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Advances in viral ecology research

HAN Lili, HE Jizheng*
State Key Laboratory of Urban and Regional Ecology, Research Center for Eco—Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

Abstract; Viruses are usually composed of a small fragment of nucleic acid ( DNA or RNA) surrounded by coat protein,
and have been recognized as the simplest living organisms known thus far. Viruses exist only as organic macromolecules
when in the environment, because they lack integral enzyme and energy transformation systems. However, once they infect
host cells, viruses become active and begin to replicate. Despite their dependence on host cells to reproduce, viruses are the
most ubiquitous living organisms, and important drivers influencing microbial communities and ecosystem functioning.
However, our understanding of the microbial ecology of viruses in the environment has not kept pace with the rapid advances
of studies on bacteria and eukaryotes, owing to the lack of a universal phylogenetic biomarker.

Virus particles are widely distributed in the environment, with the abundance of viruses in soils ranging from 1.5 x 10°
g to 10° g' soil. Soil-dwelling viruses belong to four morphological types: tailed bacteriophage—like particles, spherical
particles, thin filaments, and thick filaments. Most soil virus particles can be identified using electron microscopy. With the
rapid development of molecular methodologies, signature genes have been identified in order to investigate the diversity
within specific virus groups. These genes include auxiliary metabolism genes and polymerase genes, as well as those
encoding structural proteins such as portal protein, major capsid protein, and tail sheath protein, etc. Signature genes have
been used in combination with PCR~-based fingerprinting and sequencing approaches, in order to investigate the spatial and
temporal variations of viruses, as well as their diversity across a wide range of habitats. The development of next—generation
sequencing platforms has been followed by a large number of metagenomic studies focusing on bacteria, archaea, and fungi
from many environments. A large number of new viruses and genes have also been discovered and identified, which has

greatly enriched the virus gene database and contributed significantly to the development of the field of viral ecology;
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however, our understanding of the soil viruses found in different soil types is still in its infancy.

Viruses play several important roles in soil ecology. First, they have the ability to infect soil microorganisms and thus
change the functions and nutrients provided by the soils, by altering such factors as nutrient element biogeochemical cycles.
Second, viruses acting as shuttle vectors can lead to genetic innovation and bacterial horizontal gene transfer, which
facilitates the rapid adaptation of soil bacteria to changing conditions via the transferral of beneficial genes. Thirdly, viruses
can affect their host’s metabolism by encoding homologous host genes to modify cell physiology in a way that benefits the
infecting virions.

Here, we summarize the latest knowledge of the community structure and classification of viruses, their ecological
functions, the research methodologies of viral ecology, and in particular, appropriate strategies for surveying the complex

biology of soil viruses. Furthermore, we propose several important areas, which should be considered for future study.
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Fig.1 The main morphologies of viruses!!?’
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(Herpesvirales) \Z&MIH 7% H ( Ligamenvirales) | BB S 8% 9% 25 H ( mononegavirales ) . M 895 8 H ( Nidovirales ) |
IR BRI B ( Picornavirales ) FI9E 7 4L M55 H ( Tymovirales)
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HJE T4 29w # (Podophage ) , AT & KA TE AL B rpr  BARAS T LR R 25 18 # R 1 SR AL ER I fifi
I TR ERNIES,
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Table 1 Phage Taxonomy and genome content!3-5]

