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THE: [ B8] 452348 (Cd) Fo i (As) AT HREGEMEG M, §EBFE A AN RRE (SBC) it “Ht-mA
W-ARE” S @R RIS F WA, [ Fk ] vA SBC A5 E A IR ARG Oryza sativa I, WE L3EE
WK 5 KRG A B IeAR, FRGRARAFER, BRANBMHAE T AR B T IR A DB L LM 5 2 gt K R 49 vh AL
#l. [£R] 28XBEAYW . SBC AR FIRH TARGAEK (P<0.05), 5 ML R#MAEMTIRI 26.7%~46.7%, &
¥4 m 18.09%~25.0%, FIBTA A MIEE 2B, A58 Cd. As MBS0 5 BE KK 51.1% F= 55.6% (P<0.05)., 4
A XE®, SBCEEZRZTHrEMt Aol (P<0.05), HERT HARNLB TN, TOHLBERLER, £57
JRH A E A BEFE Moesziomyces antarcticus #2 3% ¥ 72 # Pantoea ananatis F JE2 R A% 30.9% F2 75.1%, A% £ 5 #5541
B Ensifer adhaerens %= BTG A% 96 B Rhizobium rosettiformans 3 B 5 %) K 4& 3§ 7 379.8% F= 108.2%., e L H o4 2
T: SBC i3 Cd $MEL A (czeD. cad2) #= As INER B (acr3 %) FE 5 AR 227.0% #2 94.2%, FloT TR As ERLAH
(arsC) 530 As BG R B (acr2) &, REEBRAMYR BT @ EIREREEZ LA R T aEM, [4## ] SBC
WA EIE T 2B E B IR ASHRERER, MERAEY T L BB, FIH As S FH AL, AmA
AR Cd-As wIKAGHA4EE, B S A2 K 47

KR FAE-EMAM R R REATE R, KAG; TR Y AR EAR

FESES: S156 XRkPRERD: A XERE: 2095-0756(2026)00-0001-11

Response of phyllospheric microorganisms to the remediation of cadmium
and arsenic co-polluted soil by silicon-magnetic biochar in rice
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A&F University, Hangzhou 311300, Zhejiang, China)

Abstract: [Objective] To address soil Cd-As co-contamination, this study elucidates the mechanism by which

“ material-microbe-gene”  regulation.

silicon-magnetic biochar (SBC) enables safe rice production via
[Method] A pot experiment using SBC was conducted to determine soil and rice indicators. Combined with
metagenomic analysis, the study investigated remediation efficacy and phyllosphere microbial responses.

[Result] SBC treatment significantly promoted rice growth (biomass increased by 26.7% to 46.7%, and plant
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height rose by 18.0% to 25.0%)(P<<0.05), and inhibited heavy metal translocation, reducing grain Cd and As by
51.1% and 55.6%, respectively (P<<0.05). In terms of microecology, SBC increased a-diversity significantly
(P<<0.05) and enhanced network stability at the tillering stage. It optimized community composition by
suppressing pathogens (Moesziomyces antarcticus, Pantoea ananatis) by 30.9%—75.1% and enriching beneficial
bacteria (Ensifer adhaerens, Rhizobium rosettiformans) by 108.2%-379.8%. Functional analysis revealed that
the abundance of Cd efflux genes (czcD, cad?) and As efflux genes (acr3, etc.) increased by 227.0% and 94.2%,
respectively, under SBC induction, while downregulating As-reducing (arsC) and resistance genes (acr?2). This
shifted metabolic functions towards enhanced cellular processes and genetic information processing.
[Conclusion] By immobilizing soil heavy metals and reshaping phyllosphere microecology, SBC activates
efflux pathways and suppresses toxic As transformation, effectively blocking Cd-As accumulation in grains and
providing a theoretical basis for remediating co-contaminated farmland. [Ch, 5 fig. 2 tab. 47 ref.]

