‘ A ’,3 W2 o2 i
ﬁ& ;%%H £s @t&J BRI e R

\GRO-ENVIRONMENT SCIENCE
PAik: http://www.aes.org.cn

AR iR A T 75 1 B 0 Yo SRR R OB R B4R AL
Palil, EHOR, SRIEE, B, TR, UK, BRI, A0k

FIHASL:

Paltls, TR, ORI, A5, MO0 A e AT R 4 e ek SR BRSO SR AV FTBLARI[)]. Al FRBERb 2224, 2025, 44(12): 3082
3094.

TEZR R BE View online: https:/doi.org/10.11654/jaes.2025-0035

LT ARG HoAh S

Articles you may be interested in

3R LIRS A R B K R SR M 12 1 52
0 iR R, VRHEL, M, RIEME, RATE, TR, BRER, HIE K
LAV IABTRL 2447 2020, 39(10): 2143-2150  https://doi.org/10.11654/jaes.2020-0187

HEW) R PR % SR TR < R AR I 25 B R W M )
FENX, EA TR, VrAE, S0, B, 5K B, ST
My FREERL 224 2017, 36(5): 907-914  https://doi.org/10.11654/jaes.2016-1599

SRUREE fhle P ik B L IRAE ik VR X DR 0 A R B A 1 R 5 )

JEUE, BRAR, @i, 2, 2RI, XIENER, PRk

N PR . 2021, 40(12): 2660-2668  htps://doi.org/10.11654/jaes.2021-0264
AN TRVEE AT 4 S 7E s AR (5 )

WEZ, R, R, RITWE, 04V

FOFREE R4 2020, 39(12): 27792788 https://doi.org/10.11654/jaes.2020-0397
URFELE Y BT CA-As A T3 Y T SFB S 800 N - ST s M BB 75 £ (14 52 )
NG, PN, B, RVEA

LV FRBE B4R 2021, 40(8): 1675-1685  htips://doi.org/10.11654/jaes.2021-0056

FAEMATANT , FRTLVR


http://www.aes.org.cn/nyhjkxxb/ch/index.aspx
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2025-0035
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2020-0187
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2016-1599
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2021-0264
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2020-0397
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2021-0056

2025,44(12):3082-3094 R W ®E M FE F R 20254F 12 H

® Journal of Agro-Environment Science @&

Wi, FHOR, SORBTE, A ARG AR O R 1A B b SRR SRR R B AR FIALEI ). Ak PRI R A= 240, 2025, 44(12) : 3082~
3094.

YANG H, WANG C R, WU Z Q H, et al. Inhibitory effects of root—applied growth—promoting Klebsiella sp. on cadmium uptake and
accumulation in Brassica chinensis 1L.[J]. Journal of Agro—Environment Science, 2025, 44(12) : 3082-3094.

FEisRLE 0SID

MR e (e 4 52 & 1R = 910 ) e 31 3m IR s AR 2R B9 4 A AL )

ek, TR, ARFA, mAt, IR RAA BIAL AR

(1 ARV AT 50 7 MU FR 5 75 Y By s Ty S 00 2 /R T T AR RS 5 0 7 i 28 A T 5 S G %, ARV AR AT S ERBE A PR F I iy, K
HE 3001915 2. AR db AR REA IR S5 RIS 24, M5 /RIE 150030)