W R R e SEE] AR W 14 HEFH RN (kb) BRI
Phage group Genome type Typical phage Genome size range (kb) Quantity of genes
T W R A ssRNA MS2-like 3443 4
Leviphage 2k QB-like o ’
E SINGHEHEN dsRNA .
Cystophage privh D6-like 13.3 12
2RI T A ssDNA .
Tnophage Rk f1-like 6.0—9.0 4—10
[CANEALEN ssDNA DX 174-like S361 0
Microphage &tk Chpl-like ’ ’
®29-like
T7-like
_ . Mx8-like
=2
e fﬁlﬁg o Na-like 16.0—70.0 20—65
odophage § P1-like
P22-like
P4-like
\-like
D29-like
T5-like
g A118-like
< I S
;L?}f %F G d;)gg‘ Mu-like 22.0—121.0 36—88
phophage - SPP1-like
T1-like
TPA2-like
TP901- 1-like
T4-like
. P2-like
5
]’y[L% o i djj];riA DCHK-like 33.0—244.0 40—415
yophage ~ Pr-like
SN-like
Fuselloviridi d;]?gtA SSV—1 14.8—17.3 3137
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AR BB R BE , Bl U R MR — A R BBV A SRR A 2R R RRER AL R I REIR R . th TR
BERYBIFSE Gk = 30 P AR IO IR ]| IR 2827 A PR X B — S B, D — 28 8 B DR SF (19 25 4 i ) g BRI
VEAPRCHER R RE I RS B ML, 5 WA SRR T4 WETR RN g23 FEIR, WE 3 e B AR 1 220 psbA Fl
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FKHEIGIE , R A . A SR AR 75 1AL 46 B 2R B AUE A (anieg de i) o T iR # 78
IR F B R AR A R T IRAT A AR R R G FEEA TN
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BB KRG AENE DA B A A R AR R DR IR A A £ (AR TR ) B T O 1 (RELAS DR ) ) B fif G
B XHEY A AR T R, A 1915 AERERE R R LK, B3V RAE L A= TR TIRZ
O TR B TR ( rhizobiphage ) BUASY . AL HE A AR TR T 06 PR AR i 330 T AR T s T I X R T B 1) 5%
M) AR TR I T Ao R A = i S A S AA & BRI SR AR A - P A %) R AR R I R A
FRERTE FAME A EBE RS — 5 BAN, Bl AT B BT % R R AT 5T, A
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NS 22 FI AR R A BRI, o B A5 i J 200 T, Qo e L I Wk R AR 9 L 24700 T Wt T 1A 25 R K 5L o 1
TR, ATVE R YT X SO A ARFRLZY , TS0 AT 4 A A 33K Tl e ol e T AR 28 A A TR T 7 s D o g 1Y
F B NI HAS T (Phage Therapy) o MERAS Tk AR 1919 ARPENH T 4 443 BULERR AT, 45
X 4 4 JLEIIRE TR . 20 20 b FhUAR 20 R AT G KR A [ SR I A A A B 5 — BE AL
TS B, B OO P AR R BUIE R H 4™, S BT R e A A i 2 M B R SRR
Pk, TE I SRR B A 3R 0k Pl it 24 PR A E T W R R T I B 2% 2014 4E 5 AT SR EAE Y e o
(ASM) I, B =98 R 2EH Resch IR T B B £ 58 380 1T EAITHY Phagoburn 1%, 3 J2& 1 1~ 1 H
Wk PR A7 VA YT A SR 1) R 5 W R o PRI Wt T A 1) i 205 R 78, LB R AR S 1) 27 9 D T B A
F RS A ARG T 3 A5 A BT AE RIS AR R T 5 A —E UL, B AT IE AR 50 1 5
AR AR P AR 3R 8 2 2 0 I i 7Y H Y, IR 2 BB D B T B2 2 il K™ RO R AR 2
I R
3.2 JWEESICR Y HERL E G R

R REIL 2 Y H BR AL A PR S AR S, FEMEVERREE b A 1 A0 i e PR R B DR A
FETCE HE I 2 42 2R B AR A 20 A B BEAR g R 7 R R 2B A B 3 R A B R L BE B 3R A
( chemolithoautotrophs ) , BXATTHT 5 14 AE £ 3= 22K A J&] Fl A & A VI I 5 40 0 200 Ji 26 53 m] 7 496 1] 8 30 05 v 19
CO, , XFIA DA AE e S it sk EARF 5T, el o, A TR E B, hian4- 4 h i
Z: 5 & A FERARERE P, A VF 2 MR BACHIARARML, Fean e i A\ S0 13 %9 3R 18 ( Staphylococcus) (17
I"TER T (Salmonella) , B B i FJCRHINS & FP Y 5 372 429 (heterotrophs ) |, FI IS 24 YRR OK AL & P B &
AL FAE R A RE i, 4L A AL 5 , X LA [ F R 0 A R B E R BB SR IR I 4 R 17 3
SR AR T A HIAEE rh BE R A AR G IR A W7 D0 7 B 26 7 4= 4% - 30X 6 41 T 11 oty T ) 40 i
JAT BRI DL AGEEVE 5 35 A2 W0 T 40 18 10 0 50 450 4mi ] EsfU, 8 0 ) e o] 5 B 19 7 ATk
(EEINS

