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Abstract: [Objective] Phosphorus-solubilizing bacteria (PSB) are ubiquitous in heavy metal-contaminated soils;
however, their impacts on soil heavy metals and crop growth remain inadequately understood. [Method] This
study investigated the mechanisms and efficacy of Bacillus sp. PSB32, a Cd- and Pb-tolerant PSB strain isolated
from the maize rhizosphere in the Yunnan Plateau, in removing aqueous Cd and Pb and influencing maize (Zea mays
L.) growth in contaminated soils. [Result] Under Cd and Pb stress, strain PSB32 primarily removed Cd via
intracellular accumulation(43.7%) and surface precipitation(43.2%), with biosorption playing a secondary role
(13.0%). In contrast, Pb removal was dominated by surface adsorption (53.2%), followed by surface precipitation
(28.8%) and intracellular accumulation (18.0%). Scanning electron microscopy (SEM) revealed the formation of
granular precipitates on the bacterial cell surface, which were identified by X-ray diffraction (XRD) as Cd[J(PO) (1,
PbO(POT)ICI (Pyromorphite), and PbJ(PO)JOH. Fourier transform infrared (FTIR) spectroscopy confirmed
the involvement of functional groups (e.g., -COOH, -OH, -NHDJ)) and anionic groups (e.g., PO*], SOC20J) in the
surface complexation of Cd and Pb. In the pot experiments, the amendment of PSB32 across the three differentially
contaminated soils (contaminated farmland, tailings, and slag) led to a consistent increase of 5.90%-9.43% in the
residual fraction of Cd, alongside a decrease of 7.20%-18.8% in the reducible fraction of Pb. Concurrently, the soil
available phosphorus content was enhanced by 3.00%-18.7%, which contributed to a substantial promotion of maize
biomass, ranging from 25.7% to 82.2%. Notably, PSB32 also increased the Cd content in maize shoots by 61.9%
and 32.9% in the farmland and tailings soils, respectively, and significantly enhanced the accumulation of Cd and
Pb in the roots by 365% and 35.3% in the slag soil. [ Conclusion] In conclusion, Bacillus sp. PSB32 demonstrates
a dual ecological function: effectively removing aqueous Cd and Pb through multiple mechanisms, and enhancing
plant tolerance in contaminated soils by altering metal speciation and improving phosphorus nutrition. This strain
presents a promising microbial resource for the bioremediation of heavy metal-contaminated soils.

Key words: Phosphorus-solubilizing bacteria; Bacillus; Biosorption; Phosphate precipitation; Plant growth-

promoting effect
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X HEMAMEEE Cd/Po EETGHE RSB EBEENH, Hutme b, BARERIAE: Hxf
FeE MR CIAHEFE 1 Bacillus sp. PSB32) 1£ Cd/Pb & 475 e i 22 i B8 4% X e B
DURRR AN H ;s 5 SR P AR e Ve = RGANT: BEARTER X R H L35
W RS AR R S PR LA, B E AR SEm R FRE. KL, A
BAEZ ALK A Z I e ' . T, A ARBA RAAME T 28 (SEM) |
ML AMERE (FTIR) M X HHERATH (XRD) SR, @ &4 PSB32 Xt Cd/Pb (12 7+
ZRERAR, UIEREIR BT M L], FE RGN AR E A5 4 LY RGP 1B
R, UUHIANE SRS FIR A Ys B IR gL e SO 5 A TR .

1 AR 5k

1.1 X AE .. BERHIERIERE

AR AR PSB32 77 B H E AR fR b it =y 1 s X TR PR 128, 28 16S tDNA ZE[H V3~V4
[X (514 341F/805R) PCR ¥ 1 5 Illumina MiSeq PE250 w577, Jil it 56 [ E xR 44
e ARAZ B 7 41 /3 b xk k& TR (NCBI BLAST) Xt Ll & 48k & W 2 i
(Bootstrap=1 000) , %5 PSB32 NI HE (Bacillus) -

PR R £ s FHTE AL E B R T4 R B ARV RE 3R 5L, T 180 rmin' 20 °C
B:9% 24 h & ODeo=0.8. FHINZLE L (8000 rmin’', 10 min, 4 °C) J&FHTCH AT HK %
FEE, KA BUERHELIK T N 13108 CFU-mL 1,

