2026, 66(1): 246-266 G =i
CSTR: 32112.14.j.AMS.20250493 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20250493 http://journals.im.ac.cn/actamicrocn

Research Article Bt &

4 1k & A BT B SR AME R IR B E R TR LS A
RATHIF N

TRV, BWATE PE D, MY, 2

1 AR A R B R IR IRE 5 DRI, R AR
2 REBAREH S FHRMGE RS G, fRd —H]
3 fEEA LI A AR A R RS, R AR

BKIR, BAT, W5, BRAR, T SCRE. A= M07e 52405 T 700 0 i St iR el L SR A TR 45 40 AV 3 OSE IR D). B 2441, 2026,
66(1): 246-266.

HUANG Jiaging, LUO Shixing, YE Jing, LIN Yi, WANG Yixiang. A biochar composite bacterial agent affects the bacterial community
structure and nitrogen composition in the soil of a vegetable plantation[J]. Acta Microbiologica Sinica, 2026, 66(1): 246-266.

?‘réﬁ E. (B8] AENHEBIELAAER B, pH TRAELEEEF PR, FHRAEMEL
A RELEmMAHELEN. RASFEZLBAZEAEANS . [FiE]l AZLEBAHEA
3’ R ;ﬁfT i@ K, H (Ralstonia) Beul-1 (R-B) A= 3 & 4F B (Bacillus cellulasensis) Zn-B (BC-Z) 5 % 4 #
(biochar, B)#| & B £ AL @ 7|, FHEAmB|KPBMELE R EB LEEHS.O)F. ATLESH
Sl WA LIE R A SR E LR mBA AR S A, pH. RS z?’rvﬁ/‘/%ﬂc &,
HRAMNEKI RN LEMBABRELEN. AL R LIEETLEEFRNF % R] AY R
B AR AL SN RE RB A BC-Z A E & BEASFTROEBLE AR, %ii%/%ﬁﬁé’a =
Bacillus (10.18%—11.88%) K HA A, A MM ET LIE A BLEM . AT £ 7% B # (biomarker) 5
e T G FEB [t E B (Streptomyces). ¥ K B (Geodermatophilus) F= X & F K &
(Nocardioides) 5 14948 %F F B, suot, XIZmBARBE(BEKT). HosFEAAAERH R-B S LE
T BAFR S RARA N, B K. Bt W R H F (BI+R-B. BI+BC-Z #= BI+R-B+BC-7)/5 »
FE L pH. EC. & & A RAWNO;-N). A MR Fo & A MK 4 A 3R 536 A2 0.41. 20.74% .
18.96%. 24.77%. 10.26% #= 21.56%, H4&4 S (NH; -N)ZRZ &V 13.91%, 4437 E B L3 Jak
44% 546 7). R-B A4 5 B 7 (BI+R-B #» BI+R-B+BC-Z) V' T £3E 4 J%(Cd. Cr. Pb. Cu#= Zn)#j
25, BRERBIESESERY 0.18%-12.33%), R IEmT LEKELSLSECEEH 0.16%-14.59%),
ﬁﬁiéﬂeﬂc? FRLEELEETN. (L8] AV RIS AN BIHR-BIBC-2)HET T2 B I TE

WEIUH : AR H AR 3L &1 B0 H (2024701329) 5 Al i o B JE k<5511 13 [3] 6138 T % (XTCXGC2021010)
This work was supported by the Fujian Provincial Natural Science Foundation General Project (2024J01329) and the High Quality
Agricultural Development Surpasses “5511” Collaborative Innovation Project (XTCXGC2021010).

*Corresponding author. E-mail: sd_wolong@163.com

Received: 2025-06-25; Accepted: 2025-08-16; Published online: 2025-09-12



WHIK % | BUEW R, 2026, 66(1) 247

MERIEMARLEM, T RBAK, ¥ T aFEARWAAFE, H4EHTHRE RB
Fo BC-Z 5§ L35 B A 69 Z itk Bacillus KA A, R, ZE MRS T 135469 pH. EC. &R A
AR EHNBEFAIG, Ry THEEREYG, 4607 L3EF4LE(CA. Pb A= Cu)iE M, A KM
ETERELE@ABREER. SPRRAEBAERK. RBEHEL. pH I ELBALFHES, LEHF
FEIERIREAFERELBISTENED.

