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Abstract: This study evaluated six inorganic commercial amendments—Ningliang (NL), Tianxiang (TX), Longchang (LC), Wonong
(WN), Gefeng (GF), and Baijinhui (BJH) using high-throughput sequencing of 16S rRNA genes to perform rhizosphere
metagenomic analysis. We investigated the effects of applying soil amendments on cadmium (Cd) and mercury (Hg) accumulation,
translocation characteristics in wheat (Triticum aestivum L.) and the structure of rhizobacterial community in Cd-Hg
co-contaminated soil. The field experiment demonstrated that soil amendments significantly reduced the grain Cd enrichment (BCF¢)
by 20.93%~64.87% and grain Hg enrichment (BCFy,) by 13.44%~34.66%, and the proportion of available Cd in soil decreased by
25.06%~39.58%. Notably, the treatments of LC and WN exhibited the optimal performance in immobilizing Cd and inhibiting Cd
translocation in wheat, with WN concurrently suppressing Hg translocation. Microbial analysis indicated that amendments changed
the rhizobacterial communities by enriching Cd-tolerant bacteria (e.g., Proteobacteria, Gemmatimonadota), thereby reducing the
bioavailability of heavy metals (HMs). PICRUSt2 functional prediction indicated that rhizobacteria synergistically mitigated the
toxicity of HMs through the enrichment of amino acid metabolism and carbohydrate metabolism. In summary, amendments could
block Cd and Hg enrichment in wheat by direct reduction of HMs bioavailability in soil, and indirect enrichment of rhizosphere
metal-tolerant bacterial microbiomes.
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Table I Experimental design of soil amendments
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Table 2 Physicochemical properties of soil amendments

TiH NL TX LC WN GF BIJH
pH {8 1097  11.04 1043 9.35 10.06 9.96
Cd (mg/kg) — 0.3 — 1.63 1.10 0.30
Hg (uglkg)  4.00  32.00 1.50 1097 6224 577
N (%) 0.36 0.36 0.74 0.12 0.07 0.06
P (%) 0.01 0.05 0.03 0.03 0.01 0.08
K (%) 0.35 0.51 0.04 5.98 0.42 3.51

As (mg/kg) 1.08 3.00 0.64 1.75 1.65 1.47
Ni (mg/kg) 6.15 3.00 5.07 4.90 20.00 4.76
Cu (mg/kg) 722 12.60 2.92 8.45 9.03 12.65
Pb (mg/kg) 0.21 0.24 0.09 3.20 7.16 5.89
Zn (mg/kg)  56.10 55.40 10.50  127.50  24.90 77.67
Mn (mg/kg) 1.45 16.24 1.71 2.88 0.33 0.37
Ca(mg/kg) 222.66 12833 30523 197.47 256.30 7.95
Mg (mg/kg)  29.63 15.01 4.98 22.18 16.97 8.48
Si (g/kg) 184.40 133.00 103.80 160.20 97.50  424.90
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Fig.1 Effect of different treatments on the speciation of Cd and Hg in soil
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Table 3 Physicochemical properties of soil after experiment

T H B EME BiEprfE 2 AR R
pH 1 7.45 6.69 7.07+0.25 0.04
BV (mg/kg) 2.05 1.02 1.45+0.46 0.32
3 (mg/kg) 1.24 0.64 0.92+0.28 0.31
B 7R (mg/kg) 1.09 0.84 0.95+0.20 0.21
H¥K(mgkg)  0.028 0.020 0.020+0.004 0.16
%R (mS/em)  191.53 120.80 160.08+26.92 0.17
HIUR (g/kg) 53.44 48.79 50.50+3.65 0.07
B (g/ke) 2.75 2.56 2.69+0.14 0.05
S (g/kg) 0.96 0.92 0.940.04 0.05
B (g/keg) 18.87 17.90 18.42+0.75 0.04
R & (mg/ke)  167.83 150.68 159.08+10.07 0.06
A (mg/kg)  20.00 15.97 17.79+2.76 0.16
MR (mg/kg)  126.67 100.00 116.67+15.36 0.13
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Fig.2 Effects of different treatments on the translocation and enrichment of Cd and Hg in wheat
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Table 4 Distribution characteristics of Cd and Hg in different parts of wheat under different treatments
4 -
AL}\IE - ) _ — 7K -
R (mg/ke) % (mgke) FrL (mg/ke) R (mg/kg) = (mg/kg) FRL (ng/kg)
CK 1.58+0.19abc 0.36+0.05¢ 0.39+0.03a 0.11+£0.01a 0.10+0.01ab 1.33+£0.23a
NL 1.05+0.07d 0.35+0.06¢ 0.26+0.01bc 0.13+0.01a 0.12+0.00a 1.17+0.25a
TX 1.31+0.29bcd 0.26+0.08¢ 0.2440.08bc 0.13+0.01a 0.11+0.02ab 1.04+0.20a
LC 1.95+0.26a 0.63+0.13a 0.21+0.06¢ 0.13£0.02a 0.09+0.01bc 1.14+0.24a
WN 1.85+0.26a 0.61£0.15ab 0.34+0.08ab 0.13£0.02a 0.08+0.01c 1.06+0.12a
GF 1.68+0.32ab 0.59+0.07ab 0.34+0.07ab 0.11+£0.02a 0.08+0.00c 1.08+0.13a
BJH 1.24+0.16cd 0.43+0.09bc 0.22+0.01c 0.13£0.01a 0.08+0.01c 1.01+0.15a