TN R R A SN (gL« AR 10, S48 03, MgSO47H0 0.3,
MnSO4-4H,0 0.03, (NH4):8040.5, KC10.3, FeSO47H,0 0.03, Ca3(POs), 10, pH 7.0~7.5,
[E] A R FREE AN N 15~18 g 3ifig -

1.2 E#k PSB32 XA Cd/Pb BIERRIRIE

FEPABEANA M Cdy Pb B ZFRARE: HEEKR 2% (viv) EEFT 100 mL & Cd
(0. 10, 20. 40. 80mg- L) . Pb (0. 50. 100. 200. 400 mg-L-") HITCHLEEMR AR I3,
F 180 rmin', 28 C&MF FIRFHIFE 60 h J&, BSOHRIER, KHKIEET 5L
(FAAS, Thermo ICE 3000 SERIES, ZE[ED) e Cd. Po kR, THHERRE.

R FUA IR 52, 20 S 7 A R EERE R =45 (TCP: 5. 10, 15g LD FIA
4146 pH (44 5+ 6+ 7+ 8) Z&HEF, BN 20 mg- L' Cd F1 100 mg- L' Pb [ 2 B0
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R E AT R, TR AR,
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(C-C)) xVxD
iR/ (mg'L™D :t# (2)
X, CONFERP R A BRSO EE I L ik e iR B, mg- LYy G s AN R4 L
TR I Ly e IR, me LY VOB O RETEE IR SRR, mL; D Al e 5 R R
REEG VOB I B AR, mL.

1.4 AR IR, EOHRRE

NfERT PSB32 X Cd/Pb M4 2B, W A= MR (B) « Ml
R (C) . BEAMNEE (D) « ¥2% (viv) BERIZEMZE Cd. PoIRE 4820 mg- L1,
100 mg-L-! MR 7R %L, F 180 rmin'. 28 CHRHHEFF 60 ho HEFRAEHE L (8 000
rmin', 10min, 4 'C) , 7B _LIGWRAEA .

YRR E (B) WlE: 2% Han N 5%, JE@IEH 0.02 mol- L' 4 %D 2./
(EDTA) VEliBA)E, MEvemmt cd. Po k. MK EFE (C) y EDTA B
AR WEK: WERER=3: 3: 1 (vh) WiLENE, EHERTPREE (B) BN
Eo MANITIERE (D) B ZERiETH: D=A-B-C-E (AN Cd/Pb¥JHHEEE)

1.5 EARERIRES

WL Cd. Pb il K RMA L, 2 2% (viv) B SR E S, BT,
KF XRD. FTIR. SEM-EDS (HiHEREIEO XR IR AP BReH. 3K
TG HRGHAT AT
1.6 ZFIXIIEIT

BRI AR A =B SRR (26.5175°N, 103.6023°E) HIysjfc 3%, B
WA R, AR AE 1. BELRF . S (2 mm) PR ERKE
(121 C. 1 &M, XK (Zeamays L) Wi N z=5Hi 319,

TR TE = B A KA S206 KM (25.1351°N,  102.7559°E) #E47. B 154 H 1
B, R LIERINVE LR 3 Py YRR, RS E PSBA2 R AR IR (CKD A
WP, REAEEE 4 REE, 24 F . BERKE L 1.5 kg EZRST: A 93 mm. T2
65 mm. = 189 mm) . FEIER 3 RE AL KM T, HEEEHE 1 fk. BRI
20 mL B EGE (1x100 CFU-mLOY) , XfHEZH il in 46 5 K R i i, /55 10 RAME—IR.
NHBRIAEEZE R, & H LA RN E .