K FHREE R, SRR AEEE; TLBIFHE;, LESFAH, LIES

iy

RS

e
M\m

A biochar composite bacterial agent affects the bacterial community
structure and nitrogen composition in the soil of a vegetable
plantation
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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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REMmZET . RGN A 30 mL #& HNO;. 4 mL
e HySO4 A1 10 mL HCIO,, JINFAEF=A= (140, H
ddH,0 E % % 100 mL, % Cd. Cr. Pb, Cu
M Zn Fig, HEJRAHE: PREC2 g L1,
A 80 mL 0.10 mol/L CH;COOH, 200 r/min #& %
F:5% 20 h (25 °C), 10 000 r/min #5.0> 20 min, |
T8 W43 o) A e M i KRN B FL DR I (FL AR
0.45 um)id i, MEHELEACHEETE, E&R
A (PR EE 4w AC A Y IR o
A 80 mL 0.50 mol/L HONH,HCI ¥, 200 r/min
Y% 1% 20 h, 10 000 r/min 250> 20 min, |FiF
WL E N EE SRR RS &, B8R Ek
A PRI E 4 A A B R A
20 mL H,0, (8.80 mol/L, pH 2.0), Z#SN 1 h,
85 CCHE N 1 hy Y BV ARFR /NS 6 mL
HIA 20 mL H,0,, 85 °C F4kZES N 5 SR
/NE] 2 mL B A 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 &
SRAMSE R, RESTRE=08-HE-1L
JRAS-SEARAS . ME AR A S50 KA Il
SR THAL A A A PR TR A A

P4 actamicro@im.ac.cn, 78 010-64807516

14 MELRAB B, HSEMEZ
A5

o
A 3
TN 22

|

1 0.50 mol/L KC1 # ¥ 7E 25 °C . 200 r/min
AT TR TR 2 h, 3l PH A 3 PR s AR
T FLUE M A 0% . BV HLBK (total organic carbon,
TOC) HlE R R A 4 A AL #A B2 1Y (Shimadzu 2>
FNME,, AR NO;-N)HIE A A (NH, -N)
SR 8 BT (Skalar 23 5N %E o
1.5 SEBEENFSHhLIRAEEEEN

M T HESE 24 DNA R BGR 7] & [ K AR A
PR (L A0 A BR 2 w38 AL A 75 12 32 - e 4
LG DNA SR 1% 60 R I v DK R Gl i
AN G BE T (ThermoFisher Scientific 23 7l )43
BRI DNA 9 58 2 M fL s i . DA IR 519
338F (5-ACTCCTACGGGAGGCAGCA-3") Il 806R
(5-GGACTACHVGGGTWTCTAAT-3")§" #4 4 &
16S rRNA 3£ [H (V3 -V4 [X), PCR JZ I & %
(50 uL): 2xPhanta Max Buffer 25 uL, dNTP Mix
(10 mmol/L) 1 pL, . FU#F547(10 pmol/L) 4%
2 uL, Phanta Max Super-Fidelity DNA Polymerase
(5 U/uL) (Fd A MEEAE R A BR A 7] 1oL,
DNA 1 pL (<50 ng/uL), ddH,O 18 uL. PCR )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% Bh I W B JIC F3 Uk 462 ) PCR 7 ) 19 R 5
PE. PCR “Hyik L35 A Wy R 2R BR 2
A BT EE Y, TR LS Y =
3 (https://cloud.majorbio.com/, i3 W) =
R A RA DT IR RIS A5, B
PRI A AT 578 563 AR W) el ik =
T. H (https://cloud. majorbio.com/page/tools. html)
P P SR 57 EL 4458 25 NCBI SRA (https://
www.ncbi.nlm.nih.gov/sra), 554 PRINA948697
(BioProject) i1 SRR23980356 (Sequence Read
Archive),

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



WEIRK | MUEYEEIR, 2026, 66(1)

251

www. r-project. org/). &l £ £ il >k 1] R & 5
Microsoft Excel v2019, LI -F ¥ {H F1 bx i 22
(standard deviation, SD)HIfEAIE K], 4[] 2 F4k
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Bl XELTEEESENUFERSZWL. A: f; B: #%; C: #ir; D: 4i; E: $#. Ex-. Red-. Ox-HliRes-
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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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1 46.98% (55.10 mg/kg). Hh+3Eh Cd #1932
s RS AERE AT T 98.34%, Cr (3%
Cu) 19 %6 16 25 F1 5% i 5 A 3t 5 Lt 98.63% (E%

