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Response of phyllospheric microorganisms to the remediation of cadmium
and arsenic co-polluted soil by silicon-magnetic biochar in rice
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Abstract: [Objective] To address soil Cd-As co-contamination, this study elucidates the mechanism by which
silicon-magnetic biochar (SBC) enables safe rice production via “material-microbe-gene” regulation. [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 height rose by
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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 (30.9%) and Pantoea ananatis (75.1%), and enriching beneficial bacteria Ensifer
adhaerens (379.8%) and Rhizobium rosettiformans (108.2%). 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 (acr2). 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
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fastp i ¥ )5, FH minimap2 B 15 )9 5100, Fr 9 @ 0 it 7 51 # A Kaiju #E47 9 R0 BN R4
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TR As Bi . BC 5 SBC Al s M B Cd B85 ck 70 ) o B MK 54.4% F1 38.4% (P<0.05).
BC 4b F Uil sl - As B 2 THE 81.9%, 11 SBC A H U (i H: i 2 F4AIK 38.6% (P<<0.05).

MFE 2 A UL BC 5 SBC Ab#{H 4L Cd T it 43 B8 ok 43 1) il 2 B AR 25.4% F1 51.1% (P<<0.05);
BC ib B FFRL As 20 30 0 2 TH 8 25.9%, 1 SBC Ab 3 {f H 5 2 A 55.6% (P<<0.05), BC 5
SBC 4bh HE#4) i 2 R A 20 BE U] 5 BB AR PR S AR AR B+ 188 8408 Cd i /088 (P<<0.05); BC ALFEME N T
TR RS As BT /040, SBC AL 3N ff FL i 2 REAK (P<<0.05), XKW SBC i iof AR 148 1 4 & A 5K
P, SEPLT XK AEAFRL Cd A1 As B [RE RS .
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Figure 1 Growth changes of rice during the maturity and tillering stages under different treatments
®1 FAENHKBEEHE CdAs BE
Table 1 Total amount of Cd and As in each part of rice at tillering stage
SYEEMICA/(mg- kg ™) SrEEMA As/(mg-kg ™)
Jb
Ui - it Ui - nt
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 ¢
i REAICd/(mg- kg ™) A As/(mg- kg ")
S
R E it KPR Ui £ iy FPRL
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£0.15a 0.46+0.07 a 0.09+0.03 b 0.15+0.04 b 136.19+8.85 a 8.54x1.35a 7.39+0.46 a 22240.13 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+097 ¢ 2.49+0.46 ¢ 0.78+0.25 ¢

YA AR FRER R — A A R AL B E 22 52 23 (P<<0.05),

£R2 AEAAETAELE pH.DOC.HEHE Cd AN As REHHE

Table 2 Concentrations of soil pH, DOC, bioavailable Cd and As concentrations in paddy soil under different treatments

SYBEIRLR SEEBAEARER
P , DOC/ R CA FAZAs/ , DOC/ FRECA HHEAS
P (mg-kg™) (mg-kg') (mg-kg™) P (mg-kg™) (mg-kg™) (mg-kg™)

ck 5.85+0.08 ¢ 174.41£9.40 ¢ 0.041 9+0.0045a  6.54£1.77b 5.99£0.09 ¢ 148.79+9.54 ¢ 0.060 1+0.004 1a  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£0.09bc ~ 203.70+13.81b  0.0315+0.0024b  8.34+0.85a
SBC 7.10£0.12a  259.81£2.70 a 0.0192+0.0012¢c  4.84+0.55¢ 6.33+0.14ab  251.49+20.10a  0.026 6£0.0042b  5.09+0.51 ¢

AR AR bR
Ak ’ DOC/ HRAEC A/ , DOC/ A Cd A/
P (mg-kg ") (mg-kg ) (mg-kg) P (mg-ke") (mg-ke ) (mg-ke ")

ck 5.80£0.07 ¢ 159.78+16.36 b 0.0413+0.0027a  6.84+0.61 b 5.55¢0.31 ¢ 124.93£1997b  0.0484+0.0038a  6.70+0.96 b
BC 6.34+0.11 b 180.15+£23.27b  0.029440.0042b  7.98+1.30a 6.07+0.16 b 139.98+2548b  0.0347£0.0031b  8.34+1.09a
SBC 6.94£0.18a  277.88+£22.88a  0.0124+£0.001 0c  4.82+0.24c¢ 6.41£0.23 a 222.76+21.30a  0.0183£0.0030c  5.66+0.14 ¢

Uil RREFHRFR A R 2 5 B2 (P<0.05).