2.3 LIRS /N ZE AR R A0 TR I I 1 5
PR FCRIAG T S W VR B S B T
16S rRNA FE PRIy Xof /N2 MR o 240 V1R v R4 TR AL
WA 3 FroR, & A0 AR B 40 RV 1R 4 A A
P N e R DS I o A S S )
91.05%~93.06%, I # A& B I"] (Proteobacteria
28.89%~36.80%)~ Ji £k 1# | J(Actinobacteriota 9.61%~
18.93%) « & #F & '] (Acidobacteriota 11.82%~
15.62%) 475 1# 1 ](Chloroflexi 7.45%~9.59%). *f
FAHfL TR | (Gemmatimonadota 6.66%~9.04%) fUFT &
I'] (Bacteroidota 5.24%~7.23%) . %k B ]
1.75%~3.25%) 1 $& % ]
(Verrucomicrobiota 1.02%~2.40%) A 3= EL A HE. 32 1
G5 T (PCA) R, CK. R B1ZH (AR o 4 BT 7 % 45
oy 2 e WY b, 5 — RS 2l o3 ol AR 1 AR s 4
AT 67.7%M 21.8%, LR T B A8 511
89.5%.F& A1 1t — il it Pielou e, Shannon, Simpson
FTRBOTAE N B REVS 10 alpha ZFEME DA 4 FoR, 5
CK AH EL, it It A0 770 35 5 500 22 W B 4l R AV 1)
B EE B OBIH AbERZ Rl B Ok B 2 Ab B

(Myxococcota

B YR T AN T B 1R 2 B B ] R AR
T 4 25 TR 1] 1R = B U A 35 BRI GF AL B A R AR T 1R
PR = v, 36.80%,LC Ab T 2H v ) 2 i
BT B oA 9.04%. AR T B 1 RN 2F B g b
I TERAED6S = B B R PRLAR 5 1 52 0 35 U DG (=—0.44,
P<0.05; r=0.47, P<0.05).4H J5 , &% 25 B | 1 A AH G F
55 FF RL 4 2 B W) 2 OE AH 9K ()=0.47, P<0.05.% T
PICRUSt2 [JZhfe s 7t &k AR b sl 2 A Qe
Bt R B E R T2 AERACUE . Aok Ak S AR B
SR R E AR . KA S AR DL B
DAL 2 A 2= AR () 5).
2.4 TAEIA LSRR N AR RO B R BRI I
Al

RGN IR - 5 /N 22 4R B 41 81 R T 2 TR (1)
TEEE R, A 50 R H U 4% 20 A7 R0 2 R SRS 56 R T
TR N RAN AR BR A R A
Z ARG 5 RDA 40 45 R o, FIRA A  /h 22
R ERRBINSLIVET FRBETT 2B E R
FHIC, M5 SR 25 18 1] 2 1 AH G 38 2ok W 5 55
BT BRI 2B IEA () 6(a)). it — Pt



274 A 46 %

SR KRB EE AL IR B DR Tk AR RV T DR T [T 5L IE A 52(=0.22~0.47, P<0.05).tb4h, + 3%
RIS MR 2 SRR R E A SOk FPRIR & AR S & 25 Kok i is 5 Al B R
(M), W4 3B 11(=0.20~0.22, P<0.05)%.3%1E % Z #f £ (Shannon F1 MDS1) {2 2 1F AH K (7=0.20~
AHOGE KRS & R AR 2 2 iz 5 2R . 0.27, P<0.05)(¥ 6(b)).

(@
100 F

B AIBH
DONE5 -1l
= ERHHEI
ST
L L L= 0r 1)
LA
R
=== il
N R fb i)
MBNTI5
HAb

80F

D
=4
T

AR BE (%)
5

FE 42 PCo2 [21.8%]

[5o3
=4
T

20.06 -0.04 -0.02 0.00 002 0.04 006
F41 PCol [67.7%)

(©) (d) e
0.9994
0.935 P<0.5 P<0.01 11.2 P<0.05

: *k 0.9993

0.930 0.9992

11.0

mhttgg =Tty N,

0.9988

Shannon

0.910 0.9987 10.6
CK NL TX LC WN GF BJH CK NL TX LC WN GF BJH CK NL TX LC WN GF BJH

3 AFAREE N ANZERRES S E di i 5 22 ek

Fig.3 Soil microbial community structure and diversity in the wheat Rhizosphere under different treatments
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Fig.4 The relative abundance of three key bacterial phyla, and their linear regression analysis with Cd content in wheat grains
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