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Isolation, identification, and characterization of a cadmium-tolerant
bacterium Achromobacter sp. A81 with plant growth-promoting effect

LU Junming®, JT Chunxi’, GUO Jianjie, LIU Rui, ZHANG Ligang, YIN Doudou, TANG Jiahao,
ZHANG Hongyan', SHEN Naikun"

Guangxi Key Laboratory for Polysaccharide Materials and Modification, School of Marine Sciences and
Biotechnology, Guangxi Minzu University, Nanning 530006, Guangxi, China

Abstract: [Objective] To screen and identify cadmium (Cd)-tolerant bacteria with plant
growth-promoting effect from contaminated soil of a mining area in Guangxi, characterize the
strain screened out in terms of the Cd tolerance, Cd*" removal efficiency, plant growth-promoting
effect, and influence on rice growth under Cd stress, and demonstrate the potential of the strain in
plant growth and soil remediation. [Methods] Cd-tolerant bacteria were isolated by the dilution
coating method and Cd*" concentration gradient acclimation and further identified based on the
morphological, physiological, biochemical characteristics and the 16S rRNA gene phylogenetic
tree. The Cd tolerance, Cd*" removal efficiency, and plant growth-promoting effect of the target
strain were measured by microdilution, inductively coupled plasma mass spectrometry, and
colorimetry. Finally, the effect of the strain on the growth of rice plants under Cd stress was
investigated by a pot experiment. [Results] Twelve strains of bacteria with good tolerance to Cd**
were isolated from heavy metal-contaminated soil, and one strain with the best tolerance to Cd was
identified as Achromobacter sp. A81, which could grow in the presence of 800 mg/L Cd**. Strain
A81 cultured with 10 mg/L Cd*" for 7 days showed the maximum Cd?" removal rate of 44.66%.
Both the supernatant and cells of strain A81 demonstrated the ability to adsorb Cd*". Under Cd
stress, the strain secreted a large amount of extracellular polymeric substances (EPS) primarily
composed of insoluble and soluble proteins. Furthermore, this strain was capable of fixing
nitrogen, solubilizing phosphorus, and secreting siderophores, indole-3-acetic acid (IAA), and
l-aminocyclopropane-L-carboxylate (ACC) deaminase, demonstrating remarkable plant
growth-promoting effect. Pot experiment results revealed that compared with the group subjected
to Cd stress, the rice plants inoculated with strain A81 showed increases of 9.08%, 39.59%,
41.94%, and 73.58% in plant height, root length, stem diameter, and fresh weight, respectively.
[Conclusion] This study investigated the Cd tolerance, Cd removal efficiency, and plant
growth-promoting effect of Achromobacter sp. A81 and assessed the application potential of this
strain in Cd-contaminated soil remediation, providing a scientific basis and high-quality strain
resources for the microbial remediation of heavy metal pollution and green agricultural development.
Keywords: cadmium tolerance; Achromobacter sp.; plant growth-promoting; cadmium stress;
potted rice plant
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% (cadmium, Cd)s&—FHA ™ H 5 FH I E
G)E, WHEEMAEYERE, B2, 3
PERIECENE, B AT 2R BB TS et
TE Tl A 500 AL ISR fl A 1 S, B
PRt FE I R AR 25 IR T Cd V5 g, mUi A
RfgpE SRR 2P, HFRENE, cdigg
W HIEAEEE AL, T EAFER A
FaE A& 22 B K FE (Oryza sativa L.)J& 4
BRE KRB Z—, KA KTE Cdi5 35
T EKRE SRR A, Wb, IR ERTK
toCd Y. Cd Sl BB B RAL
RAEETENK, FeAlE I, 5]k g
[RJRE, QN PRENEE S . B . R A E
HREZHERERE, Ik, 2T A% Cd 53
=R INERI N o

st Cd 5 QB TB, Z A m R |
ORA B K R T5 g BRI, M2,
HE B S FRNE R B 2B A RIS, A
LA P L W B AR RN TE SEHL R B AR Cd
TEYe, WFST I, LR A0 B2 (Aspergillus
aculeatus)7t 10 mg/L Cd*" ¥ JF FRi5% 72 h, H
R EBRECE N 46.80%"; fif Cd A v 7E /R
i J& (Burkholderia sp.) JLS17 7£ 10 mg/L Cd* ¥ J&
THFR 72 h, HEREBRACE N 41.90%°, 7E52
PR, SUEAEYMEE HR R 5 H AL T RS 1Y
M, EBESCE, =T i (Enterobacter
aerogenes) MCC 3092 AMUAE K AGA K[ HA
FrN5| W 2R (indole-3-acetic acid, IAA)., 1-Z4 LR
W %¢ -1- R R (1-aminocyclopropane-1-carboxylic
acid, ACC)iz i . [ & SFMe A Hpbk], EREm
AKFEXS Cd Rt Mk, MR
RIIRE 5N HZEE RN Cd 15 R B R 5

fiif Cd 4 & (Cd tolerant bacteria, CdtB)f&—
RAEETEE 4 Jm 5 Y IR A 0E FO 20 T8, a9 i