=R DR SR

Table 1 Basic chemical properties of potted soil

Pk 135 SOM TN TP TK AN AP AK cd Pb
Testedsoils P Agkg!) Agke!) Agke!) Agke!) Amgke!) (mgke!) Amgkg!) /mgkg!) Amgke")
%iﬁigﬁﬂ 456b 8.52c 0.44b 2.77a  22.5b  14.7b 45.9¢ 1.17¢ 3.32¢ 173¢
B 1% 5632 1967b 048  1.68b  293a  16.4b 78.7b 4.25b 10.5b 1 065b
WEH)R® 584a 2828a  1.59a  1.65b  21.0b  110a 110a 7.49a 19.5a 1679a

E: RPEEENTE (i=3) , FA—SIRARNGFREOR AR BRI ZREE (P <0.05) . SOM: HIEAHLGE, TN:
A%, TP: &M, TK: &4, AN: Bff%, AP: 3, AK: 4. TIA. Note: Data are averages(n=3), different
lowercase letters in the same column indicate significant differences (P <0.05). SOM: Soil organic matter, TN: Total N, TP: Total
P, TK: Total K, AN: Alkali-hydrolyzable N, AP: Available P, AK: Available K. The same below. [ JContaminated farmland soil,

[1Tailings soil, [ISlag.

L7 WRFRLIR. EYERRES DR

http://pedologica.issas.ac.cn



+ 9 2 ik
Acta Pedologica Sinica
TAKFEIR 45 d Jm, KA “ERE-RIHC PORETORREr L. BKTE, RABL
[FAZEYIESARBE (BCR) MlE LR METES (SIS, IR, mHlk
B RED) 2, JESE (BRI BY RA HCI-HaSO4 0B BT L (il s A 280 2

=

BHo

BAEYIFE e T EE, M. MYWEESENES% DZ/T 0253.1—2014: K
F HNOU-HOOUGRE I, A3 R & % 5 TR ik (ICP-MS) e, [FIE 75 I
AR E X ARAEY R (GBW10014) #HAT R EEH], FREN 95%.
1.8 BB

K Excel 2021 #AT 8BS 11508, Origin 2024 #|F&, K SPSS 26 #HAT N & 7%
T (ANOVA) KMiStEs#r, w/NE3E 27 (LSD) « X1 G E £ (Duncan) ik
TR Z B . RA MEGAS.1 I RG R EW .

2 45 R

2.1 MREAMRE XA R SRERUREEME R

R E PSB32 XA Cdy Pb I ZBRZFED N 59.5%~93.5%F 17.7%~75.0%, 7£ 10
mg-L"' Cd. 50 mg-L"' Pb W ffm. BEIRFEF ., ZRFEEF (P<0.05) , 7£ 80 mg'L!
Cd A1 400 mg L' Pb 2T, Cd. Pb HILERAIIIIE R 59.5%AM1 17.7%, PSB32 JEILH
) Cdv PbiigsztE (B 1a, B 1b)

76 10 g- L' TCP NEALBERIRE, CdFl Pb J: kR IG(HIE 85.4%F1 69.1%, TCP 4 15
gL, PbEBETMEE 652%. %K TCP F Cd EZRBRFHAET Pb (K 1c)

S9RME (pH 5~6) A AT Cd B (pHS5 I Cd £ 81.5%) , 1 pH 6~8 I AT
Pb [HlE (F1d) o &k, FEERIERTFREH L 20 mg- L' Cd 1 100 mg-L' Pb. 10 g-L' TCP
N A

a) 1207 a b) 100
a
L a
g 100 a < 80 i b
Q = .
= > 1 Tee- ;
S 80 2
M8 b (5] |
& % M O 60
H=s 60 + &E
B3 ] ¢
o N
£ 240 L
ST £ -
o o l . d
o o
20 &2 +
0 0
10 20 40 80 50 100 200 400

c) $EVREE Cd concentration/(mg-L™1) d) $7REE Pb concentration/(mg-L 1)
100 < 100
g | Cd a Po 5
g go b g g0
8 ¢ 1 a E
S L I
5§ b &S
“2 60 % g 60
# 3 ¢ ® £
= & 8
&2 40 S 40
L] @
= 1S
£ >
2 20 g 20
s T
T
0 5 10 15 5 10 15 0 4 5 6 7 8
BER=1GKE Cay(PO,), concentration/(mg-L'l) pH

W B ARNE FRERREREE (P<0.05) ; PSB32: #:7 PSB32 W&il. T[H. Note: Different lowercase letters in the
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figure indicate significant differences (P <0.05); PSB32: Inoculate the PSB32 bacterial suspension. The same below.
B 1 ARFRWERRER Cd (a) « Pb (b) FIREER=45IRE (c) K pH (d) XFZEAUATE PSB32 [ Cd.
Pb % B
Fig.1 Effects of different concentration gradients of Cd (a), Pb(b), tricalcium phosphate concentration (c) and pH (d) on the
removal rates of Cd and Pb by Bacillus PSB32

