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Abstract: [ Objective] Viruses are the most abundant and diverse group of microorganisms on Earth as they can be found
in a wide range of organisms and environments. Despite their ubiquity, there are relatively few studies on the virome in paddy
soil systems, which is an area that warrants investigation. [Method] In this study, virus sequences were mined from rice soil
macrogenome sequencing data in public databases and characterized. [Result] A database of paddy soil viruses (PSVD) was
constructed, which contained 8 791 viral operational taxonomic units (vOTUs) and 168 940 protein sequences. In PSVD, 31.41%
of the sequences could predict the taxonomic status of the species. These viral sequences belonged to 76 known virus families,
with the majority of viruses coming from the Caudoviricetes, and their hosts were mainly distributed across 11 bacterial phyla.

Also, Auxiliary Metabolic Genes (AMGs) carried by rice field soil viruses were analyzed, and 39 carbohydrate-active enzymes
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(CAZymes) genes, which may have been widely distributed in rice soil systems, were identified, and the presence of these
genes contributed to biogeochemical cycling. [ Conclusion] In summary, this study innovatively constructed a PSVD database
(https://github.com/1zk98/PSVD) and used DRAM-v to mine AMG genes in paddy soil systems, thus, laying a research
foundation for later studies of paddy soil virus groups and providing new insights for the resolution of paddy virus communities.
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IR PR RR (R BE. AR AR YRR, RO AT AL
R A =S5 T R HEAEM . DM A 2 AR AEAS [F) AR 25 5 40 7 41 b A B (R B VA 2H e 2
FEPE B0, 17 - 38 g B0 AR AS R GUsg i BRI AU /D, LR X IR E R AR A B ) R 2 b
b S AN EERRR, P LEBEL N 4.88x1030 4 VLPs, iR EE0E (1.29x10%0 4
VLPs) B, T3l Reethak s Rmsife 2%, JHERAERIBAESRaT A EATRE R
PERIBA, 838aidr, 4080 R IR R, WA S 2 MM EAE R, & LIRS AR
B,

TP R R, JUH R MR R T DA AT R BIACH LR (Auxiliary Metabolic Genes, AMGs), ¥

S gE EAE I RO RSB S S 1E b B BRI 8100, AR RRIEIFAE SSE R DS H AT AIHT

enzymes, CAZymes) JE K, &I EERENSE T T CAZymes KM AS R AR AIH . HAT AMGs
CEZAN TIEAT RGPS i, HUCNEAED IR E A R B EEEH, HR2H
AMGs £ 5818 T S5 40 TR 1 A8 25 A1k A 0e 77 T A E FATS AN 2

H T 23ISR T7£ A RAES KRG AT, WbEMKGR -5, xR H
SR BN TR LIRS REH TR, RIVASREMUEALRINES, MR T K&
&Y, T H IS E I oL A A S AR R e RS RS, Hd, FEH ARG S EE R
A& Ge, (HXHE R S8 0 85 5 200 B -40 B AR AR SCHIF ST TS AR 015-160 - 5 7K A R HL At ot e A= 245
RGN, FHASRGE T — R TRIEAPEREFDT, EXATRIEAPEREF, KB
TRIEAIE I AR, SR 0 05 F LAY I 3 BA N (Soil organic matter, SOM) J
081, [R] I 2 5 398 (A1 SR A 2 TR R 1, v R TR AR VDR B Al 2s o Sl ORI AR B,
TIEEIKEA SOM HIARAL 23 REM0Jod 540 11 FOAH FLAE R, 32 17 2 i 398w 5 R0 40 T A v 1 2L k-
20]_

BT REH RGN MR EZN:, TR T RS w540 BAF BB 77 E AR O3
PEPE o AHIEFT N > FLHHE e b USCBR G 33 AH OC 5 B DR 2 R, 420 IRy B L v (R B AH OC 7 1 A
FEDH, MRS SR AR, NS SKRE A BAE SR T B e B