B B ONEW R ATE TS e P 3R Cd AR ERAE YRR, LU Ak 2 SIS bR R S e B S L+
B Cd BTG TF B, 0 1 25 AR S BB 5T 1 AR it 5 W 1 PR AR PR A R 44 | - AR R S RG4S S SR [RR A7
CA R AT RE AL Feak PR E o 25 SRR 0T Mt v TR A T 0F T Im s 1, B S 35 B AIC T I SR 0 ALt 135 od 5 12t
L5556 HE A B B 5 KB 43 31y 44.6% F122.5% , MRBRIMALE P, 5o 85 A BRI AL B/ NI BE B2 5 1 48 pH B, FFRREAIC T 88 Cd 1
AW FHPE . BRI R il R T S A Cd 5 B T 3K 6.0% , BRI A4S CA 38 IR 1T 35 8.0% . [RIET, B pRAb B it 1+
BRI R, B T RS RO S i R, IR | ARG ek Ik S A IR A R IV R 3 D 1 7
B 435 AT 3K 19.5% .20.5% . 27.7% 42.9% F127.0% , B A5 5 i 2 S RBA: 2004 7 S 38 0 43 0 T 35 56.7% .39.6% 1 54.1% . TRA
TR PR A RE LA R B, TR AL FREE B T Verrucomicrobiota MG FFAH 3¢ 7 ] Proteobacteria A1 2 & ¥4 9K 30 18 Arthrobacter \Massilia
F Tychonema_CCAP_1459~11B S5 AN FE , FF: 4K T Acidobacteriota Fll Actinobacteriota S5 AH X} 32 BE , iF— /0 M il =2 A R P g Ak
IR 2235 K- & B, it b AT LAREAIR Cd %538 AH2E Nramp 1 ZIP FRIEF K-, B0 53 514 17.6%~20.5% 1 44.8%~77.4% , [R) 4 155 5%
DA E MBI LK AMT (glnA \nirA () 3R3K 18 BE 5390 0 22.6%~27.8% .57.7% .29.7%~37.7% , T LE 4 il Cd W I
32 1 ] B AR T S AR R TE AL BRI AR P o B9 22 ), R o 75 111 T8 7T LA o IR P AR PR DR 2l 11 2L R S5 T A IA , 3 0 7%
JER R AWyl R B Bk R AL P I A5 I i Hx Cd A BB 7, 0 R IG5 v Cd A 35t 5 RIS, S At s 4 ol
TR 3 Cd #4328 S A 2635 , 4 1 TE AL UM O A AR 6 ik B 338 | F— 2B i 3256 Cd il 5 A0 BRIRAE M e iy A= 1, %f
F CdiF Yt Il SR 1 2 A = o B 3

KR TR AT I A UG A

HESHESX53;9565.4  NEFRED:A  XEHS:1672-2043(2025)12-3082-13  doi:10.11654/jaes.2025-0035

Inhibitory effects of root—applied growth—promoting Klebsiella sp. on cadmium uptake and accumulation in
Brassica chinensis L.
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Abstract: This study aimed to explore the impact of Klebsiella on the Cd accumulation characteristics in Brassica chinensis L. within

contaminated soil. Utilizing Xialv No.2 Brassica chinensis L. as the experimental material, a combination of high—throughput sequencing of
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microorganisms, transcriptome sequencing, and step—wise extraction of soil Cd was employed. The research focused on investigating the

effects of root—applied Klebsiella on the rhizosphere microbial community structure, soil physical and chemical properties, elemental
morphology, as well as the regulation of Cd accumulation and functional gene expression in different organs of Brassica chinensis L. The
results showed that the application of Klebsiella at the root promoted the growth of Brassica chinensis L. and significantly reduced the Cd
content in the roots and shoots of Brassica chinensis L.. Compared with the CK treatment, the maximum reduction in the Cd content of the
roots and shoots of Brassica chinensis L. was 44.6% and 22.5%, respectively. In the rhizosphere micro—environment, the Klebsiella
treatment caused a slight elevation in soil pH and a decline in the bioavailability of Cd in the soil. Specifically, the content of the
exchangeable fraction of Cd reduced by 6.0%, while the residual fraction of Cd rose by 8.0%. Meanwhile, Klebsiella accelerated the soil
nitrogen mineralization process and significantly enhanced soil enzyme activity and inorganic nitrogen content. To be specific, the activities
of soil urease, sucrase, catalase, nitrate reductase, and nitrite reductase increased by 19.5%, 20.5%, 27.7%, 42.9%, and 27.0%,
respectively, and the contents of ammonium nitrogen, nitrate nitrogen, and alkali-hydrolyzed nitrogen increased by 56.7%, 39.6%, and
54.1%, respectively. Further, Klebsiella augmented the relative abundance of Verrucomicrobiota, Proteobacteria, Arthrobacter, Massilia, and
Tychonema_CCAP_1459_11B, while reducing the relative abundance of Acidobacteriota and Actinobacteriota. The application of Klebsiella
could lower the levels of Nramp and ZIP family genes associated with Cd transport by 17.6% —20.5% and 44.8% —77.4%, respectively.
Additionally, the expression of ammonium nitrogen transporter and nitrogen — metabolism — related genes AMT, glnA, and nirA increased by
22.6% —27.8%, 57.7%, and 29.7% —37.7%, respectively. This promoted the absorption and utilization of inorganic nitrogen in Brassica
chinensts L. roots and concurrently inhibited the absorption and transport of Cd. Klebsiella can boost the bioavailability of the nutrient
element nitrogen, transform the form of iron oxide, and enhance its Cd—fixing capacity by regulating the cycles of nitrogen, iron, and other
elements driven by the rhizosphere flora, thus reducing the availability of Cd in the soil. Moreover, microbial metabolism can suppress the
expression of Cd—transport genes in Brassica chinensis L. roots and promote the expression of genes related to inorganic nitrogen absorption
and metabolism. This is further beneficial for inhibiting the absorption and accumulation of Cd by Brassica chinensis L. and promoting its
growth, which is of great significance for the safe production of Brassica chinensts L. in cadmium — contaminated farmland.

