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ZKFTE BG200 o BELELE B = M A
B 7K FE A KR 220y
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R T kY BN F» 5 TR, =/ BW 650500

B, BAEE, AR, BER, ks, T, AT, FEIRGIFE BG200 518 %5 K HAR T 52 M AN 5 bhaa T KA
A RERZIRT]. A YI2AE 4R, 2025, 52(7): 3039-3057.
MAO Shuangbei, MAO Chunze, SHI Yujia, FAN Xuejing, ZHUANG Yongliang, WAN Xing, SUN Liping. Isolation and

identification of Enterobacter hormaechei BG200 with cadmium tolerance and promoting effect on rice growth under cadmium
stress[J]. Microbiology China, 2025, 52(7): 3039-3057.

i E: [FF] ADHETRREIFARPREZLETHFERL, RERLRAE . RIEREAE
RN ERZRYE, BIZIERFE IR T EA G I ARP B BARTRLE " A EEE
L. [B#] 48 +=F KA H (Enterobacter hormaechei) BG200 48 1 e A L ALH], KR E KAAT
# BG200 xt 48 ihia FRAG 4 A Kt feed#on. [F k] VAKSRIRSE T 5 48 49 & 48 4 I 1 (Boletus
griseus) T £ A4 B, KA PFRIEFESHALBDHRATLS B . LA HAT 16S rRNA AR
Y ¥ A F; R 403500 # B AR 6 samt MR AT 40 2 IRAE R AR 4570 A FHARFe
WS & F oM AMRAERME T 27 R X AR, RA KT L RKa4a @ Rt 488 T RER T4
Fhdhw A RZH Ok BaaR R T, [4R] 4 5158 — A et e) E KMATE BG200,
48 8 F(CA*H* H A& BG200 A K R AKI7H 7K E 4 200 mg/L. ##k BG200 7&K F Cd* 69 R M &R
T 69.22%. EHk BG200 £ CAd*MHaifin & KATR T MR RE, MR, &
KA B4 ZE & L3 A CA* ¥T 4648 8h ATP %44 & (ATP-binding cassette, ABC) R 7 F» £ & F LT
# K 7% (major facilitator superfamily, MFS)44i2 1k X474k & T HANF| AR A; HARIDE L~ 6
FotfA A RAR K AR BARA S EFMAH4RE T MarR. A R 45K E T SoxS. SR
MerR R k4t R B T KA Lif; R, #BA LA HEEREG mE ARSI Rk
(proteobacterial antimicrobial compound efflux family, PACE)#= & T MFS s #4412 & & ¢4 GlpT. &
m BG200 AAREER G TAAMA T KGR THHLE, RGT KBHORK., KRG, T4 E. T
BME AT . WAMEEE M[E AL A B (catalase, CAT). i B/t B (peroxidase, POD). # &L
4 AL B (superoxide dismutase, SOD)]; &K AG"t h + iL &AL & (hydrogen peroxide, Ho02). A £
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] & -F (superoxide anion radical, O*"). A =& (malondialdehyde, MDA )#= il & B (proline, Pro)4 % ,
MRk AR G40 F . MEB AR TRARTHREE. (48] ERMATE BG200 EAKF
Ay 4a T A SRR I R ), TR A ST T RAG A — AR A M, RIS, B
o R & PR & S W b
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Isolation and identification of Enterobacter hormaechei BG200 with
cadmium tolerance and promoting effect on rice growth under
cadmium stress

MAO Shuangbei, MAO Chunze, SHI Yujia, FAN Xuejing, ZHUANG Yongliang, WAN Xing",
SUN Liping”

Faculty of Food Science and Engineering, Kunming University of Science and Technology, Kunming 650500,
Yunnan, China

Abstract: [Background] Environmental remediation and protection using microbial techniques
is an important strategy for developing sustainable agriculture, guaranteeing food production,
and ensuring food quality and safety. Therefore, it is of great significance for agricultural
production to mine the strains with the potential of remediating and protecting against cadmium
pollution. [Objective] To reveal the cadmium tolerance and mechanism of Enterobacter
hormaechei BG200 and investigate the effect of E. hormaechei BG200 on the growth of rice
seedlings under cadmium stress. [Methods] The endophytic bacteria were isolated from Boletus
griseus by the cadmium-rich plate culture method. The 16S rRNA gene was amplified and
sequenced for the isolated strain. The cadmium tolerance of the strain and its removal effect on
cadmium were determined. Transcriptome sequencing and bioinformatics were employed to
mine the differentially expressed genes of the strain under cadmium stress. Hydroponic
experiments were conducted to investigate the effects of the strain on seed germination, seedling
growth, and cadmium accumulation of rice under cadmium stress. [Results] E. hormaechei
BG200 with cadmium tolerance was isolated from B. griseus. The minimum inhibitory
concentration of cadmium ion (Cd*") on the growth of E. hormaechei BG200 was 200 mg/L.
The removal rate of strain BG200 for Cd*" in liquid by adsorption reached 69.22%. The cells of
strain BG200 exposed to Cd*" stress changed from long rod to short rod. With the increase in
Cd?" concentration, the proportion of cadmium element on the cell surface of strain BG200
increased. Cd*" might enter bacterial cells via transporters of the ATP-binding cassette family
and major facilitator superfamily (MFS) or zinc-iron ion channels. Under cadmium stress, strain
BG200 significantly upregulated the expression of genes related to productivity and antioxidant
system. In addition, the expression levels of MarR family transcription factors associated with
multi-drug resistance, SOXS family transcription factors associated with superoxide reaction, and
MerR family transcription factors associated with efflux pumps were upregulated in bacteria. At
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the same time, strain BG200 upregulated the expression of proteobacterial antimicrobial
compound efflux (PACE) transporters and GIpT, an MFS member. The fermentation broth of
strain BG200 significantly increased the germination rate of rice seeds under cadmium stress,
and it increased the root length, plant height, chlorophyll content, soluble protein, and activities
of antioxidant enzymes (catalase, peroxidase, and superoxide dismutase) of rice seedlings.
Meanwhile, the fermentation broth reduced the content of hydrogen peroxide (H202), superoxide
anion radical (O%"), malondialdehyde (MDA), and proline (Pro) in rice leaves as well as the total
cadmium content and cadmium migration index of rice seedlings under cadmium stress.
Moreover, it decreased the cadmium residue in the nutrient solution. [Conclusion] E. hormaechei
BG200 has high cadmium tolerance and adsorption capacity. The fermentation broth of strain
BG200 could not only promote the growth of rice seedlings but also reduce the content of
cadmium in rice seedlings under cadmium stress. E. hormaechei BG200 showcases the potential
of application in the microbial remediation of environmental cadmium pollution.