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

7 J& (Pseudomonas sp.) . 111 % 2 /K 18 J& 1 &
(Burkholderia sp.)F1JG 44T [ J& (Achromobacter
sp. )%, ST EB CAtB R FHA DI . 2
Ak . B AR R AEHLE bR b cdl,
1 5 45 J B AEL )0 A 4T PR (plant growth promoting
bacteria, PGPB) "] IfE AW, Yl 5m b
PE, HARAMLRI S 0 B S WA . HHEL
il 3 7 AR A A T (AN TAA Z5 )RR o - S
FRCR . B BRI AS; [EHEAL T 0 i 7 A
PrAE | AR EAR 5 T R G P R KA
SR A 5 HE AR AR P % A W 38 1Y) e
I3, FE b AR B A R S
M, IR THRE Y 16 52 4 8 15 YL AR,
i i, Tian 55 it 3 AL M ¥Z & (Pantoea
agglomerans) Tm02 % 1 000 pmol/L CdCl, A 4%
SRAVTN S22k, JF HEA A TAA . [E Z AR
IRE T, 38 2 K 8 R B FIZ R PR BEZE Cd A
AR A KN BRAROK FEFRL Cd IR R A
FI, B Cd 5 Y s A s Y, SR,
INTFRIE BT Cd PGPB ) TR R A 24 o B —
X ERR Cd IPLBERFIT A D

A 5T &3, JC 6 FF 7 & (Achromobacter
sp.) Pl HR (8 A PRI I M, FE PR TS Yeif PR
Sl B B R U dn, E s agl)
it i K B A fk & @ FF B (Achromobacter
xylosoxidans) D16 AN AEZE4H K & 350 mg/kg 5%
AR, AT TAA Fl ACC i & B
HEAEPI R, I R R IR IZ R A RO
Al R B RN AR A S G X A S, ST
MRV E SRR ZRETI Cd 24K
AW S %R, 4T 5% Achromobacter sp. [
4R W B AL K KRS Cd W i 1 g L
PR FPLT i R R AR R AR Cd 554 1
Herp oy B R — SR Cd R, JClEIES
2 EPRAAR K 16S rRNA BE[R S ERH AN
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iz ORI R ARG A B TR
B 0N AR Cd M. 2 CdPReR Al
Prfie A= it s dRc el ad B, RS T i
BRxt Cd B K R AR A A

1R

1.1 #g
HEJEEY AR AR AR XY
DX B 0T A A5 S L o KR SRR OR E AR
125>, WA &R FPHRDL A BRA AR, &
A, AmAGE SR CdCL), Afif L E
H CA* VR IE R 120 mg/kg, B 3 d IRAIHERE 1K,
24k 4 )5 T KRR
1.2 EFRERFERF
1.2.1 EHFE
LB ErFR3k . A U0 B 5% 55 A4 K
(chrome azurol sulphonate, CAS)K: 1% 575
W A S AR ARG BRA ] o A R R 5
BRI 25T DL i1 520 pRT 45 77 & (Ashby) Ml King FRIfFREE
DA% Salkowski b0 425 B8 SCHK [16]BC i -
ADF R332 I SCHR[17]fC 1
1.2.2 FEi|{5
200 mg/mL 1 CACL % ¥ 11 0.22 pm Y i i
UERRTE 2 . PCR ¥4 o R B A= T AW
TR A RAR, 514 27F Al 1492R
Hi AR A AR () B A7 RS vl 6 1
1.3 EMRIELT Cd Btk B4k
M 96 X AT X 4 R T e+
BORAERES . BUS g 3T 45 mL LHE B
K, £ 35 °C. 200 r/min FE IR % FE K 1S 5
30 min, FRFJCHIKBSEERR LFE B3EZ 107,
107 A1 107, B Bk 100 pL 3445 T 100 mg/L
Cd*' () LB AR F 3, Gk th R 5 R AT 1 B i
¥, Ay HERN 2 ORE Cd¥ (200, 400, 600,
800 1 1 000 mg/L)AY LB [ {ARE 53 FikfTiE

BEEEDIAE, 7E 800 mg/L CA*' () LB &l {45 55 5t
M b, PEHUBETE 48 h AR KR 4l TR #F 1 7%
SLAN L 2liAk, KLk BRSO H I (B B
1 30%)IRA, FHEAATE-80 °CrHVKAR H & H -
1.4 Bk AS1 IEE

WA LR 7E LB BlARER L E, T
35 °CHi % 48 h JE MR IK LA, I T 22 [R
Juta PRGNS . 2% (AAMHEE T
W) USIxF kAT B k%, KA
Chelex-100 #fift. DNA $2HUR 5] & (R H 5 43k
TR A BRA AR B FE A81 (19 DNAM,
HANEE 16S rRNA FEKE 54 27F (5'-AGAG
TTTGATCCTGGCTCAG-3")Hl 1492R (5'-GGTT
ACCTTGTTACGACTT-3")#E17 PCR ¥4, PCR
SR ZR (50 ul): 2xTaq PCR Mix 25 uL, [,
51910 pmol/L)4% 1 L, DNA #ifiz 2 uL,
ddH,O 21 pL. PCR & Ni2&fF: 95 °CHAL 1
4 min; 95 °CZ8 £ 1 min, 55 °CiE ‘X 1 min, 72 °C
FEAR 2 min, 32 PMEFR; 72 °)CLLEAH 10 min,
PCR " Y) & B e W B I R Dk A I =, 2 22 T
A TRECEI ) A BRA wI . iy sl b
£ % EzBioCloud (https://www. ezbiocloud.net/)%X
i FE#ETT BLAST Z &y 4l thxt, SR )5 FH
MEGA 11 I H# R Gk Wil T 0 T EY %
Y
1.5 BE#HRBIT Cd 82 S1IME