1 MRS

1.1 TEHETIRAEF AR T H R EE

7£ PubMed -1 FH 8 17] “rice soils metagenomic” FE 2T 10 4F I STk, I HAERRINAZ H LR
ZHHFE (Buropean Nucleotide Archive, ENA) H1LL43-25°5 4 1672641 rice paddy metagenome. 939928
rhizosphere metagenome H1 410658 soil metagenome F#TA W H {5 2%, WidE—FahifiE, 3K
15 53 ANKREEFERATH, FREETTH A FTA ST SRA 5 (F1t 344 1Y), ZJEH prefetch
1T, fEH fasterq-dump BEAT SCAHIRAT, 3R1F fastq ST AL El P A0 25 5 81 ik )
BUSTANTIH . KT 335 MERTFEER,
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1.2 HEFIIRZ

i MEGAHITRUHEAT 7 51| 2H %%, 24015 B N--presets meta-large --k-min 27 . X} 345 FIFE i contig
J7 30 R FH PR Fho B 5 91 R0 B A 134T [R 2B 0 38 , 795318 DeepVirFinder?( S 4N p value /N T 0.05)
F VirSorter2!23] (Z 4 --include-groups dsDNAphage, RNA, ssDNA --min-length 1000 --min-score 0.5 )
ZJE IS AN A B B 7 H TN 25 5, 8 Cheek VX Ll &5 Rt AT 85 Ul L RNz B 2 J5 5
2% Sullivan Lab 985 2 (doi:dx.doi.org/10.17504/protocols.io.bwmSpc86) FHifAT /%, Hik
I8 SR AR TR

PREEZAF 1« viral_genes KT 0and (host r /N 0.6 or max_score KT 0.8)

R Z&1F 2 : viral genes T 0 and (host genes 5§ 0 or max_score KT % T 0.95 or
hallmark KT 2)

E3%M 1 ¢ viral genes 5T 0and host genes KT 1

E555%AM 2 ¢ viral genes 5T 0and host genes 26T 1 and contig_length /N 10 000

E35%M 3 : viral genes KT 0and (host r KT 0.6 or max_score /NT 0.8)

HAr, viral_genes, host_genes 1 host_r Hi CheckV #2ft; max_score A DeepVirFinder BY, Virsorter2
HIWiEEME43 70 ; hallmark S Virsorter2 H) 58 7 41 B & A B b A 2 R

T B3 P I 2 OR B 25 A B SRS R B30 5 IF I 91 . B Je Xt P pl e Gtk AiT £ 8,
CheckV H7 /Y aniclust.py BIAHAT 25(Z204--min_ani 95 --min_tcov 85), FFAFIETULRMEEFHIEE

(H, vOTUs).

{4 1 Prodigal M AETUAR M BE 5080 46 i BT I 32 HE (Open Reading Frames, ORFs), Z#UA:
-p mata -g 11 -c, F£XF ORFs T eggNOG-mapper #H17 3 KVERE, BASHCN: --go_evidence non-
electronic --cpu 20 --override. # /5 R #E47 A #14L

JREEIT HITE eggNOG VERESE S AR JFAH OCIE R, s #E5 (integrase ) % HABE (transposase ) «
HHME (recombinase). AHEIAZRIE (lysogen) FIVIBRME (excisionase), MIHEIAE F¥ JHIH 5 o

s FEAEAETE https:/github.com/1zk98/PSVD .

1.3 R FI7 EMTE ETN

T8 I T vConTACT2R5I U4 55 /7 51| il GenBank _E T A5 #7511 (2023 £ 4 D
AT, PR RIRTIE (viral cluster, VC) E 8. WiTEr KA H PhaGCN22OEAT, fd FHHBRIA
HAEEE (2022 4F 8 FD. WEET ALY BLASTn #47, XFLb NCBI HIZIREHRPE (Nucleotide
Sequence Database, NT) IR 74 E (txid:10239, FEE AN 2022 4F 11 H). Rl w
#& (large terminase subunit, TerL) R4t K &M FIHE 5> 5T Terminase 3 (PF04466). GpA_ATPase

(PF05876). Terminase 6N (PF03237) Fll TerL ATPase (PF03354) PUANGEMIsiEsrfyd. i =
Z, ik MAFFT Z 78I HET, trimAl FAIX 5B 1)28, FastTree M R40 K & W, 5 fadH
TVBOTBE #4754k .