22 HEAEKKE. SBERSISTK

fE 0~60 h H5 7= WA, ODeoo L LJt, pH Jefd/afE (48 h JEEZF TR (B 2a) .
PSB32 A= K il 2k 5 30 ML 7Y (AR HRAE . 0~24 h 0T EUY, 24~36 hi# LI %%, 36 h JGHEA
BoEl. pH 5iamE 2055 (R2=0.83) , pH#¥IN (4~7) I, ¥%#EE MM 350 mg L' fFE
150 mg-L' (] 2b) &

Cd. Pb ZFRZPaRT I RFLE LT, HEBRE (&MH 88.3%) mTHILFRE (&MH 75.4%)

(FE 2¢) « 24 h g EBRERMP, SEHEAEK. pH FEAVEREELILPME . ODgoo AlIAE

EHE. BEBRREREEIEMK (P<0.01) , pH 5EMELESELBRRAMEX (B
2d)

6 —
a) 18 b)F"__, 400 o AWHE: Dissolved P
5| g---m-H "om ) 6 2 — AL Fitted line
S 4} OO0Dg uom, g 95%T5ll i 95% PI
; xinuinl . 300
% 3 1E s °
K 2% & 3
o 2250
' 2 Ho 2 ®
& < 200 ‘
1 12 £ y=-78.68x+672.81
3 150
£ 150r R2=0.83
7 8 12 24 36 48 60 * 4 5 6 7
i 7 Time/h pH
c) 100 d)
< -Cd 1 084 096 093 0.96 i
3 @ Pb a J% /R b Pearson r
2 90 i 1
= b L 0.84 | -0.72 | -0.86 0.8
W = I b b 2 ‘ 0.6
%< g g 0.4
e A o o 3 e ‘ 090  0.94 02
= ¢ l i 02
i = il 3 2 @ -
A Q@@ |
= |1 ] b 08
b5t 17 c c -1
000
d
1 2 3 4 5 6 7 1 2 3 4 5

i [ Time/h
e B d AR RR T R BT R FIFSEE 60 h AARILRIARSRYE, 10 ODeoor 2: pH, 3: JABEE, 4. #HERRE, 5. HiLkkR
£, *P<0.05, **P<0.01, F[d. Note: Figure d displays correlation coefficients among different parameters during the 60-hour
period, 1: OD[J[J[J, 2: pH, 3: Amount of dissolved phosphorus, 4: Cd removal efficiency, and 5: Pb removal efficiency. *P <
0.05, **P < 0.01. The same below.
P 2 ZFfAF I PSB32 B4 K S pH 88424 (a) « pH XVABERISRBIALN (b) « FE8 R EBRAIN FP
(¢) FARSHERIAE (D
Fig. 2 Growth of Bacillus PSB32 and dynamic changes in pH (a), the driving effect of pH on phosphorus solubilization (b), the
temporal sequence of heavy metal removal (c), and the correlation heatmap (d)
2.3 5%, HMEMES AN
PSB32 Jifd N TIE AR T Cd & & 4378 8.47 mg L' (43.7%) F18.41 mg-L"' (43.2%)
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BEm T PSB32 b CAUIER (2.51 mg- L, 13.0%) , FHIN Cd M T N & 2
HO(E3) o £E Pb £FRJ7TH, PSB32 IR (53.2mg L, 53.2%) NEE@L. il
AL A ES, R T CRMBMHRN &S (CD s RIRMAMNTE (Pb) 7
(e PR PEE e sms, IS (B 2¢) HILh AHIE R

_ S E I
60l WAE Cdoontent | o FAESE PD content 2 | pp O]
| [}
- I S
é’ 50 |- | I 28| 2878 5321%
Sl I ® s
5 [ Eg
= b g5
E 830} | T BE
4= | b ¥s |cd
helE 1 2¢
Eool ' §5
> . : g 3] 43.22% 1
D a o
o
0 - —=l 2 ! ! ! ! !
S E I S E | =0 20 40 60 80 100
PSB324tfu[x 1 PSB32 cellular region 45 L Percentage/%