Keywords: Enterobacter hormaechei; cadmium stress; transcriptome; rice; physiology and

biochemistry; transfer and enrichment

TEBR T E 7T, HIERS I H 4
TIEP SRR A BEREAR , A R E R
gy s, dd gAY AR, &
SURGAE DO WAL 92 LI REa oo N BTN U 17 L O
SR FEEYRIL, KR R R
TN G AL YR, i LA 6 PR TS 4 -
I RRARAAE Wy JC 2 KRG X - S5 58 A W e 3R
B, A AT R K i 15 MR 4 4 T I DR Y
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HERBEILEERAYHEEBE | L E
2. YR EaBEEY. AYBR R
AESRBIETEH R IB R AT RO XG5 | 5
I = A0 A5 R A5 (]l ) B SR S BRI SEE
B A B — S it 5 200 1 REE e R R . IR, DTEE
@A, B KRR A, e BUE
i, FRAR LSRRy sk, BRI
EMIIANEITR R, SCIURE AR 2470,

EA K SO E N & )8 = Y . &
G I T Yl RS AR R g T T G e TR A
P, I TR 20 R A - A AR A, LA
L2 ) - 2 VR R 5 A 50 B R Y A A i R A
AR AR T e AR, R A T X
B T A < R N2 4 S R B S R IR AU

MR, REBRAM T =AM
WA ERESE R, ERRER 211 S KE
JF- 7 (Bol etus griseus)FE A i S (Cd) & i AR i
4 1.61-48.72 mg/kg, YI{EH N 22.42 mg/kg, R
fE7E R Cd & HEM 0.03-0.57 mg/kg HJF R I
i+ R, B. griseus H Cd KR A] ik
8.69-24.19 mg/kg (FEAZH 22 1Y), A& %
ZHHN 24.14-386.00, FH B. griseus i 47 & 4
ASSEERI A 53 A B A ST HRRET & A G R
HE O AR ZURHGE, (B U5 s 6 e
) — S A A TR S X ' AR R

i R

1.1 #&

2021 4F 6-8 JI1IH], TEnm A RN 15
FRAIRS, SRS & 1 AR A I 7524k, R
RIEHLRS MR, &TRKEERIKLET, 4h
N B SE g UK RS RN e 616,
B RO AT FRA R . AW Ay o BT bR HE ) o
GBW10025 (GSB-16)18iE s, H [ Mg k2 B
HER Y R AL A 22 F TR T
1.2 1EFE. FERFNEE

LB 13532 % CHk[10]1BC . 1 mg/mL Cd
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JCRPRMETR , EZ A €48 K i ARt
b, BEREMRAAE, s YR RA
Al BEIEIY, PEERQH/RBHE AW Helios 5 CX
Yk ST, FEER R B 2 F] 5 Yoshida
IKFEE TR, A B R A BRA W Bk,
SRR AR B A A A 342 ] 5 NanoDrop 2000
MR AR, ISR S AU AR A PR
Zvdls TIE10C-150 fidEAl, Wiilomif/RIdn A
BN F]; A BB KO R F IR OGIEAY, B &4
PrALES (A A R E] 538 5% P 10 T
X, CEM Z~wl; BOGHESM] WoBeE T, db
O IE AR A R ST A R EE RS R 57
L, IR TS A R R SO
R TAES, MGG R AR A,
1.3 AL ESEHKRAKL

I BRI A A I T AR AR R e £, e 75%
LI SRR B 2, FT G K
Yk, CRZMET, BETES TSGR EINE
SR 15 mine FIFAR IR0k, YIE
PR P S5 A ZH 21 (3 mmx3 mmx3 mm), SR
F S R S B B AR 9.6 mg/L Cd>' i)
LB ARSI, RAFARERD 3 B, #& 4h
5 T 35 °CHEI B 1597 3-5 d. fEad B P gE F
A1 2 SR R P B AR P BT R TR, PR
V&, RMRIZLE:, 75 LB Pk i 4liflk,
2l Ak S WO T %8 R T A R AT o
1.4 9 EE#B 16S rRNA EEFEF5H
trFnoE)ARE

KRR TR B R AN TR T, 10 S) T T5 1Y B
o, A, EES, 788 T W R Rl
TR SR AE S e 2 R S o KRG S% 3 d 1)
20 B AR 2 AL S B R A R O A B
LA F], %t 16S rRNA JEPR M THEEC .
BaRUF S8, # 8 B R NCBI S
PEATHOXT, R 0 B A 23 22 Mo
1.5 D EEKBI M N E

W R MR AN B IR T8 0.10.50. 100
150, 200 F1 300 mg/L Cd* 1 LB WA RE 373,

37 °C. 180 r/min #RZ K597 A HIFE 0. 1. 4. 8,
12, 24, 36 1 48 h ik 3= 1R & Wil & H: ODsoo,
IR B CA* i B AR 1 A K i 26 . B Rk
WA B A K /N CAPHREEIE S Cd> % bk
A KR e AR A §l R B (minimum  inhibitory
concentration, MIC),
1.6 NDEEHKIBREPESFERM
e XE

W TR Tl 7 55 SR M P T CA> WA MR 3y
10, 20, 40, 60. 80, 100, 120, 140 mg/L,
pH }3 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 1J LB ik
REFe3E, 37°C. 180 r/min 535 24 h, B AL
FRIRIBREY) LB WRAARREFRIL XS IR . KR4 o)
&, BU%FRIESY 8 000 r/min 2.0 5 min, U
£ B, R BRI A 0 B VA I A B
Wb cdr i, AR R Cd* iy
W B 2 B R (Q) o

c,-C

Q=—7§—lxum%) (1)