Keywords: Klebsiella sp.; Brassica chinensis L.; cadmium; iron; nitrogen
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Figure 1 Effects of Klebsiella sp. on Brassica chinensis L. biomass
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Figure 2 Effects of Klebsiella sp. on Cd content in Brassica chinensis L.
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Table 1 Effects of Klebsiella sp. on Fe,Mg, Cu,and Zn contents

in Brassica chinensis L. roots(mg-kg™")

AP Treatment Fe Mn Cu Zn
CK 215.30+12.66¢ 30.68+2.06c 4.26+0.08a 15.62+0.40b
LG 270.07+20.42b 46.05+0.74b  4.72+0.34a 21.62+1.60a
MG 282.20+14.77b 44.35+0.72b  4.34+0.34a 19.4622.11a
HG 336.50£16.96a 50.08+0.58a 4.43+0.71a 19.51+0.84a

TE AR NE R R A PR 22 5 8 35 (P<0.05) o R
Note: Different lowercase letters indicate significant differences
among treatments(P<0.05). The same below.
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Table 2 Effects of Klebsiella sp. on soil physical and chemical properties
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CK 7.90+0.09b 1299.0+£100.8a 2.54+0.21a 220.1+10.6a 9.68+0.27b 45.3+0.4b 46.0+5.5¢
LG 8.00+0.02a 1257.0£108.5a 2.66+0.06a 194.6+2.9h 14.59+0.47a 50.0+0.2a 70.9+5.0a
MG 7.98+0.03ab 1 150.0+40.4a 2.62+0.09a 206.2+11.1b 15.19+1.03a 51.6+2.2a 53.9+4.0ab
HG 8.01+0.02a 1222.5+94.9a 2.58+0.02a 193.8+7.2b 15.38+0.79a 51.1+2.6a 57.1£3.1b
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Figure 3 Effects of Klebsiella sp. on soil enzyme activities
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Figure 4 Effects of root application of Klebsiella sp. on the form of

iron oxides in rhizosphere soil
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Figure 5 Effects of root application of Klebsiella sp. on soil

cadmium form
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Figure 6 Effects of Klebsiella sp. on soil microbial community under root application
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Figure 7 Analysis of microbial community structure and soil physical and chemical properties Mental test
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Figure 8 Effects of root application of bacteria on Cd transport gene and nitrogen metabolism gene in Brassica chinensis L. roots

B, RS RN AS R S R PR A P 2F fAT
JoEs 1 E B T AR X = B A A O, ARt R Ak B
& m IR S B[R], e vt 1 2 AR R R Eh R
AR, BAWFZOITERY], ZEAT R A 58 H
Z: 5 LIEP R I A BT R O B e AL 5 A
F L BEREHE AR (937 70 WU Hui 5507 B 9
ZFAUFF R e 2R 51, A e 3 1 R R E D R
B . Holochova S5 B FE 4% 1, T 38 1 & 7 BE

P 1%) WHARTY

kPR PR A L AL, 491 e o e 5 R o0
TAEY WILT B MR B S R eoh, 3%
TR W 53 0 A T X T S R AR PR it i 4% 5 T A
Mo IREM =M H I RNEA BERHE Y E A, 7
S22 A S A W e 0 ) R R A 0 iR BRI TR 2
BRIR 2B , A REMS BIAR R W VF Z A 2R
WFFE L A B, 1o -3 i 0 2 RE R A P RERE L SR I
S BTG P R 2 509, 5k 3 iAER R BIF ST L 2 W]



0 25 AR 5 1B R S RO 2 e LB 3091

FEEE Tt ol 5 1 T 2 5 A R i Y A
AR IEAR DG, 5 AR 58 M it v B 11 18 e B e e T
- SR BTG PR R AR AT o b e R O it i v B A TR
3 L A HERR PR A O T RE A 1 A, 4 v
A=y U B S B I O M i I R e A
V5 HEL 0 I 1 W SO FH ) A L SR i 2 Ak e 2 U
B A RSSO ML AR, AT 4t v AR s 38 v 2004 A= 9 ol
FHAE A T AR A A RO R IR

