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FAS U 1 mol /L NH,C2 AT 38 #e &5, fff
J1 0.5 mol/I. NH,F i fif 8l 81 25, 8 JH] 0.1 mol/L
NaOH 2 Uk 25 45 256, 1] 0.25 mol/L H,SO,
IRES 25 G250
®1 MEXEHRRBAELEHEE
Table 1 Different treatment groups of Brassica rapa L.

pot experiment
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Mixed inoculant
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Treatment 2 (T2) -+ + - +
Treatment 3 (T3) + - + +
Control 1 (C1)
Control 2 (C2) - + - +
Control 3(C3) - - + +
2 HERE5HMH
2.1 A1 F0A23 B MR kiR | AL BE T FSR R £ R e
sl o oal]
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B B A 5 B 2 (TR 2C) s Min (T ) ik B 42 5 31

4 mmol /L B, 4 At J& Fl A= B BH 2 AT e 9 5, EL A TR
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30 d, WA J I b b 950 23 AR rh S FD A 6 L 452R
8 1 mg/kg Cd( 11 ) +50 mg/kg As( V) 4bFE 5514
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A ATL RN A23 TR R B R 5 B8 5% B B 8 Ak 45 SR The iron oxidation of bacteria A11 and A23 cultured separately or co-cultured; B: A11
T A23 B PR LR 3R K 3R (9 45 28 fE 45 5 The manganese oxidation of bacteria A11 and A23 cultured separately or co-cultured; C: A11 1
A23 EARILEEFEXF CA (1T ) Y £ BRECR: The immobilized ability of co-culture by strain A11 and A23 for cadmium; D: A11 Fll A23 F bR L5532
X AsCV) I EBRFCR The immobilized ability of co-culture by strain A11 and A23 for arsenic.

1 BIEALLMAEREEAMNKENFIEIUEE N REEFIHEIEHERBR

Fig. 1 The iron-oxidation and manganese-oxidation of Enterobacter sp. A11 and Comamonas sp. A23 and the im-

mobilized ability of strains A1l and A23 for cadmium and arsenic
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%% Counts
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o

Mn
A
0 1 2 3 4 5 6
HE H/keV Energy

7 8

A-B: 4 mmol/L. Mn( II ) ,0.75 mmol/L Fe( Il ) ;C-D:1 mmol/L. Mn( Il ) ,0.75 mmol/L. Fe( Il ) .20 pmol/L. Cd( Il ) .100 pmol/L. As
(V);E-F: 4 mmol/L Mn( Il ) .0.75 mmol/L. Fe(II ) .20 pmol/I. Cd( I ) .100 pmol/1. As( 'V ).
B2 BFEALLFIAEREE A23 HIZFEBSKESE YRR BEMEITAE S
Fig. 2 SEM and EDX analysis of the production of Fe-Mn oxides achieved through the co-cultivation of
Enterobacter sp. A11 and Comamonas sp. A23
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C1 Tl C2 12 C3T3 Cl T1 C2 T2 C3 T3
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AN TR BER /N S M AR A (A) AR (B) 8 & 4 LA KN Sl 3843 (C) AR #B (D) fifi &7 5 . The contents of cadmium in the
aboveground parts (A) and roots (B), as well as the levels of arsenic in the aboveground parts (C) and roots (D) of Brassica rapa L., were
assessed under different treatments.

B3 BTEALLMAERMEA2LE HEZKRE P/ NEAFRIHNESE
Fig. 3 The content of cadmium and arsenic of Brassica rapa L. under the Enterobacter sp.
All and Comamonas sp. A23 treatments in soil pot experiments
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A:SOD i SOD activity ; B: POD it POD activity 0;C: CAT {iifh CAT activity; D: MDA F # MDA content; E: %% % % & Chloro-
phyll content; F : ff i & Fresh weight.
B4 BATE ALLFAE B EE A23 A IEXT /N B 35 4 K B E A ST
Fig. 4 The growth and enzyme activities of Brassica rapa L. under the Enterobacter sp.
A1l and Comamonas sp. A23 treatments
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218 LS N AN S o ¢ 5 43 %
120,
SR A
E 100 " Residual arsenic E
g 80 B G IAR Ca-As 5
o o A Fe-As o
A & of) B A A Al-As B, &
& A IS
& 40 LA 1N
) s Exchangeable arsenic X
i 0

Cl T1 Cc2 T2

AL Treatments

C3 T3

C1 T1 G2 T2 G3 T3
AP Treatments
A JHFFR AL AT S A 23 Hd5 355 3 2 g0 AR s - 38 h b Ak 22 B 2 A2 M Effect of Enterobacter sp. A11 and Comamonas
sp. A23 cocultured on chemical fractions of As in rhizosphere soil; B: A11 Fll A23 T # XF AR P A 49 v v] 58 e 25 19 52 Effect of the cocul-
tured strains A1l and A23 on exchangeable arsenic in rhizosphere soil.
E5 BFEALLFIAERREEA23GEIRER T IE RN RSN Mm
Fig. 5 Effect of the chemical fractions of arsenic in rhizosphere soil under the Enterobacter sp.

