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A biochar composite bacterial agent affects the bacterial community
structure and nitrogen composition in the soil of a vegetable
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Abstract: [Objective] The soil in the vegetable plantation suffered from fertility degradation, pH
decrease, and heavy metal leaching, necessitating the exploration of the mechanism by which
composite bacterial agents regulate the bacterial community structure, nitrogen composition, and
heavy metal availability in the vegetable plantation soil. [Methods] The heavy metal-resistant
bacterial strains Ralstonia Beul-1 (R-B) and Bacillus cellulasensis Zn-B (BC-Z) were prepared with
biochar as an immobilized bacterial agent and then applied to the acidic soil (pH 5.6) of a vegetable
plantation under long-term tomato rotation. High-throughput sequencing of soil bacteria and the
determination of soil composition were conducted to analyze the bacterial diversity, soil pH,
nitrogen-carbon content, and heavy metal chemical speciation, on the basis of which the effects of
the biochar composite bacterial agent on the bacterial community structure, nitrogen-carbon supply,
and heavy metal activity in the soil were analyzed. [Results] Biochar immobilization facilitated the
growth of exogenous bacteria R-B and BC-Z in the vegetable plantation soil contaminated with
heavy metals and maintained long-term coexistence of R-B and BC-Z with the original highly
resistant Bacillus (10.18%—11.88%) in the soil. Accordingly, it effectively improved the bacterial
community structure, adjusted the distribution of differential bacteria (biomarkers),

restoratively increased the relative abundance of abundant bacteria (such as Streptomyces,
Geopathophilus, and Nocardioids) in the soil. In addition, soil bacterial genera, partial abundant
bacteria, and the exogenous bacterial strain R-B were closely related to heavy metal chemical
speciation and nitrogen-carbon components. The application of biochar bacterial agents (BI+R-B,
BI+BC-Z, and BI+R-B+BC-Z) increased the pH, EC, total nitrogen, nitrate nitrogen, organic
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matter, and total organic carbon of the soil by up to 0.41, 20.74%, 18.96%, 24.77%, 10.26%, and
21.56%, respectively, while decreasing the ammonium nitrogen residue by 13.91%, maintaining the
nitrogen-carbon supply capacity of the soil. BI+R-B and BI+R-B+BC-Z reduced the content of
exchangeable, reducible, and oxidizable heavy metals (Cd, Cr, Pb, Cu, and Zn) by 0.18%-12.33%,
but increased the residual content of these heavy metals by 0.16%—14.59%, effectively passivating
heavy metals in the soil. [Conclusion] The biochar composite bacterial agent (BI+R-B+BC-Z)
improved the bacterial community structure, promoted R-B growth, increased the abundance of
abundant bacteria, and maintained the long-term coexistence of exogenous bacteria R-B and BC-Z
with the original highly resistant Bacillus in the vegetable plantation soil with heavy metal
compound pollution. Moreover, it increased soil pH, EC, total nitrogen, nitrate nitrogen, total
organic carbon, and organic matter, while reducing ammonium nitrogen residue and passivating
soil heavy metals (Cd, Pb, and Cu). Therefore, it effectively regulated the bacterial community
activity, exogenous bifunctional bacterial growth, nitrogen-carbon supply, pH, and heavy metal
chemical speciation, with the potential to maintain the fertilizer supply capacity and control heavy
metal compound pollution of vegetable plantation soil.

Keywords: immobilization of functional bacteria; exogenous bifunctional bacteria; heavy metal

chemical speciation; abundant bacteria in soil; soil nitrogen-carbon content
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F:5% 20 h (25 °C), 10 000 r/min #5.0> 20 min, |
T8 W43 ) A A M i A ORD B FL R I (FL AR
0.45 pm)id ik, MEHESBAHEETE, E&R
WA (P8 4w AC A Y IR o
A 80 mL 0.50 mol/L HONH,HCI ¥, 200 r/min
P¥% 1% 20 h, 10 000 r/min 250> 20 min, |FiF
WL E e E e mA RS e, Ee)REk
A PRI E 4 JE A A B R b i A
20 mL H,0, (8.80 mol/L, pH 2.0), ZE#SN 1 h,
85 CCHE N 1 hy Y i ARFRIE /NS 6 mL H
HIA 20 mL H,0,, 85 °C F4kEES N 5 SRR
/NE] 2 mL BT A 100 mL CH;COONH, ¥ i)
(1 mol/L, pH 2.0), 200 r/min ¥ 3% % 3% 20 h,
10 000 r/min 20> 20 min, b kg5 I E &
SIRAMSE R, REST E=08-HE-ib
JRAS-AEARAS . ME S A S50 KA R Il
S EE AL R A A A PR TR A A

P4 actamicro@im.ac.cn, 7 010-64807516

14 MELRAB B, HSEMEZ
P

o
A 3
TN 22

|

1 0.50 mol/L KC1 # 7 25 °C . 200 r/min
AT TR TR 2 h, A3l PH A S v PR s AR
T FLUE ME A U8 . BV HLBK (total organic carbon,
TOC) HlLE R R A 4 A AL #A B2 1Y (Shimadzu 2>
FDIE, AR NO;-N)FI % A A (NH, -N)
ESEI 8 BT (Skalar 23 7)) %E o
1.5 SEBEENFSHhLIRAEEEEN

