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Abstract: [ Objectives ] Viruses are an important component of soil microbial communities in paddy fields, and
play a non-negligible role in regulating host communities and elemental biogeochemical cycles. Exploring the
interaction mechanism between viruses and hosts and the expression of accessory metabolic genes (AMGs) in
paddy fields under rice straw returning is helpful to reveal the far-reaching effects of viruses on soil nitrogen
cycling in paddy fields, aiming to provide a new perspective for understanding the role of viruses in the process of
soil element biogeochemical cycling. [ Methods ] A long-term straw return positioning experiment has been
conducted in Huizhou, Guangdong Province, since 2015. Soil samples were collected in 2023 from five treatment
plots: no straw returning (CK), total straw returning (S, the amount of straw returned to the field in a single season
is 6400 kg/hm’), and 1.1, 1.2, and 1.3 times of the whole straw return amount (S1, S2, and S3, the amount of straw
returned to the field in a single season are 7075 kg/hm’, 7750 kg/hm’®, 8425 kg/hm’, respectively). The community
composition of soil viruses and bacteria, and the relative abundances of viruses, bacteria, and AMGs involved in
the nitrogen cycle process were analyzed by metagenomic and metavirome sequencing technology. [ Results ]
The dominant families of soil viruses in paddy fields were Circoviridae, Microviridae, Geminiviridae and
Genomoviridae, but 84.62%-93.92% of the viridae were still unclassified or unknown. S treatment increased the
abundance of Circoviridae significantly, while S1, S2 and S3 treatments decreased the abundance of
Genomoviridae but increased the relative abundances of unclassified or unknown viridae significantly (P<0.05).
The dominant bacterial phylum in paddy field were Proteobacteria, Chloroflexi and Acidobacteria, and the straw
return amount and the growth period of rice had no significant effect on the dominant bacterial phylum. A total of
8 viral contigs carrying the organic nitrogen transformation genes gind, gitD, gdhA and ncd2/npd, were identified,
and the abundance of these viral contigs in the straw returning treatment was almost all higher than that of CK.
The results of host prediction showed that the hosts of two virus contigs carrying nitrogen cycle genes were
Pseudomonas and Actinomycetota, while the hosts for the other virus contigs were unable to predict. The
abundance of bacterial ncd2/npd gene was positively correlated with microbial biomass nitrogen content
(P=0.015, n=10), but not with total ammonium nitrogen and nitrate nitrogen (P=0.108, n=10). The partial least
squares path model showed that straw return significantly affected the alpha diversity of soil bacteria (P<0.0007).
The organic nitrogen transformation gene ncd2/npd carried by bacteria significantly affected the content of soil
microbial biomass nitrogen (P<0.0039). [ Conclusions ] Straw returning significantly affected the relative
abundance of virus taxa in paddy field, which could promote the expression of more AMGs encoded by viruses
and play an important role in soil nitrogen cycling. By affecting the alpha diversity of soil viruses and bacteria, the
amount of rice straw returned to the field indirectly affects the relative abundance of ncd2/npd genes carried by
bacteria, and ultimately has an important impact on the organic nitrogen transformation process.

Key words: paddy soil; rice straw return; virus; bacteria; nitrogen cycle-related genes
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fitf, K% 5 +IEHIGH . Huang ZECHEARGE, 76
) SR 55T, R R T LR R R B A A
I phoB. gdh, MIiZ5 L3R . ORI
Han S8U945 R 3 rh, i8R GE 5 R A
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1.1 RIE S8R

KR R AR g G T 2015 48 3 A, iR
B a5 F T AR 48 SO T L RE XL P AR B R 55 b
(113°20'E, 23°08'N), 44 H ME40%9°4 2020.6 h,

SRR 22°C, ZAERFK RN 800~1500 mm, J&
TR R, — R, BT REE A
N AR, S A RICED; MRS T REAE 8 A L A)Fb
M, 10 ARNCH . EHERAON IR, HIEA L
PERTANT . pH 5.20., BRf#Z 191.50 mg/kg . A 2
49.60 mg/kg . HWALHN 149.40 mg/kg. TIEA LG
22.80 g/kg.