91.11%), Pb MR JR A MR E S S h
94.31%, Zn WA B MR E S A1 5
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e Cr RS TD 0.70%-1.64%, FRit A5
h0 0.71%-2.23% (& 1B); 4 Pb 3R S5 2508,
B 0.18% —2.18%, 4k i A 44 im 0.16% —2.95%
(K 10); L4 Cu 19 A fb & Wk 4> 0.85% -
9.63%, IS 0.06%—1.37%, Feid 2SN
0.95%-11.77% (& 1D); +3Erh Zn )32 e 2508
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Cd. Cr. Pb. Cufl Zn WARIES ., HHEELE
TS M iE LA, WIRSIEPEIC T3
A, AUESTEHEECONRE IRTEE), FRIB ATl

P TR Cr RS FIERE A S A s
98.63%, H i Cr Ml Zn B9 & 8 K BFR, [
i R-B A=W e A RE IRk +- 4k Cd. Pb I
Cu G, b ABEFE LISk e £ 58 Cd. Pb
1 Cu MR EEsE Hox .
2.2 EYIRE IR K E IR R AT
HEEEMZHEM

1 Fron, ACE $8%0F1 Chaol #5845 bt
TSR ANEE EE EE, HAEEOR AH TE FE ER
ISR R R O, AR T ) 1R S b+
B(CK), mizeld B imA Y BDiE, ACE
Ml Chaol #5 54X 43 5 T B& 3.41% - 3.81% AF
3.94%-4.27%; {H 0] 3% g + € ¥ in BI+R-B.
BI+BC-Z 1 BI+R-B+BC-Z J5, ACE 85035 F
W 23.04%-35.64%. 14.63%—44.56% F1 16.59%—
40.71%, Chaol 5%l T 35.83%-35.93%.
28.08%—43.70% i1 28.60%—40.55%, Shannon &
BRI Simpson 48 %5 5z B+ 58 20 08 B V% Z2 R
Shannon {E# K a¥ Simpson {8 /N B 7% 24
PR o ) R Bl A 4 s o A ok (BD) )
Shannon F§4(H1 Simpson 8% B84k, {H [
S be BN BI+R-B. BI+BC-Z #l1 BI+R-B+

*1 FEETIRMARMENoZ 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
Bl 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*%* 9842
BI+BC-Z 1 2674.41% 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% 84 .
CK 1 and CK 2 were the control groups. *: P<0.05; **: P<0.01.
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FLPUKF AT HEE B AR ER) (18] 2), He Bacillus A
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1:1 000, T SC[F) i) A AR B ik 2l 2% S el 4338 1y 4
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FE 5 b R n A= Y o # (BI+R-B. BI+BC-
Z 1 BI+R-B+BC-Z) )5 Streptomyces FX| = & M
2.10%-2.49% FAHEF] 41.22%-49.34%, HuME Y T
(Geodermatophilus). Z57# = [K A (Nocardioides)
IR AE A (Sinomonas) AR X = FE 435 e fin 5]
2.80%—-3.84%, 1.84%—3.52% HI 1.84%—-3.12%,
{9 Gaiellales. Pandoraea F Hydrogenispora A
XFERE B E] 0.79%-1.30% . 0.00-1.29% Al
0.35%-1.04% (Il 2), WFBUE T 3R IR A
V1% 2 TR AR Vi 235 R R Ry B TR AR R
Bacillus FH%F - BEGEFF1E 7.78%~13.70% (3 2),
FEIH B T A B A AR R, T A2 Ah
iR R-B Ml BC-Z BRI a4 ANAE R-B A=Wk
BERIAbFZH (BI+R-B #1 BI+R-B+BC-Z)K5: i AMJE
Ralstonia (R-B), HAHXF - J¥ K 3.95%-9.33%,
AW AR S R-B R S 5 el A g R T
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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 RETEFATEEAENBENFEETL
Table 2 Relative abundance of Bacillus genus (top 10, %) in vegetable soil
Species name CK 1 BI'l BI+ BI+ BI+R-B+ CK2 BI2 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)FIf 2R 2- AT # (Lysinibacillus)
By 4 0 B 0.34% . 0.25%. 0.12% FiI
0.04% (5% 2), W ERFEAL T ke 1 2R AT 1R 28
YA A A . AWk dE R ANIR TR R-B I
BC-Z 54t Bacillus 16543 J@ 2415 Y 3%
bel + e ILAE (R AR YR B 7 (BI+R-B . BI+
BC-Z 1 BI+R-B+BC-Z) 1l il 3 7] 1 1 ZF 0 AT B4
HAAFEAE Ko (top 10, FFE>0.10%).