Z I Yin R TIEEB SR, K AR
PRIEFD 2] LB WA IR 2 7E 35 °C.200 r/min
AR R FF 48 h AERFFI(1x10° CFU). [
LB AP 780 200 mg/mL 4 CACL ¥, LA
# CIWER 0, 100, 200, 400, 600, 800
11200 mg/L., HEEFTEHRE A81 Fh I T Fik ik
Z, fE£35°C, 200 r/min F}%3% 3d. ),
i FH AR A 7E H ODgoo f o ODgo0>0.2 1E 4 17
TERRIE . SCE R 3 T A DARR R B v SR
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1.6 Etk A81 EARRE CARETHE
1< B 2% BY N ZE

B Rl T AT AR Cd MR E 0. 200,
400, 800 F1 1 200 mg/L)fY) LB WA 55,
£ 35 °C. 200 r/min 5/ FH55%, 0% 8 h HURE,
it B AR (S0 % HE ODgoo {1 . FFAAL PRI 3 1K
AL LTI B 4 R bR AS1 7EAR[R] Cd”
W T AR I
1.7 Btk A81 RS K &G

T R SR . K TR R A8 HEAT T LB B
FEEN, BT AFRE(10-45 °C)FE K F 4
W, 7E200 r/min A0 T 538 72 h 5@ 3L
ODgoo fH o FREH M 5 it £ PR 5250 . B LB JE 57
P Z AN ] pH {H(4.0—-11.0)8 % A A A R BE ) NaCl
(0-10%), FEFIEK A81, 7E 35°C. 200 r/min AY
T RESR 3d, M H: ODgoo (H . £ AL B
3WHEK
1.8 A E#HE CAHRET, Etk A8l
X CA* R R =

Z: B8 Yin S5 Li S50 AR ek, BFoR
Hk A81 TEA[RI I Ih CA* e B R i Cd* 2 3%
RO TPk A81 R BN CdT (10,
50, 100, 200. 400 FI 800 mg/L)AY LB ¥ 1Ak
FiHe, 7E 35°C, 200 r/min B F 1SR 3 d Ml
7 doFifiJ , B 2 mL &3, 8 000 r/min #5.L> 10 min,
B RIS 0.22 pm JERE . I UG A 45 2
TR PG (ICP-OES, Aglient 2% ) 5E 75
W IR CdPHR . A b ERY I 3 IRER
CA" EBRFI M AR (D)FIR

FE B FH=(Cy—C,)/Cox100% (1)
K. Co MWIth Cd* ' HeE (mg/L); C.h L
H Cd™ Yk JE (mg/L).
1.9 Bk A81 Xt CA* BN FHHN IR 5%
1.9.1 %EBRARIES 3 Cd BIEBRIER

2 BE R P P IR AR B Bl . B 50 mL
KR , 8 000 r/min 25.0> 10 min, B 73 0.22 um
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UE NS AR TR R TR 5 TR AR AR AR 20 L £ P 50 mL
TCHKE R, HI1S R, Ffs, 505l
45 50 mL (%) 100 mg/L Cd*' 1) LB 5323 mA
50 mL AR TR . JC TR & IRV RN TR AR 4 B
TEREPRN 35 °C ., 200 r/min 535 12 h IR G F S
4h, FEHE 1.8 A FRA AR B3, I ICP-OES
ME 3 4 B CE M, 1A Cd™ EBR,
BACPRYIE 3 WEE , SERBCEHECR ).
1.9.2 BEINEREYI(EPS)ATIE BN E

Wik A81 Rl RN T8 Cd* M & H
400 mg/L Cd* ) LB i iAEE 3, 7E 35 °C,
200 r/min F¥55% . SR ATELO AN 3R HUA
B A81 Y RTEHEFIAS T % % EPSP, F 10,20,
30, 40, 50, 60. 70, 80 1 90 h 43 B AR
Cd*"#1 400 mg/L CA*MbPRAYTE W, TE 4 °C.
8 000 r/min F &[> 10 min, WedE FiW. &
W T IE Al 2 MR T s . R A
H & T 0.5 g/L NaCl #% , 60 °C/K i+ 30 min /7,
4 °C, 8 000 r/min Z5.0> 10 min, Y4 i,
FHF W E AR 2R R . 20
KRB Bk e Y, EA SRR E
W I E
193 H\EBETFEMENRMMES EEHL
B

el Cd* Mk 400 mg/L B9 LB A5 55
B, DN CA*'HY LB 353535 iR, 35
FhTE R A8 $55% 3 do UMK, 8 000 r/min &5.0»
10 min, £ B3, R, 47 0.1 mol/L ¥
PBS 2z MR PRI 3 UG, A 2.5% 0 3 1%
RAJE 4 CErE . KH, KK 8 000 r/min
250 10 min, RBREEE, FEH PBS & pliE
P2 WK, AR 15 min, FEEKKA 30%. 50%.
70%. 80%. 90%F 100%[K) Z Fe s R 47 2
FIREREIR K, B 15 min, H 100%2 BEBE K
AEFR 2 YR, AR 20 min, BiKZERE, FOEESL
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BT TSNP TR, BEEEE R L,
Wt 4 LIS S e . I, MR KRk
L (SEM-EDS, Carl Zeiss AG 2\ ) )X FE b ik
TIIOIE S B TG 43T
1.10 E#k A81 HIEIIMEE MR