M+ HESL 24 DNA R BGR ] & [ KAR A
PR (AL A0 A BR 2> w3 AL A 5 12 32 - S 4
FEL DNA, SR 1% B b B 5 r, DK RN e o i
AN Y6 G BE T (ThermoFisher Scientific 23 7l )43
BRI DNA Y 56 2 M f e i . DA IR 519
338F (5-ACTCCTACGGGAGGCAGCA-3") Il 806R
(5-GGACTACHVGGGTWTCTAAT-3")§" #4 4 &
16S rRNA #: [H (V3 -V4 [X), PCR JZ I & %
(50 uL): 2xPhanta Max Buffer 25 uL, dNTP Mix
(10 mmol/L) 1 pL, . FI#E547(10 pmol/L) 4%
2 uL, Phanta Max Super-Fidelity DNA Polymerase
(5 U/uL) (Fd A MEREAE R A BR A A 1 L,
DNA 1 pL (<50 ng/uL), ddH,O 18 uL. PCR JZ )i
Ak . 95 °C 5 min; 95 °C 20's, 55 °C 35 s,
72 °C 45 s, 3L 32 MfE; 72 °C 5 min, R
1.5% 35 il 558 1S PR K G2 TN PCR 7™ W) 4 45 5%
PE . PCR “Hyik L5 75 AEW BR 2 RHA BR 2
Al AT EE Y, TR LS Y =
5 (https://cloud.majorbio.com/, i3 W)
R A IRA RN T LRGN RIS A5, B
RO AT 1578 563 AR W) s Al ik =
T. H (https://cloud. majorbio.com/page/tools. html)
P P SR 87 EL 4428 2 NCBI SRA (https://
www.ncbi.nlm.nih.gov/sra), 554 PRINA948697
(BioProject) i SRR23980356 (Sequence Read
Archive),

1.6 HESTFERLT
B gt 0 M R R 355 (v3.3.1, https://



WRIRK | MUEYEEIR, 2026, 66(1)

251

www. r-project. org/). &l £ £ il >k ] R & 5
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Chemical speciation change of heavy metals in vegetable soil. A: Cd; B: Cr; C: Pb; D: Cu; E: Zn. Ex-,

Figure 1
Red-, Ox- and Res- represented the exchangeable, reducible, oxidizable and residual, respectively. The same as

follow. *: P<0.05; **: P<0.01.
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Heh Cr RS D 0.70%-1.64%, FRit A
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B 0.18% —2.18%, %k i A 44 in 0.16% —2.95%
(K 10); L4 Cu 19 A fb &k 2> 0.85% -
9.63%, S 0.06%—1.37%, Feid SN
0.95%-11.77% (& 1D); +3Erh Zn )32 e 2508
B 0.26% - 8.59%, 5% AN 0.31% - 9.74%
( 1E). R-B =% 5 B 57 (BI+R-B 1 BI+R-B+
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Pb (R A LA K Cr F1 Cu BYEARAS s [l 14
Cd. Cr. Pb., Cufl Zn WARIES ., HHEE4LE
TS M iE LA, WIRSIEPEAL T3 i
A, AULSTE BN E IRTEE), FRIB ATl

P TP Cr RS FIERIE A S A s
98.63%, H T4 Cr Ml Zn B9 & 8 K BFR, [
i R-B A=W e A REIRI ik +- 4k Cd. Pb I
Cu G, A LISk E £ 58 Cd. Pb
1 Cu M EEsE xR .
2.2 EYIRE IR K R IR A AT
HEEEMZHEM

1 Fron, ACE $8%0F Chaol #5845 bt
TR TR, AR A T T R
ISR R R WO, AR T ) 1R S b+
B(CK), mizeld B imA Y BDiE, ACE
Ml Chaol #8 54X 43 5 T F# 3.41% - 3.81% F
3.94%-4.27%; {H 0] 3% 8 + € ¥ in BI+R-B .
BI+BC-Z 1 BI+R-B+BC-Z J5, ACE 8505 F
W 23.04%-35.64%. 14.63%—44.56% F1 16.59%—
40.71%, Chaol 5% 43 il T B 35.83%-35.93%.
28.08%—43.70% i1 28.60%—40.55%, Shannon &
BRI Simpson 48 %5 5 B+ 58 20 08 B V% Z2 R
Shannon {H# K a¥ Simpson {H /)N B 7% 24
PR o ) R Bl A 4 s o A ok (BD) )
Shannon F§4(H1 Simpson 8% B2k, {H [
Sebe + BN BI+R-B. BI+BC-Z #l BI+R-B+

*1 FEETIRARMENoZ M S HT(OTUsKFE)
Table 1 The alpha diversity analysis of bacterial community in vegetable soil (OTUs level)
Sample ACE Chaol Simpson Shannon Sobs Coverage
index index index (x10%) index index (%)
CK1 3 132.69 3120.44 0.69 6.28 2 518.67 97.97
BI1 3025.88 2997.51 0.73 6.23 2443.32 98.07
BI+R-B 1 2 410.94%* 2 002.51%* 16.81%* 3.21%* 1229.01*%*  98.42
BI+BC-Z 1 2 674.41% 2 244 33%* 14.01%* 3.61%* 1 447.66**  98.22
BI+R-B+BC-Z 1 2 612.94%* 2 228.04** 11.29%** 3.78%** 1437.33**  98.27
CK 2 325944 3166.02 0.81 6.28 2 651.02 97.94
BI2 3 135.38 3030.78 0.80 6.24 2529.01 98.01
BI+R-B 2 2 097.85%* 2 028.51%* 13.22%%* 3.86%* 1512.03**  98.45
BI+BC-Z 2 1 806.96** 1782.51%* 16.70** 3.51%* 1283.67**  98.64
BI+R-B+BC-Z 2 1 932.55%* 1 882.29%* 11.07** 3.89%* 1390.31*%*  98.56