1.2 Rt

T 0 b AR A A X RS A R R A T+
Mo o S R 3 T, R 5 G e R R T A )
HH B B B 5 ANMAREE . 1) FE RN L B X RE (CK);
2) 11 f5F RO, BREAE B4 B 2R 7075 kg/hm?
(S1); 3) 1.2 f5RERA H, R ILH 8K 7750
kg/hm? (S2); 4) 1.3 f5AREEIAH , PR ROA TR
8425 kg/hm?® (S3); 5) iR ik H, HRFERH
i [ &8 6400 kg/hm? (S)o /NXTEALA 72 m? (6 mx
12m), BEHLXZAHES,

RS KE N 49.2%, N, P, K S5 KN
9.20., 2.12 Ml 16.42 g/kg. HEA-AbPRILAE A &k T 47
JE (FEALH, K,0 60%) WA 25348, RIE JRE, N
46%) FIBEAE (F5EEREIE, PO, 15%) FEAF, F/5
R G5 R A EL A A R DL 1 WA 100% i AR % 5
RNEFEPIE 60% FENL TR, T4 40% TKFEE 4
15 KJ5iBii.

1.3 TEHGRESNE

TE 2023 4F 8 H 10 H (MafdsrEBE) F1 2023 4 10
H 27 H (e ety , Ak A& 4b BN DR 4R
0—20 cm + )2+, BA/PNXFEHLIRE 5 58, SR
AR AR AR, RSG5 3 #8050 Bl %
BRERAST, M 3IAER, WA E4ICE
ZRUKFE M I SL G % -80°C R A7, T W s S 4l
IR ERELLIN T 3 — 5 A SR KT 5 T 4 A
(TN) Friit; —&Rompe A T i A2 (NOs-N).

1 FAHIBEEMGIELIEERE (kg/hm?)

Table 1 Chemical fertilizer input in each experimental treatment for early and late rice

s JE1t Total FLF5 Early rice 5 Late rice
Treatment N P,0; K,0 N P,0; K,0 N P,0; K.0
CK 310.5 94.5 270.0 155.3 473 135.0 155.3 473 135.0
Sl 310.5 94.5 243.0 155.3 47.3 121.5 155.3 47.3 121.5
S2 310.5 94.5 216.0 155.3 47.3 108.0 155.3 47.3 108.0
S3 310.5 94.5 189.0 155.3 47.3 94.5 155.3 47.3 94.5
S 310.5 94.5 270.0 155.3 47.3 135.0 155.3 47.3 135.0
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(14 3CJ% 2% Fi Tllumina NovaSeq 6000 =38 & 773 &5
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L AU (Base Calling) 73 B fb 0 IG5
(Raw Reads), KB Trimmomactic (34
A : LEADING:3TRAILING:3 SLIDINGWINDOW:
5:20 MINLEN:50) X SR 15 A4 it 7 35 PR 20 s it 4 7 o
s, ARAR R B A T N IR b, 1S
#| Clean reads 3t 1.58x10° £, #J/H MEGAHIT
(https://github.com/vouten/megahit) X i 5 441l 22 5 )
Clean Data 117 denovo #f#% (K-mer £ k-min 35,
k-max 95, k-step 20), FHRF&SHE M AR A H L@y
Reads H7E—BHITIRA A%, LUIA IR PR
FREWMIE R, REPHEKBEETE 500 bp L) Y
Scaftigs #4175 2201 R Mmseqs #4175 A
RER LT, JETUREE R Unigenes V3K
k1 500.13 bp, F-¥ GC &80 60.98%. f# 4] Diamond
(Version 0.9.30) AR AETUAR ) Unigenes J¥51 5
NCBI-NR ##s 5 Foxt 2E 47 9080 (9 [R] I8 BLAST L
X (E BMH M e-value<<0.0001), 374 11688293
DTCAFE R 4L Unigenes # iR R, 22 3 R 40 I ¢
TAERALT R EM NP AR A A 58 . R
90 5 € B A% 2 NCBI $udls &, EM4 5 1D
PRINA1166634,
1.5 TIERREBHENF