HuIRAL 2 WF SRR BRI rP E 3 40 AZ4ERTA H B0 7, Bl i B SR B AP B i 2 4 K
21% XA KRB AE IR A P BK Sl 0 A A = e i W o, o R A T
XRWTF R AR A Y 2 — | R ERIEETE TP O T A BT 5T KBS 732 i B 2 3K 8 ( Prochlorococeus ) Hl
REKHE (Synechococcus ) X AT B H UL W B 9K s 19, AT DTk 1 4 BR ok [ 2 & 1Y 25%" ) WO AE A
PR ARG IR B B T8 1 B AR - SR A, SR T AR N 'G5 VR R B 0 1 B [) A 22 7
FOCHVEFRIE I ER S & | e 2 S AU TR BR AR T T ) UK Bl . A WF SR AR ek A 20 4>
NG S I ROWNER NN o= QS RE2E L el G A= e (ST

M A Y1 0, S R B ASCE AR E R BB I R &, T R RS SR
M FH 3ok e PR Y T o R B P2 30 A= W BT I A B8 IR o, o B 2R 0 VB /K R 48 1 P B 6 36 Awreococeus
anophagefferns , ¥ AT SR K FP s A A0 25 T, LI VAR 1) S S 9% 4 T DR 6 B Ol T el i 1 R 47
BEAN, o RE L IR RERZ A 2 K, A R AR Ye B I 2B il — Y L7 ( DMS) , DMS AU TR (R 55 1T AT
% BB REE RS A =BRSSBT A BH B R A

PEA TR L AR B AE 1077 TR R 2 BEZ00h 10700 7 RS 2 A T A T T v 7 00k
Z/DJRIFRZ AV 10 65 X EAEIEEE G IR R A IR, BW #E7EPR B th R AD AT & AR A 10711k
25 FAZ Y, AR T A TAE SR B rh A 25 | S5 S50 ] 42 TR B 135 7 Xt 4= 0 R 23 0 B 5 DG SRV
b L R SR AR W R T AR 1) = X PP 3 P REFETT R A W R A 2= AR Py T A A AR, HA,
Wk TR A B A5 ) ok S AR R R = 3 e T 3 v Wk T () T 9 BT A, T 338 v g e T AT PR A A R i A
SRS, B AT IR ZE A S5 1t R 4 SRzt BRI AT T P B A v 3 T O AR
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U KR A b iR R TR A 1Y g20 PR A1), BRI 1l DX 04 0 S TR AR A A TE ] B 25 5. LA 923 FERIE AR
ICFEFBFGE T KRG 10 185 K b7 B rp T4 WA R 2R P98 R 923 LA 5 HA A7 3R
BERFRARN, T4 BUNEB RSE N AR AR o £, B RORER S5 /7RI T 1 AN A FH PR 5 vh A BRI 22 5%
H1 TIFSE rp s FH Y 920 1 g23 JE PR A4 48 5 | W) S5 AR 1 15 0 s g Wt T A 91 i, o 2z Wk R AR A B P 5
AR ARFIE X AN R 8 T 81 e — R I AN, R BB A S PR A BE BE RS HBL UK ( DGGE ) K U el e 1)
5153 BT 3 R A 5 T A 4 Z2 A P 3 A DL 1) D g 308 5 U 1 s PR 9 3k T A e TR 2 AR P P 1

PR b 1 1 R AACZE R S 2R T 22 1Y, B 17X -8 ey T4 R 98 Wk T 1 25 B — 9 B 22 R S 40 A1 P AiE
WFFTAN , $r i 2 e v A W B G 74 | 3 B85 73 A /A5 A H SRR IR F 2 A R S R ANl i AR FE 8, R — Lk
BT R FER IR Z RS LRI P U UIAH G . A 2 e AR TR I PR R AR A A 36 e St
o, W TR AR B R 3 i S R AR, DN Pl TR B = B 0 T, B 0 R G ) 3% 2 B R, 4R I A N T B
3 ARG RT I 1) T DAL [ 40 B R AR 3R s B A 3 b A A7 ) B R I R T, Williamson 2538 554 6
o 5 ) AR S e DX 438 (2 A FH R 38 2 b die - JU bk L SR 2 o e 3 1L JDR R bR 138 ) v A I B A 2 A
A5 2 B AR 8 rh s T A ) 5 B S TR 3 W TR R 1 25 B K A 5 B A DG T AN - S B b SC RN K,
- i 2SRRI A0 TR R 1) = A S R AR OC VI ) AR 9 b e R B N R R T R R
P 498, -t R 2O S s 7 B S SRR MR DGR R R D i m] L e 1 2 R R S 1 3R Y
AHEAEFSZIREE \pH &K E 34 by Jog F oo 2 al IS5 Z2 MR8 I 1 1O 200