18 345 B4 F RefSeq-spacers £04 22 599 5 )7 #1347 UL EC 7, H A RefSeq-spacers £ 2 44 7
ST NIRIETTERY, TS 2, T % RefSeq =40 B Al T 1 22 DR 20 B4 45 5 (2022 4F 06 H),
ff 1] CRT v1.2 Al PILER v1.06 3% CRISPR F41, FHCE —#F M4 R, £/ BLASTn #HTEHLR, £
#N blastn-short -word_size 18 -dust no -evalue le-5, FJE “bit score KT 45”7 MILLXTEERB132,

1.4 HEPRHEENEE

A B AU BE DR VAR, £ LT DRAMBIER 134T . 1 5 2, T 5tidid VirSorter2 , 24 A4--prep-
for-dramv, 21T S E vOTU 751 LLAE AL affi-contigs.tab SCAH, SR8 F BRI B 22 31T
Bt o I EHRAE DRAM-v JERFRICH 45 IR, BB AMBPE /N T 4 FEERHAR IHEE AMGs. i#
1 ter Horst ZBRE 775, RSFEN, SHERH ST 7k, PUHES AMG BERnERE, F
R ARSI ERRACH AVLE . R B A R R A O BB DR 200 o b A, iR E 1) AMG
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AL TP 08 B A 2 DR B B A T (R 2 R BB, WU PRI PE S S Al vR A U 2 LA FE R 2
AMGP, BN AMG )2 S 1) 2 R 4 {8 A chiplot Chttps://www.chiplot.online/) & DRAM-
v R A5 R 58 AT AL

AMG JF BRI U5 8 F BLASTp K22 NR #4f & , 8] MAFFT 347 2 )7 41 LEX§127), FastTree
MR RF K EWP, EJafEH TVBOTBUEAT RN, B R EW 1z AMG
= HESE R TINAS F Phyre2 7828 3k 14T .

2 RV

2.1 FEHTIERSHIRENE

R 51 ANFEH ZRRNAAMKIE, &t 335 MEAR, HdokadENFSdERZ, &
4537%, HUCHER, &5 31.94%((E 1a). #%E 1b s aedl o i iRt 478 H 4 3580 5 500 &
Ik 5 98r. BARMS, @il VirSorter2. DeepVirFinder A1 CheckV HATIHNEEFHIZ4H, 1T 54
FWEET A, PRl A iR AR, RG24 37 AR ET A, BIURIEE, RTZ 29
TiARTUAR IR R P, HP Py E R T2T 5 kb Al 10 kb FIEE 73708 8 791 13 136 4% -

TERT 5 kb R LA FA i Ag I8 5504 % (Paddy Soil Viruses Database, PSVD), 1%
Bdim 8 791 AN R vOTU # K (&t 138 Mbp), Ff: H.Hi 168 940 4~ ORFs 41 /#%. vOTU J# 51K J&E
FEIIAAE 5kb~50kb Z[H] (96.05%). Ht—DGE 1A% H 43855 5 50 B b 85 7 4 se B S o,
IWHRAPERETE. &5 e MR A 642, 390 f1 113 &/75I (K 1), &
THEE 13.02% (1145/8791), fEXUEHA B P 5e 8Nk (PR LD FsIT, ZHRER
IH4r A 7E 5 kb~50 kb 2. [H] (80.70%), Hr4 43 % vOTU "] RE N EMEE A& (7 FIHE KT 200 kb))
I vConTACT2 X B SRR A, TR EHAEE R ES SRR VC % (B 1d), 1L 86
A VC 5 CEBREME, 92.57% (1071/1 157) KIFEH 3308 VC R MA . Kk, PSVB
ARUFORAN T 21 B 33805 75 1) 5k
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a) FEARIERBEL A b) B BRI o BRI BMAAREN: & FEHEHEREEE S SR RN vConTACT2 K
I##L. a) geographical distribution of sample sources; b) database construction process; c) sequence integrity distribution; d) vConTACT2
clustering of the PSVD with known viruses.