PACK 1FICK 2 k% R4 .
CK 1 and CK 2 were the control groups. *: P<0.05; **: P<0.01.
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TIEPAATES Bacillus 175 [FIE AT BEARLT 25
TEFFRE RN, L5650 HT -3 Bacillus FIZE 1
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Figure 2 Community structure and relative abundance of bacteria in vegetable soil (genus level). A: Strong

seedling stage; B: Harvest stage. Red triangle represented Bacillus; Purple arrow represented Ralstonia.
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Figure 3 PCoA analysis of bacterial community in vegetable soil. A: Strong seedling stage; B: Harvest stage.
#2 RETEFATEREAEMNBENFEETL
Table 2 Relative abundance of Bacillus genus (top 10, %) in vegetable soil
Species name CK 1 BI'l BI+ BI+ BI+R-B+ CK2 BI 2 BI+ BI+ BI+R-B+
R-B1 BC-Z1 BC-Z1 R-B2 BC-Z2 BC-Z2
Bacillus 10.18 10.10 10.08 13.70 10.43 11.88 11.35 10.48 7.78 8.90
Tumebacillus 3.45 3.53 0.21 0.34 0.38 4.33 3.99 0.55 0.43 0.47
Paenibacillus 2.19 2.24 0.25 0.38 0.44 1.66 1.54 0.51 0.37 0.37
Alicyclobacillus 0.63 0.63 0.12 0.19 0.14 0.40 0.44 0.17 0.12 0.13
Lysinibacillus 0.53 0.53 0.04 0.07 0.08 0.42 0.37 0.09 0.08 0.06
Pullulanibacillus 0.33 0.35 1.15 1.44 0.81 0.34 0.29 0.81 0.73 0.69
Oceanobacillus 0.19 0.16 0.02 0.03 0.02 0.10 0.10 0.03 0.01 0.02
Solibacillus 0.14 0.14 0.02 0.02 0.02 0.14 0.08 0.04 0.02 0.02
Geobacillus 0.11 0.13 0.01 0.03 0.02 0.06 0.07 0.01 0.02 0.02
Brevibacillus 0.11 0.14 0.01 0.02 0.01 0.07 0.07 0.02 0.01 0.01
Fictibacillus 0.10 0.13 0.00 0.02 0.02 0.06 0.08 0.02 0.01 0.02

(Alicyclobacillus)FFH 2R 2- AT # (Lysinibacillus)
By = 4 0 B 0.34% . 0.25%. 0.12% Fil
0.04% (3 2), WAL T ke 1 2R AT 1R 28
YA A A T . AWk dE R SNIR TR R-B M
BC-Z 54t Bacillus 165 43 J@ 2 A 15 Y 3%
bel + e ILAE (R AR 0% B 7 (BI+R-B . BI+
BC-Z 1 BI+R-B+BC-Z) 1l il 3 I £ 1 ZF 0 AT B4
KA Ko (top 10, FFE>0.10%).

24 EMREFMER TR TIBESEE
B\ R-B FA Bacillus HItE¥EE

il 4 iz, Heatmap AHICPEHT s, M
T 3% 1 H: 1 0 2 SR O A= 9 ok B ) (BIHR-B
BI+BC-Z 1 BI+R-B+BC-Z)eh 28 T 3 bt + HE20 14
FhHE (top 25) A9 F 2 (B0 2L B 2 1), {H
Bacillus 4558 5 F B (R FF40 ), BI+R-B I
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Figure 4 The abundance distribution of R-B and Bacillus in vegetable soil. A and B: Heatmap analysis (top 25).

A: Strong seedling stage; B: Harvest stage.
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Figure 5 LEfSe analysis of potential functional-bacteria in vegetable soil (LDA>3, genus level). A: Strong
seedling stage; B: Harvest stage. The greater the LDA value, the more significant the functional bacteria’s effect

on soil.
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Flgure 6 Changes of physwochemlcal properties and nutrient composition in vegetable soil. A: Soil pH; B: Soil

electrical conductivity (EC); C: Soil moisture content; D: Total nitrogen; E: Ammonium nitrogen; F: Nitrate

nitrogen; G: Total organic carbon; H: Organic matter. CK was the control group. *: P<0.05; **: P<0.01.
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Figure 7 Correlation analysis of soil bacterial community (genus level) with nitrogen component and heavy-
metal chemical speciation. A: Soil nitrogen; B: Cd; C: Pb; D: Cu. TN: Total nitrogen; OM: Organic matter.
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Figure 8 Heatmap analysis of high abundance bacteria (top 25) with nitrogen component and Cd chemical
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1 3.12% (BT 59.82%); tbAh, MIFEA K
A RR WO, - A B 75 45 0 A 350
AT = B 447G B i RRE M . 7RIS I AR W)
YERIR , AN & @4k E R-B il BC-Z 53¢
A JECA Y R R AR B AR, b R-B A
BC-Z ' #5581 Streptomyces BTG 1E, HAEWY)
R+R-B B T AL - S A Wy v A A Otk
TESEEWERT, NHMNEE R-B (3.95%-9.33%,