Wbk A8l Mk T A VLB s I A,
35 CCHEFRAR MBI E G IR 3 d, WEA Lk
oINS A ML RE 1, D i BH e B A2 (D) 5
% ER), [ DA FREHRRE. % E R
U Ik, KRR T King [RIEFRIEHTE
35°C. 200 r/min FHR¥%EEFE 2 d 5, i Salkowski
bl Ho™ TAA &t Witk A8l RIZLT
Ashby [BEAREFREE |, 78 35 °CEFRA0 N8 B B 357
3d, WEHARKIEN, KL ARE ST, Rtk
BT CAS s At |, 7E 35 °CHEFRAH N F
SR 5 d, WA OB AR, K
WARBES . LI Penrose SV EL, WG ARk
FhF ADF }ig%EH, 7E 35 °C. 200 r/min F #5537
3 d, USRI AL, Rl ™ ACC B2 BRE /1
1.11  F#k A81 %f Cd B T & HI7kK#E
FRE I EREREERH

ok KRR T, 4 5% H.0, W
H# 30 min 5, L&KM 3K, MET

30 CCRRMEIRIE 12 h 25, HEia 2 3 i 1.0,
TEHCK e — B KRR, BAR RS04, 0ol
FERPFR RS 10 15)5 10 A1 TH K , AP E 20 mL/kg.
SCES I 4 H(BRH 3 RER): CK4l(JE Cd
). A81 4L(JC Cd A#:Fh). Cd 4l(fF Cd &
AN CA+A81 L (FH Cd A AN Ak 4 )5,
MR BUREAS, PRIARER, JOSRRE . BRE
SO, R Bk
1.12 %t o4

AWF5E K GraphPad Prism 8 #l1 Origin
2022 BAFHAT G M B E 3k SPSS 8.0 43
IR Z MR 2 5, e S22 e
22 53 (P<0.05)

2 EREG5M

21 it Cd EHHNTESEEER

ARG T X H 4 S 15 G 34y 2 4lifb
FR3 12 BRI Cd kK, 43 7IFRich Alb, Adb,
A6a, A7. A81. A9, Al12, B2, B4a. B3, Bé6a.
B8b, S HEARIEARFMEE Cd* Whia T i KA
B 1o N 1 AT IR 1, R A81 X Cd™
A R Z (R R Cd* BN 800 mg/L),
I, i A81 AILIEMS Cd bk,

F1 EHREFERE CA B THEKER

Table 1 Growth of highly effective cadmium tolerant strains at different Cd*" concentrations
Number 100 mg/L 200 mg/L 400 mg/L 600 mg/L 800 mg/L 1 000 mg/L
Alb +++ ++ + - - -
Adb e +++ ++ + - -
Aba e ++ + + - -
A7 +++ +++ ++ + - -
A81 H+ +++ ++ ++ + -
A9 e ++ + + - -
Al2 e + - - - -
B2 +++ ++ ++ + - -
B4a +++ + - - - -
B3 +H+ +++ ++ + - -
B6a et + - - - -
B8b +H+ ++ ++ + - -

In 3 days, a well-organized colony of bacteria with good growth is defined as +++ normal; In 7 days, slow growth is defined as
++ basically good; After 7 days, only sparse single colonies grow on the plate, which is defined as + inhibited growth; After 7

days, no growth is defined as — no growth.
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2.2 EFkASI IEE
2.2.1 Ek A81 BIFSTSHFE

i 26 T A5 AR R AR AR, 2% QB M TR
[R5 i NN B> S-S SN E: 318
TEFEARRE IR F IR E A 1),
222 EHkAS1 EEAEHEE

A R A81 A= FRA LIS 25 S AT HI(GR 2),
VP % . MR % . FERiRE . il il ss
SO TR H# A, (H IR R
HEHE . HEERE; MR EL IS AL . PR A .

1 F#k A81 FIFASHEE

Figure 1
Gram staining results; D: SEM image.

*2 HEik A8 EEEUHKER
Table 2 Physiological and biochemical results of
the strain A81

Test items Results
Voges-Proskauer test -
Methyl red test -
Nitrate reduction +
Gelatin liquefaction +
Citrate +
Starch hydrolysis -
Fructose -
Glucose +
Sucrose -
Mannitol -

H,S production -
Litmus milk test Peptonization

+: Positive; —: Negative.