FREL 3.0 g 677 T—80°C HyBThf HIRE S, AT
HAERE RS I AD B, ARG 2500 25 BR 20 SV 41 A Y
PR, da AU . R B0 BOUTTE 45 2 R0 24 1Y
I3 BT W T R FE AR ORL (VLP) AT 4l fk
Wedii, SRR FH5EE DNA (dsDNA . ssDNA) Al RNA
(ssSRNA | dsRNA) 42 By 75 12 [F] i 5 BUZ R ™Y
il 5 M 1) DNA BZEY 3 ) DNA B R P g
PRASGHATREDLI T, KA TS 153 1Y% 7 B DNA
TN SCEA AL, A5 A 1 SR Tllumina -
BT, MFIEK PE1S0, & il 5 15 2] /)
K14 2 Base Calling %4k 0 J5 450 /37 /37 51 (Reads),

i I Fastp 3% JF 46 50 s (Raw Data) #E17— R 7
AbBE, 7935 iR B clean reads. i Prokka (v1.13)
BAEX W BE contigs FEATREDI TN , it PR AL AR K
JE/NT 200 bp 1Y contigs FFA1 o N R i)k (]
HHFH1 5 UniProtKB/Swiss-Prot/KEGG ¥4t 2 (9%
# 7% (ViralZone, reviewed proteins, https://
viralzone.expasy.org/) tbXF, FRIGIEEERBREE . 5
B FRETERE RTS8 PhaGCN2 /%)
FPON AT R 0 2R . H reads HUXT B %€ 5 11
YW B contigs I, T contig FFE [RPKM =
contig reads/(total mapped readsxcontig length)], %&5E
RS, KH CheckV BfFrhdt %4 ) Prodigal
AXT LU B4 1Y) contigs HEATIERIVERE, FRRR X B
R HE N 5 SE A6 BE D B A I BE B PR V4 IR,
LG S HHRE: KEGG, VOGDB, PfamA,
PfamB, IMG/VR, TIGRFAM, RVDB, NCBI
GenBank (viral), GVD, GPD, MGV, CHVD,
Riboviria 5 ] 47 HEXT, %8 U W) RV RE ) L
fi H CHERRY 4 (3% -len1000-model pretrain-
topk1) Fl1 PHP #f (Z4(: -nhostKmer 60105 kmer4)
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HERHCABRA R e, J5n P9 8dE 2 1% % NCBI
BaE, WSS ID: PRINA1166100.
1.6 HIEAIE

%111 SPSS Statistics 23 (IBM, USA) {4 5 H
T R RE S A B AR R R R
LERE UEAT Shapiro-Wilk 1IEATERL, & IEASS
A1 B B0 SR AU 2R 5 22 53 BT (two-way ANOVA)
A H2ZE S BE M. SR origin 2022 (OriginLab,
Northampton, MA, USA) 32 - e i 5 40
RETE WD 2 0 o U AR ME R 1] L 355 20 8 19 2%
PEURIHE PR = BE AT AR I o SR R B & T “plspm” £
Fa S i /)N — e AR

2 HPRE

2.1 TIERBAHEE
B o, PR H 30 BBk = B e ) [
W TR} (Circoviridae), FHXTFFE 3.54%~12.00%,
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Fig. 1 The relative abundance of top 10 soil virus families in the paddy soil at tillering and maturity stages of late rice
receiving different rice straw incorporation rates
TE: CKARERIARIRH, S R fiREmis H (FAZAS KA B 6400 kg/hm?), S1. S2. S3 ALHMREFA HIE h ¥R R Y 1.1, 1.2,
1.3 1% CAZREEE HH 450 7075, 7750, 8425 kg/hm?), A AR[R/ING FHEF R AP E 25 5 B 3 (P<0.05).
Note: CK is the straw not returned, S is the whole straw returned (the amount of straw returned to the field in a single season is 6400 kg/hm?), and the

amount of straw returned to the field in S1, S2 and S3 is 1.1, 1.2 and 1.3 times that of all the straw returned (the amount of straw returned to the field

in a single season are 7075, 7750 and 8425 kg/hm’, respectively). Different lowercase letters in the bar indicate significant difference among

treatments (P<0.05).