P4 actamicro@im.ac.cn, 7 010-64807516

WE S AR RS, T SRl R Streptomyces
(FHXTZE DN 2.10%-2.49% 3 5 41.22%-49.34%)
PP AR KB T RAFR E ST, A RGE
T3 Bl A 8 A T 2 R R T 5 L RO AR AR X
FIE.
3.2 HEYIRHEREINER R-B I BC-Z 5
3% Bacillus KB GFTHRELTIE

P A= TR T R e A AR = I AR TR A L O
Pl Tl BE B I A AR 4N T A A0S B AR
AT 701 A 49 400 R A 2 T O S AR s - 4
BB A - it FH & A B RE R A
- RN TR R 25 R 3G A s AR R, AR
WA A RO A A R R R R A
BERPRE 2 B R R0 e e AN R s M,
B8 A 5 o) BE B AR X MY, E & ad. Cr,
Pb. Cu Fll Zn AYEFE - 7716 4 & & Jm btk
B Bacillus (10.18%—11.88%), sl A= ¥ 7% 1 7
(BI+R-B. BI+BC-Z Hl BI+R-B+BC-7)J5 , AME
B Ralstonia (R-B) Ml 13 Bacillus WIS 3 B0
M 3.95%-9.33% H1 7.78%—13.70%. =4 5¢ [
EALAT 4R PR R-B Al BC-Z 1E3% 5 1 4%
HhE R AIRF S K, H. Ralstonia (R-B) A< N +
BEFELHE, ARG T Lt Bacillus
XPAMIE 4 R BT R RSB E R . A, B
Y% EH)(BI+R-B, BI+BC-Z F1 BI+R-B+BC-Z)4k
FEReh + 4% Bacillus Fafl B4, (ERNHIARXTFREER
15 (FEFE>0.10%) 1 25 AAT 121 & 20 1 (Tumebacillus |
Paenibacillus 1 Alicyclobacillus 55) i 4 K . 4
VAR AME B R-B i BC-Z 53¢ 1 58 5 A 1)
VUM Bacillus K347, SR, Tt A4 HH 35
B e e e e e tE B sk 4L, IR HEm sk
Yy 12 ] - AN A A KPP P — TR
TG 2% o M TR P 5 2 i AR R Y L A2 PR A
BER2S2 S@ab R-B il BC-Z i R AR pe &
WA R A ER, A3 T IMER (R-B 1
BC-Z) W A K0 M, JF 4R RF 5 2 e+ 1
Bacillus FMLHH Streptomyces (41.22%—-49.34%)



WRIRK | MUEYEEIR, 2026, 66(1)

263

KIAILAE, AL HE S m R A5 Y g4
Wi . R-B FEAK 4 4 E 4 Jm v VR BC-
Z B0 SR A0 I el S el - 9 440 R A
P EER R AR ARN E AL T 5%
33 RBAVIREESEFIESXKELIE
pH Hiift TIEZFHEESEEM

T IEE SR NS A A (R
WA, WA, SIS MRES, Hhisht
Fi% B H 5y T8 AR Wi, i e 2SS PEAIR
T, ALSHERENRE, RESTL
W PE FLORBE A R AR ek i v Y 52
oS FE RS, mak s S A, WA
R AR 1 398 TR 4 R A PR GE RS R L,
A= Wy [ Ak T 4 T p I A RE P I 4 v SR i
IR E S BN, IR E S E A
P S oA AL IRES, KT E SR
() A A SR AT B P20 R-B Il BC-Z X
Cd**, Cr', Pb*", Cu™ Fl Zn* 5 HE 4B B 11K
i 5% ¥ & >k 50—-2 000 mg/L, FLW itk % ik 3|
6.95%—78.97%22%1 . R-B Fll BC-Z K ITFTE T4
A3, 54 e i s R-B W 4 nr
Bk Cd M Pb BIRE ST, PR T HIEERESR
Cd. Cr fl Cu Wb S Y. ELEE A
15 YL 3% b + HE VR N R-B AR W) 7% 1 77 (BI+R-B
fl BI+R-B+BC-Z), + 1 pH ¥4 Jin 0.31-0.41;
+4E Cd. Cu. Pb Ml Zn B % PEAL 22 248 (58 e
25 0 JE ) 70 8.59%—14.03%, BRI AN
2.95%-14.59%; Cr B W 1.64%, FRit A
TN 2.23%; [FIEE, LIEARTRIFRRE . B m W
FSNEEA Ralstonia (R-B) 13 Cd. Pb Ml Cu fk
SEECCHS RS AL MR H
P 5 2 (P<0.05), BI+R-B #ll BI+R-B+BC-Z HEW
M +IEE SR, I REEESE &S
AR TC T T AR A B E M RS, TR o
- A TR AR AR R RO L A R e
SWEH, WEMEMK L Cd, Pb, Cr. Cu Al
Zn MOTE (G NsR A, P<0.05). R-B i R-B+

BC-Z 5 A=W ¢ 18] 7 Ak 4 0 TR0 e 0o 9 fie 1 458
el . W BN T 4 0E . R - AN YA
P DL R 435 MR T (R-B FI BC-Z) il 2 B T K
WIAENG, AR+ E SR B L,
AR I A 3 e+ 2 Fh i 4 B T o
34 SEEMEESINEE R-B F BC-Z
HEMER TRE T IER RS