1 s B R A A

Fig. 1 Construction of the Paddy Soil Viruses Database

2.2 FEAREHRIAMEFZ M

TE %63 e FH -E 39805 55 550 P22 v 1) P B A T 43 2R S S0 (R AR R, R B S # 51 (31.41%)
RES TN 0 Fh 3 KA A5 2, B4 T 76 NCMIHEERL 2B T 20 MREN, HpgKFa3k
FENARHFHN (Caudoviricetes) 52 HEFFI 1] 83.45% (2 304/2 761D, TAFAKF 5326 X LA
Peduoviridae B} AR e 7558} (Herelleviridae) A ¥ (K 2a). Caudoviricetes J& A< F W AR ZH ik, %
38 T (S R ) - 3 B P R R L R L o [RIR, SR TN 56 N5 SRR B RE LA — i K R IVHTH
BB, O 615 A9 EE vOTU, ZRBHE like FZrIN (B 2a). #%, ¥ /F%5)5 NCBI f NT
B AT IO, WA PH (255/8 791) RERSLLNT I, IF Tt b1 751 240 RE KRR
FHERHHIREETH Hfa, BT Tl RRGKEWN (B 2¢) FIKES T 9% 5 ORFs A RETF
BB R (B 2d), 35U HE R SRR R FE R A .

B DR ARG N EE R R S S HARIA SN 8, ] R R e AR )R IR B A A kb
PRI, BRI AES RS, @i A B RefSeq-spacers HE ZE AT 18 LI /> M £ B, 8 791
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N vOTU HH) 597 /N 57 2 T R 2 FofE 2 (B 2b)o T HS B 32 E B A 7E 11 NI T,
HAZHEE ] (Proteobacteria) BT H (Enterobacterales) FIEEET[] (Bacillota) HIEAFH H
(Eubacteriales) 52F#ifFE H (Bacillales) W E R %, %4510 57 H 3 RS0 H 4l P 48 A
FALNBO3TL, RIS BH, IR ARV 2 R R AE R, FLIE R A RUR Y e A it — 242
it o
a0 s Ee A TR R B 7 A R, 32D ) B T RS 3 B 2L ) 2 R AT AR SN

)
Racillales
122
w Unknow m Candoviricetes = Unknown =Enterobacterales = Eubacteriales
W Faserviricetes_like B Tectiliviricetes_like Bacillales = Aeromonadales = Lactobacillales
u Nostocales mStreptomycetales  m Oscillatoriales
B Megaviricetes M Revtraviricetes )
= Bur iales ul fales  m Alter
Pisoniviricetes B Caudoviricetes_like = Desulfovibrionales = Vibrionales Corynebacteriales
B Tectiliviricetes B Arfiviricetes_like Pasteurellales = Hyphumicrobiales = Rhodospirillales
L. 1al s . ranion N
# Other mHerviviricetes_like X u Streptosy = Propionibacteriales
u Other
d)

A+ KNA processing und modification
€ Energy produerion and conversion

3 tramspur ot mc{aboliom

I : Signal transdus

terl. GpA_ATPase terT._Terl._ATPase

Function class
P @ OO0 MmMmmMOT - . x~ZZ20QTDH G AC2EN

D Celley  cell division,

F ; Nuslootide transpert and metuboli

. H z Cacnzyme transport and metahilism
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1. Replicarion, vecombination and repyale
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P Inorgante ion eranspors and metabalism
s onn
. 1 It

refseq - R . . o 10000 20000 W ; Extrueellulur struelures
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) H; b)fE E M o) RImEEEMIR ARG L EM; &) HERERE. a) classification prediction; b) host prediction; c) terminase

mlar trafficking, secretion, and vesicular franspart

phylogenetic tree; d) gene annotation.
Kl 2 PSVD 1 1551
Fig. 2 Virus sequences in PSVD
2.3 FEEBRSEPRHBRHEE
E UV A DR SHET (AMGs), 2551 BRI, AT L Pr R i
SEAERIF (R 1 AR BB . A LIRS T R L5074 AMGs X WHOER (L2 G ERHO R
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DURER S 7 FH 338005 25 (1) A S AR AU AR S T RERS T A
FET- 81k 2 1, DRAM-v Tl 1 561 AMEE ) AMGs, Fifi 527 Pratama 53511 77 AR AE,