K Q MMM FRIELH CA 1 L FRE(%);
Co WM T XA B b Cd® ik
(mg/L); Ci R &40 N W AR W 5 b i
Cd* ¥k i (mg/L) -
17 S EEHRTEHLSIRNE
1.7.1 BB TEHRMERES S
W RN PR SRR T pH 7.0 CA¥ IR
WeREH 0. 10, 40, 100 mg/L B LB W iARs 35 5L
H1,37 °C. 180 r/min #£3% 1535 24 h J5 10 000 r/min
B0 5 min, WAER KRN, £ BEE. &
FERREEK . T8 . Bi&SEas, SRABH
HL B PR AR R T RAE A . WIS, e
B R HREREGETTREIS G, AT cdr T ab B
Je A BR AR R T G 2 A A AR I
1.7.2 {\ETEHMEMNEREA S
FZ 08 1.7.1 345 0-100 mg/L Cd* il N HY
RN, T REHRAAE TR AR, —80 °CLf
17, Tk TRk Bk BA YR A R
Al R RN A SR TR 2, R
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AR CA* WhaE T A TR AR A A B RNA, 38 1 35
B W58 i L UK AT NanoDrop 2000 6 i 45 Bt (1)
RNA (U BE | S BRI SE 884 . RNA Kol & 4% J5
ZBR rRNA F1 mRNA i Befl, PLURBAERY mRNA
MR, A RAEE cDNA FEdtfralifh., XFaifk
J5 B cDNA 1T RmfERE . i A B . #3807
Hz3k . Ofi¥E 300-600 bp F Bz . PCR 4 34401k,
AR (1 AR R A B2 W) ) o
cDNA SCEFE Nlumina J)FF- 5 24 700)F . FAL
Bl s . F A XS 759 2] mapped reads.
it FH B3 T3 0 X6 2 SR AR T 40 e B g T
e F BE R TR % (fragments per kilobase of exon
per million fragments mapped, FPKM)ik 118 4[]
KAEAR A RS, ZREKBEN
(differentially expressed gene, DEG)i 15Uk A
lloga(fold change, FC)>1 H. 4% i% & Bl 3 (false
discovery rate, FDR)<0.05!"1, X} i ¥E 315 ) DEG
T GO Tye & A KEGG i E%/T
1L SR RE 7 PCR (real-time fluorescence
quantitative PCR, RT-qPCR)¥5i1: RNA-Seq 25 S Hfifi
MLEEPER RGNS Cd HTiEAEERy 6 4-3E
PR, A UE BRI 7 25 SR e v o SRS 109 3
HIE A, 5195002 1 iR OWIRZR: gPCR
Mix (TaKaRa) 15 pL, Mg** 25 mmol/L, 5|#) P5
10 pmol/L, 51 P3 10 umol/L, #i#z 2 uL, ddH,O

10 uL. KRR 4. 95°C 3 min, 94°C 30,
B KIREEHCIR A 45, 50, 55, 60, 65°C, 4% 30s,
PEI 30 K5 72°C 30 s,
1.8 NEEMKMwmMHE TKEEKLA
BRBREEFZIMANE
1.8.1 KFgFHFiLE

BRSO S8 6167, FH 75% B2
FhF 3 min, LB FKIERE 3B, KT a2
T &8 FRERITE L, 5 4 2L
i, BT 28 CCRRIESMTHEZF 24 h, fFFhF1H1
M.
1.8.2 HE&GHIFHIE

P BERREERD T LB K557, 37 °C. 120 r/min
BE 57 24 h A R0 FhFI, ¥ 5% 4% Fh 42 A 100 mL
LB B33 535 24 h, il & -

1.8.3 JKFEREER KB IBR S B AL
RN E
TEHURLK 8 & PR — E B kA

300 mL Yoshida 7K #& & F= W, LLAMNIE M A
CdCl+2.5H,0 By 77 Ml B IR Ca> &k o
S 0. 10 F120 mg/L, ¥ 1.8.1 i 2R T-Ff
PLAERR AR 20 101, PARRALIA FhAINA 5 mL
1.8.2 Wil B R AR, HARL PRGN 2 PR,
FANARICIAM T AERK 25 d, ERbERAT
BT R .. B df 6 4.

x1 RATHIEERANFRENERREEELESIYFT

Table 1

Differentially expressed genes used to verify transcriptome sequencing data and their primer sequence

Gene ID Description

Primer name  Primer sequence (5'—3')

FR837_RS16450
FR837_RS18975
FR837_RS06900
FR837_RS22040  Cell-envelope stress modulator CpxP
FR837 RS06950  Outer membrane protein OmpX
FR837 RS17580 RNA polymerase sigma factor RpoS

16S rRNA

Ribosome-associated translation inhibitor RaiA
3,4-dihydroxy-2-butanone-4-phosphate synthase

DUF1471 family periplasmic protein McbA

RaiA-F AAGGGTTTGTTGCTGACGC
RaiA-R GTTGGCGTCTTTCACCGATG
ribB-F TGGCAGTTGATGGGGTTAGT
ribB-R CTAATTGCCGGGCCAAGTAC
McbA-F AACCTTTCGCGCCTTGTTCG
McbA-R CGCGCAACCGATGAGTAACC
CpxP-F TGGAGACAATGCATCGCCTT
CpxP-R AACCTCACGCAACTGGTTCA
OmpX-F GCTGGGTGTGATCGGTTCTT
OmpX-R TGTCGTGTTTGTAGGTCGGG
RpoS-F CGGGTTCCGTTTCTCAACCT
RpoS-R TTGTCGAGTTGCTCTGCGAT
16S rRNA-F TAATACCGCATACGCCCTAC
16S rRNA-R  GGACCGTGTCTCAGTTCCAG
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&2 KIEWRENEBRIKIFRIE A IE
Table 2 Hydroponic test treatments for cadmium stress in rice
| HARLE 37 X

Experimental group Specific treatment method

Cd0-CK o CdEFFM, AR IR

No Cd nutrient solution, no bacterial suspension added
Cd0-BG T Cd B IR, % BG200 HAEK 5 mL

Without Cd nutrient solution, 5 mL BG200 bacterial suspension was added
Cd10-CK 10 mg/L CA>“E IR, AN B

10 mg/L Cd?** nutrient solution without bacterial suspension
Cd10-BG 10 mg/L CA*EF7 M, WMTE B 5 mL