HIR BN EARE (Microviridae) . 28X IR TR
(Genomoviridae) IR ESR TR (Geminiviridae),
3505 0.56%~3.04% . 0.43%~1.61% £ 0.20%~
3.41%, HA s FHRREFEAH S 0.05%~0.73%,
B2, 84.62%~93.92% i #iFEAR B /- KR, H
b, S AAEER R IR EE R (Circoviridae) 3 B 3%
M (P<0.05), FEAKFE 73 BEI AN LA 43 501 %8 CK
REFREEIN T 3.47% F1 6.33%, 1 oAt &b R A T
AR, /KRS0 BEI ST, S2 I S3 4b B % 28 XA 5 25
Bl (Genomoviridae) B =F 7 5% CK B ERFEAL T
0.86%. 0.86%. 0.89%. M S3 I S AbFHALAE
BB (Geminiviridae) )3 4338 CK W EREAL T
0.89% Fll 0.35%. (HAFEREAIE, Tt E/KiEHEEN
R A, R S S BRSO AR X T2 BEAE
S1. S2 il S3 Ab¥Hrh i ZHE NN (P<0.05), 7KAF /T BELD]
55 R g, 4% A B A e R AR A AR X
F ARSI . 25 LT, R X
i B A e B R A T WA, KRS AR R AR
B HIXT 50 B IR IC W

P A A 3 b 8 A A B R A R A
contigs 1T — LG 1T)E, ATAMILA 8 KW
contigs, H.7E/KAE /7 BEI AN ALY, X sbHEHT A L
U AL L 999 75 contigs 78RS 5534 FH A0 33 o (4 4
FEILF25E T CK 4P, R 5] M.S3|contig
141185 Fl1 T.S3.3|contig_ 6813 J3HIl7E K A it 251 Fi 43

BERA R B A M (8 2). BRJF 4 T.S3.3|contig_
6813 LI4h, HAth contigs YFEHKF E#IHIENE B
WA (Caudoviricetes), {7 M.S3.2|contig 51397
BERRI B IKE, N P2 AR (Peduoviridae).
KR4y BEW], 9% 7 ¥ %1 M.S3.2|contig 51397 Al
M.S3.3|contig 20350 73 5il7E S1 ALFEFN S &b 3 AHXT
FRE R, AT I ITE S2 Ab B AR X = B
o KAEA , W7 )F 51 M.S3.2|contig_51397
F1 M.S3.3|contig_20350 ¥J7E S Ab3H HhAHXT = 5 fe e
22 TIEAEAEFE

m & 3 ar g, AR RS SR A )
B 2R 1] (Proteobacteria, 17.3%~19.8%),
HR LT ] (Chloroflexi, 14.2%~16.7%). M2
FFEE ] (Acidobacteria, 8.1%~9.7%) FIPERL R[]
(Verrucomicrobia, 3.7%~4.7%). /~[FAEH L H 5
b PR [) 240 TR LSRR PR 2 A W 2 S (P>
0.05). IeAh, X oK AE 73 BEM 5 0 40 v 1 7%
BYARXT R, HAME R IEAA R, 25 ERTiR,
FIA H i FK R AR T I S S A v 138 T
A
23 ETENARHEENTERSESAREE

i f CHERRY F1 PHP #f4x A5 M -3 #2401 7
T T, e F - S R T B A 1 2 71 4
W, HA RS ] (Pseudomonadota) 24 7l
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Fig. 2 Bubble diagram of virus contigs abundance associated with soil nitrogen cycling under straw return

F: CKNREEARM, S hEHMAEEA N CASREHIL M & 6400 kg/hm?), S1,
1.3 £ (BAZEREBERE 405 7075, 7750, 8425 kg/hm?), &I Hh Sz BRI R /R TR BT T A

RPKM f8) K/h, RRBEEARFNFE contig,

S2. S3 AbFHAYAEFA H B A ST RERIAHAY 1.1,
R HH G R contigs AYF (%ﬂ;

Note: CK is the straw not returned, S is all the straw returned (the amount of straw returned to the field in a single season is 6400 kg/hm?), and the
amount of straw returned to the field in S1, S2 and S3 is 1.1, 1.2 and 1.3 times that of all straws returned (the amount of straw returned to the field in a

single season are 7075, 7750 and 8425 kg/hm’, respectively). The size of the circle in the figure represents the abundance of virus contigs related to

soil nitrogen cycling under rice straw return (based on RPKM values), and different colors represent different virus contigs.