A1l and Comamonas sp. A23 treatments

P F AN B AR BT R R RS B 5 R AR AR
A AT DLy ) 43 A R 1Y 50%0~60%0, A&
I FE R B 2R A % o i AT — 2 1 A= ] R
. BREE A SRS ASMERE, A&aE
s A A SRR E R R RS A SRR E 22,
YRR . AP Rl F R RS A
SE DL B AR S 0 — 3 TR A A AR s S
REaEN . AR R, NS AR IR I 2 R
AT HTA23 B FE A8 TT UL A 38 v i 5 AT ek
R TT R AS (LG TR ] 4 BRUASR o] 3 JRL 8 ) A
AT FIZS , SRR 2l 73 5 i g 2 SR U — 2

i RV 2 XA ) A B A AR e R B Y
R RN 2 XA A 7 A TR 3 A A A Y
it 32 S0 A0 7= A K Y PR SRR
ALY AR (SOD) (i A ALY il (POD) Fat Ak
AHF(CAT) ZAH Y BRAR P 5 09 1 FR 5 3 5
T8 PR 1) T A A AR T A LA A
A T R (MDA 2 4 400 240 i i
2 1B I 30 7 A A AR IR A R A IR
Y MDA & AR AT A 15 % 31 5 4 & ik ae ik
Az BB ot A MDA % 503 22 | (] B A R a1 1
S I R BT B (SOD  POD FII CAT 45 ) 7
PET v L S8 3 26 SR AR TR o BRI 22 A R R
il Z Y B AR, B BF 9T 22 I A A A
W2 3% 1 A B, B IS R B8 5 It 3R R A 114 5 1 fof
WS 3o 2 /NI SR BEAN R v O 4 R LY
W/ HTESE G R E R ey,
AT, AL A23 BEREITR A B ARFRAR T/ 8
AL TR g RH G il ) T35 I R TS A A R A — R
BE T GRfT AR AR ORE N S AR I AL R T R AIR
TEALNE . R SR TN SRR R R (]

AE) Bl E AN SO A E N E . ALLR
A23 TR 2B 1 BEMO A DL i 35 BRI A A A 7
INFSEN I FLR, BARBREAR TS A A R s
Mo FBAr . AR, R/ A 0T AR R AR R
TE BT S , T LLEE A T 4 5 1 ) HL e R A5 0
- S PR R A R R R DAPEAS AT A G KU
FANA A PRI SR S YA R
KB A B4 A A Rk | BELAR B AN () A 9 1T 75 S
R R VR A T B

25 1 ALT RN A23 TR BRI RE F2 4 A2 iU W ke
AALYIE G TS Y 38 AL/ SR A A R
SENTATIY, J5 S 0K i — 25 T A1L R A23 B bk
AR SERR A AL B AL, TR o> BT AN B S /N SR
VEREAR /N R 4 B AR B AT REDLH . 4 Jdio e
M+ HA G et E R 2 M E SR NE S
TGy AU E R R R A E A RIS Y AT
FFEAL BRI, R T e A T Y 18 2 IR B 4R
BRI P oA i 5 D B AR -

5330k References

[1] AKESSON A, BARREGARD L, BERGDAHL T A, et al.
Non-renal effects and the risk assessment of environmental
cadmium exposure [J] . Environmental health perspectives,
2014,122(5) :431-438.

[2] XIAX,WUSJ,ZHOU ZJ,etal. Microbial Cd( Il ) and Cr('V 1)
resistance mechanisms and application in bioremediation[J/OL].
Journal of hazardous materials, 2021,401:123685[ 2024-05-15].
https://doi.org/10.1016/j.jhazmat.2020.123685.

[3] RAHMAN Z, SINGH V P. The relative impact of toxic
heavy metals (THMs) (arsenic (As),cadmium (Cd) ,chromi-
um (Cr) (VI ), mercury (Hg) ,and lead (Pb)) on the total en-
vironment: an overview [J/OL]. Environmental monitoring
and assessment, 2019, 191(7) :419[2024-05-15].https: //doi.



o541

BRI A BRI FT TR A B R TR X /) S R R 14 50

219

[4]

[6]

[7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

org/10.1007/s10661-019-7528-7.