ZEAOFT TR B A B R e 1 0 - e LR
FOE UERE FFLT 4 R BEAR, i | £ AEE
REIYT, WIBEE G HERBFATEE Cd 15+ 1,
FEAR o 2F A B AR B K Ry e R T 44
AT FEESAHEVR ., B . SEANH-N)
S ZNOs™-N) i 3F A0 BAy A AL BT
PER) R-B 54 Bk, fig i 2 1S it I 3%
Mo SRR AE Ay, TR AR A S A N R
RS RPN, PEENER BC-Z fer=4F 4 R H.
i 3% e B Cd™, 7F Z b EE 4 )@ Whae R A RE
KRR SRR MY, B & E 4R, Cr,
Pb. Cu Fl Zn) Ay 32 el 1= HE 7S I AE ) e TR 1) (BI+
R-B. BI+BC-Z #i BI+R-B+BC-Z), -+ 3 EC.
BA . MAEAR . AP MA P
10.26%-24.77%, EARAIR AW 13.91%;
A, SRR EIRANE AR . S E R Streptomyces
A3 Bacillus 585 . WHEE . AYURSEA
ML AH eV 8 35 (P<0.05), MR Ralstonia (R-
B SSAMESEA D EML. HESBES
15 YL 1 2% F 4 3 R ANIR R R-B AR E T IR AR
M+ A ST, BC-Z Mgk 25k B Y
BTN T R A A RS LA W R 1R R (BIHR-
B. BI+BC-Z il BI+R-B+BC-Z)4i 5 T +- 1 m
53 Streptomyces (41.22% —49.34%) #1 Bacillus
(7.78%—-13.70%) R 22 E K . AW & A
(BI+R-B+BC-Z) [ i} 52 8 BI+R-B 15 + 3 Z¥
A1 BI+BC-Z 3 - Ak & 1k, IF 4R IR
# (R-B+BC-Z) Fil + Y& & =F & [ (Streptomyces+
Bacillus) K WHAE T30 e 3198, fe i - e At
FVEF T HIEAH D (RA . MEEMEESR).

http://journals.im.ac.cn/actamicrocn



264

HUANG Jiaqing et al. | Acta Microbiologica Sinica, 2026, 66(1)

SAYUBR A PR R FAL, AR e 1 45
fLAEHE

4 Z@

W5 R-B Fll BC-Z [ E A £ 1 A o
B H R (BI+R-B+BC-2) V#4513l 1 5 10 40 B
BEVETEYE . B E L5 (Streptomyces 1 Bacillus)t:
K. AME IS REH (R-B F1 BC-Z)FETH . Abk4
5. pH. EC MEEEMFELS, H44FT R-B
M BC-Z 5 +3EHi T8 Bacillus (7.78%—13.70%)
KIS, ARG T =2 + 52 A .
AHUTALSA PR, VTS R SR S
[ AR o - T 4 T R U 1 Y A S A
JRASFEAL R JCIE P 5 v A B TE T E AL A
SEHR TR S bl A g a4 fig O ANt Ak 1
F4JR(Cd. Pb Hl Cu)iftk,

B STk = A

WK WEICE, Bdnatr, KBRS, WH
R, BT BAT: RBEHR, PATIREE, %
Palcdles e TUHAEE, BdECR; ARh. IEE
B, BORSCR XA OISR, PATTREOE, SCE
W, WEE

B A 25 vk RATE 7

VEE PRI AEARAT al RELS M A STl i TAR
B2 A g ol AR AR

S

(1] Bu~F8, I e, sKRF, 5K B8 . AN [RIAF BRI S b+ 45

HE 4 R R A B TS R AIE (D], AR AR 241, 2020,
29(8): 1669-1674.
YUAN XX, FANG LP, ZHANG TP, ZHANG Y.
Characteristics of heavy metals and antibiotics pollution
in vegetable greenhouses after different -cultivating
years[J]. Ecology and Environmental Sciences, 2020,
29(8): 1669-1674 (in Chinese).

[2] Avak, BRI 5k %507, BAUTE, TR, XMEHE . BRG H4IX
S R B SR 1 R O B XU A (0] P
KR, 2019, 39(5): 2086-2094.

YU Z, CHEN F, ZHANG JF, HUANG DK, YU EJ, LIU
HY. Contamination and risk of heavy metals in soils and
vegetables from zinc smelting area[J]. China
Environmental Science, 2019, 39(5): 2086-2094 (in

P4 actamicro@im.ac.cn, 7 010-64807516

Chinese).

[3] ARVL, G5, WK% AR B 7035 el 398 X 58 4

JE I i R Ts YR PR (D] AR R, 2010, 41(4):
985-989.
YU J, HUANG ZY, CHEN L. Heavy metal contents and
pollution assessment of soils and vegetables sampled in
Fujian province[J]. Chinese Journal of Soil Science,
2010, 41(4): 985-989 (in Chinese).

[4] YU J, HUANG ZY, CHEN T, QIN DP, ZENG XC,
HUANG YF. Evaluation of ecological risk and source of
heavy metals in vegetable-growing soils in Fujian
Province, China[J]. Environmental Earth Sciences, 2012,
65:29-37.

(5] FideZs, XU, 5k T9 W, sk 48, AR, (LA, T,

PELL. Vet S i G 8 RS RR BT ).
FEFREERL2E, 2022, 42(6): 2744-2753.
LU WH, LIU J, ZHANG NM, ZHANG YJ, HAO KW,
REN LJ, YU C, HOU H. Study on the accumulation of
heavy metals and influencing factors in the soil of facility
vegetable fields[J]. China Environmental Science, 2022,
42(6): 2744-2753 (in Chinese).