R it e 5 AT B A A v B e S AR i R BB
AT, 3 e T I SR AR R AR DG R R koK
L A F T NHGES T 58 PRI AR 2060 Cd (i Wi
iz, [R) U R T A A MR RS o - 3RS R A I it
5 ST i D 2 JC ML U A el R v ke G B A T A
AL R it DR A FRAR R T N M AN AR S
/AR BRI EE TP A A R R B A A R
HEZR s B , I BEAS A DE SRR iR SR F . (]
B, i Fb MR B S — 2l ) T2 A AT R Ak 4 TR L B
05 S i PR AR TE B A R &, At e 75 4171 P73 2o AR A1
TS AL TIE DA T T A 0T = B8, 0] 1 B 26 Bk 2l iy i £k
PEFR ., p AT D R it v TR A1 P 3 e R A AR B R A
SR TR A T B N - SRS P K OB T EHLAE AR
iR S5y ], A R F WA LA RS BB A, X
se gk QL5 e S RO S A/ AR T DA B S
RGHEER LB SR G . CAVREIGE,
TEALEIE SN FAR R Cd W A A EEH . CdiE
AR AT OCE , T I B A 0y 2R B T
B, ER T TR P TS s . 5 NOH
F, NHERBBS (/K FEAN B AR 2 P Cd B SR AR L4 53
Z— b B Cd AR 2 =43 22— Ui NH
FIE A A R ] (1] P J8 2 3R PR 2R X6 ™ g i i PR A
B CA A AT REAR B 5 NHIE i §% 2 1A
WATES S . BLAh MW RE 08 3 i A 22
Cd By BEPEIG , AW 5% & Bt I o ) 4t v 1 SR
MR FACIAH S IE N nird | glnA FE R 5512 55 11 AMT
FEH AR K. AMT B0 SRR N B S A
WSR2, B A G I, AMT 3[R RE 6 34 5 A 4
Pt Cd ¥, U Cai® i 5% & BLAE K G, GmAMT2.1/2.2
JE IR A 26 35 AT ARG 5 K B0 Cd 9Pk . m A L,
MR it o B 1T AT TG R 3 Ao it v R o e 28 2 %t R A /A
A, DT 3 NHOG AR 28 Cd W0 Y 55 4k
TR, R A SRR R rh A R D e
(2235, FEGZ A Cd 33 PR 19 () B 000 ) A AR %
Cd M IR 2R

BRULLLSE , VF 2 0F 50 R B, A A BRI
W 7, BERG A S8 A1 - S T s Y A= Wl R P
T T 00 ) A ) o o A I MSCRR 3R R it v 7 A
S TSR PR s b Cd i AL 2B S, B B AR
TSRS R A B P T AR A R S, S
WA T Cd B9 A= Wy m] A IE X — 2 A 45 A 1 9K )
AR PR B AL I A S A2 A B R ARSG o il B
WFFE T B AR A A FU EG AT A2 Bk ) S AL A TR S 1 i
fio e LT BREAL I Cd 1B B 500 o, A0
i s AL Bk G T AR R 4 45 A S A BRI 5K
HAT SR A g RO T AR A RFALL 2 B 4 A T
BRI, 5 Cd (IR e i TR S5 AL BB AT G
MOt v d A R = 1 R OCE I BBk S,
TETE A AN T 42 @ Cd . Ph AT 858 (14 W B 58 72,
Ik SR T A S JCRE B SR AR B B 3 N
FRIEZS Cd &5 5 IRAGC IR SE N  FEBAR Y AL
FAFTR, R Rk S S B A o T E T AR

BEAR T Cd B A ROHE , 1X S ASHIE I it T Ak PR e 1
T3 rh IO IR A AR i e S SRR R Ak 4
B Cd AR A Cd & B S5 ARV &, HEW w0 B85 A
TR B ALY 25 SO G s T e ) A4, 2
FLRAR Cd APl FUFME RO iR AR 22—

PE— 2L I TR PR S A i, e SR e 1A
TR RS 1 TR R PP R AR A SR A W AR 2, (e
TSTETE T IR AT B AR A S T RRAT T T Ak
R B 2 M B, AR P T R 5 R R A AR AT
TP RAAIE SRR R Z — . IR
I'] b Ak 27 8 37 B IR i AT T8 (Chemolithotrophic acidi-
thiobacillus sp.) £ &L S5 0 R P A ke & w12 i1
L REGE MG RE YN AL B VB AR E ST R il 18
REMS e HE B SR A 50 2, i vo - 33X Cd A IRE T
FIVTTERE 7 , AT AR 48 S A T RS Sl 2. 27 F AT
WA R TELO T 12 I A A= B 1A ] i HAT 2R AR
ARG o I VB R R A RE T, T o0 2 R TR TR PR
REAS K Fe™ E AL R Fe™ , T 75 — SE T bk L REAE L Fe™
N Fer B AR i i 52 2% a9 A AR R i 2k ) Ak
FIRA . FAFEI B RBIRGEE G Fe e 7EH
VS iR RV WA, A )T 1 Nk A A T R I A A
YA KB, MRAT B P e R 2 — 1
— RN HA IR B3 N, 5 5 L3 pH
KL B, M L1 pH 5 Cd A A= 9l R M 2%
DIAHOCE 0 i 22 1 B0 1 Js v ) — SE TR Ak, 197) 2 sy