HUYBRECHTS M, CUYPERS A, DECKERS J, et al.Cad-
mium and plant development: an agony from seed to seed [J/
OL ].International journal of molecular sciences,2019,20(16) :
3971[2024-05-15].https://doi.org/10.3390/ijms20163971.
YANIJY,WU X Z,LI T, et al. Effect and mechanism of nano-
materials on plant resistance to cadmium toxicity: a review [J/
OL].Ecotoxicology and environmental safety,2023,266:115576
[2024-05-15].https://doi.org/10.1016/j.ecoenv.2023.115576.
SHER, EAAT INSETR 45 SRR AR W Bk S AL W k)
CIT/ VOB R BRFCR SHLEI[T]. SRR 4, 2021,41(2)
526-535.WU Y J, WANG H W,SUN Y J, et al. Removal effi-
ciency and mechanism of arsenic (Il / V') by in-situ generated
biogenic Fe-Mn oxides [J]. Acta scientiae circumstantiae,
2021,41(2): 526-535 (in Chinese with English abstract).
YANG D, YANG S Y, WANG L, et al. Performance of bio-
char-supported nanoscale zero-valent iron for cadmium and ar-
senic co-contaminated soil remediation: insights on availabili-
ty, bioaccumulation and health risk[J/OL ].Environmental pol-
lution, 2021, 290: 118054 [2024-05-15]. https://doi. org/
10.1016/j.envpol.2021.118054.

ALESSI D S, FEIN J B.Cadmium adsorption to mixtures of
soil components: testing the component additivity approach
[J].Chemical geology,2010,270(1/2/3/4): 186-195.

AL R, VAR OR, AF L AR A5G Yt b SRR AR 5T
HEIR LT, 32z, 2021, 58(4) : 837-850.L1 Y, SHANG J
Y,HUANG Y Z, et al.Research progress on passivation mate-
rials for cadmium-arsenic co-contamination in soil[ J]. Acta pe-
dologica sinica, 2021, 58(4) : 837-850 (in Chinese with Eng-
lish abstract).

XUL,SUJF,ALIA,etal.Denitrification performance of nitrate-
dependent ferrous (Fe*") oxidizing Aquabacterium sp.XL4: ad-
sorption mechanisms of bio-precipitation of phenol and estradiol
[J/OL].Journal of hazardous materials,2022,427:127918[ 2024 -
05-15].https://doi.org/10.1016/.jhazmat.2021.127918
BAI'Y, YANG T T, LIANG J S, et al. The role of biogenic
Fe-Mn oxides formed in situ for arsenic oxidation and adsorp-
tion in aquatic ecosystems [J]. Water research, 2016, 98:
119-127.

ZHAO X M, YUAN Z D, WANG S F, et al. The fate of co-
existent cadmium and arsenic during Fe( [l ) -induced transfor-
mation of As(V )/Cd( Il )-bearing ferrihydrite [J/OL ].Che-
mosphere, 2022, 301: 134665 [ 2024-05-15]. https: //doi. org/
10.1016/j.chemosphere.2022.134665.

ZHANG C H,GE Y, YAO H, et al.Iron oxidation-reduction
and its impacts on cadmium bioavailability in paddy soils: a re-
view [J]. Frontiers of environmental science &. engineering,
2012,6(4): 509-517.

WANG X, HU K, XU Q, et al. Immobilization of Cd using

mixed Enterobacter and Comamonas bacterial reagents in pot

[15]

[16]

[171]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

experiments with Brassica rapa L. [J]. Environmental science
&. technology , 2020,54(24) : 15731-15741.

FEBERR 707, Rt W AR AL A BT e e [T ] i e
2 B % 4, 2015, 28 (6) : 61-68. JING X H, YANG J F,
CHEN J G.Advance in studies of manganese oxidizing bacteria
[J].Journal of Zhejiang Wanli University, 2015, 28(6) : 61-68
(in Chinese with English abstract).

VAN HERREWEGHE S, SWENNEN R, VANDE-
CASTEELE C, et al.Solid phase speciation of arsenic by se-
quential extraction in standard reference materials and industri-
ally contaminated soil samples [J]. Environmental pollution,
2003,122(3) :323-342.

HUANG Y H, HUANGFU X L, MA C X, et al. Sequestra-
tion and oxidation of heavy metals mediated by Mn ( [T ) oxi-
dizing microorganisms in the aquatic environment[ J/OL ].Che-
mosphere, 2023, 329: 138594[2024-05-15].https://doi.org/
10.1016/j.chemosphere.2023.138594.

W Bk, 2208 5 M CI) S0 i 52k 2 s ot
JELT]. N S PREE A 44, 2008, 14(1) : 143-146. YANG
H,ZHONG J,J1J, et al. Advance in microbiological studies of
Mn ( I ) oxidizing bacteria [J].Chinese journal of applied &
environmental biology, 2008, 14 (1) : 143-146 (in Chinese
with English abstract).

LIANG J S,BAITH Y,HU C Z,et al.Cooperative Mn( [ ) ox-
idation between two bacterial strains in an aquatic environment
[J].Water research, 2016,89:252-260.