10 mg/L Cd*" nutrient solution, adding 5 mL bacterial suspension
Cd20-CK 20 mg/L CA*"E IR, AU B

20 mg/L Cd?" nutrient solution without bacterial suspension
Cd20-BG 20 mg/L CA*VEF, WINTEZR 5 mL

20 mg/L Cd?' nutrient solution, adding 5 mL bacterial suspension

KEEAI 7 d 5, FAZER BRI —
L R SRR A ICVER P A, A
R B FF R E I %, KB RE 25 d ),
SR MBS 3 S S 35 S K A 1 bk
1.8.4 KiEEEYERBRIEHNE

BEHLVE B AN S804 3 UK, FHEE
FokepEE 3 0, MHARK (em)MZE K (cm), &
JE Y14y b CEF) LT (F) 2 #8473,
105 °C#74 20 min, 80 °CHtT Z{HHE, BT S/
BUa R FERUR B, WERIFRER, B TN b
OB AR, FH R W43 D' 6 B 3 e B %
i, 45RE LKA mgkg, THERB=H FIB Cd
i/ R Cd
1.8.5 KIEEM R ELIBREINE

W AE A A PR S A% 3 KR B AT A
S8 F P P e KR e R S R
12 71 5 5 I S KRS W R R 3 A0
H,02). N (MDA). BiEHTY (51
P ATV . I 2UR) A ST TS R (CAT
SOD. POD).
1.8.6 EFLPRIS=EMNE

W UCER B8 SR B A SR UTRE 10 min, &
0.45 um JEAR, FEHL 1 mL I B T s
fift, FAIRTFWSC e E SR 7 B (mg/L).

1.9 HIBLBS%it o

A E A 3 RESE, MESR T
EAR DN 22 . SO0 %A R T SPSS 21.0 #4: 1y
ANOVA LTI R I 22508, P<0.05 FonzE
S5, {Hi Origin 2018 #F4 A,

2 ERS594

21 NEEMKHSTELEEER

KSR B AR B R TR ARTE RS IR 2 K
. AE . BUEE, K1 s, R
TG, ™ FLACIRIE . B T B A4
KAPIR, Jo2Ef, MR LR e, & G
FRIRBE 2> B RRREY 16S rRNA LK F514: BLAST
FoXT, 2554 BN iZ RS 2 [T 1R (Enterobacter
hormaechel) A RIS E] 100%, i LUK B RR 4
7€ 8 XTI (Enterobacter hormaechei).,
RN B F R A IFIR(B. griseus), S HitkAr 4 N
E. hormaechei BG200, {5 M kk BG200,
2.2 E#k BG200 X CA* B 5214 e

WK 2 R, BE R SR CA VR EE 3
fn, wHk BG200 A K BRI, mRAK
BRI, 75 Cd* 2l 200 mg/L B B A &
AR, Frld Cd* X Tk BG200 A= A% e [ il
e g N 200 mg/L.
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El1 SEERHNEEESQREFELSB)
Figure 1

2 AR Ca*REETE BG200 £ K
HhZk

Figure 2 Growth curves of strain BG200 at
different concentrations of Cd>*.

2.3 &tk BG200 % Cd* RO M BB EE S

FEARRWIG CEWRER pH 44T, Wik
BG200 X 15373 v Cd> W BFHE I 19 BE 11 R BEAS
[F(E 3). ®Ihh Cd™ kB SZ Mk BG200
MHERR CA*MEZER K., HE 3A 5, 7EPIG
pH 7.0, }i3% 24 h %0F T, BEE WIS CA¥IR)E
B3N, BERE BG200 X Cd>* ()37 BR 2R 5 PR
TG BRI RS, CA* IR A 40 mg/L B,

Colony morphology (A) and cell morphology (B) of the isolated strain.

3 AE CAREMBETA)RARE pH £HT
(B)E &k BG200 WRHIERR Ca*BgEST AR/
YRR ESEE.

Figure 3 The ability of strain BG200 to adsorb
Cd*" under different Cd** concentration stress (A)

and different pH conditions (B). Different lowercase
letters indicate significant difference.
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YRS Cd> B FR R i, 158 69.22%, X ] RE
JE R ARTE A K B P A A RE b B RRAR S5 TG
PESEAIWL B RIS & T8RP Ccd®, T Rekst
W R Ca* iz ZANME N, SRIGTEANIE N B 4 )R
FEAZ A B S, NIRRT 5553t
CA* Ry g ; (H 485350 Cd* vk SRR A A TR Y
MifsZRE 77, staxtam it A s E R, S
HARKBET(F 2), BT Cd> B BEBRRE
LR Li S YRIE RETSS A5

WIlh pH 2 5 0 B /R BG200 X Cd* W fff
THERBE TN K W& 3B TR, EWILG Cd*
40 mg/L K557 24 h 4T, BB B 53 pH
RIS, B kR BG200 R W B3t B % 52 30 Sg 14
G B %Y, 76 pH 7.0 B, THBR R,
iKF] 70.75%. X ATRESE 4 WIhG pH HIKT 6.0
I, ARIESE BG200 B K, 41 A4 Y2 5
SN, X Cd> W B PR 2 A K . 4146 pH
HRT 7.0 BF, AMUSmEME LR, I HE
W Cd* % 5 5K K& E k) Cd(OH)",
HERLEY CA(OH) 5 T 5B R A LR 20 T4
A, N EEFIA. X —4R 55X FE g
USRS Ie A — 8 ERTEDIIR ML
P, W)k pH (E N 7.0 B, 2 R JAAT B EMH2305
XoF DU 3R 1 A 2 B 3 i e o
2.4 E¥k BG200 XF5mit = A1
2.4.1 $RMB T EHBG200 ST L

ME 4 FTLUE 1, AR Cd* ia T

E 4 AREIKE Cd*BE T E BG200 HIHRERES

Pk BG200 BHRTE S &4 B384k, Tt Cd* ihiE
i, BERE BG200 LAY RAFAR, ARKRER
4f, MR FEBRVEM . BEE CAWRER T,
[N R S R P St TS ok &3 /N L Nl ]
WA R RS . MR R T RETE 4, W
£ 3 PR, 7EJC C& AR, bk BG200 ik
T EE G C. N, O Ml PEETnRAUN, A&
FWITR MG S BREPEIm cd¥E, Wik
T EEANOTE R BRI RG S, JFHBE
B CAWREERE N, Fopr oo R R g =
0.22%, XWRESE Cd* S5 E kR BG200 41 RE [
— SNBSS A, i AR RE
2.4.2 RMBTE BG200 FUsE FE D
ER