Fohifiik T DRAM-v BARERSE R, 3R 126 > AMGs, 4 fifE 97 4~ vOTU J74 1, 5%
AR AR, anBRACH BARE DG EE I AEY) R & BEE - L Bl A B B i %, 1531 73.02%

(92/126) - IRAETIIM ) AMGs Jii Fil 2 75 FL A o 23 5 [A] AR REAT ik, L3RG 72 4 v BAS K AMGs,
B 42 AMGs (1130 (57.14%, 72/126), HARHHRBLEER A E IS AT AL (8 3a). mE
{EEER) AMGs i fE 57 /> vOTU |, HA G RGEE AN EE S48 248, HAR N BARMA
] Tectiliviricetes X dsDNA W B /AR E A BRI R ZH ) Megaviricetes NE AR (K 3b). X iE:
FitE EAT 0T, KIEJET Shewanella. Methylomonas Klebsiellaw Geobacillus. Enterobacter-
Clostridium~ Citrobacter M1 Bacillus J&. 1EITA @ BEEF AMGs 1, CAZymes IS ERZ, N
39 N (ER 1), Hdr X PUBEH /K i (Glycoside Hydrolases, GHD Al /Kb 445 & #k (Carbohydrate-
Binding Modules, CBM) #EERZ, 708 19 M 124, Gttt 79.45%.

a) b)

40K

number

6 200K

ength

T

1K

'

Complew Uigh—qualicy  Medivnrquality  Low—quality  Not-deterruined

Tectiliviricetes Other
2 nnknown
@ Arguatrovirinae_like

Carbon utilization Fnergy Transporters

CAZY C1-melane W Transporters

Nitrogen

0 Ivbeekvirinac ke
I Acrobic cormin ing synthesis

Sugar rilization Flagella Structure
& Peduaviridac
2 lybeckvirinac

P 3 g H 3300 B i A QO X1 1) 20 175 20 B L PP 91U R AE
Fig. 3 Distribution of auxiliary metabolic genes and their sequence characterization in viruses of paddy soils
*® 1 BRKUEEEEBERS TR

Table 1 Statistics of carbohydrate-active enzyme genes

CAZymes 2574 FEH ik ity i = =
CAZymes type Genes Description Accession Number

B 1 AA4 H A EC 1.1.3.38 1
Auxiliary activities AA7 IR MR A B EC1.1.3.- 2
o CEl LA RN T EC3.1.1.72 1

WK A Y EGRG , A
CE12 RIR 2 B laks EC3.1.1.- 1

Carbohydrate esterases

CE4 LA N T EC3.1.1.72 2
CBM16 Re S5 A dE BRI B R4 & - 2
ToKE S AR CBM32 A5 LRI FLRE I 45 - 8
Carbohydrate-binding modules CBM44 it 5 5P R BRI 45 & - 1
CBM56 el B-1, 3-HIRMEL S - 1
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GH113 B-H &% pERG EC3.2.1.78 1
GH13 o-JE R EC3.2.1.1 1
GH130 B-1, 4-H & bH L % H B R AL Bl EC 2.4.1.281 2
GH136 AT SR LA -N-AE R I /K A EC 3.2.1.140 1
GH145 B 2= W K At EC3.2.1.- 1
GH2 B-FFLHE G EC3.2.1.23 1
GH26 B-H &2 K pEEG EC3.2.1.78 1
WELF K fie g GH29 o-L-E BERE T EC3.2.1.51 1
Glycoside hydrolases GH3 -1 Bl EC3.2.1.21 1
GH33 MV R g B 22 R T EC3.2.1.18 1
GH39 alpha-L-iduronidase EC3.2.1.76 1
GH43 B-AHE EC 3.2.1.37; 1
GH5 RN EC3.2.14 1
GH74 PO SR b EC3.2.1.4 3
GHS87 mycodextranase EC3.2.1.61 1
GH94 LR Y B (LB EC 2.4.1.20; 1
e E 1 B
PL22 SEA MR R AL EC4.2.2.6 1