(6] J5 F A, sKIGEFS, 4, (A WAL . Sk e XS 41
BIRIGYRHIELT]. BREEIS S S BIA, 2018, 40(1): 69-74.
FANG YM, ZHANG XL, LIU J, HE ML. Pollution
characteristics of heavy metals in vegetable soil in the
mining area of Tonglvshan[J]. Environmental Pollution &
Control, 2018, 40(1): 69-74 (in Chinese).

[71 MITRA S, PRAMANIK K, GHOSH PK, SOREN T,
SARKAR A, DEY RS, PANDEY S, MAITI TK.
Characterization of Cd-resistant Klebsiella michiganensis
MCC3089 and its potential for rice seedling growth
promotion under Cd stress[J]. Microbiological Research,
2018, 210: 12-25.

[8] LU WL, ZHUO KY, JIA D. Influence of dark brown soil
respiration and microbial community under cadmium
stress[J]. Agricultural Science & Technology, 2014,
15(12): 2135-2137.

(9] #EEAE, 305, REME. ALY nce et T G Jm

I#i] 5 A0 I AF 5 2R R 0], ARl B R 5 R A i, 2022,
39(1): 157-164.
HUANG XY, LI LF, ZHU CX. Research progress on the
fixation effect of biochar aging on heavy metals in soil[J].
Journal of Agricultural Resources and Environment,
2022, 39(1): 157-164 (in Chinese).

[10] RSCT, JEFHY . Ao e M OHOR o5 T W B A 52

BLIHI[I]. AL FREERF #2741, 2019, 38(1): 7-13.
WU WW, ZHOU DD. Influence of biochar aging on its
physicochemical properties and adsorption of heavy
metals[J]. Journal of Agro-Environment Science, 2019,
38(1): 7-13 (in Chinese).

[11] 225k, AOKE R, BEOGRE . AW ok 28 A S N T 4 T R

W AT 5T 0 R (9], 2R 2 PR BE 4 4z, 2022, 31(10):
2089-2100.
JIANG J, DENG JL, SHENG GY. A review of biochar
aging and its impact on the adsorption of heavy metals[J].
Ecology and Environmental Sciences, 2022, 31(10):
2089-2100 (in Chinese).

[12] BRI, Bk, SAFT, 55, XI5, T X fed5e
A R 1 e S ] - SR A TRV 5 ) 8 S e ]



HK

K45 | TlAE A, 2026, 66(1)

265

[14]

[17]

[18]

[20]

[21

—_

(22]

FS5ERE 2R3, 2020, 26(5): 1115-1128.

HUANG JQ, LAI YX, WENG BQ, YE J, LIU CW,
WANG YX. Effect of peanut shell biochar on the
bacterial community structure in cadmium-containing
vegetable soil[J]. Chinese Journal of Applied and
Environmental Biology, 2020, 26(5): 1115-1128 (in
Chinese).

WA, ZR7R, WRT5 4%, TR AR, HEAT . i JE R Bk 2
SRS BUIE AR 219 (%8 S H B R DI RE ). Uk
Wi, 2014, 41(2): 267-273.

YANG CD, LI ZD, CHEN XR, XU CL, XUE L.
Identification, pathogen inhibiting and nitrogen fixation
of endophytic bacterium Z19 of Polygonum viviparum[J].
Microbiology China, 2014, 41(2): 267-273 (in Chinese).
ZHENG SX, SU J, WANG L, YAO R, WANG D, DENG
YJ, WANG R, WANG GJ, RENSING C. Selenite
reduction by the obligate aerobic bacterium Comamonas
testosteroni S44 isolated from a metal-contaminated
soil[J]. BMC Microbiology, 2014, 14: 204.

HAN H, CAI H, WANG XY, HU XM, CHEN ZJ, YAO
LG. Heavy metal-immobilizing bacteria increase the
biomass and reduce the Cd and Pb uptake by pakchoi
(Brassica chinensis L.) in heavy metal-contaminated
soil[J]. Ecotoxicology and Environmental Safety, 2020,
195: 110375.

HAN C, WRIGHT GS, FISHER K, RIGBY SE, EADY
RR, HASNAIN SS. Characterization of a novel copper-
haem c dissimilatory nitrite reductase from Ralstonia
pickettii|J]. Biochemical Journal, 2012, 444(2): 219-226.
ZHANG LY, JING YM, XIANG YZ, ZHANG RD, LU
HB. Responses of soil microbial community structure
changes and activities to biochar addition: a meta-
analysis[J]. Science of The Total Environment, 2018,
643: 926-935.

SIMARANI K, AZLAN HALMI MF, ABDULLAH R.
Short-term effects of biochar amendment on soil
microbial community in humid tropics[J]. Archives of
Agronomy and Soil Science, 2018, 64(13): 1847-1860.
QIN X, HUANG QQ, LIU YY, ZHAO LJ, XU YM, LIU
YT. Effects of sepiolite and biochar on microbial
diversity in acid red soil from southern China[J].
Chemistry and Ecology, 2019, 35(9): 846-860.

ZHOU X, CHEN ZH, LI ZR, WU HM. Impacts of
aeration and biochar addition on extracellular polymeric
substances and microbial communities in constructed
wetlands for low C/N wastewater treatment: implications
for clogging[J]. Chemical Engineering Journal, 2020,
396: 125349.

W, SHOOHE, sk, EBER, MUK, VFERAT, TR .
A Wy e e S o L0 - 38 Bl 2 ) B B 2 AR B R W ).
IR, 2018, 24(6): 58-66.