Key words: silicon-magnetic biochar; Cd-As combined pollution; rice; phyllospheric microorganisms;

microbial function; metagenome

AR EAR T 45855 (Cd) A (As) B AT YB R IR, SO HPR RS L 19.4%, 1594 RFY 5 4
FrHu iy 16, T Cd A As 1Ak 2#4T %t pH R AL IE S5 L A7 (Bh) (1 ma i #R R, (RS — 18
FBMELIHENT S e REEE AR Z —, Hoh AW R N 2L KR RHE Z TS T ES R
(ncd) B8, HHEXFBHE T As WHRE 45, Hons M s e, ol g S eyl & w4 9
JE B R TSR As (BRI, (BAEM K ST 5% % KRS Oryza sativa BREFRU,  HK A3 hnnl fE 75
FEALBRAK g CdP S, AP R ik (Si) ABEE i L TTE R W BB ] A - A 38 Cd.L A,
W BB AR F AR KA A ™, L, XA T e EA T RE I I 1 3k Si APkl A s R - A W
5 (SBC), AHEFLIRA—MBHEG, T Cd-As B AT5 B E 5EE -
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B, VEAEAR B Rtk A eioAE 2 SR Sl i B fle A 20 B R F S A I PRl A 4 e i R A
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WA - PR R B ) R SRR, R PR A AL AE Cd-As PRI BEE B P ZE AL R
BIRf . ST, ABFST @ KR AR, BAiF SBC Xf Cd-As E-A 15 B ERUE, IH4sa 2L H A
HA, AR SBC it “Mobl- -3 7 ZY4EJEPE R PRUE RS | Rk R A K R E 4R
FRRRIBLE, RS TE 4w V5 Yok H 1Y) 22 41 PR AR Ak 40

1A

1.1 Rt

Cd 1 As B2 415 YL /K AE R LA B 5 X e it (0~20 em), KR LR, WS
J&, i 2 mm b, IR, MUK IEEARTEYERT AN T pH Oy 5.72, RPN 19.71 mg-g !, T
Cd. As BJREEU AN 0.98 Fi1 71.72 mg-kg™', T GB 15618—2018 B fi btk (Cd=0.40 mgkg ™',
As=30.00 mg kg "), BRI, Miki. RORLETE AN 30.77% . 58.37% F1 10.85%
1.2 EFEE-EMEAEY R (SBC) HIHI &

K AT TE - PR A A S RE-REYE AR W R (SBC), 45 T TR WA BOUK RS AT Bt
T Fe' 5 F IR BRI, WY pH= 11, IREWFHESIE TS, SBT3 8CN 5% WEERRES, 700 C
P 2 he EE AR TR (BC) FEAHIF AR A E Tl £ . BC 5 SBC # pH 433k 7.9 F1 8.3, LR
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WK 58.27 F1 166.64 m*> g ™', FLZr%14 0.048 2 F10.116 9 cm® g ', FLA24M51K 3.236 F12.796 nm, #1k}
FOWELEH . FM ARG . BET IR R ARG BRI,
1.3 RIigit

FE R % TP KRS (B 80507 “Yongyou 8050°) ZAk ik E: . XA (ck). B /ECN 1% 1k
YRR (BC) K i8R 1% WY& Gk - A Y ik (SBC) 3k 3 AMAbHE (n=4). HAEE G159+ 4.0 kg,
PR E 0.2 g-kg ™', BER S 0.1 g-kg o BEALFNRSE T SKE R 60% HIERKE, P 15d)5
k. RITIBABKMEH, /PBENRES 3~4 cm /K2, AEFEA KINAT TR ACHE: (7K 10d HARIET),
WK 10 d WK o 4350 T4 BERA (45 d) AU (102 d) RAEMPR - SHEM, W5E Bk &% & 4R 15 R,
)25 RAE LN F-80 °C {17, HTZIEEFAMF 5. FHUCHS T/M+AEHEACD).,
1.4 Hmaoh