LIANG J S,BAIH Y,MEN Y J, et al. Microbe-microbe inter-
actions trigger Mn (I ) -oxidizing gene expression [J]. The
ISME journal,2017,11(1) : 67-77.

MA L,CAI D M, TU S X.Arsenite simultaneous sorption and
oxidation by natural ferruginous manganese ores with various
ratios of Mn/Fe[J/OL ].Chemical engineering journal , 2020,
382: 123040 [2024-05-15]. https://doi. org/10.1016/j. cej.
2019.123040.

LIU L, WANG X M,ZHU M Q, et al. The speciation of Cd in
Cd-Fe coprecipitates: does Cd substitute for Fe in goethite
structure? [J]. ACS earth and space chemistry, 2019, 3(10) :
2225-2236.

CAO R, KANG G D, ZHANG W W, et al. Biochar loaded
with ferrthydrite and Bacillus pseudomycoides enhances reme-
diation of co-existed Cd (Il ) and As(Ill ) in solution[J/OL].
Bioresource technology, 2024, 395: 130323 [2024-05-15].
https://doi.org/10.1016/].biortech.2024.130323.

LI D, ALIC M, BROWN J A, et al.Regulation of manganese
peroxidase gene transcription by hydrogen peroxide, chemical
stress, and molecular oxygen [J]. Applied and environmental
microbiology, 1995,61(1): 341-345.

TAN W T,ZHOU H, TANG S F, et al. Enhancing Cd( Il ) ad-

sorption on rice straw biochar by modification of iron and manga-



220

LS N AN S o ¢

943 %

nese oxides[J/OL]. Environmental pollution, 2022, 300: 118899

abstract).

[2024-05-15].https://doi.org/10.1016/j.envpol.2022.118899.  [28] QINY,LIZ M, ,SUN J,et al. Manganese ( I ) sulfate affects
[26] il XUHaRR , o0 IS ) 25 Bkl ) 2k K 52 e K i B Ak & the formation of iron-manganese oxides in soil and the uptake
gemp W AL F T R LT ] Wb AL B, 2014,43(1) « 8-15. of cadmium and arsenic by rice[J/OL].Ecotoxicology and en-
XU D,LIU Y L,DU K B, et al. Progress on effects of arsenic vironmental safety, 2023, 263: 115360 2024-05-15]. https://
on plant growth and response mechanisms of antioxidant sys- doi.org/10.1016/j.ecoenv.2023.115360.
tems [ J].Hubei forestry science and technology,2014,43(1):  [291 RANI A, KUMAR A, LAL A, et al. Cellular mechanisms of
8-15 (in Chinese). cadmium-induced toxicity: a review [J]. International journal
[27] REMHE, #7 1 Wk A0 xH R 75 3 ST AL s bR [T ). of environmental health research, 2014 ,24(4): 378-399.
BBl RE 22 2006, 34 (13) : 2969-2971. XIONG Y H, [30] ZONG H Y,LIK C,LIU S, et al. Improvement in cadmium

YANG X E.Review of the toxic effects of cadmium on plants
and their tolerant mechanism [J].Journal of Anhui agricultural
sciences, 2006, 34 (13) : 2969-2971 (in Chinese with English

tolerance of edible rape (Brassica rapa 1..) with exogenous ap-
plication of chitooligosaccharide [ J ]. Chemosphere, 2017, 181:
92-100.

Effects of iron- and manganese-oxidizing Enterobacter and
Comamonas on absorption of cadmium and arsenic
in Brassica rapa L.

HUO Xueqi, WANG Xing, YE Linfan, SHI Kaixiang

College of Life Science and Technology, National Key Laboratory of Agricultural Microbiology,
Huazhong Agricultural University, Wuhan 430070, China

Abstract
pounds was used to study the feasible methods for co-removing the cadmium (Cd) and arsenic (As) in
soil. The effects of the biological Fe and Mn oxides (BFMO ) generated by the mixed strains of A1l and

A23 on the absorption of cadmium and arsenic in B. rapa. The results of scanning electron microscopy

Enterobacter sp. A11 and Comamonas sp.A23 with the ability to oxidize Fe and Mn com-

(SEM) showed that iron and manganese oxides were located on the surface of cells and led bacteria to ag-
gregate into clusters. The results of pot experiment showed that strains A11 and A23 immobilized Cd and
As 1n soil, reduced the proportion of bioavailable Cd and As, increased the proportion of unavailable Cd and
As, and exhibited the absorption and accumulation of Cd and As in the aboveground and root parts of Bras-
sica rapa L. as well. It i1s indicated that the biological iron manganese oxide generated by the mixed strains
of A1l and A23 has a good adsorption effect on cadmium and arsenic in B. rapa.

Keywords Enterobacter; Comamonas; biological iron manganese oxide ; cadmium; arsenic
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