SFAS [ A FEZH B Ak BG200 () DEG %% H iF
Fidk, 45K S FiR. tHE TR, K
CA> M BRI, AALFEZHAY DEG 2231,
AT X B4, 100 mg/L CA> A 666 4>
DEG, b FiRZER 304 4>, TIHIER 362 4~
XTI E, AV AR IIE T BG200 i 2B
VAR 2E SR IRIER AR 4 R

FIH GO Hid B X e si 4 ) e 235 3 ik 4 7 35
R Re i B, Hob GO f Ay e . 40
WLZE 53 R TSN BE 3 NHERE, 45 n1& 6 Fris .
TEERIEATR , Hikk BG200 [ DEG FEH 43
AR, b A Y R i AR BRI R
a8l Xk EE RN RN | AR A T AR A

Figure 4 Cell morphology of strain BG200 at different concentrations of Cd**. A: 0 mg/L Cd**; B: 10 mg/L

Cd**; C: 40 mg/L Cd**; D: 100 mg/L Cd>**.
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F=3 ARIRE CA* B TEH BG200 E{ARE
M ERTFL

Table 3 Elemental atomic ratios on cell surface of

strain BG200 under different concentrations of Cd>*
(%)
Element Control 10 mg/L 40 mg/L 100 mg/L

Cd?t cdt cd+
C 68.68+0.09b 63.31+0.75d 72.72+0.74a 65.16+0.75¢
O 16.08+0.08c 17.26+0.21b 14.47+0.02d 19.07+0.09a
N 13.69+0.38b 17.27+0.28a 10.09+0.12d 12.94+0.16¢
P 0.53+0.03d  0.78+0.09c 1.28+0.10b 1.54+0.09a

cd nd 0.02+0.01c 0.13+0.12b  0.22+0.0%a
nd: KK H 5 [l —A7 ARG T EER R 2253 18 % (P<0.05).

nd: Not detected; Different lowercase letters in the same line
indicate significant difference (P<0.05).

A sy rh B E w RS, T ohReh R
AR B AR RS E

TEMEERE |, 454 KEGG 3 [N 4H 55048 2 o
il 2] ) DEG 7EACH % E i s o hr, 45
R 7 Fros. fEEBIE T, Wk BG200 )
DEG i} 2 & S 7F 5 Sk 42 Jay Al A A A DG 1Y
AR . SRS OCH ATP
24 £ (ATP-binding cassette, ABC)¥4iz 1 .
5 U IE S A G B A R AN A T . Sk
KA G WA DG — R R IG3A . HAE A
TR DG 118 i 22 1R AR 0 2 A0 45 3 12 v

x4 WPIBT BG200 LR EFFRAERE K IIEE

B 5 EFREEZERHBRITE
Figure 5 Statistical diagram of the number of
differentially expressed genes.

A 3 X i 20 00 P 5 SR A A, BB 2k
6 MNHEIEMEM L R RIEER, S50
SRR B AR C B RaiA L 5 DUF1471 ik
HIAMIEAR I CEE R McbA, 5 3.4- % 8k-2-T
P-4 R A B AH DS A ribB. 5 RNA B4
fiff o HFHECHEH RpoS. 5 4t i 42 f5 s 77 9 35
A e CpxP DL 5 A1 BB A D 3k
OmpX., Ff-%F Hik T RT-qPCR 38 14IF, Z5 RN 8

Table 4 Up-regulated gene and function in BG200 under different concentrations of Cd**

Gene ID

Function

FR837_RS06720
FR837_RS06725
FR837 RS06530
FR837_RS06540
FR837_RS06535
FR837 RS22060
FR837_RS09605
FR837_RS01660
FR837 RS11770
FR837_RS08960
FR837 RS03115
FR837 RS20105

HutU, urocanate hydratase

HutH, histidine ammonialyase

CydA, cytochrome ubiquinol oxidase subunit I
CydX, cytochrome bd-I oxidase subunit CydX
CydB, cytochrome d ubiquinol oxidase subunit II
SodA, superoxide dismutase [Mn]

SodB, superoxide dismutase [Fe]

SoxS, superoxide response transcriptional regulator SoxS
Oxidoreductase

KatE, catalase HPII

Organic hydroperoxide resistance protein

YheN, peroxide/acid stress response protein YhecN
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Gene ID

Function

FR837_RS03210
FR837_RS20960
FR837 RS13365
FR837 RS21875
FR837_RS02650
FR837 RS10790
FR837 RS10800
FR837 RS03115
FR837 RS12815
FR837 RS08515
FR837 RS10045
FR837_RS05745
FR837_RS05795
FR837_RS05655
FR837_RS12860
FR837_RS12870
FR837_RS12865
FR837 RS05845
FR837 RS05850
FR837 RS20845
FR837 RS05800
FR837 RS05805
FR837 RS18065
FR837_RS14815
FR837_RS10795
FR837_RS03320
FR837 RS12235
FR837_RS05660
FR837_RS05665
FR837_RS15460
FR837 RS11925
FR837 RS15465
FR837 RS20905
FR837 RS03155
FR837 RS05820
FR837_RS07195
FR837_RS07200
FR837_RS07205
FR837_RS12370
FR837_RS12330
FR837_RS12390
FR837_RS12405
FR837 RS12395

OsmY, molecular chaperone OsmY

GntR, gluconate operon transcriptional repressor GntR

YodD, YodD family peroxide/acid resistance protein

ArgB, acetylglutamate kinase

ArgF, ornithine carbamoyltransferase

MarB, multiple antibiotic resistance protein MarB

MarR, multiple antibiotic resistance transcriptional regulator MarR
Organic hydroperoxide resistance protein

Tellurite resistance TerB family protein

BhsA, multiple stress resistance protein BhsA

MEFS transporter

ABC transporter substrate-binding protein

SitA, zinc ABC transporter substrate-binding protein
Cation-transporting P-type ATPase

ZunA, zinc ABC transporter substrate-binding protein ZunA
ZunB, zinc ABC transporter permease subunit ZunB