FAE KRR BEIA 5 U AR PR 1, 28 1SO 10390 M5 pH (T AKMRFR I N 1.0:2.5); Al ¥EEA L
%k (DOC) £ 0.01 mol- L™ G L4 (CaCly) 245 H TOC UG . A% Cd. As 4351 0.01 mol- L™ CaCl,
F10.05 mol- L™ B iR — & 8% (NH,H,PO (KA LN 1:25, 16 h) 248, JEW &A1 B 5 T4y 6ot
HETT (AA-7000) B WGHIE S FHEEA JORBETINGE . Cd. As bR IS5 97% 1 96% . [l 4R 4E
IKFERERE, RO Ak B CRAERB R A= o), IFKEAR . 28 | APkt T 2 E R T i . MERAR
02 0.100 0 g HETAHEBERES , JIA 8 mL MRS AR A 2 mL i E AL A (H,0,) s i)s . MEREART Cd. As
A, SRARKRE T BEI S IR B B, ARG T80 °C ffF. LA ZLHELY (Tissuelyser-48)
Ab PR, HL 0.2 g B 5 R FH MagBeads FastDNA Kit for Soil #2525 DNA. DNA %4 Qubit 4 K Jii & ¥ & h
1% (14 35 BB 2 H TR I 5 4% 5, #%E Tllumina TruSeq DNA SCEEF-IN 5 (FHFIR AR 38 I F BdE &
fastp i ¥ )5, FH minimap2 £ B 15 75100, Fr 5 @ 0T 50 B Kaiju #E7 9 80 BD, P14
Megahit (v1.1.2) 2025 5 FI ] Prodigal T 5 U, 3 i MMseqs2 T H., BT ni#f 3 55N H G R4
F (KEGG) LR AL (GO) Ktk 2 d AT T RE TR,
1.5 HEBHTEST

B ab 5 22 R FH Excel 2021, SPSS 26 & Origin 2018, & ¥115 H 2% 43 #7 5 T RStudio (v0.99.446)
-5 52 A . Al FH phyloseq 118 o 2 FEPEFE b1 s V8 vegan £ i1 55 Bray-Curtis 5 25, #JE4T £ A 45
(PCoA) 43 ¥ S PERMANOVA (adonis PREY) #5455 i ] corMicro a3 A: 4% 5 3@ TUR 404 (RDA) I
BRI AT IR R RO . 2SR R ggplot2 £, 4 W] £ 5 W 3 MR H one-way ANOVA
(Duncan ) FI5€ .

2 HERG M

2.1 ERE-EMEWRR (SBC) MKBAEKMNZIN

WE 1 PR : BC, SBCAMH I EFETF T /KR AR LR (P<0.05). ZKFEME T BT 45 BE AR 0T HE
WA 37.3% F1 26.7%, KEAIHIETE 16.6% F1 46.7%. /K REHE = A= K i i 52 B B RL0 , SBC AbHiAE
Ay BERAFN B 43 IR 11.9% F1 25.0%, BEDT BC AL3E (P<<0.05).
22 ERE-HMEEYRRITKBEARREAL Cd 1 As B2

5 ck M, #&BEALALFREIFRAR T 40 BEWIM - Cd BB, H SBC T BC (3 1); SBC AbH i FF#A%
T A As EdE . BC 5 SBC ARBRAH MBI I - Cd B ek 4357 i 2 PR A 54.4% F1 38.4% (P<<0.05).
BC Kb s M A As B B 2T 81.9%, 1 SBC AbFH It H: i 2 [4AIX 38.6% (P<<0.05).

MFE 2 AW, . BC Y SBC AbHEH FfAL Cd T it 43 3088 ok 43 i) ik 3 P A% 25.4% F1 51.1% (P<0.05);
BC kb 3 FF R As i 40 5% 58 25 TH i 25.9%, 11 SBC Ab 2 ff H B 2 A 55.6% (P<<0.05), BC 5
SBC Ab P ¥yt 28 A 43 BE I 5 B UIAR PR S AR MR PR - A 3 25 Cd i 208 (P<<0.05); BC AbEE i T
TIEA RS As BTE /P4, SBC ARSI A F i 2 REAK (P<<0.05), X 3R] SBC il iof B 1 458 i 4 )8 A %K
P, SEPLT X KAEAERL Cd A1 As R [R]EFHAE .
23 MERREY SHMERIREMEXS SBC 70 HIMm 5L