24 HMREFMER TR TIBESERE
B\ R-B FA Bacillus HItExEE

Kl 4 iz, Heatmap AHCPEHT s, M
I 3% 1 H: 1 0 2 SR O A= 9 ok B ) (BIHR-B
BI+BC-Z 1 BI+R-B+BC-Z)tk 2% T 3¢ el + 3L 41
FhHE (top 25) A9 F 2 (B (A 4L B m 2 1), {H
Bacillus 4555 & 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.

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



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

2.6 R-B+BC-Z £¥7% ’E BRI EEE  SEANO-N). A NH, NG LT3N
=k E 38R pH AR % 5.0, 130.83 ps/em. 12.06%. 1 144.40 mg/kg.

WK 6 fr~, FEIFR \ﬂ(q&/ﬂ;ﬂ’ b A a5 94.11 mg/kg. 43.91 mgkg. 23.07 mgkg Hl
(CK) pH. EC. F/K%E, BAI ., &% . 6 5.42%. BInA=%m B1)F1 A4 s # 7 (BI+R-B

O
S

4.7
4.5

(o))
[«]

A 55 B =180 Co
53 150 g

T 5.1 g

= 120 o

3 4.9 E

2

g

!TC.S'

wnn

Electrical conductivity (uS/cm)

Soil sample Soil sample
D E ~ F _
5 120 iy g’ 60 Aok ok
% 110 g g sl
g ) £ 50
g 100 g g
2 0 3 g 40t
£ E s 30
° L
5 E g
= g =
70 g X X b #20 ¢ > X LD
50‘3’%00 S A A CagN e
< ) % ~ D D
R, T
& &
N S
2 2
Soil sample Soil sample Soil sample
GE1450 H 6.20 1 wr
g 1250 < 580
= 2
s 1050 = 540
£ g
S 850 .2 5.00
8 g
g 650 ;OEO 4.60
= 450 4.20
e
Soil sample Soil sample

