Y o 5 4=
Bifi % FE B 18 1 (7.5~288 mbsf) M 820, 3 Bl 7E 1.01x
10°~7.16x10° VLP/cm®. I0DP 329tk 1, L5 Fmy
South Pacific Gyre UL #1417 7 £ & M £ JZ 19 10
VLP/em® #VEER95 mbsfiii /b 2~3 4 g8, AR
FRUCAR Y o A R R R, RIS L R SR
R0 1) K B WURL A7 AE . 201748, A AFGE &3
TERILKF- 1 Juan de Fuca RidgeZR 1 KV LI
PR RE S (4390 K 528 F1359 mbsf)Hr, 5 2 BURL Y F-

3912

PR H9x10* VLP/em®™™, iZRpE 5 FipE % T8
JEiR 31240 mpUTAY), BHIE T RH N Ok S
VK IR 28 4, BRI 08 BE A T RE R TR AR
A ELIG BR ARV . Bopr a2, PR A=Y
Bl (14995 5 BB TT 35 5% 10%° VP, 7E Fifi b VR &5 A= 4 Pl
2 02x10° VLP'PL ZE 5 UA LRI ERM, 5
JRZ A A —AE, SRR A TR AR YR
HEfREKFERE, FEEBA10*~10" VLP/cm’,
— i B RS 1 38 2 R AR A, AN TR R M B
2 B Bl R BE AR A AR — (E12).
112 RHLEDEREFELEEEITFENXR
9 7 5 A AR W 3 B 2 18] 1Y BE {H (virus-to-pro-
karyote ratio, VPR)J& T3 4% & FRE% H i 75 Al R
B 2 0 6 R — AR, FAE R —A bRk
FRFEE A S RGN EERL X ERRYR, —
Heist, = VPRI T HErSe i s im v, R
o B A 7 TR A 2 R A 258 A, I L D) e
FERIREEIE TEURES . 6 BE RS R R B BE AR
ERHAYE S, B HiE RN VPRI N
0.001"%' f @225 SEHh12.1, XK
[)°F- #4 VPRI (10~25) &AL (1412). IR VPRIE ] i & I
TSP B8 LA R 1 DA A A 3 R R 1 DA A A A
1, R S EE AR T BB RO IR A Ak 7R
FoE PRAS, Hrp R A UG AR, SO BRI



IR

Bl 2 WREEAEDE R (), FAZAYEEE (), VPRI MG AL Bdiskii: BIpRFEDERLORZVRYEIE"Y, ODP Leg 201M";
IODP Exp 329, IODP Leg 323", ODP Leg 204, U1320A, U1324B, C9001"; TODP 327"

Figure 2 Abundance of viruses (a) and prokaryotes (b) and VPR (c) in deep biosphere. Data from that surface sediment of the Subtropical Pearl River
Estuary(diamond)"'®, ODP Leg 201"", IODP Exp 329, IODP Leg 323", ODP Leg 204, U1320A, U1324B, C9001!"?, IODP 327!'*!
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Figure 3 Morphologies of viruses observed in basalt-hosted crustal fluid. (a—h) Electron micrographs of particles harvested from borehole U1362A
revealed tailed viruses similar to members of the order Caudovirales (a and b), untailed viruses (c), lemon-shaped viruses resembling members of the
family Bicaudaviridae or Fuselloviridae (d), rod-shaped viruses resembling members of the family Rudiviridae (e), and other particles resembling
filamentous (f) or spindle-shaped (g) viruses isolated from Archaea. Bilobate structures in the viral size range (h) were repeatedly observed, but they
were unlike any classified viruses. These might represent a novel virus or may be membrane vesicles. Bars, 100 nm''¥
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Viruses, the most abundant biological entities on the planet, are widely distributed in various environments, including the
deep biosphere. Via infection, which is frequently followed by lysis of the host cells, viruses play an important role in
shaping microbial population structure, impacting the ecological characteristics of their hosts, and breaking up cellular
biomass into organic matter, thereby affecting microbial processes and nutrient cycling. Because of these activities, vi-
ruses are known as nano-scale drivers of global-scale processes. The deep biosphere, extending hundreds to thousands of
meters below the seafloor, harbors by far the largest reservoir of organic carbon and more than half of the world’s pro-
karyotic organisms. However, it remains a “black box” in terms of the ecological characteristics and functions of its resi-
dent viruses. To date, only a few studies on viruses in the deep biosphere have been reported, and these mainly originate
from the Ocean Drilling Program (ODP) and the Integrated Ocean Drilling Program (IODP). The limited results of these
studies show that the abundance of viruses in the deep biosphere is much greater than that in marine environments
(10°~10° viruses g™ in sediments versus 10°~10® viruses mL™" in seawater). In general, viral abundance decreases with an
increase in depth, but the Virus-to-Prokaryote Ratio, which is used to predict the relationship between viral and prokary-
otic communities, varies greatly among different deep habitats. Viral abundance is affected not only by in situ viral pro-
duction and decay, processes that are usually tightly linked to the productivity of microbial hosts and the activity of ex-
tracellular enzymes, but also by the physical, chemical, and geological characteristics of the environment, including tem-
perature, total organic carbon content, sediment porosity, and sedimentation rate, amongst other factors. In addition, virus
assemblages in the deep biosphere appear to be both morphologically and genetically more diverse than their aquatic
counterparts. Highly diverse morphotypes and unknown virus sequences indicate that there is a huge uncharacterized
viral pool in the deep biosphere, which could represent a treasure trove for the future discovery of novel viruses and life-
style mechanisms. In addition, analyses of prophage sequences deduced from prokaryotic genomes imply that lysogenic
infection should be an important life strategy for viruses, making them more adaptable to the dynamic, and often ex-
treme, deep biosphere environment. These findings have important implications for the potential interactions between
viruses and their hosts and for the vital role of viruses in manipulating microbial community structure and evolution in
the deep biosphere. However, technical difficulties, which have only recently been at least partially overcome, have lim-
ited our ability to study these elusive viruses. The fact is that we have barely begun to characterize the deep virosphere,
which is the “dark matter” of the biological world and a tremendous source of future discoveries. The questions of what
role viruses play in the deep biosphere, whether and to what extent viruses drive the metabolic functioning and evolution
of microbial populations, and how virus populations adapt to deep environments are still open and answering them will
require significant amounts of work. The purpose of this review is, therefore, to provide an overview of the current
knowledge about viruses (e.g., distribution, diversity, and life cycles) in the deep biosphere. The relationships of viruses
with microbial hosts and environmental parameters and the potential ecological importance of viruses in the deep bio-
sphere are discussed. Finally, we put forward some suggestions regarding areas of research that need to be addressed in
the future to establish a more complete picture of the ecological and evolutionary significance of viruses in the biosphere.

deep biosphere, Integrated Ocean Drilling Program, virus, ecological function
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