Y ck #tk, SBC WSt 1 /KR BEM PRt i n B i it S50 T REE Pk W e AR AR
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Figure 1 ~ Growth changes of rice during the maturity and tillering stages under different treatments
£1 AEMNPKEEBE CdAs B8
Table 1 Total amount of Cd and As in each part of rice at tillering stage
JYEEWICd/(mg- kg ™) SEEMIAs/(mg-kg ")
JusEH
i# 2% nf i# 2 -
ck 1.75£0.20 a 0.53+0.08 a 0.25+0.05 a 112.50+10.52 b 8.68+1.18a 6.40+0.92 b
BC 1.48+0.10 b 0.44+0.08 ab ~ 0.14+0.02 b 137.62+22.86 a 9.15+£0.71 a 7.99+0.99 a
SBC 0.99+0.13 ¢ 0.29£0.01 cd  0.12+£0.02 b 50.92+8.55 ¢ 4.17+0.52 ¢ 4.83+1.29 ¢
EICd/ (mg- kg ™) A As/(mg- kg™)
posiil
i E it FPRL R ES H: kL
ck 1.84+0.50 a 0.44+0.03 a 0.21+0.04 a 0.20+0.03 a 123.36+19.76 a 6.61+1.70 a 4.06+2.30 b 1.76+0.46 b
BC 1.61+0.15 a 0.46+0.07 a 0.09+0.03 b 0.15+0.04 b 136.19+8.85 a 8.54x135a 7.39+0.46 a 2.22+0.13 a
SBC 1.45+0.48 a 0.25+0.01 b 0.11+0.03 b 0.13+£0.04 b 61.70£12.94 ¢ 3.23+0.97 ¢ 2.49+0.46 ¢ 0.78+0.25 ¢
BB Rl IR ] — AR ALAN R A BRI 25 S (B2 (P<<0.05).
R2 AELETKELE pH.DOC.BHE Cd BT As REHH
Table 2 Concentrations of soil pH, DOC, bioavailable Cd and As concentrations in paddy soil under different treatments
JrEEMIR bR SrEEWAERR PR
It DOC/ HRAECY  ATREAY pOC/ B C HHAAS
o (mg'kg) (mg'kg!)  (mg-kg?) P (mgkg) (mg-kg ") (mgkg )
ck 5.85£0.08 ¢ 174.41£9.40c  0.0419£0.004 5a 6.54£1.77b 599+0.09c 148.79+£9.54c  0.060 1+0.004 1 a 7.14£0.74 b
BC  6.16£0.07b 207.78+12.90b 0.030 8+0.0027b 7.36+0.76 a  6.12£0.09 bc 203.70£13.81 b 0.031 5+0.002 4 b 8.34+0.85a
SBC 7.10£0.12a 259.81+2.70a  0.0192+0.001 2¢ 4.84+0.55¢ 6.33+0.14ab 251.49+20.10a 0.026 6+0.004 2 b 5.09£0.51 ¢
JRBHAR PR R PR

W DOC{ | ﬁf;‘m(f:i/ ﬁiﬁz/s:/is/ o DOC/i ﬁ&ﬁ&cji/ ﬁ&ﬂzﬁés/

(mg-kg") (mg-kg™) (mg-kg™) (mg-kg™) (mg-kg™) (mg-kg™)
ck 5.80+0.07 ¢ 159.78+16.36 b 0.041 3+0.002 7 a 6.84+0.61 b 5.55£031¢ 124.93£19.97b  0.048 4+0.0038a 6.70+0.96 b
BC  6.34£0.11b 180.15£23.27b 0.029 4+0.004 2 b 7.98+1.30a 6.07+0.16b  139.98+25.48b  0.034 7£0.003 1 b 8.34£1.09a
SBC 6.94£0.18a 277.88+22.88 a 0.012 4+0.001 0 ¢ 4.82+0.24 ¢ 6.41£0.23a  222.76+21.30a  0.0183+0.0030c¢ 5.66+0.14 ¢

PEH R R AR R AN [ b 38 ) 22 57 3 (P<<0.05)
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SAHEAEH, ERCE Y R T 25 R N =F AR o oK BUET (8] 2A F1El 2B) R BC Ab3LE >
T 2ABHHARUE RN ST, i SBC AR B Jin 43 BE A (E 8/ s AN %L . PCA 438 (K] 2C) . 7] —
B ck 5 BC. SBC AbHEIRFIE 4522 il i, HArEEM S5 = Rkt . o 2884 (5 2D
M E)#— 2R : 5 ck M, SBC B3 E T /KRG EEM o ZFE% (Chaol il Observed species) #8 %1
(P<0.05), i BC 5 SBC 4 HHIJFEAL 1 KA Z M (P<<0.05).
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Figure 2 Rice phyllospheric microganism species level analysis diagram under different groups