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

PR R EL R 45 S BE M s A 88 4 W S 50 S
b, T B H 7 i 2 1 K i T
2.2.3 EFk A8116S rRNA EFYE
XTTER A81 H AT FAEY X E, 4 16S
rRNA LK FESILE EzBioCloud %#iE e vh k47
BLAST ZH 74 LbXT 00, AL RS A
Ak JC 54T i (Achromobacter  xyloxide) NBRC
15126 HIFRITE R IE 99.28%, W1 %@ %k
3 Achromobacter sp. A81, RZ kKB UIE 2
FIi7m

R k) .
-
. P_","_'}"‘ EHT=200kV WD=6.8 mm_Mag=20.00 K X Signal A=SE2 24 Apr 2024 GXUN

Morphology characterization of the strain A81. A: Colony morphology; B: Single colony form; C:

23 FEibk A81 FEANE] Cd™ TRE TRV fihk

PR A81 XF Cd> it 32 PEAfF 7% 45 SR 2R 1
ZHEMR A8 X Cd™ Y fe /NI TR v BE (minimal
inhibitory concentration, MIC)>» 800 mg/L (|&l
3A). & 3B AW CA¥HE R 0. 200, 400,
800 11 1 200 mg/L B, FkE A81 MYLERK 4.
TG CA™HY LB K3, BRI i1
B, TEZ9 40 h IR B E W SR, 78 Cd™ Wk
FrEni, WERR AR AR FEK . 24 200 mg/L
CA™ %M T, 7% ODgoo FEAK T T —2F, W%
AR Cd RN, R, EAk AS1 BT
Cd 1 B 52 M0 3¢ R HE A0E K05 I 0 194 24 B N o
7 800 mg/L Cd* 5T, BMRM ALK =7 ) ™
AN, 40 h JEA IR AR, 7E 60 h JRiFA
FaE BRI B
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B2 BE#k A81 T 16S rRNA EEFIIMEN RS L B R

Figure 2 Phylogenetic tree of strain A81 based on 16S rRNA gene sequence. Bootstrap values based on
1 000 replications are listed as percentages at the branching points. The accession number for each strain is
given in parentheses. The scale bar represents 0.01 substitutions per nucleotide position.

Oommwwmmm 00w 1 L L I 1 1
0 100 200 400 600 800 1200 0 8 16 24 32 40 48 56 64 72

c(Cd*)/(mg/L) t/h

B3 TE Ca*RENHE A81 £ KM M

Figure 3  Effect of different cadmium concentrations on the growth of strain A81. A: The MIC of strain A81
against cadmium; B: Growth curves of strain A81 under exposure to varying concentrations of cadmium. The
values presented are the mean of three independent experiments. Error bars represent the standard deviations

of the mean. The different lowercase letters in the picture indicate significant differences among treatments at
P<0.05.
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24 EF#E A8 HIRBEKEH

W 4 fiR, Hkk AS17E 10 °CHl 45 °CH
AR, R IR B D 20-40 °C; pH A= KIE H
M 5.0-10.0, Fad K pH JEHIh 5.0-9.0; 7E
0-9% NaCl Ju[H N E#E AS1 mTA K, adEAK
WFE S 0-6%. & ih a2 U OV 2k i 1 it 56 AR A
+ 34T i (Agrobacterium tumefaciens) DJ-1 [ %

i ER e BE IR 3 8% NaCl, LA Kbk i 25 20145
B A A R BRI T (Pseudomonas
plecoglossicida) ZY-3 1 pH it 5 75 [ N
6.0-10.0. 5 DJ-1 fil ZY-3 #ltL, itk AS1 A
A 5 PR R v B I FLIRIRE BE A B P85 rh A
K, Wos HAE SR 4 3 A4 S8 1 U HoA T e
I FH A -

4 TELNRE(A). pH (B)F NaCliRE (C)XE Ik A81 A KHIF/ M

Figure 4 Effects of different temperature (A), pH (B) and NaCl (C) concentrations on the growth of strain
AB81. The values presented are the mean of three independent experiments. Error bars represent the standard
deviations of the mean. The different lowercase letters in the picture indicate significant differences among

treatments at P<0.05.

2.5 HFk A81 EARRME CAIRET
By Cd* KRR

K5 IASTERIUG Cd™ e B T i Pk A81 X
Wb Ca i RBRE, B CA R,
PR A81 1Y 2 BR AW AT , {H Bt 5 1 B] 4 164
EBRB A e m . Fbk A81 78 10 mg/L Cd*
WETREFE3d S 7d, WA Cd EBRFE
MR 31.82%1Y) 44.66%; 7E 50 mg/L CA HRET
Bige 3 d57d, CEBREDHIN 29.92%5
40.20%. SR, 47E 800 mg/L C W E T, T
WHFE 3 d B 7 d, Cd¥' R YE ek
KA, Ar0lh 12.03%5 12.01%, AlAgfEH T
Cd 5 FEXT AR AE R 3 U™ P, PR RS

=V 27
kR,
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Figure 5 Cd*" removal rate of strain A81 at
different Cd*" concentrations. The values presented
are the mean of three independent experiments. Error
bars represent the standard deviations of the mean.
The different lowercase letters in the picture indicate

significant differences among treatments at P<(.05.
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2.6 EFk A81 IH Ca’ BIMIREF R
2.6.1 AEERARBEDXT CATRIERER