ZunC, zinc ABC transporter ATP-binding protein ZunC

FepC, iron-enterobactin ABC transporter ATP-binding protein
FepG, iron-enterobactin ABC transporter permease

FeoA, ferrous iron transporter A

SitB, iron/manganese ABC transporter ATP-binding protein SitB
SitC, iron/manganese ABC transporter permease subunit SitC
Multidrug/biocide efflux PACE transporter

GlpT, glycerol-3-phosphate transporter

MarA, MDR efflux pump AcrAB transcriptional activator MarA
RobA, MDR efflux pump AcrAB transcriptional activator RobA
MerR family transcriptional regulator

Efflux RND transporter periplasmic adaptor subunit

Efflux RND transporter permease subunit

CysT, sulfate/thiosulfate ABC transporter permease CysT
YedF, sulfurtransferase-like selenium metabolism protein YedF
Sulfate ABC transporter substrate-binding protein

GIpE, thiosulfate sulfurtransferase GIpE

FhuF, siderophore-iron reductase FhuF

TonB-dependent siderophore receptor

ArsC, glutaredoxin-dependent arsenate reductase

Arsenic transporter

Metalloregulator ArsR/SmtB family transcription factor

Type VI secretion system tube protein Hep

TssF, type VI secretion system baseplate subunit TssF

TssC, type VI secretion system contractile sheath large subunit
TagF, type VI secretion system-associated protein TagF

TssB, type VI secretion system contractile sheath small subunit
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Movement of cell or subcellular component
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Respiratory electron transport chain

Xenobiotic metabolic process
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Oxidoreductase activity

Aerobic respiration

Cilium or flagellum-dependent cell motility
Bacterial-type flagellum-dependent cell motility
Archaeal or bacterial-type flagellum-dependent cell motility
Response to chemical

Benzene-containing compound metabolic process
Alpha-amino acid catabolic process
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Generation of precursor metabolites and energy
Organelle

Cellular amino acid catabolic process

Electron transfer activity

Cellular response to chemical stimulus
Oxidation-reduction process

Energy derivation by oxidation of organic compounds
Cellular respiration
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Electron transport chain
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Figure 6 Bubble diagram for GO enrichment of differentially expressed genes.

iR, 6 MEFRBIEFE RT-qPCR 455485
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S EAR AT FE M
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B4 iR SRR
2.5.1 E#k BG200 X impiE T/KFEEIAA
F,EK HEZSENEMW

YRR A K e PR b il , g5 Rk s
. fHETIC Cd¥dl, CAMHaskuT, K

MR, R, e, TH. M8X5888
FREAR, AT CA KRR T EH R,
He K2 ML TN BG200 R0k A] 75— & PR
SR CAPX KRR A A K MBUGIER, B3
P T KRR &R, KRR bR E, 2
m COKAEE M R b it SRR & 50 (P<0.05) . Al 4G
RN, 70 CETMRARY, % BG200 R,
WA REMAKFERI 1 &% . KRS AR KRR =
{HS 3 T KRS A T SR
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Ribosome @
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Naphthalene degradation
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Atrazine degradation
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Oxidative phosphorylation
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Pyruvate metabolism

Tryptophan metabolism
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Nitrogen metabolism

Benzoate degradation
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Propanoate metabolism
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Figure 7 Bubble diagram for KEGG enrichment of differentially expressed genes.

2.5.2 Bk BG200 3 iRbME RKFEEM A
{5 FRAVFZ 0T

XF KRS T v A PRAR AR AT I, 5 SR
6 i, METXIA, Cd WA, KiE
W R AR R S . BUAE LR (CAT .
SOD. POD)MY & 4 B & FRAK, Al M p & &
E%L}I‘ Pro & im A M4 (H.02 . O*7) . MDA

i BT, UL RS Cd“/iﬁ R, UK
é’éﬁi?ﬂﬁ’m hm i, i BT E AL RE B R

fI%, InEE 4N g E AR . Ui BG200 H

BT KRR ARt b, A
T CAE T SRR T A MR A R R AR
f(P<0.05), #&Ft+ 1 HiAALEF R G 1 (P<0.05),
FEL T ROS Ky FERL R (P<0.05), ML T
5 ol 20 X K R e A A A
2.5.3 Etk BG200 XtiaphiE
REFRPRSENEMN
TE RS i B R L R (R
USSR P e S, S5 7 Fis. I
BG200 TR A, 2 T AR 1 0 i W i,
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Figure 8 Expression levels of differential genes of RaiA (A), McbA (B), ribB (C), RpoS (D), CpxP (E),

OmpX (F) during the RNA-Seq and RT-qPCR.
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*® 5 EH BG200 X iRAMEKFEEE KRR
Table 5 Effects of strain BG200 on the growth of rice seedlings under different concentrations of Cd**

3] Group [ % IS N N T&E 4% Chlorophyll
Germination rate Root length ~ Plant height Dry weight per  Chla (mg/g) Chlb (mg/g)
(%) (cm) (cm) pot (g)
Cd0-CK 0.80+0.08ab 9.86+0.16a 19.83+0.85a 0.56+0.01a 1.46+0.14b 0.54+0.04bc
Cd0-BG 0.80+0.10ab 8.90+0.52a 18.73+0.50a 0.54+0.07a 1.90+0.16a 0.84+0.04a
Cd10-CK 0.75+0.01ab 2.70+0.89¢ 6.63+0.21c 0.29+0.05b 0.47+0.16d 0.27+0.18d
Cd10-BG 0.854+0.05a 4.20+1.23b  8.27+1.26b 0.32+0.02b 1.48+0.23b 0.71+0.19ab
Cd25-CK 0.70+0.05b 2.40£0.17¢ 5.37+0.55¢ 0.26+0.08b 0.60+0.10cd 0.31+0.03d
Cd25-BG 0.77+0.03ab 2.97+0.68bc  8.30+0.69b 0.31£0.03b 0.78+0.15¢ 0.38+0.12cd

[F)—F AR /INE 5 R R 22 57 . (P<0.05). Al

Different lowercase letters in the same column indicate significant difference (P<0.05). The same below.