Polysaccharide lyases

W AMGs iILFBES 5 TAZOBEIN, WIbERgfR. PIERRRACHS . RS = RGN, #eld
MR RS h A RE AU . (AR, AW AMGs (vOTU303-cat_1_21 I vOTU590-
cat_2_12){¥E RN 4-F2FR P9 s I R I (4-carboxymuconolactone decarboxylase ), {87 FH K £h B A
Z 5B RNE YA, 25 KR AF £ RS B 5 18 1 40 B0 A s G 3B Y 32 6e g . R
vOTUSS1-cat 2 17 Zwhi3i] AMGs #7738 NAERIE 5 (arsenate reductase), BEMSHE =8 H RGix &
SRIGHRNEERES), BEIRZ AMGs HFAEmBEEE, HEAT L EA —EW ). AR H
(175 AMGs (vVOTU325-cat_1_25) it g LIk4HEG A S HHE (acetyl-CoA synthetase), Z543E
FBE & B W TR AR AT DA R R A R AE P9 1) 2 A A A o B AL, AT — 28 AMGs 2 i 2 i) VA R AL IR
Mg MBI SR, 25 7RIS FEMAEE R (4E4ER B12) AWE .

TREEAE T AMGs Ut B [ AE H LR R R S 5 A R F ORI B A G oy, I Hon PR
EECE RS e R E .

2.4 FRIKEDEMEEEERN SN

TR 5 8 CAZymes JE[R, TR AMGs J8 %8 i /K PR BB 7 T 3 eh 348
(381 FEA T 1K) CAZymes R HA 13 ASKRIET HA B e e BIER 75 Ol Fo w8 K
T 50%, Kl 4a), 7rl)E THEEKIEEE . 2R MK AL S e G, Horp PL22 SRE 5 UK
BEFR, ReRE2E44R, T GH74. GH43. GH2. GH26 Ml GH130 & (I 544 XM FIUR, #eis
KA 4 o X EE KA SR T e A B TR H RGih ZHER P . sLANEHE — i
AMGs %wfih GH13, Z5Ek Kt e,

RTIIZLE CAZymes FE[F (58 1) FREAERIE, X FIR CAZymes F:[AI3E4T BLASTp LUXTFI R
SR E T, A 24 N EAEE CAZymes BRI RENS T HEE R RIORIE S £ (K 4b), HR
AMGs E:RERG K B, 52 0E 3 RIERIEFTRIE I, AeREER 0)1E 3Kk
PEAB L o

R FED 2R A P ) CAZymes 5 [H 3 BORIE T B RER (TR ZF AT B H (Bacillales) . fLFFER (]

(Bacteroidota) Bl B [ TR AT B H (Enterobacterales) LB [ TR B 4N (Actinomycetes)
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o, XGRS HTNAERE R A0 R B R A R 20, RIS REH, IR E]

(Proteobacteria). JHZEE ] (Actinobacteria). 2¢Z B[] (Chloroflexi) R E1] (Acidobacteria)
MIUAFH ] (Bacteroidetes) J& T M=FEfm 1], XERE W EF CAZymes F:H 7] REAEFE ALV
T2 AR

TERENE T H 75 1 CAZymes JE[R 1, CBM32 RILH B S 2 FeME, H a7 IKE B 1
Ramlibacter F1Z£ 04T 55 H ) Paenibacillus, Lysinibacillus A1 Clostridium. {E/57E & )&, B 5 > AMGs
FER CELHE 2 A~ CBM32) SRIETHEUE ME e (WA FPs) (B 4b aEFE T 50, HEli%
KRER PN RS 5 BRI AR T, Rets IS s TE F 40w Bk AL &6 R RE .

E AR ST A B RR B, 75 vOTU206 A P =1 B FE RSB /K i 24 R (] 4a),
Iyl REE KRBT 43 (GH43) 1 B-F3 M E R (GH2). GH43 "R Z MR H o5 B pE 1
R, RIS o-L-Ba S A R R 6 5 B A B-D- A P BG4, 171 GH2 1 = Z RN 2 FL0E, 7]
P FUBE AL R L ALNE AR 20 OKMR) B LR CRARELHER) . @it RERE TR (E 40),
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