AFFAULITAER | R BE PR A A Sy PRSI 0 W BT TS T 58 07 1% | R B 4 2 Y R A R 1R 32 4L
I Reavy 5575 AEM ERSR T 15 4 FOR[RIZE B 118 (T -+ BHERRSE | Ll oS - AR AR B 2k I8 1)
TR R ARG SCEE Y AT 2 SR A AR A A AR A I LN IR 26 P 0 7, ISR 45 SRR UL
o - 3 v A 10 BE LASRCHROS 5 UKL AN 40 22 R 7 3 v 3 i I P 45 2R /s 7E VT LS A o b
HEIRTFEA Y DA BAE IR DNA 5 (ssDNA) 5 25 H#u7 , H A5 A Gokushovirus (1R LA R4 M2 R A
SRR A AR EE ) BOBHE E LR 5 ORI HEN ssDNA %555 19 4310 R T e 380k 73k 3 1Y
A-4F Adriaenssens SFL AR T 1 f B TR B PR AH 27 07 B S0 e 94 K AT ( Namib ) 088 4338 v 8 7 14 25 440 1) SC
B GORA YDEA FAE N P R OR P R 0 TR X R A LRl BRI Z —, CER T
T WA R AR DA K Mlumina - 65 (1492955 2 20 2 38 125 00 5 BRI & B V0 I 3 v () 2 £ 2240 A1
THRVEREAE , JCH DK B 320 X5 s iy S RE 5L K 5 4 /> 3 45 TS 12 ( KEGG |, COG
SEED Fl ACLAME ) LU X J5 % B 200 i B 22 ffe g5 A1 A% A it it A DR LA B e B A AL OC ik PR R B v, LA

http ; //www.ecologica.cn



8 S % 36 &

TR K A B HE TN phoH FIA i RO ZEIE N serl, A N ARICEEIN M) 2R B8 T W S /s 4 K A V08 3 v 10
T T FE DR R 2T B R ARG A D ] AL i i PR S 2 e ) e 8 v 8 e 2 DR 5l e e A LB ol
Wy A5 B 5635 , 75 o 20 D e i A P 973 A — P AN RE MG 8 v 04 P 91 AR DC I, 3 0 2 il 2405 75 A
BRI EE R B P D MR B AU B R, FATARGS L8 R AR e it o0k 2
KR A2 R S ) R (4 A s 1]

5 RE

M 1915 473 [ 200 B 2 S AT A R T R 2 45 A7 SRR WD 7 IO TS L 2 B 100 4F I B (A ) i B
WFFEBIR UL 1T IR A= 2 i B, B DT FEEOR BN & B, SR BREE Fhm T ORI ST 2 1 1 fe 90 1Y) . ok
BOR A BTN B 73T A BOR BT 75 ) PR A B R DA PRI B 1) 22 P A~ R LA
BB, JEHUE il BOR B IR R HE TR TR E AW B A g . I SEEOR WA R JZ T8 78 T a5 E D Y
ZRENE JBOR T REAE HUER L WAL 22 0 3R h B B ARSI E T, FERRERF TS B R — e rh FRATIA D 8 £ 1
AR AL A5 T5 ) AT EE ST R LR L7 T B IE : (1) ORNUEE L AIF 5T - 398 oo g 2 14 AR AR 2HL 8 B 25 18] 70 A A%
JRy A 0 T B O3 S A LR AR KB ATL AR 5 (2) X7 2 i R, T ECE IR OCR IR AT AL T,
APl £ 387 B REAETC R A WL BRAL AR IR R P AOVE T ; (3) 455 45 Pl AL A BOR RS L3 i A e R4 T
FE,AEFRA B PR 1 BUKP E it — 2B A 55 0 S5 Z R PRI RE AL DG 5% 5 (4) B A [F) SR 75 15 £
SRS R B A A A RE DL, Do 2t A 42 il S ARG

£ 3L Hf ( References)

Adenosine. File: Tevenphage.svg. Wikimedia. (2008-5-28) [2015-05-13]. http://en.wikipedia.org/wiki/File; Tevenphage.svg.
Rohwer F, Barott K. Viral information. Biology & Philosophy, 2013, 28(2) . 283-297.
Rohwer F, Edwards R. The phage proteomic tree: a genome-based taxonomy for phage. Journal of Bacteriology, 2002, 184(16) : 4529-4935.