Fz 6 EE BG200 XMRMMEKEEMTFZEATYR. MELEEE. JEMHESE. MDA B2
Table 6 Effects of strain BG200 on osmoregulatory substances, reactive oxygen species, MDA, and antioxidant
enzyme activities in leaves of rice seedlings at different concentrations of Ccd*
F847 Index Cdo-CK Cd0-BG Cd10-CK Cd10-BG Cd25-CK Cd25-BG
BB H Y
Osmotic regulator
ATV 1522+2.80d  18.35+2.68b  17.52+0.16bc  21.06+3.63a  15.97+2.82cd 16.86+1.07bcd
Soluble sugar (mg/g)
AT Soluble 4.59+0.04ab  4.73+0.04a 4.13+0.15¢ 4.4340.09b 3.58+0.18¢  3.82+0.10d
protein (mg/g)
fifiZ#8 Proline (ng/g) 16.63+1.19d 13.73+0.88¢ 26.01+1.01c 24.36+0.84¢ 36.03+2.83a  32.58+0.59b
U AL

Antioxidant enzyme activity

SOD (U/g) 805.28420.97b 876.58+£27.26a 599.77+£29.35d 810.50+23.06b 557.80+2.09¢ 709.80+13.61c

POD (U/g) 768.96+5.76b  786.24+8.64a  720.00+£7.20c  758.88+7.20b  692.64+1.44e 705.60+4.32d

CAT (U/g) 195.12+48.13¢  209.34+6.09b  176.50£2.35d  239.83+4.06a  150.41+£8.13¢ 168.69+2.03d
1 PE4 Active oxygen

H202 (mmol/g) 0.30+0.02b 0.33+0.06b 0.35+0.03ab 0.23+0.03¢ 0.39+0.06a 0.33+0.01b

0% (ug/g) 5.13+0.01d 4.17+0.05¢ 6.49+0.03¢c 5.17+0.03d 8.30+0.06a 7.36+0.13b

MDA (pmol/g) 0.13+0.00c 0.09+0.00f 0.14+0.00b 0.10+0.00e 0.15+£0.00a  0.11£0.00d

&7 B BG00 MEEME T KEHLRERATREENTMN
Table 7 Effects of strain BG200 on cadmium contents in rice seedlings and nutrient solution at different
concentrations of Cd*"

ikl Mo b7 Cd A R Cd A i iR AR HIRW Cd o
Group Above ground Cd content Underground Cd content  Transfer coefficient Cd content in nutrient
(mg/kg) (mg/kg) solution (mg/L)
Cd10-CK 0.26+0.03¢ 1.90+0.07¢ 0.14+0.23a 0.007 940.000 Ob
Cd10-BG 0.12+0.01d 1.14+0.35d 0.11£0.01b 0.004 8+0.000 Oc
Cd25-CK 0.38+0.02a 2.64+0.01a 0.14+0.01a 0.012 5£0.000 0a
Cd25-BG 0.22+0.01b 2.16+0.07b 0.10+0.00b 0.008 0+0.000 Ob
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KRG BT M R M A A S R A, A
X4, Cd10-BG. Cd20-BG #i b #4347
SR IR R 53.8% ., 42.1%, UM E &
TEREIE A 3R 40.0% . 18.2%., FRiT# R A4
ik, FLHIRPE BG200 A il AR 1 AR 2 0 8%
TR ER A U, TR B T KR VR AR AR
W B EE . MRt R B, 25 d
ReFR 855, WRINT BG200 B R R S IR 1A R 1)
BIRWPo B B TR L
3 Wik

A P R AR s B KB, (A
XGRS A A B B UK AR 2R
R —E A PUERR E , H B AR A
BerpiEA SR . FRiEeR, JF B B L RN
P FRMLIAR 1 A B 5110, AR SCrp 43 B8 0 1B A5
PR 4 2 T T S A 20 3 7 R A T TR BG200 AN
WYUERRRCE , JF HAEW S BRI IA R
Cd* ., TEfRIHEIREE T, Wik BG200 B2 LM
577 R A AR AH G I IR 1 Rk DA 1 5 L 0 X4 1)
Mif 32 . a5 RE A A 56 10 40 it 2 R L g
KA FEER CydA, CydX, CydB ik i & i,
4 it i 0T = 5 ZFR A A R
A2 50 RE A s aa B R S 2R
Pr2ead BN A SR A SR HutH PR AR 41 2R
IR TR, FR PIRR /KA HutU K 2 fk
“hy WK -4- [l - 5-75 i (imidazolone propionate, IP),
e Ji AR B % F 4% 2 R (formiminoglutamte,
FIG). 4@ il FIG A A AiRE:, &
QAR ER W] HE— AR R U5 o A i e RELS, A
WFEH, FR A i Ak BG200 H 41 Z i i
A AL HutH . HutU 2635 FGGE 4). I04h,
AR, H#Rk BG200 4 rh SR R A A
Kl A R R AL argB . 2036 H R4 7%
LN argF pIFR8 FIHEER 4), WMARERNZ
i (R RAA , K 2R AR AT = A B m VR T
IR Ia 5 K35 KK, Huang S5U°1K
FRE A T ZE A0 FT 1 (Bacillus velezensis) LB002

WAL S 5 A AT R G 5
RS R argH . argF. gabT. HutH Y&
FRiK, AR BTE LR AL T P PR A AL
PR IR AR 85, BRIRES v] LA E Cd™, MfiFE
RH B . AR5 Sk HE A — 2ok

— kR, TR MR T AR AR
it ROS 18 B b0, A vT3d o F iR Aa
AT A G ) 0k T BR Cd i 19 PEA
B3, AP d, sodA. sodB (A ALk
fiff) . AL . katE (AR . AYLR
ALY EPUEE RN RIS I, W RE R RIRR
SR PR LI B A IR BV BRIA N L i ROS,
&5 Cd e 75 S A L5 . Kerdsomboon %512
W L BAE Cd BT, %ifih Cu/Zn ALY
ARG . o E AL A Rk B, YRR TR
18 4 9 8 (Cupriavidus nantongensis) E324 #4t
P Xu SFPUBFSY & I HJE (Pleurotus) H. 1 I
P& CAT. SOD M CEEN Ay FRL, LAHLE G P a
T AR AR