www.daes.org.an




m@g 3092

VRERRE Y F44EFE 128

Pk Sphingomonas sp. DJ © 9 UFE SE e U8 76 IR A S 14F
PR ER I I S AL T [ s X 2R I A e R R R 5 A
B RA BEARROCR, H AT D AR 5 A1 775 1l
TARBR BRI S B BRIE PR L AR L AR T A
Cd [EHFRE I AR AT ZCE o i T CA i B 5 S0 R
A1 - A T R s A RGBT i I , ANMB RE
g (2 HEAE W) OO ER | I BE RS S5 e PE S AR P X Cd 1Y)
W e iz, RTINS AT B AL AY Cd AR, 1K
55t T A BRI b AR SRS, W Cd 5 R
R RAT) 5 o

I3 TR EIRA G HTIM SR R EE R K R B,
it 5 B A1 B AN AL AR PRoC R G PR -3 Cd 1)
AT A ] 3 RE A% AR R Cd e iz il E 1Y
FIB, FEM AR R X Cd AW it TR AR R T
Nramp2 ZIP1 F1 MTP JER )28 AU ST 2 22 5L
Nramp K& R 7€ 57 T 40 10 J52 58, £3 53 A8 R XS Cd 79 1
WO I 5. Nramp2 & PR 1) 3¢ 35 18 76 AN [R] 3 2 AR ]
9 Cd B8 BB T s o BEEH ZIP T g it B e i 1R
F, BT Zn 5 Cd AT R 454, Brik iz i
WRE K Cd 2 1 iz BN R AR N, A B9 & BLAE
AR F R, CAdALH KIFES T ZIP 1 TEA YA AN
M BRI, MTP G RN Z E N, 254
J& 1 10 5% i AV P 0t 1 4 R B AE 0 3E N L X 7 5R
SIS K A CA AR, TR Th Y ARMTP6 K&
TEMR P HE T . AWFITEE R, B se & 0 ] LA
18 1L BEAR Nramp2 . ZIPT . MTP FE R i 3 35 KSR 7 45
THZREXT Cd B

4 £k

(1) Mt 7 5 A1 B mT DA 2 3 s T e i A i
FEARIM AN Rl 38 B i Cd 5 i

(2) it o 6 11 B el AR T AR B TR A5 4 S LK B
FIER RIEER, $Em TARPRE S A SR ER N
i, DUSREER JTOC R A R0 R T R A K A
BHRICEHE, [N Fe/Fe FI NH;%5 B B 17K F- Y
PR AT R F 5w e E AR 2 X Cd iRz .

(3) it P Ak 38532 e AL o TR A 3K 3 7 2 S A i i
RE R G TAR BR - g i B A R R T e TR AR A
BRI R DA ARG TG AL B2 TR EE X Cd
BRI R R VR L AR T 398 rh Cd (R AR mT A

(4) it BT AL B 381 1 9 SRR 2R R JCAIL U AR
BACHI A LN nird L glnA FAMT , 47 W AL R B
TR A A K, G fif CAREMEAE T s TR T Nramp2

P 1%) WHARTY

ZIP1 FIMTP %5 Cd %532 A1 S 85 IR 268 A 4] T
2T Cd B IS 32

Sk

[1] SRR, FW g, ETvR, 55 . 23 X L T 4 i 15 Yo i B fid
KT o EREE R, 2021, 41(1) :431-441. GUO Z J, ZHOU Y
L, WANG Q L et al. Characteristics of soil heavy metal pollution and
health risk in Xiong”an New District[J]. China Environmental Science,
2021,41(1):431-441.

[2] B 4o, FaET, B . FRIE R 15 G 318 5 HoR WF 5 ki
[J1. BRAOL AL, 2025(8):99-103.  ZENG J D, WANG Z Y, WEI
Y C. Research progress on remediation technology for cadmium
polluted farmland soil in China[J]. Modern Agricultural Science and
Technology, 2025(8) :99-103.

[3] RIZWAN M, ALL S, ABBAS T, et al. Cadmium minimization in wheat :
a critical review[]]. Ecotoxicology and Environmental Safety, 2016,
130:43-53.