CHANG D, MA WH, ZHANG K, WANG XQ, HE XB,
XU YQ, XU FD. Effect of biochar fertilizer on microbial
functional diversity in tobacco growing soil[J]. Acta
Tabacaria Sinica, 2018, 24(6): 58-66 (in Chinese).

MA LL, HU T, LIU YC, LIU J, WANG YY, WANG PZ,
ZHOU JY, CHEN MY, YANG B, LI LL. Combination of
biochar and immobilized bacteria  accelerates
polyacrylamide biodegradation in soil by both bio-

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

augmentation and bio-stimulation strategies[J]. Journal of
Hazardous Materials, 2021, 405: 124086.

WAHLA AQ, ANWAR S, MUELLER JA, ARSLAN M,
IQBAL S. Immobilization of metribuzin degrading
bacterial consortium MB3R on biochar enhances
bioremediation of potato vegetated soil and restores
bacterial community structure[J]. Journal of Hazardous
Materials, 2020, 390: 121493.

WA, RTA, THUE, 4305, B, LA £, ==
0 BH 9 - £ 2 ] B M T Cu ., Zn  Pb A 4 42 A5 TR 19 43
B R 45 8 U] AR W) 2% 08 R, 2018, 45(6):
1283-1294.

HUANG C, WU ZJ, HE YH, SHI WS, LU SN, KONG
ZY, WU L. Isolation, screening and identification of Cu,
Zn and Pb resistant plant growth-promoting bacteria from
Le’an River-Poyang Lake Wetland[J]. Microbiology
China, 2018, 45(6): 1283-1294 (in Chinese).

HUANG JQ, LIU CW, PRICE GW, LI YC, WANG YX.
Identification of a novel heavy metal resistant Ralstonia
strain and its growth response to cadmium exposure[J].
Journal of Hazardous Materials, 2021, 416: 125942.
HUANG JQ, LIU CW, PRICE GW, WANG YX. Zinc and
cadmium change the metabolic activities and vegetable
cellulose degradation of Bacillus cellulasensis in
vegetable soils[J]. Environmental Science and Pollution
Research, 2023, 30: 76867-76880.

HUANG JQ, YE J, GAO WH, LIU CW, PRICE GW, LI
YC, WANG YX. Tea biochar-immobilized Ralstonia
Bcul-1 increases nitrate nitrogen content and reduces the
bioavailability of cadmium and chromium in a fertilized
vegetable soil[J]. Science of The Total Environment,
2023, 866: 161381.

BRIR, M35, B4, XA R, TR BRI i 25
(53 8 <5 J Y ) RUCRE S AL (0], S By B U PR
2F41, 2022, 17(1): 29-35.

HUANG JQ, YE J, LI YC, LIU CW, WANG YX.
Removal efficiency and mechanism of heavy metal lead
(Pb) by Ralstonia Beul-1 in soil[J]. Journal of Subtropical
Resources and Environment, 2022, 17(1): 29-35 (in
Chinese).

MANDAL S, PU SY, HE LL, MA H, HOU DY. Biochar
induced modification of graphene oxide & nZVI and its
impact on immobilization of toxic copper in soil[J].
Environmental Pollution, 2020, 259: 113851.

CAO YN, MA CX, CHEN HJ, CHEN GC, WHITE JC,
XING BS. Copper stress in flooded soil: impact on
enzyme activities, microbial community composition and
diversity in the rhizosphere of Salix integra[J]. Science of
The Total Environment, 2020, 704: 135350.

SONG DL, XI XY, ZHENG Q, LIANG GQ, ZHOU W,
WANG XB. Soil nutrient and microbial activity
responses to two years after maize straw biochar
application in a calcareous soil[J]. Ecotoxicology and
Environmental Safety, 2019, 180: 348-356.

HUNG CM, HUANG CP, CHEN CW, HSIEH SL,
DONG CD. Effects of biochar on catalysis treatment of 4-
nonylphenol in estuarine sediment and associated
microbial community  structure[J].  Environmental
Pollution, 2021, 268: 115673.

http://journals.im.ac.cn/actamicrocn



266

HUANG Jiaqing et al. | Acta Microbiologica Sinica, 2026, 66(1)

[33]

[33]

[36]

[38]

[39]

[40]

[41]

MENG LL, SUN T, LI MY, SALEEM M, ZHANG QM,
WANG CX. Soil-applied biochar increases microbial
diversity and wheat plant performance under herbicide
fomesafen stress[J]. Ecotoxicology and Environmental
Safety, 2019, 171: 75-83.

ZHOU ZD, YAN TT, ZHU Q, BU XL, CHEN B, XUE
JH, WU YB. Bacterial community structure shifts
induced by biochar amendment to karst calcareous soil in
southwestern areas of China[J]. Journal of Soils and
Sediments, 2019, 19: 356-365.

TU C, WEI J, GUAN F, LIU Y, SUN YH, LUO YM.
Biochar and bacteria inoculated biochar enhanced Cd and
Cu immobilization and enzymatic activity in a polluted
soil[J]. Environment International, 2020, 137: 105576.

QI X, GOU JL, CHEN XM, XIAO SQ, ALI I, SHANG
R, WANG D, WU YW, HAN MW, LUO XG. Application
of mixed bacteria-loaded biochar to enhance uranium and
cadmium immobilization in a co-contaminated soil[J].
Journal of Hazardous Materials, 2021, 401: 123823.
BRI, M, BRIR, SAk, G BRI YAk
B HERE XS AR I3 S AN G RE P& S M R 52 i (0], vh
THESACEL 2022, 3: 182-192.