HECRSHEAERN, MY 085 S5 N == & Mk se o FMokoF35 R (8] 2A FiE 2B) R : BC b
BT 2 AR UE W R 2SR, T SBC Ab BRI i 43 BE B E 0 B AR 258k, PCA 43T (8] 2C) &
B. [A—Bf ] ck 5 BC. SBC AbHR VAL 25 5 Wi, HrBEM 5l 22 R i, o ZFEMESR
¥ (K 2D M E) i —2 4 5 kL, SBC R EHE T /KA 7 BEW o ZH1% (Chaol 1 Observed
species) 54X (P<<0.05), i BC 5 SBC AbHIIFEAE T /KR AU ZE 1 (P<<0.05).

BT Spearman BRAHIC A BT AL A I A 4% (18] 3) SR« AS[R) A 34 6 25 9 T I PR AR W 1 AR
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Figure 2 Rice phyllospheric microganism species level analysis diagram under different groups

K (P<0.05). FEIRMLZ EIRAEM:, R 6~9 N FERIH, Ao e, MBHRINFEAR T BB L
JEo ok AbFRAELE 9 MEEE, T BC 5 SBC ARFE 3 5[ 2 8 Fll 74> mizA Y] SBC b BRAY LI AEIN 2 7
A, BT BCH cko NS5 HT T . 43 BEW] SBC ALFRA A 8. SEII AR Ke 1] %8 5 15 35 F ck Al
BC, KW SBC R ffint PR YRt i oo P .

JUARGHT (B 4A) KW HIEARGS As. Cd 5K REbET & Mobk a2 il 3 7R G (P<<0.01), H As
Xop A= K AR08 T Cd (P<<0.05). AT HIEA 3 Cd 5 As B 2 IEAE (P<<0.001).,
TEMAEY - IR HEAEZTH, SAKCHEENE SRR B YRR SN . K& S &F Ensifer adhaerens .
% B W Pantoea ananatis. ¥ I I H I3 & Rhizobium rosettiformans X Fa W% 5 Bt % £} Moesziomyces
antarcticus 5 Cd S 1FEAE, BUE 7WIMHEE Hortaea werneckii 5 Cd 5 8 & iAHKE (P<0.01), 7tk 5Lz
Bl BUJETEAMIEE S As IFADC, ST E .. BUUEARME S As 2 5% 7AHE (P<0.01),

KEEY R ERE 40T (K] 4B) R : BC 5 SBC AMHTE  BEAS| & T #ER AN R B HEE A A . 5 ok A
P, BC 3 9 B0 T A M S T B RE Y (19.2%, P<<0.05), {HEAL T 3% %92 # (49.5%) FIKS % 61
(64.0%). tH)Z, SBC AL 25 w4 TIRAETRRE, (RS E SIE . BURIE AR BRI EUE 5 /MRS 32 52 430
KiEHE T 379.8% . 108.2% Fl1 201.4%, [A] i 5 35 F0 ] 1 p B S i B B (30.9%) FE 8502 141 (75.19%)(P<
0.05) XFMFF SR B R SBC A REIE A i 5 8 Btk s D) BE A A Rl 4% 4 )R A TR -
24 EEE-HEEY BRXTKTEM R TR R

HTF KEGG DU e R (&1 5) Al Al N [A) Ak B I 25 ol A48 T oK A B S A= W i D g i, L2 Cd.
As fRBHEHE . —HINREF K BoR: BEEIIRE F 25 8 TS 8% (5 BB 40 Fe S R (5
B3, SBC 5 BC AFETESFEEMN 51 & T #USAM R I DIReEM . 5 ck ALK, SBC AbFHE W0 158 i
fRITIRE, (H35E T e {E A S 41 AR DI 8 (P<0.05); Je=z, BC ALBEN G2 iE T8RRI
AE, M T L (S B AL i AR T g (P<<0.05).

HIK, SBC AbHEET T WAFRYFERFIETE . 1% Cd, SBC IAMEREA (K16264: czeD. KO01534:
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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)
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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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