[4] FAxBL, S0, SEAHOKER - B A2 4R, 45 FRIEAR IR 4 )i 5 etk
UL Je A 52 1 AR B 5 HE R (1. 95 UE 1R SR, 2021, 37 (8) : 55-58.
WANG X K, QU B C, AIZIMAITI A, et al. Research progress on heavy
metal pollution and remediation technology in farmland in ChinalJ].
Cleaning World, 2021, 37(8) : 55-58.

[5] CHEN S H, CHEOW Y L, NG S L, et al. Mechanisms for metal
removal established via electron microscopy and spectroscopy: a case
study on metal tolerant fungi Penicillium simplicissimuml]). Journal of
Hazardous Materials, 2019, 362:394-402.

[6] HAN H, CAI H, WANG X Y, et al. Heavy metal-immobilizing bacteria
increase the biomass and reduce the Cd and Pb uptake by pakchoi
(Brassica  chinensis 1..) in heavy metal—contaminated soil[J].
Ecotoxicology and Environmental Safety, 2020, 195:110375.

[7] 43085 . 7= Bt A 49 52 5 T R0 X /K R A A 28 1 52 W) B (LA HR 5[ D],
RN : W R 1k K 2%, 2021, XU H. Effect of alkali - producing
microbial compound inoculant on rice and the mechanism[D].
Zhuzhou : Hunan University of Technology, 2021.

[8] BRE R . 7 kg T S L™ 0 el DX Jo] 00 e FH 3988 i T e F
[D]. Jb5T  db B A 4 JB 5T KB, 2022, CHEN S S. Study on the
remediation of Cd — Pb contaminated farmland soil by urease —
producing bacteria in typical mining and metallurgy parks[D]. Beijing:
Beijing General Research Institute of Nonferrous Metals, 2022.

[9] WKL, MR, TR, 45 . HME BRI M H B T 20 B i
O BIF 58 HE R (). BlCAE P12 4l . 2025, 65(2) :515-523.  CAO G Y,
ZHENG T Y, YU M Y, et al. Research progress of synergistic
interactions between ectomycorrhizal fungi and mycorrhizal helper
bacteria in phosphorus solubilization[]]. Acta Microbiologica Sinica,
2025, 65(2):515-523.

[10] 280, 22 5k, IR 40, 45 . ve (A IRIE RO 5 BREE A T b A ]

. AR UER#, 2014, 4(6) :415-420. LI M J, PENG S, XU
S 7, et al. Application of Klebsiella spp. in agriculture and
environmental management[J]. Current Biotechnology, 2014, 4 (6) :

415-420.



0 25 AR 5 1B R S RO 2 e LB 3093

LI ZERGT, X5 5, FRIESR, &5 R SN RIE B 58/ N2 e Rh 4R v
A R A AR R 2E 4R, 1989, 29(3) :200-203.
LI F T, LIU R C, HAO Z R, et al. Isotopic dilution method for the
estimation of nitrogen fixation by Klebsiella pneumoniae associated
with wheat root[J]. Acta Microbiologica Sinica, 1989, 29 (3) : 200-
203.

[12] M/, FTINER, /N . — bk A= vl B A R He R o PR 2 A K
BB L], TR RL%, 2008(2) : 164-166. YE X M,
HE J J, WANG X M. Effects of inoculation with a soil — borne
Klebsiella on growth and phosphorus uptake of ryegrass[J]. Jiangsu
Agricultural Science, 2008(2):164-166.

[13] E5i, itk F007, 5. —BRAR B R T2 e WA B 8 S
R[] PR AR (AR B 2O, 2007 (3 T 1) - 56-57.
WANG Q, MA P S, WANG ] N, et al. Isolation and identification of a
novel strain of Klebsiella oxytoca with phenol —degrading activity[J].
Acta Scientiarum Naturalium Universitatis Sunyatseni, 2007 (Suppl
1):56-57.

[14] EBE, M55, M3 G5 5 T Wy v 00 (v 4 2 K Ve FHRCR ().
AV IAETRLE 2, 2025, 44(5) : 1266-1275. WANG Q, FENG X
W, FENG Y. Construction of Cd phytoremediation microbial agent
and research of its functional effects[J]. Journal of Agro—Environment
Science, 2025, 44(5) : 1266-1275.

[15] BLARUE, BEil k. 25, 55 R e/ L e 2 DRk L A= T iy 4 e
S HEAGH I 2 A A RIAR PR 240 TRTRE I B 52 00 D). 2 W B 41, 2025,
41(4):289-301. XIA X Y, XUE D S, LI X J, et al. Identification of
multi—function—promoting bacterium in rice—oilseed rape rotation soil
and is effects on the growth and rhizosphere bacterial community of
oilseed rape (Brassica napus) [J]. Biotechnology Bulletin, 2025, 41
(4):289-301.