56 SKE T IRIBIL Jjﬂ?%ﬁéﬂﬁiﬁ’]“"‘ﬂ A: 1JipH; B: LSRR C: LSRR, D: BA;
: BEASAG Fe ARG G BABLER; H: AHLT. DICKOyR IR

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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N Il NH,"-N Jo &g & M M5 Ralstonia (R-B)5
NO; -N il NH,'-N 2 i 2 1E/671 A 5&(P<0.001),
543 OM, TN fil TOC JC MM kbl +
¢ v Ralstonia (R-B) Ml Bacillus X%} + 1 OM,
TN, TOC. NO;-N Fll NH, -N [ PR A
6. #INA ¥ 7% H 7 (BI+R-B. BI+BC-Z F BI+
R-B+BC-Z) ) 3% el + 5 v, &5 3 J& 1 (top 25).
Ralstonia F1 Bacillus 3L [A]/E T + 3 & 4H 5
(TN, NO;-N fil NH,"-N). &4 MUK M4 HLE .
S el 398 80% A4 - 4 (top 25)5 Ox-Cd Fll
Ex-Cd £ 5} 2 1E/fUAH G (K] 8B), 40% 1175 7= B
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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
speciation. A: Nitrogen and carbon; B: Cd; C: Pb. Red: Positive correlation; Green: Negative correlation; TOC:
Total organic carbon; To-Cd: Total Cd; To-Pb: Total Pb. *: P<0.05; **: P<0.01; ***: P<0.001,
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3.1 £YMRESEFINENETIRAR
HREmtEEsSFEEAEEK
HAEEE GRS ERRLIERRN 2
FEMER & BP0, AR BT Z AL i B
RESRHEFR 2, nI4EFF DI RE W 7E T 3 v Y KA
USR] SRR AR A Y AN
PR 25 P0213338 iy e [ 5 41 U6 ) BE T i
gl LI A Jm . WO I AN PRI T
e I 38 0 - O A TR AR S R Hrk T
Ralstonia Beul-1 (R-B)HI Bacillus cellulasensis Zn-
B (BC-2)/r s A& @5 Y 11, H5AYmrEE
fEJE el R-B 1 4 Jm 52 & 75 gt T b i 2
K, FCO AR 5 b i R R0, A,
AT 3 (pH 5.5)H A4 g =F B 20 121 (F £ >0.50%)
AL FETFFE (Arthrobacter) (32.79%) . i 22 PR i
B (Sphingomonas) (7.90%). 25 i F K
(Nocardioides) (5.45%). Streptomyces (1.51%) Fll
Bacillus (0.90%) %5 ; i H e EIE 5,
Streptomyces F Bacillus 1 #1 X} = B A 4k £F
1.11%-2.43% F1 0.46%—2.12%", 1E & 4 )&
(Cd. Pb Fl Cu)&E A5 4L ry kb 3 s in A= 9
REF(BI+R-B, BI+BC-Z Fl BI+R-B+BC-Z), 4
R ARE (9 2 FEPE N 5 B T B 14.63%-48.86%,
255 WA D 3046 N3] 2-8 A, H 1%
W Bacillus PRA5FFE BIFRXTFE(7.78%-13.70%),
= W Streptomyces (2.10%). Hb Vg fZ
(Geodermatophilus) . Nocardioides F1 Sinomonas
AR ARG 2 B 40 3 n 2] 49.34% . 3.84%. 3.52%
1 3.12% (BT 59.82%); BbAh, MIFEA K
A RR O, - R G 75 45 0 A 35T
AR B 447 B i RRE M . 7RIS AR W)
YERIR , AR 4 R4k E R-B il BC-Z 53¢
T A R R AR B AR, b R-B A
BC-Z ' #5581 Streptomyces BTG, HAEWY)
R+R-B G T AL - S A Wy v A A Otk
TEEEEWERT, HHMNEE R-B (3.95%-9.33%,
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HWE S AR RS, T SRl RN Streptomyces
(FHXTE M 2.10%-2.49% 3 3 41.22%-49.34%)
PP AR KB T RAFR E ST, A RGE
TS Bl A 58 A T 2 AR T A5 R RO AR AR X
FIE.
3.2 HEYIRHEREINER R-B I BC-Z 5
3% Bacillus K GFTHRELTIE

P A= TR T R B A AR = AR TR A L O
Al Tl BE B I A AR 4N T RS 45 A0S BA Y
AT 70 A o 49 400 R A 2 T O 3 AR s - 1 4
B BCRDO A - it FH A A B RE S
- RN TR R 25 R IR IG I s AR R, AR
WA A T O A A R R R R A
BARP RS S B R R0 e AN A Vs P,
B8 A 5 o) BE B AR X MY, B & ed. Cr,
Pb. Cu Fll Zn AYEFE - 7715 4 & & Jm btk
B Bacillus (10.18%—11.88%), sl A= ¥ 7% 1 7
(BI+R-B. BI+BC-Z HI BI+R-B+BC-Z)J5 , AMK
B Ralstonia (R-B)Fl 13 Bacillus WA 3 B0
M 3.95%-9.33% H1 7.78%—13.70%. A= 4 5¢ [l
EALAE 4R PR R-B Al BC-Z 1E3% 5 1 4%
B AIRF S K, H. Ralstonia (R-B) A< N +
BEF BRI, ARG T Lt Bacillus
XPAMIE 4 SR P R RSB E R . A, B
Y% EH)(BI+R-B, BI+BC-Z F1 BI+R-B+BC-Z)4k
RSkl 1138 Bacillus Fafg A<, (BAMHIARXTF R
1 (2 EE>0.10%) 1) 25 F0AT 121 & 40 1 (Tumebacillus |
Paenibacillus 1 Alicyclobacillus 55) 04 K o 4
VAR A ME I R-B Fl BC-Z 53¢ 1 58 5 A 1)
VUM Bacillus K347, SR, it A4 HH 35
B e e e e tE B sk AL, IR Hsm sk
W) 1 2 ] - AN A B A KPP P — TR
TG 2% o M TR P 5 2 i AR FIE Y L A7 PR A
BER2S2 S@ab R-B il BC-Z 53 R AR pe &
AR EAER, AEEE T HMNEE(R-B Al
BC-Z) W A K0 M, JF 4R RF 5 2 e+ 1
Bacillus FMILHH Streptomyces (41.22%—-49.34%)
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KIAILAE, AL HE S Jm R A5 Y g4
Wi . R-B FEAK 4 4 E 4 Jm 1 PEP VRN BC-
Z B0 3R A0 I el S el A 9 4 R A
P EER R A ARNT E BRI T 5%
33 RBAVIREESEFIESXKELIE
pH Hit{t TIEZFHEESEIEM