H: S: 4UMIEKIE, E: 40Ma4h, 1o 4HAEPA. Note: S: cell surface, E: extracellular, and I: intracellular.
Kl 3 ZEAUAT B PSB32 AEERM E&E S E (@) Kb (b

Fig. 3The content (a) and the proportion (b) of heavy metals in different parts of Bacillus PSB32

2448, IHEESMETE PSB32 MMM SR ITRAERRK
SEM Mg (8 4) R, WHRAEILR &4 T 2 MBE AT RABERTEE, 2 AaEoy

Wil SRIMAE Cd 1 Pb MERAE T, A& ™A R ERRCRITRY) . B3 (EDS) 7047
HE—BAESE, RERMMPUEDEEHK (O « A (N A (0 . B (P) & Cd. Pb %
JCER AL

" zmss

1B Vap Sum Spectrum

Weight%  Atomic/% LE Weight%,  Atomic/%

56.41 64.62 C 50.45 | 71.8
9.29 9.12 N 475 | 402
27.78 23.89 o 10.02 18.06
472 2.10 P 102 1 478

0.00
1.22

0.00
0.08

Cd 0.83 T 0.11
Pb 4.85 4 0.34

( 2 : B 0 2 I ( 2 4 6 8 2 6 B

vE: B a)y PSB32 fEC Cd. Pb il FRIMMES; K b). E)c i PSB32 £ Cd. Pb EAME FHIMMES: K d K

7 Cd. Pb i FiIAERE, B e) WAHIETE Cd. Pb W FAERE I (B Weight: i H 50 Atomic: BFESL , 46
Wik FRMEEE A Cd. Pb i FAHELTE Cd. Pb JHME 5 & H 5 LLIAE 4L . Note: Figure a) shows the micromorphology of

strain PSB32 without Cd and Pb stress; Figures b) and ¢) show the micromorphology of PSB32 under the combined stress of Cd
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and Pb; Figure d) presents the energy spectrum of PSB32 without Cd and Pb stress; Figure ¢) presents the energy spectrum of
PSB32 under Cd and Pb combined stress (where "Weight" in the figures refers to mass percentage and "Atomic" refers to atomic
percentage), The red arrows denote changes in the bacterial mass percentage when exposed to combined Cd and Pb stress versus
no stress.
Kl 4 ZEHUFF B PSB32 7£ Cd Pb E &Ml ~ 434 i FIREIE 7041 (SEM-EDS)
Fig. 4 Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS) analysis of Bacillus PSB32 under
combined Cd and Pb stress

2548, IHESMETE PSB32 MREE se AN MR IALEH

FTIR 73# (&l 5a) 7R, Cd. Pb [Pl B AR I Ge WY iEE1L: 3 400~3 200 cm!
Abf-OH. -NH, F1=NH W&{i#%, 3 000~2 850~ cm™ bk EdRzhigrias, DLABHIZOH (1
680~1 630 e FIEEAZ A (1 570~1 515 em) HFEWEAIF2, FWEEAFRMAER D T KA
MR . 1248 e AR LA (P=0O. P-OR) #1500~1 000 cm! [X [ fi & s [T F) 45 1E
WIESL T-COOH. -OH. -NH> fl POs*. SO2% 3 [H12 5 Cd Al Pb IR 5

XRD K (K sb) it — %@ Cdy(POs) (ICDD 00-022-1072) J% i & &5 4~
(Pbs(PO4);CD) ERFRIEBERZHY (Pbs(PO4);OH) (KRG HIATENIE, RKENEW TR FhE 4
R ERUTHE . (321) A1 (410) FhTHIE SIEUESE T Cd/Pb BERREE H A UUE A7 .