mEZWAFE ], HE 4T LIEL, 254 M 5H
R AR DG 1 2 DR s B A A R R R0 A, e il 2
gdhA . gltD. ncd2/npd M glnd ., FFHEH X LA LA
AL B AR B contigs E— BTN 15 32, 25 %
B, A 2 &7 contigs TN 215 42, Hirp, #Eay
ned2/npd FF T 5] M.S3.2|contig 51397 7
BEASF b8 %58 0 P2 WEBE A EL (Peduoviridae), Til
M) 18 £ A SNFFEE (Acinetobacter), & T
MR ] (Pseudomonadota). T4 glnd FE K 19
¥ T.S2.2|contig_13656 FERIKF- EAM M2, H
T E NI BEWEE (Kitasatospora), J& TR ]
(Actinomycetota),
24 TERES5ARETHENRRKERS L
AR X RNFES AMGs

K5 Ron, TE/KFE s BES A AU, A 4
B ST A LA AL R IR FORIE H (CK)
AR R AN B M AE RS A bR, AR

DEA BRAG I B T A0 AG BLUASE AR DGR A . KA
SYEER, JEDN glnd AE S2 Ab PR R R LA
ned2/npd 7 S1 AP ey HEH gleD TEPTA b
PP RN E . BN gdhA AE S Kb PR AP B B i
IKFE RS, LI glnd 7 S3 AbHh 2 B di ey 3
W ned2/npd 76 S Wb B B i & 5 BN gleD #E
S2 Wb FRh FE R ey KR gdhA 7E S3 AL R
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gltD Fl gind W FEFER AR E . BIENE, 1K
SYBEW], S2. S3 il S ANFRFIEIA ned2/mpd WIEJE W
FELT CK AbFE (P<0.05). /KAFRLAM], SAabREr It
I ned2/npd W 2B 1 2 & T CK Ab3 (P<0.05).

— LA WLUASE AL ned2/npd W FE S
TIRARBIRZEN R, Kl 6 KU, WAgH 1
Y B HEAT A HLRFE AL IE N ned2/npd W) F 1 54
PEASTERERFEIEMLKER (P=0.015, n=10),
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amount of straw returned to the field in S1, S2 and S3 is 1.1, 1.2 and 1.3 times that of all straws returned (the amount of straw returned to the field in a
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Table 2 Viral auxiliary metabolism genes

KO%i*5 KO number K Z FK Gene name FH:[H Gene

H 1% Gene description

K00558 DNMTI / dem M.CK3_contig_11608-cat 2 4
M.S1.1_contig 7575-cat 1 _14
M.S1.1_contig 8731-cat 2 2
M.S1.2_contig 12267-cat 2 8
M.S1.2_contig 9944-cat 1 46
M.S2.1_contig_1140-cat 2 16
M.S2.2_contig 897-cat 2 2
M.S3.1_contig 17094-cat 1 43
M.S3.2 contig 28456-cat 2 10
M.S3.3 contig 151241-cat 2 10
M.S3.3 contig 173896-cat 1 4
M.S2_contig 35584-cat 2 18
M.S3 _contig 14916-cat 2 3

M.S3 _contig 19124-cat 1 13
M.S3_contig 43849-cat 2 9
T.CK2 contig 11671-cat 2 13
T.CK3_contig 9479-cat 1 38
T.S1.1_contig_6392-cat 2 4
T.S1.1_contig 8281-cat 1 92
T.S1.2_contig 2737-cat 1 _66
T.S1.2_contig 5126-cat 1 23
T.S2.3 contig 4688-cat 2 10
T.S3.2_contig_16590-cat 1 50
T.S3.3 contig 12427-cat 1 15
T.S3.3 contig 12963-cat_1 33
T.S3.3 contig 8555-cat 2 2
M.S3.3_contig_182589-cat 2 4
M.S3.3_contig_182589-cat 2 4

K01652 ilvB /ilvG / ilvl

DNA(H B E-5-)- F B RS i
DNA (cytosine-5-)-methyltransferase

RIS T/ /A3
Acetolactate synthase [ /1I/1ll large subunit
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