T IEE SR NS E A A (R
WA, WA, SIS MRES, SHhiSht
Fi% B H 5y T8 AR e, i e 2SS PEAIR
T, ALSHERENRE, RESL
W PE FORBE A R AR ek i v Y 52
oS FE RS, sk s S A, WA
R AR 1 398 TR 4 R A R GE R RE L,
A= Wy [ 5 Ab T 4 T P A RE P I 4 v S I
IR E S BN, IR E S E A
B S oA AL NS, KT E SR
() A A SR AT B D0 R-B Il BC-Z Xt
Cd**, Ccr', Pb*", Cu” Fl Zn*" 5 E 4B B T
i} 5% ¥ & >k 50—2 000 mg/L, HLW itk % ik 3|
6.95%—78.97%22%1 R-B Fll BC-Z K MITFTE T4
A3, 54 e i s R-B W 458 n)
Bk Cd M Pb BIRET), PR T HIEERESR
Cd. Cr fll Cu Wb IS, ELBEA
15 YL 3% b+ EE VR N R-B AR W) 7% T 77 (BI+R-B
fl BI+R-B+BC-Z), + 1 pH ¥4 Jin 0.31-0.41;
+4E Cd. Cu. Pb Ml Zn By % PEAL 22 248 (58 e
251 JE ) 20 8.59%—14.03%, BRI AN
2.95%-14.59%; Cr B W 1.64%, FRit A
hn2.23%; [FIEE, LIEARTRIFRRE . R0 R
FSNIEEA Ralstonia (R-B)j 13 Cd. Pb Ml Cu fk
SLECCHS RS AR HE
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 AL A, TR o
- A TR R AR S R RO L S R s
SWEH, WEMREMK L Cd, Pb, Cr. Cu Al
Zn MOTEPE(E sk A, P<0.05). R-B i R-B+

BC-Z 544 18 7 Ak i 48 0 TR 500 e 3o 9 Mt 1 458
el . W RN 3T 4 0E . R - AN A
P DL R 435 MR T (R-B FI BC-Z) 1 2 BE T K
WIAENG, AR+ IR E SR B L,
HA R I A S e+ S L Fh i 4 B T .
34 SEEMEESINEE R-B F BC-Z
HEMER TRE T IER RS

ZEAOFT T A B R e 1 i - e ML
FOE UERE FFLT 4 R IEAR, i | e
REYT ., WIBEE SRR E Cd 15+ 1,
IR ZF A B AR B K e R R T 44
AT FEESAHEVR ., B . EERANH-N)
S ZNOs™-N) i 3E AR Ay A AL BT
PER) R-B 54 Bk, fig i 2 1S it I 3%
Mo AR AE Sy, TR A S A N R
AR, PERENER BC-Z fer=4F 4k R H.
i 3% e FE Cd™, #F Z b E 4 Jd e R A RE
KRR SRR MY, B & E 48, Cr,
Pb. Cu Fll Zn) Ay 32 el 1= e 7S I AE ) e TR 1) (BI+
R-B. BI+BC-Z #i BI+R-B+BC-Z), -+ 3 EC.
BA . MAEAR . BA P A P
10.26%-24.77%, HARAGR AW 13.91%;
A, SRR IRANE AR . S E R Streptomyces
A3 Bacillus 585 . HEE . AYURSUEA
BB AH eV 8 35 (P<0.05), MR Ralstonia (R-
By SSAMESEA D EML. HESBES
15 YL 1 2% P 4 3 R ANIR R R-B AR T IR AR
M+ A S AP, BC-Z Mgk 25k B Y
BTN T R A A RS HL AR W R 1R R (BIHR-
B. BI+BC-Z il BI+R-B+BC-Z) i+ T +- 1w
53 Streptomyces (41.22% —49.34%) #1 Bacillus
(7.78%-13.70%) R 22 E K . AW Z A A
(BI+R-B+BC-Z) [ i} 52 8 BI+R-B 15 + 3 Z¥
AF1 BI+BC-Z 3 - Ak & 1, IF 4R IR
I (R-B+BC-Z) Fil + ¥ & =F J& [ (Streptomyces+
Bacillus) K WHAE T30 e 3198, fe i - e At
FVEA T HIRAH (R E . MEEMEESR).
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