3) b) A cdpoy,
+ —+ Pb,(PO,),CI/OH
-~ % Pb,(PO,),CI/OH
)
< @& Cd;(PO,),+Pb
2
2
£ *
e
o
A *
——h-__,|_|l_n.__j
| | |
4000 3500 3000 2500 2000 1500 1000 500 20 30 40 50 60

% Wave number/cm™® 20/°
VE: B a) NG ISR 2 AT 1 PSB32 ££ Cd-Pb & WHART/G FTIR Sl b 3 TR BRI AORAE I : ot Xk
XFRE-OH HIHAEIRSD: ek o XIS B C-H SRR AR IR SD; Bk (XIS B 178 (2 ikt b C=0 iRzl sTmk) Mt
JE AT R N-H B S5 CN WA R R AXEES P=0 KX FRM4aIR3IA P-O-C M%4EHR5. Note: In figure a),
the differently colored regions represent characteristic absorption bands of major functional groups in the Fourier-transform infrared (FTIR)
spectra of Bacillus sp. PSB32 before and after Cd-Pb stress: the light yellow region corresponds to O-H stretching vibrations; the light green
region is assigned to C-H stretching vibrations; the light pink region includes amide I band (primarily due to C=0 stretching of peptide
bonds) and amide II band (resulting from coupled N-H bending and C-N stretching vibrations); and the light purple region encompasses
asymmetric P=O stretching and P-O-C stretching vibrations.
Bl 5 6. BB DA 2 AT R PSB32 [ BHZLAMEE (FTIR) & (a) KARHYHNG & 27 fUFT 1 PSB32 1
X GHEATH (XRD) K& (b)
Fig. 5 Fourier-IR (FTIR) spectra of Bacillus PSB32 before and after cadmium and lead stress (a), and X-ray diffraction (XRD)
pattern of Bacillus PSB32 after cadmium and lead stress (b)
2.6 FRERAE XIS R IRAIBE. SHRSHENT
PSB32 Jre Il B35 AR BERON,  H A xS B RCR L (A RO IR 18.7%)

TEIG QAR AR £ IR 1R Tt 5.37%45 3.00% (B 6) .
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(D: Contaminated farmland soil, @: Tailings soil, ®: Slag; CK: Control, PSB32: Inoculated with PSB32 bacterial suspension.
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Fig. 6 The influence of Bacillus PSB32 on the available phosphorus content in soils with different levels of pollution
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K 7 ZF AP PSB32 X R3S (a) Y (b) BN
Fig. 7 The influence of Bacillus PSB32 on the Cd (a) and Pb (b) forms in the soil
2.7 AR N ERE KRR, SRR
PSB32 mﬁﬁﬂl%TEﬂéTﬁi JAER PRI (2, RAERIUVEME. HERxEE

LAERH 5 E Rtk (BI52T14 38.4%) 1538 BTt

R 2 ZFIEATE PSB32 M EXRMKE . EWMEMHRRSENFNT

Table 2 Effects of Bacillus PSB32 on maize plant height, biomass, and chlorophyll content

- MR o
iam Pt Er ghifp; M
" . s
Treatment Plant height/cm Biomass/(g-plant™) content/(mg-L™)
V5 YL AR HH -4 CK 95.50+3.74a 25.06+2.65b 36.66+0.45b
Contaminated

farmland soil PSB32 93.40+3.04a 31.51+1.70a 38.33+0.50a
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S+ CK 76.83+2.42b 14.13+0.69b 36.06+1.05b
Tailings soil PSB32 91.13£3.67a 25.74+2.52a 40.13+1.07a
WS CK 40.23+2.99b 5.40+1.23b 21.16+1.76b

Slag PSB32 55.66+5.67a 7.13+0.60a 28.10+0.81a

e R F— R FES AR NS ZREFORZER B3 (P<0.05) . Note: In the table, different lowercase letters in the same
column of the same soil indicate significant differences (P<0.05).
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the figure indicate significant differences between treatments (P <0.05).
B 8 ZFFAT B PSB32 X FoKHR . i S BRI o

Fig. 8 The influence of Bacillus PSB32 on the cadmium and lead contents and accumulation levels in maize
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FRBEA R PSB32 R A=A Bt 54k 2000 B IR KBRSV ) Cd F1 Pb, FHTERutRE
FIREER R (Cd (PO 5 PbI(POL)ICD . #E+3ErR, PSB32iEi{k Cd H-AEit %
KAEK, BFERAT IS CAdRRBULR ., ZEKEESRISEASENEZEE SHME
B AL 77 T3 R A R A R S 7
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