[16] FMERE, 225, FF2R M, S5 . SOUL BT PR 2R A e Rl B R
TR R 15 G S (Mg ()] AL b 2, 2025(9) :122-130.
SUN J H, LI Y, QI L M, et al. Effects of inoculation of arbuscular
mycorrhizal fungi (AMF) on remediation of cadmium contaminated
soil by landscape ornamental plant Emilia javanical]). Northern
Horticuiture, 2025(9) : 122-130.

[17] HUI C, SUN P F, GUO X X, et al. Shifts in microbial community
structure and soil nitrogen mineralization following short-term soil
amendment with the ammonifier Bacillus amyloliquefaciens DT[]].
International Biodeterioration & Biodegradation, 2018, 132:40-48.

[18] HOLOCHOVA P, MASLANOVA 1, SEDLACEK L, et al. Description
of Massilia rubra sp. nov., Massilia aquatica sp. nov., Massilia
mucilaginosa sp. nov., Massilia frigida sp. nov., and one Massilia
genomospecies isolated from Antarctic streams, lakes and regoliths|J].
Systematic and Applied Microbiology, 2020, 43(5) :126112.

[19] 305 i, XS0, T5 oM, 45 . LR el A A5 R el R IR
AR BT FE I (D). AR 240 4R, 2016, 32(4) :171-178. BIAN
X L, ZHAO W L, YUE Z H, et al. Research process of soil enzymes
effect on carbon and nitrogen cycle in agricultural ecosystem[]].
Chinese Agricultural Science Bulletin, 2016, 32(4): 171-178.

[20] FI9, SR, EWIER, 55 . A=) 5 0 AR T AR L TR0 76 i1 400 v 24
T S ST 52 R (1], AR IT % 5% A, 2023 (12) £ 137-140.

YAN N, SANG Y Z, WANG M Q, et al. Effects of biochar and
arbuscular mycorrhizal fungi on tomato seedling growth and soil
properties[J]. Agricultural Development & Equipments, 2023 (12) :
137-140.
[21] 5K 2E R, B, F=nr 7, 4 REAT EARAE T A L3R4 W) 24800 ]
INZR AR R 241k, 1992(4) :375-379. ZHANG S W, ZHAO B
Q, JIL S, et al. Biological effects of straw direct—applicating into soil
[J1. Journal of Shandong Agricultural University, 1992(4) :375-379.

[22] LI Z M, LIANG Y, HU H W, et al. Speciation, transportation, and
pathways of cadmium in soil-rice systems: a review on the
environmental implications and remediation approaches for food safety
[J]. Environment International, 2021, 156:106749.

[23] X455, KA, B . KR 2% d B 40 BEL 42 T RR 1 B 5 30E T[],
Ll FREE R 222442, 2019, 38(4) : 721-727.  LIU Z Q, ZHANG C
B, HUANG Y C. Research advance on the functions of rice organs in
cadmium inhibition: a review[J]. Journal of Agro—Environment Science,
2019, 38(4):721-727.

[24] ZHU C Q, CAO X C, ZHU L F, et al. Ammonium mitigates Cd toxicity
in rice (Oryza sativa) via putrescine-dependent alterations of cell
wall composition[]]. Plant Physiology and Biochemistry, 2018, 132:
189-201.

[25] ZHANG L D, LIU X, WEI M Y, et al. Ammonium has stronger Cd
detoxification ability than nitrate by reducing Cd influx and
increasing Cd fixation in Solanum nigrum L.[J]. Journal of Hazardous
Materials, 2022, 425:127947.

[26] CAL Z D, YU T B, TAN W Y, et al. GmAMT2.1/2.2-dependent
ammonium nitrogen and metabolites shape rhizosphere microbiome
assembly to mitigate cadmium toxicity[J]. NPJ Biofilms and
Microbiomes, 2024, 10(1) : 60.

[27] %2, £, A28y, 55 R WE R G R AW B e
HL B 7 F D). B B2 BL %2, 2022, 43(9) : 4911-4922. MA Y,
WANG Y, SHI X J, et al. Mechanism and application of plant growth—
promoting bacteria in heavy metal bioremediation[J]. Environmental
Science, 2022, 43(9) :4911-4922.

[28] S AR EL . G WS kI It~ PR A A T o i P S 7 2 S AL
FRAF5E(D]. b aT : sp EBF2# 5 K27, 2020.  HAN R X. Study on the
production and mechanism of reactive oxygen species during
microbial  dissimilatory iron reduction—reoxidation process[D].
Beijing: University of Chinese Academy of Sciences, 2020.