MIEL 6 AT, S PR W B G Cd® i 2
PRACR e, HZBRA(15.98%) 2 & & T o I
R BEROR A RN B . G 3T cd™ iy
ZERBORIRZ . ZBRF(10.53%) 2 35 5 T R A
B EBRRCRRZEE R AR, Xk
BRZFN 4.47%. Z5 ERTA, Pk A81 MY LK
MFE RS2 cd™
2.6.2 Ttk A81 773l EPS IARIES B E
Tk

W& 7 AL, BEE I TR REAG,  XF REZH Y TR
Pk A81 i EPS R SelE (R34 (¥l 7A), EPS
AN 337.39-575.24 mg/L; i 400 mg/L Cd*
ACFRZH ) EPS L FH A IR Y 2 K T i 1
Jin, EPS BiEAlik 382.60—-886.66 mg/L, S5Xf
HELH AR HESF- 238 0 T 54.13% (& 7B). HLiE
B, Ttk A81 £ Cd Wb 5 &40 W B 2 1) EPS,
Bt & BERT )N 10 h #E4 2 90 h, Cd*"AbHEF
PR A1 [ EPS AR MR S & 1 &
BN T 157.11%801 197.71%, [6] B A 0] %
PEZ M 5 ATV 20 4 IS N T 38.27% 1
75.61%. JLRAEHIIE, Wk A81 IEH A

A &3 [nsoluble protein

&= [nsoluble polysaccharide
L 000 Soluble protein
Soluble polysaccharide

800

600
400
200

Content of EPS (mg/L)

(=]

Or (ORI PR F R R ) i o L e
HIKEHNBE, RUEALHNSE CIHEE
T Cd i b A% T B2 UE N, X S
SERSI BT 4 AR L

20

S5t

£ b
~10F

>

o

5

& 5t %_?_

RN &

6 EHk A8 X EERAEILA S X Ca* HIKFRIER
Figure 6 Removal rate of Cd*" by different
components of strain A81 fermentation liquid.
The values presented are the mean of three
independent experiments. Error bars represent the
standard deviations of the mean. The different
lowercase letters in the picture indicate significant
differences among treatments at P<0.05.

B &3 [nsoluble protein
= [nsoluble polysaccharide
Soluble protein

1000 gz Soluble polysaccharide

800
600
400
200

Content of EPS (mg/L)

7 Etk A81 FEXTBRE (A CATRIBE(B)AI EPS AN B E
Figure 7 The EPS content of strain A81 in control group (A) and Cd*" treatment group (B). The values
presented are the mean of three independent experiments. Error bars represent the standard deviations of the

mean.
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2.6.3 HHHEEF EMBE(SEM)E E FEEIE
(EDS) 7 #f

FH BT T LR B R AN i Cd” RN
800 mg/L Cd* AYTE Pk AST A4 41 i 418 2 1 Y
S 8). 4 Cd¥HkE A 0 mg/L B, A
U FFAR , A0 22 ) oA ke ARG % (] 8A) 5 THT Y
CA>" Wk JE fy 800 mg/L B, 4 fifd & 1hi A5 75 KL
HHEKRET —ERENEES %%, KU
Jif Ak 7 3 R % 0T (P 8B RIS, A K 1T B
b O 5 31 A W R4 TR G T R R 1) TR A e
Mz [ERG ESF G, X RN Cd i
RO A B B A X SO P B AT
EDS JLE /M, IEBITLIE PR % K| Cd oK

(K 8C).
2.7 E#k A81 HEYMRE R NAR
TP RE SR IT 4G SRR, Ttk A81 1Y
TR A i LR o s e Pl O L L Wl 46 40 (D/d) Ry
6.99/21.26 , 3 W] B bk A 845 0 ¥ 0 6e ) (K
9A); BBk A81 7E Ashby [ {AkE 3% 5L b LR
K, WESH A EAAE A (K 9B); R
King [RIFFRFEFIR G HEFE 2 d J7, Al74 1AA
(41.24 mg/L); 7E CAS Hriill 5 3 5k AT UL o (5
whe, RWHLEA P BREIARE T (B 9C); 1thoh,
kR A81 A ™ ACC 2 B (¥l 9D). 5 b Tk,
kR AS1 HATH W . MIA . 7 TAA . ZREAT
ACC JB 2 i i 412 A R

Weight (%) Atomic (%)
| C 3543 5594
C O 2825 33.49

Na 1.57

P
d
'S

6.80
0.34

| Zn  2.13
Cd 2548

1.29
4.17
0.20
0.62
4.30

L |{Na
Zn8 ICd

2 4 6 8 10 12

Energy/keV

8 AX Cd” I8 THIE K A81 &Y SEM B K EDS ST E 4

Figure 8 SEM and EDS analysis of strain A81 with or without Cd*" stress. A: SEM analysis of strain A81 in
the absence of Cd*"; B: SEM analysis of strain A81 in the presence of 800 mg/L Cd*"; C: EDS analysis of
strain A81 exposure to 800 mg/L Cd*". Cps (eV): Counts per second/e volts.