K (P<0.05). BIRMLEIREN:, RIH 6~9 A FERIH, FE/-Eel], MRHR IR T MR bFE
JBE o ok AbFEALE 9B, T BC 5 SBC AL B4 K 2 8 F1 7 Ao miAY) SBC Ab B B A5 e i &
74, BEET BCH cko NSRS EEN] SBC ACIRAH A% . - hnA e Ko IR1 9% e 34 v T
ck f1 BC, KW SBC 2 ffimt PR YRt Vs feue PRI 8 .

TOARHT (B 4A) KW . HHEARES As. Cd 5K FEbET & Mobk e 4 3 A O (P<<0.01), H As
Hop A= K BRI RN B T Cd (P<<0.05). ANFEACFE T HHEA S Cd 5 As B4 W& 1IEAH S (P<<0.001).
TEMAY - BARZ T, 5 AR X & 48 R L WA s Ry N . K& 81§ Ensifer adhaerens .
% ¥ 17 1§ Pantoea ananatis. ¥ I I #JE B Rhizobium rosettiformans X 4 W 5L 87 ¥ £ Moesziomyces
antarcticus 5 Cd S 1IEMZE, BJE 7 IMEE Hortaea werneckii 5 Cd 5 g & iAHE (P<0.01), mA% Bz
B e TN S As BIEADC, TS . BOEEREE S As 218 E 7UHC (P<0.01).

KHEYI R BE M (K] 4B) 7R : BC 5 SBC AbHITE S BEMI 5| & T #AA AN WA FFVE WA . 5 ck AH
W, BC i 50 h0 T pg A 25 4 B2 BF F R (19.2%, P<<0.05), {HERAR T 3% %12 1 (49.5%) FI kL & 6
(64.0%). FH)Z, SBCAbFEN 2 w48 TIRAWRE, (RE QIR . BURIEUARE BEOF WUE e S R: 3= B2 43 30
KUEHET: 379.8% . 108.2% 1 201.4%, [R]IF 5 2 40 ] 1 p B B30T W BE (30.9%) FE 202 T6 (75.1%)(P<
0.05). XFFESFPEm N K] . SBC AT g il o i de i g bk s Gl o e i () 22 a4 5 62 J@ AT A o
2.4 ERE-EOEEY BRI KB R E Y ThEERI I

B F KEGG DB R (K1 5) Al Al : AN [A) b B I 25 ol A28 T oK A i B S A= W i Th g i, G L2 Cd.
As RHE . — BRI K NoR . BERIIRE 28 R THBRICH . S5 B3 | 40t % MR B (R
B4, SBC 5 BC AMFRTESFEEM] 51 & T MM DI REE M . 5 ck AHLL, SBC AbFH & #0158
fRISIThAE, (HHE T L (s BAC B S5 A S B Th g (P<<0.05); [z, BC AbHE &2 i 1 R Eh
e, A TR BN S A0 M R T g (P<<0.05).

HR, SBC AbFRET T W& ML R . BHXF Cd, SBC fISMIFREA (K16264: czeD . K01534:
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Figure 3  Rice phyllospheric microganism symbiotic network under different treatments
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Figure 4 RDA analysis of microbial and environmental factors (A) and the relative abundance of key microorganisms (B)
cad2) FFER ck $F+ 227.0% (P<<0.05), ¥ T iAEMXNT Cd R ANHER RE 1. £FXT As, SBC &
HARSNES AL E I IERE . — 7, W& LM As SMNHEFIOCIE R (K03325: acr3. K03741: arsB.
K01551: arsA. K03893: arsR), i £ J¥ ik 942% (P<0.05); % —J5i, W3 F M As b J5 fiF 5 H
(K03741: arsC ) FJ& 89.4% (P<<0.05), AN T As(V) M EERIEA As() M4k, 1Ak, T As
FE (K18064: acr2) F-FETRN T 88.9% (P<<0.05).
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Figure 5 Functional abundance of phyllosphere microbiota in rice at the tillering stage based on KEGG functional annotation
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