[29] OKAZAKI M, TAKAMIDOH K, YAMANE I. Adsorption of heavy
metal cations on hydrated oxides and oxides of iron and aluminum
with different crystallinities[J]. Soil Science and Plant Nutrition, 1986,
32(4):523-533.

[30] Bk Sk . Klﬂﬁ}?ﬁﬁmﬁﬁ'ﬁ’ﬁ% 149265 G A FH BSOS 38 v i [ 4/
W #9 52 m BL ) (D] K VD c A R %%, 2023, YAO W B
Complexation of cadmium with different molecular organic acids and
the effect mechnism on cadmium immobilization/release in soils[D].
Changsha~ Central South University, 2023.

[31] 5KAF . & B AL 5 W0o0F 338 T 58 B B AL AW IF S D], LA« i AR
ikf#% Be, 2023. ZHANG Q. Passivation effect of sulfur compounds

on cadmium in soil[D]. Beijing: Chinese Academy of Agricultural

www.daes.org.an




m@g 3094

VRERRE Y F44EFE 128

Sciences, 2023.

[32] X[RIAE, FE5E, Bl P, 55 AR P S A A R R SR £ S 2k
P IRAT BT 50 S (D). A A IR BT 27, 2019, 28(3) :620-628.  LIU
T X, CHENG K, CHEN D D, et al. Formation of Fe ( lll )—minerals by
microbially mediated coupling of nitrate reduction and Fe ( I )
oxidation: a review[]]. Ecology and Environmental Sciences, 2019, 28
(3):620-628.

[33] GONCALVES O S, SANTANA M F. The coexistence of monopartite
integrative and conjugative elements in the genomes of Acidobacteria
[J]. Gene, 2021, 777:145476.

[34] XM, PR, TR, 45 . 25 AT VB SR B SE kI )] TRk
23R, 2023, 39(1) :266-276.  LIU Y Z, SHEN J H, QIAO J Q, et
al. Research progress of siderophore produced by Bacillus spp.[J].
Jiangsu Journal of Agricultural Sciences, 2023, 39(1) :266-276.

[35] NAVARRETE A A, KURAMAE E E, DE HOLLANDER M, et al.
Acidobacterial community responses to agricultural management of
soybean in Amazon forest soils[J]. FEMS Microbiology Ecology, 2013,
83(3):607-621.

[36] LU S P, GISCHKAT S, REICHE M, et al. Ecophysiology of Fe—
cycling bacteria in acidic sediments[J]. Applied and Environmental
Microbiology, 2010, 76(24) : 8174-8183.

[37] T fik . BRiK 5L Sphingomonas sp. DJ F43 B J H 8 4k O 9
[D]. K% : K% B T. K 2%, 2014.  DING J. Isolation of an iron
reducing bacterium Sphingomonas sp. D] and characterization of its
ability in degradation of refractory substances[D]. Dalian: Dalian

University of Technology, 2014.

P 1%) WHARTY

[38] SEBASTIAN A, PRASAD M V. Modulatory role of mineral nutrients
on cadmium accumulation and stress tolerance in Oryza sativa L.
seedlings[J|.  Environmental Science and  Pollution — Research
International, 2016, 23(2) :1224-1233.

[39] XUE W J, ZHANG C B, WANG P P, et al. Rice vegetative organs
alleviate cadmium toxicity by altering the chemical forms of cadmium
and increasing the ratio of calcium to manganese[]]. Ecotoxicology
and Environmental Safety, 2019, 184 :109640.

[40] ZHONG S X, LI X M, LI F B, et al. Cadmium uptake and transport
processes in rice revealed by stable isotope fractionation and Cd-
related gene expression[J]. Science of the Total Environment, 2022,
806:150633.

[41]1 JIANG Y, HAN ] H, XUE W X, et al. Overexpression of SmZIP plays
important roles in Cd accumulation and translocation, subcellular
distribution, and chemical forms in transgenic tobacco under Cd stress
[J]. Ecotoxicology and Environmental Safety, 2021, 214:112097.

[42] GAO J, SUN L, YANG X, et al. Transcriptomic analysis of cadmium
stress response in the heavy metal hyperaccumulator Sedum alfredii
Hance[J]. PLoS One, 2013, 8(6) : e64643.

[43] XU R, TR aE, i, 55 . TR MTP 5D G0 A A5 20 i K s i
IR BFRIBAFILN)]. RV RL 244, 2023, 41(4) :467-478. LIU
X F, GAN J X, ZHOU T, et al. Bioinformatics analysis of the MTP
gene family in Amaranthus hypochondriacus L. and expression
characteristics under cadmium stress[J]. Plant Science Journal, 2023,
41(4):467-478.

(TG - R )