9 Ftk A81 HU{BR 45 M

Figure 9 Growth promoting properties of strain A81. A: Dissolved organic phosphorus; B: Nitrogen
fixation; C: Siderophores production; D: ACC deaminase production.
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2.8 Bk A81 XM AHAKFEAE Cd fE T
FKS5RENEN

WE 10 fzs, Cd Jiria ab 3 5 22306 1 KRS
Phim AR AEZSH AR, IRKAR IR AR )
PR, IF H R e E Cd hia T ik RK
HREMAE 3 om MR, 3T,
HERNTERR A81 BRI LR AR5 YL XK R AR K g
HER, A KREAERKEARAEEMN. Cd 4
B K RSk L CK 4H (43.10 cm) @ 2 FEAE T
22.52%., Cd+AS81 15 Cd £H(33.39 cm)A Ht, 1%
T 9.08%. A81 AWtk S CK &M 1
18.46% (& 11A), Cd Z/KFEMM KL CK 4
(12.21 cm) @ F &M T 11.84%. Cd+A81 415 Cd
2H(10.76 cm)AHEL, ¥EAD T 39.59%. A81 AR
K5 CK B EHI T 43.99% (& 11B), Cd 4]
JK RS I ZEHRL L CK 2H(4.39 eon)FEAIR T 8.69%, 5
CK i #25% . Cd+A81 45 Cd 41(4.01 cm)
AL, BEINT 41.94%. A81 HRYZEHLS CK 4T
FZHANT 48.05% (& 11C). Cd 4K RS 1
CK 41(3.50 @) #R#IK T 20.37%. Cd+A81 415
CAd 4 (2.79 MLk, HEHN T 73.58%. A81 AR
K5 CK AR EHM T 105.28% (&l 11D).

A81+Cd

10 Bk A81 M EHAKFEE Ca” BB TEK
S5REMREMm
Figure 10 Effects of strain A81 on growth and
growth promotion of rice under Cd*" stress at
seedling stage.
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Figure 11 Plant height (A), root length (B), stem
diameter (C) and fresh weight (D) of rice under
different treatments. The values presented are the
mean of three independent experiments. Error bars
represent the standard deviations of the mean. The
different lowercase letters in the picture indicate
significant differences among treatments at P<0.05.

3 Wik

My Cd A= 4 T A9 i 16 5 2 RE %5 0 2 5%
AEYBE Cd Y mEEARNCY, Bar, W
e A IR A 1A 2 4]3E . Cho 2P M
4 e TG Y g 4 7 96 AR AR (Leifsonia
sp.) ZP3, it Cd* e m e BE 7 100 mg/L, HAfEH
A PLBEF ™ TAA SF{E 42451, Abdollahi
SFPHNE A in Y M Ay s Hh S BRI Cd 4
2 W 72 Jy [ V) 1 +F 1 (Enterobacter cloacae). #ii
F % ¥ i (Enterobacter  kobei) . # FF 25 #0 AT B
(Bacillus cereus) . V4R I (Rhizobium pusense)
FIHL I8 4% AT 74 (Agrobacterium tumefacien), %t
CA> R ey T 32 W 8 3% 100—150 mg/L, FH %%
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V. R AR AETRE . AR X EL)E
75 e + 3 Fp 7 1% H ) Achromobacter sp. A8,
5 H A B 8 B R AL A AR E, ANUEA
B W, P ERER . TAA I ACC I & S
P, WFBHXT CA™ iR E I, A v
(800 mg/L Cd*") FKIHBELEIG . ok, EA ]
T8 1 TR % 2 K 39 8 [ 79 J& (Ralstonia sp.) YDR
Hy Cd* i Kt 52 W &N 80 mg/L, 7E 10 mg/L
CA MR EE R 5595 7 d, R IR Cd¥ £
REE 60%LL 1P gk il S5 B gk i it 4
Achromobacter sp. ZXH21 A Cd* g K i} 52 He &
“} 600 mg/L, 7 50 mg/L CA* (I i FH53% 7 d,
R EBREN 36.5%. AWFFEH Achromobacter
sp. A81 7E 10 mg/L C&VWKE FHi5% 7 d, &K
CA>" E[EERN 44.66%; 7E 50 mg/L CAHRE T
3R 7 d, fR Cd LBR#E N 40.20%, AL
FKICHR Ca> I KI5 L BRAE, 41
SR X R e B IR B 1 IR S A
A, TR RR R B T s (pH 10.0)-5 i £5 (9%
NaClRE 1, Fis HAEER G 1+ 3 A B8 2 Sl 2
AW AE R E N A

EPS 204 453 Wb 5 A B 24 A 7 A i A=
KOTREY, 25T 413 1w 58 T Hash,
FEMEAR. ZHAERAR . M
Wi T 234 EPS G, DIRSE A K ERER,
I EPS 2 2 T 3 0 0 53 9 3 FR AR AL 2
—, Hrh EPS WY A SR & A F & —OH
—C=0 FHHEH, XyEn A R CHEER
fE A BY . Lian 25 PO IE 4 4% B 50 M
(Pseudomonas aeruginosa) fll # ;= i FF
(Alcaligenes faecalis)7E Cd il T, EPS 7= ix
Oy T 52.07%H1 409.69%, HARREE
EORG RS E, HEM C=0 5 C-N %
HAEHITE Cd xR E AR . fEAMTEH,
Achromobacter sp. A81 Ft [ ¥ Ik Fl 14 14 4 it 1