]
]
]
[ 4] Edwards R A, Rohwer F. Viral metagenomics. Nature Reviews Microbiology, 2005, 3(6) : 504-510.
] Rohwer F, Youle M, Maughan H, Hisakawa N. Life in Our Phage World. San Diego: Wholon, 2014 8-8.
] Diaz-Muiioz S L, Koskella B. Bacteria-phage interactions in natural environments. Advances in Applied Microbiology, 2014, 89. 135-183.
] Vos M, Birkett P J, Birch E, Griffiths R I, Buckling A. Local adaptation of bacteriophages to their bacterial hosts in soil. Science, 2009, 325
(5942) : 833.
[ 8] Randall-Hazelbauer L, Schwartz M. Isolation of the bacteriophage lambda receptor from Escherichia coli. Journal of Bacteriology, 1973, 116(3) :
1436- 1446.
[ 9] Mahony J, Van Sinderen D. Structural aspects of the interaction of dairy phages with their host bacteria. Viruses, 2012, 4(9) ; 1410-1424.
[10] Richter C, Chang J T, Fineran P C. Function and regulation of clustered regularly interspaced short palindromic repeats ( CRISPR)/CRISPR
associated (Cas) systems. Viruses, 2012, 4(10) : 2291-2311.
[11] Weinbauer M G, Rassoulzadegan F. Are viruses driving microbial diversification and diversity? Environmental Microbiology, 2004, 6(1) . 1-11.
[12] Deng Y M, Harvey M L, Liu C Q, Dunn N W. A novel plasmid-encoded phage abortive infection system from Lactococcus lactis biovar.
diacetylactis. FEMS Microbiology Letters, 1997, 146(1) . 149-154.
[13] Mann N H, Cook A, Millard A, Bailey S, Clokie M. Marine ecosystems: bacterial photosynthesis genes in a virus. Nature, 2003, 424
(6950) : 741.
[14] Sanger F, Air G M, Barrell B G, Brown N L, Coulson A R, Fiddes J C, Hutchison C A, Slocombe P M, Smith M. Nucleotide sequence of
bacteriophage X174 DNA. Nature, 1977, 265(5596) : 687-695.
[15] Breitbart M, Salamon P, Andresen B, Mahaffy J] M, Segall A M, Mead D, Azam F, Rohwer F. Genomic analysis of uncultured marine viral
communities. Proceedings of the National Academy of Sciences of the United States of America, 2002, 99(22) : 14250-14255.
[16] Mizuno C M, Rodriguez-Valera F, Kimes N E, Ghai R. Expanding the marine virosphere using metagenomics. PLoS Genetics, 2013, 9
(12): €1003987.
[17] Hurwitz B L, Westveld A H, Brum J R, Sullivan M B. Modeling ecological drivers in marine viral communities using comparative metagenomics and

network analyses. Proceedings of the National Academy of Sciences of the United States of America, 2014, 111(29) . 10714-10719.