PR BG200 32 4% W8 iy 2 B i 5t R 8
A, HefE MarR 2 EP0AE K 2504 5%
R AW SO 7 s 815 7 SoxS . AR HE
 MerR ZWEE TIN5, RN FRETE
WSS N AL IO, AR e
IR R, [HAEYIRTEN B 500 T 7k
FHR A BRA AR N o SR 45 1 S P25 SR B 40
PR AR AR I, 23 SoxR A B AR (R
) B AL S (G ) ek, #ET5 5 SoxS R &
ik, MR R BTEA LI E R DT, (4 G
BAMNE . —SIIREE IR, AR
FH] P 7Y ATP B2 FH MerR S0 IR 45 X 41 i
PN 4 i R R ™ A g ) o DT 2R A T R T 8
I, TPk BG200 A] B i 1 A OCHE s 7 BE K Y
Feak b VAR X B I 32k

CA*VE MM RN AELZ M ICE, 1l REMH
B H A 4 & S ds 1R Rk A AR BG200 1R . ¥
SEH AR BN, FEF LT E KK (major
facilitator superfamily, MFS)#%iz{&k . ATP %54
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HEPHEER StB. BR-FFE R ABC feizfk
ATP 454 5L fepC Fik (3 4). ABC
S AR ARHCHT O 3R S 2 2t i oG HE
R 4R B L /2 AWy e A i
AR, e R B TR sh AR,
MR LR BL, 76 Cu™ hia T, AR EREH (Glomus
intraradices) 1% GintABC1 ik F i, il Cu®*
%S ABC 5451k GintABCl fy#is2, zIp
FIEW ) AT AR EZAY T, Geitia
BELBRL B MESEE TR A, 5
Bt ABC $riz (R IE 4 & B AL ZunA |, ZunB,
ZunC I 4kE4535 1K feoA F2ik . ARG &R
W R PC-3 4 h B IS AR KRR ZnT-1
fE Cd WA TGRS RIS, SRRz R p Ty
VERRSXTAIP . AMEEF S B . BRI &R
WE5E & BLK RS BF k% iz B 11 5L OszZIPS il
OsZIP9 [nlif sz Fallhia i Gk ik, He& Cd™
EE T

A Py ] 3 oo B 4 W L AhHE . %
A SEHLE B o 4w iy o, T 3 B A HE
e frcl M PTEALT Z —P, AR, bk
BG200 7Ef@MM AT , #MHES% 12 1K (proteobacterial
antimicrobial compound efflux, PACE), MFS #p
Hedt iz % (2L GIPT, MarA-MDR 4%
AcrAB H5 530S N3 MarA Rk B, 7]
REE AN Cd FRRFNHE—IKF 5, i SR
iz K Cd iz B M A L RE AR AR B .
Alquethamy 55 POVBE 5% i 38 T 81 2 K 3 #F
(Acinetobacter baumannii)ii) CzcCBA 4: )& 4
HER G ARt T MM - JE - M dh iz i ik = 5
Wi,

AHHFE TR R BG200 T 2R AT 2 4 TR
[ 3B PREE T KA T L 2, KRS AR
K. bR, TEMMN PSR EE, S
HSECURI R IR 2= 2F kT 1 (Bacillus thuringiensis)
PER RN T KR & Mk R S R A R —
B, T EP% B AT (Enterobacter sp.)
FM-1 0] 38 13 43 90 5| Wi 2, T A0 3 A4 A1t A

ETIBREREARK, LA, EHRENE KRB E
FYDSIRTfE R b i i 4G 25 364 3, Wl e s+
S 18 IR R S R R e R A K
A

TESE AT, M nr s bErE . AT
PEEE . WERESEHTY, P g0
ML KA FB ER, ERFHOE# A KB, it
N R LN ST R R f AR S8 [T SR Ny
ROS, iX4£ ROS 5 A FINE IR A A= S vy, 7
A= MDA FFfig it A>3 it iE 3h A
SYUEALRE AR, it LB (CAT . POD, SOD)
APrEAFI A TEE, RaHERRIE A, Z ek
THPR Cd e E P AR ST H i & BG200 18 2%
N 1B @ T R e S BT o o = g i 0] 3
RN Pro & T o 1X 5 3 P Y 25 PO o Y
R Y1-1 RS RA—2. {2 Thanwisai
25T % PR Colonized taiwanensis KKU2500-3
A 38 i PR — AR KRS Pro & & LKA Cd 2 F
Ve 3% 1] BE2 bk BG200 BE R K A %o 48 1
WAL, LT 2R i T 4 R A N K R i R A5
KRR R AN T 2Ll 3 B K i Pro SR 4ERE4H
13535 R A AR E o« BIRE BG200 S5 FRAIE T
A K FETE H ROS 2 MDA R, B 51
InPrE RS . AL ZFPIRESR LB, ZEAMATE
P& R KRR AR A Y B 8 AR Bl 4 AT Cd ik .
TEFIE T, BRAIAEE (Trichoderma asperellum)
T246 & EPUE LB IE LI > ROS FUER, M
T3 58 [ B M £ 12

ABFZE Ry B E Rk BG200 B E MK T Cd
1715 N N2 1B R 15 R R S N O I
WERMRT Cd T8 REBMETRM T Cd F it
A BB R AR KRR SR A M, A B Cd
7 v 1) G A B RE 1, SRR T KR AR
HBXT Cd FIM IR % iz, [] B, [ Ak BTG T 35 9%
W Cd BIRAE, MM, ZEf# Cd B )5
MK YR AR AR Cd AT AR
BOvi, XA BERE E AR BG200 BEEH LM Cd
Xof KRR G AR AL 495 1 D IR . Wang S5 13V SE % B
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111 95 8 /R 7% G I (Burkhol deria sp.) Y4 %€ 58 T7K
MR AR, @AY EE 21 Cd,
FEAAR B AT 2508 Cd & & ATTd b Cd #E K A
FIFLR B ZE AT 1 (Bacillus megaterium) H3
FI1H7 M7 14 (Neorhizobium huautlense) T1-17
Pemr Cd Wi MK R, IPR Cd [ E7ER
bR A gk MR AN Cd R R, Hi
T % SRR, Wk BG200 & 75 AR AE H [H]
TR R G . R AE], X A
AR 5T PR IE I 15 BE A TEAR B 1 458 e 7
B O R BB TEAR R A 2 AT A Ry 25 A
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