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

ZY5 CAMWM . 75 Cd AT, HEikKES
W EPS, FRAE ARSI A AR
AT B T 197.71%81 157.11% , 3 h TR #E
Bt C* 4R 4L T W F kA, B4t @ SEM-EDS
RILTERE A81 FRIHIAE Cd [l FUTHE K Cd
Wik, RAHEE A8l REIA T H 4B ILNE,
HMEE R TS S EL BN, X—K
S IRRSE R R BARL. SRi, ST R AR
A81 MY CA™ M HARK AHLE], 7t
i B AR 8 21 #8 1% (Fourier transform infrared,
FTIR) Al X §F£8 ¢ s T HE 1% (X-ray photoelectron
spectroscopy, XPS)&SEif Gk AR SEATHI 5
ST,

EAEK, PGPB TEZ B4 @i, Fil
J& Cd V5 YL NHAR ) Y 75 7 T RE B LR LR A
FIWE Ty, Ham ko WA P A= 00 (i TAA) | 778k
R BRAPLEEEL . A £ ACC 2
SERLH, AR A ) A RS 4 R Y
TRV, BR A B S TNl P Hp 2k & e )
AN B S, PGPB il /b TAA %
YR, HEREEENAER S LT,
U, Chen Z5B%V& B¢ #A M B (Pseudomonas
fluorescens) Sasm05 AU AE" A TAA 2 dE ik
AR, RREE AT Cd WIOCHR LR 1 %
Ko X—HEEYW, PGPB fE4H T /K L
A EL D Gk, SEIXS 4 S 3 ) i
F3E Y . HIK, PGPB £ &A™ ACC it
LA T EEAEM . Shen FOK BT F
B, &% 40 Burkholderia sp. GN6 A UAR HEAH
WK, iRyt cd iyt E], iR AR
T Cd fEgM Ry Mk,
Fernandez-Llamosas Z£* 3538 i Cd 40 B & & 5K
B J& (Azoarcus sp.) CIB HA 2 # 17 ACC i &
it (R TE A B RO T K FRTE Cd AR &
WA, EMREAR T KA X Cd .
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HAF T I, 2 M4 Thae iy B R 4 78
PGPB ZZfffiY Cd 3% R H 30 B Wik
. Hassan ZEUHRGHFsaR I, AN &
ACC Jii 2z Bt 55 [ & RE J1 19 PGPB A T H—1))
AEMY PGPB, REH A RUMIBFEHIY) Cd i5 YL ria
IR RRA IR Z RE 1. LA, IR R R
A I (Kl ebsiella sp.) M2 3i 1 5 A HL
BT A R R UIE [ 58 Cd™, 1 T R A
B Cd &at, MNIMZM T CdX/NERNEEE . A
53¢, Achromobacter sp. A81 H.&5[H & . A
B PREREUIA . TAA AT ACC BRE RIS, R
HER KA. ARG R EN, 5
R FR T BRALA EE, REINTR AR A81 B
PEARFAER, HARKRMRE . MR, Z2H.
i F A BN T 18.46% . 43.99% . 48.05% .
105.28%; [AlE, 7E Cd WA 4T, Bkk ASL
AR T Cd XA K R T W,
REM K, 5 Cd Mhadmt, EMEkk A8l
JE KRG R . MR ZERLRN & E 4y 3G n T
9.08%. 39.59%. 41.94%7% 73.58%, X— K&k
ALHAE T Achromobacter sp. A81 7E/E B E
Al i T TEAN L, oI R AR AR
2B R E— 20 N AR AL T R I

FA B WIS F bR A81 1 Cd WY
PLHL, I HHER S H A E 4 )8 Cu®', Zn™
1 Po> )i 2 A S BRBE S BLAh, 2R
KR A81 X Cd Wrir T 7K A iy A= B 1 5 Cd
EBRCE, WA TR A81 Zff/KF Cd i
180 BAARYE FALE . R, 58 R
EWSAERAREK, AMRANEET Cd
15 YAE S E FIIT & LS SR, o skl
SR T SRR IR S R S

4 Zi

AT LI N 4 S8 T Y - g v 43 g 3] —
PRI 88 12 4 20 B Achromobacter sp. A81, Hixt

Cd* Wy it 32 e B 7 % 800 mg/L . 7E 10 mg/L Cd**
WRER ISR 7 d, HEREBRER 44.66%. %
BRI 141 3 R B A R B €d”s 7E Cd
B KE EPS, FE M AT MR
PEE A . XRRAEIA S ™ UiiE T ik,
WA O A, B RRIS B A
VT L P EREAR L TAA R ACC i B 4 A
hig. AAIRIIESS, FEFHEE A8 WL i
KA K I R Cd %, XA T
FLAE 5T e A B 52 U8 1o

B
T P R AL 5 T2 B R o

DFH LML SEM 5 ICP-OES {45 FH 1)
5%
Y Tk = WA

BEE &4 . WP AT . B i g A
MLOWSUHREE MBS SRS IS ERE.
AR AL SO PR SRIRERAE; X
HowosChe . UhEh SR RAE s RFINT: BrEh
LIGEAE; BE S B30T BRE: b
SIGEAE; WaE: w3t HEALEE.
SCHEEE FME S BB e SCe . BORRE
WICERE AR,

16 # A 25 ¢ BT = WA

VRS 7T WA AEATA] n] BE 23 R AR SCPIdf
AR E AT A s AR R

S 3CHK
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