HUANG JQ, YE J, CHEN B, WENG BQ, WANG YX.
Effects of kitchen biochar and biochar-based fertilizer on
soil bacterial community structure of mustard planting[J].
Soil and Fertilizer Sciences in China, 2022, 3: 182-192
(in Chinese).

WK, Gt EE L HORER, B, B2 . PGPR
S5 TR R X B A K S AR B S8 AR W 5 A Y 5
M [J]. v e =36 55 08 2020, 1: 195-201.

HUANG WM, YI L, PENG SY, HUANG CS, CHENG
DS, HAN LZ. Effect of PGPR compound bacterial agents
on growth of chilli and changes of soil microbial
structure[J]. Soil and Fertilizer Sciences in China, 2020,
1: 195-201 (in Chinese).

RULE, T, BRb o, R, BRI, 1A, T
TS T TR R XA A A R BAR B - S AR
YR 2E R R AR )]. 3, 2019, 51(3): 477-487.
SONG YL, YU J, CHEN SG, XIAO CZ, L1 YH, SU XR,
DING FlJ. Effects of complex microbial agent on cotton
physiological  characteristics,  microorganism  and
physicochemical properties in rhizosphere soil[J]. Soils,
2019, 51(3): 477-487 (in Chinese).

MIess, S, 1EIER, IR BREIL, K2, B61E, ARAY,
TR, 2B, ff SCHE, 2208, e . A RUEY RS &
B K VA N L3 it P %) 7 6 L S PR P B R B W e
VR[], S LA, 2019, 1: 151-158.

LIU XL, QI Z, YAN Z, XU M, CHEN JS, ZHANG ML,
LUO J, XIONG R, CHENG Y, LI Y, HE WY, LI P,
TANG H. Effects of compound microbial fertilizer and
amino acid water-soluble fertilizer on physic-chemical
properties and microbial community structures in banana
soil[J]. Soil and Fertilizer Sciences in China, 2019, 1:
151-158 (in Chinese).

ORI, 558, B, PNIL, SRARTE, sk, Jf ol . 7

P4 actamicro@im.ac.cn, 7 010-64807516

(42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

P FH 98 20 R 5 A o R 52 5 T 7 B i ko 9 A 2
ISZIAT]. A= 252441, 2021, 41(11): 4562-4576.

SONG SL, WU H, HUANG PW, SUN K, ZHANG ZH,
ZHANG Y, DAI CC. Effects of total straw incorporation
combined with soil modified fertilizer substrate and
compound microbial agent on soil ecology and wheat
yield[J]. Acta Ecologica Sinica, 2021, 41(11): 4562-4576
(in Chinese).

HAN R, DAI HP, SKUZA L, WEI SH. Comparative
study on different organic acids for promoting Solanum
nigrum L. hyperaccumulation of Cd and Pb from the
contaminated soil[J]. Chemosphere, 2021, 278: 130446.
LIAN MM, WANG LF, FENG QQ, NIU LY, ZHAO ZS,
WANG PT, SONG CP, LI XH, ZHANG ZJ. Thiol-
functionalized nano-silica for in situ remediation of Pb,
Cd, Cu contaminated soils and improving soil
environment[J]. Environmental Pollution, 2021, 280:
116879.

WENG HX, MA XW, FU FX, ZHANG JJ, LIU Z, TIAN
LX, LIU CX. Transformation of heavy metal speciation
during sludge drying: mechanistic insights[J]. Journal of
Hazardous Materials, 2014, 265: 96-103.

FAN JJ, CAI C, CHI HF, REID BJ, COULON F,
ZHANG YC, HOU YW. Remediation of cadmium and
lead polluted soil using thiol-modified biochar[J]. Journal
of Hazardous Materials, 2020, 388: 122037.

BRI, S5, R, KA, SRIRAE, sk, BL . &
B TR /N2 R R R A 30 | L SR - S (R B 2
FEAYSZIRT]. +3, 2019, 51(5): 955-963.

WEI W, WU H, SONG SL, GUAN YX, ZHANG ZH,
ZHANG Y, DAI CC. Effects of compound microbial
agents on wheat straw degradation rate, soil enzyme
activity and microbial community[J]. Soils, 2019, 51(5):
955-963 (in Chinese).

Wi, ARG AN, EAE, 1508, BT, BRARA,
PNE K S TR O KA AT Y B A S LR 2
FE AR B 52 W [J]. 307 Ak R S 2E 4l 2019, 53(5):
791-798.

ZHEN J, DU ZM, LI GJ, WANG JW, YANG WL, YUE
DD, ZHAO JJ, SUN YF. Effects of microbial inoculants
on cron stalk decomposition and function diversity of
microbial communities in soil[J]. Journal of Henan
Agricultural University, 2019, 53(5): 791-798 (in Chinese).
MRIEE, Z8 FRAE, T, 20K, 2750, JEE . SUONRER
RETE SR X B2 R A 55 e 3B 5 b i B (0],
&JEu 1, 2022, 7: 225-232.

LIN H, QIN KJ, DONG YB, LI B, HOU XW, TANG YL.
Application of bifunctional bacterial flora in the
remediation of butyl xanthate and Cd compound
contamination soil in metal mining areas[J]. Metal Mine,
2022, 7: 225-232 (in Chinese).

PANG XY, NING W, QING L, BAO WK. The relation
among soil microorganism, enzyme activity and soil
nutrients under subalpine coniferous forest in Western
Sichuan[J]. Acta Ecologica Sinica, 2009, 29(5): 286-292.