http ; //www.ecologica.cn



16 1 AN AT A A AT S 9

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]
[26]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Kimura M, Jia Z J, Nakayama N, Asakawa S. Ecology of viruses in soils: past, present and future perspectives. Soil Science and Plant Nutrition,
2008, 54(1) . 1-32.
Sharma R S, Mohmmed A, Babu C R. Diversity among rhizobiophages from rhizospheres of legumes inhabiting three ecogeographical regions of
India. Soil Biology and Biochemistry, 2002, 34(7) . 965-973.
Ashelford K E, Norris S J, Fry J C, Bailey M J, Day M J. Seasonal population dynamics and interactions of competing bacteriophages and their host
in the rhizosphere. Applied and Environmental Microbiology, 2000, 66( 10) : 4193-4199.
Borysowski J, Miedzybrodzki R, Gorski A. Phage Therapy. Norfolk: Caister Acadimic Press, 2014: 289-301.
Jassim S A A, Limoges R G. Natural solution to antibiotic resistance: bacteriophages ‘ The Living Drugs’. World Journal of Microbiology and
Biotechnology, 2014, 30(8) . 2153-2170.
Jover L I, Effler T C, Buchan A, Wilhelm S W, Weitz J S. The elemental composition of virus particles: implications for marine biogeochemical
cycles. Nature Reviews Microbiology, 2014, 12(7) . 519-528.
Greene S E, Reid A. Viruses throughout life & time: friends, foes, change agents. A report on an American academy of microbiology colloquium.
San Francisco: American Society for Microbiology, 2013.
Lyons T W, Reinhard C T, Planavsky N J. The rise of oxygen in Earth’s early ocean and atmosphere. Nature, 2014, 506(7488) . 307-315.
Flombaum P, Gallegos J L, Gordillo R A, Rincon J, Zabala L L, Jiao N Z, Karl D M, Li W K W, Lomas M W, Veneziano D, Vera C S, Vrugt J
A, Martiny A C. Present and future global distributions of the marine Cyanobacteria Prochlorococcus and Synechococcus. Proceedings of the National
Academy of Sciences of the United States of America, 2013, 110(24) . 9824-9829.
Gobler C J, Hutchins D A, Fisher N S, Cosper E M, Sanudo-Wilhelmy S A. Release and bioavailability of C, N, P, Se, and Fe following viral
lysis of a marine chrysophyte. Limnology and Oceanography, 1997, 42(7) . 1492-1504.

T3, MR, WAL ERREE M E Y B VIR R I E AL IR, 1998, (4) : 41-43.
Whitman W B, Coleman D C, Wiebe W J. Prokaryotes: the unseen majority. Proceedings of the National Academy of Sciences of the United States
of America, 1998, 95(12) : 6578-6583.
Breitbart M, Rohwer F. Here a virus, there a virus, everywhere the same virus? Trends in Microbiology, 2005, 13(6) : 278-284.
Srinivasiah S, Bhavsar J, Thapar K, Liles M, Schoenfeld T, Wommack K E. Phages across the biosphere: contrasts of viruses in soil and aquatic
environments. Research in Microbiology, 2008, 159(5) ; 349-357.
Mann N H. The third age of phage. PLoS Biology, 2005, 3(5): el82.
Jing RY, LiulJ, YuZ H, Liu X B, Wang G H. Phylogenetic distribution of the capsid assembly protein gene (g20) of cyanophages in paddy
floodwaters in Northeast China. PloS One, 2014, 9(2) . e88634.
Wang G H, Murase J, Taki K, Ohashi Y, Yoshikawa N, Asakawa S, Kimura M. Changes in major capsid genes (g23) of T4-type bacteriophages
with soil depth in two Japanese rice fields. Biology and Fertility of Soils, 2009, 45(5) ; 521-529.
LiuJ J, Wang G H, Wang Q, Liu J D, Jin J, Liu X B. Phylogenetic diversity and assemblage of major capsid genes ( g23) of T4-type
bacteriophages in paddy field soils during rice growth season in Northeast China. Soil Science and Plant Nutrition, 2012, 58(4) . 435-444.
Zheng CY, Wang G H, LiuJ J, Song C C, Gao H X, Liu X B. Characterization of the major capsid genes (g23) of T4-type bacteriophages in the
wetlands of northeast China. Microbial Ecology, 2013, 65(3): 616-625.
Wang G H, YuZ H, LiuJ J, JinJ, Liu X B, Kimura M. Molecular analysis of the major capsid genes (g23) of T4-type bacteriophages in an
upland black soil in Northeast China. Biology and Fertility of Soils, 2011, 47(3) : 273-282.

Williamson K E, Radosevich M, Wommack K E. Abundance and diversity of viruses in six Delaware soils. Applied and Environmental
Microbiology,, 2005, 71(6) : 3119-3125.
Williamson K E, Wommack K E, Radosevich M. Sampling natural viral communities from soil for culture-independent analyses. Applied and
Environmental Microbiology, 2003, 69(11) . 6628-6633.
Reavy B, Swanson M M, Cock P J, Dawson L, Freitag T E, Singh B K, Torrance L, Mushegian A R, Taliansky M. Distinct circular single-
stranded DNA viruses exist in different soil types. Applied and Environmental Microbiology, 2015, 81(12) : 3934-3945.
Adriaenssens E M, Van Zyl L., De Maayer P, Rubagotti E, Rybicki E, Tuffin M, Cowan D A. Metagenomic analysis of the viral community in
Namib Desert hypoliths. Environmental Microbiology, 2015, 17(2) : 480-495.

http ; //www.ecologica.cn



