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Seulki Jeong' - Hee Sun Moon” - Woojin Yang® - Kyoungphile Nam®*
!Seoul Center, Korea Basic Science Institute
’Geologic Environment Division, Korea Institute of Geoscience and Mineral Resources
Dept. of Civil and Environmental Engineering, Seoul National University

ABSTRACT

A siderophore-producing bacterium (i.e., Pseudomonas aeruginosa) capable of chelating Fe** from its mineral form (i.e.,
iron oxides) was used to enhance As uptake by plants. Since As in soil is mainly associated with iron oxides, siderophore
can play an important role in As mobilization through the dissolution of As-bearing iron oxides. A series of pot
experiment using Pteris cretica showed that As removal by P. cretica with siderophore-producing bacteria addition
increased more than three times compared to that without bacteria addition. Competition between indigenous bacteria and
introduced bacteria (i.e., P. aeruginosa) was also observed, but such competition seemed not to be significant. This study
suggests that enhanced-phytoremediation by siderophore-producing bacteria addition could be a visible option for long-
term As removal in the forest area at the former Janghang smelter site.
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Hell g A
slago] Wi, Asp|zte] Arkes ©do] Uth(Wuana
and Okieimen, 2011). ©]2|3+ A& & ]’7] 13k
oA AES A8 AEY Al 58 Y o

Toll tigh Aol Frtetar 9\)\9“1](Lugtenberg and
Kamilova, 2009; Jeong et al., 2013), HT Alo|=2 ¥

E FHsA AEAES St EY W HlAY 4
29 o84S ITMITIE TS TF 'S P A
T7F o]FoXal ATHWang et al., 2011; Jeong et
al, 2014).
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(Jeong et al., 2014). LAEY W vl e a3}
E3 A3 PPz A5 9}25i(Sharma and
Sohn, 2009), AR|EZ XIS FYUSH HWH Alo|=2E
o]-d ol B3| o= HikslE syt Ak
o|= &l HilslEol| A¥elal AW vl EY 3=
W= g2t o] IollA] g3l H|AT} Alo|=2 o]
HA BAS A6 Hal(Jeong et al., 2014), o=
HA7E EY AR AFREE 21e UAs] EY U
H|A0] 2 Eof|9] o] 84S FTMITIAl Hal g5F o=
A2 A 58 o] 7198 2= ok

B A7E AEAEA B2 ) $EAde) HlAQ
FEY H3lE A AEY s dFH LA
RIS HHoZ st FHAHY EY H HAH &
S Tetste] A5 Fslaiel A8usds ddst
a1, AlelEg o] Rl ARAETFsAS Ejle] 9
3 njAE FHE Aga} glo]ZA1E (pyrosequencing)”]
&3t JF B vAE R 48 skt

TS H]* AEAFo2 G4HF IAR-E woad,
Pteris creticays ©-83t AFA 7R EAFS 53

S
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21 BN £ S % H|4 29E 2N

B TE ST ART g0 AT (e
ARz W $YIYEFOT AET JE Yokl
&SRNGS Yoz A $uAdY WAL

260,352 m*% o= A A HA

A3 i)
74 15km o} A<) A WA 1,158,000 m*2] F
22%] ST SR =2 - B BEYEA &
e L, EY U va wE 3 Pk od¥HE
afetaiaiet.

EopRS AWM o] 15em o] ¥E AR
S 170 AFASAL, F23 2-mm AR AE T 24
o ALg3tt EY pHE EUYH S/RTE 1:5 HE=E
31t 5 1 A7 WX 3 =AEI1(SSSA, 1996), F-
712-8tekS Walkley-Black WS o]&a =Astch
(Walkley and Black, 1934). EA2 A7t J74 &=
AolE o83 pipetHa ARSl U7 A= SlaL, vl=
ST (USDAY wet A4sislth. B W &, &5
F, W3t AHslE &3S Dithionite-Citrate-Bicarbonate
method(DCB method)S 28310 Zg31ITHSSSA, 1996).

FHAY EY Y HlA e d3 EYGETING
71Ee et YFEHoE =% ﬂ%iﬂ(KMOE 2013),
HZAe] QA% Foks 913t SANFE] 242 Wenzeldl] <]
3 Aot sHA| ALEFEHE WS THWenzel et al.,
2001). ©] HPHE EF U 20]& 350 *ZH?‘*EF T
k7] S8l de] 28Ee “W—E EY U HAE ¥
]X—l éa‘]— H] A
), Eol& A3} H|A(specifically bound As, fraction 2),
HIAd H-gFrlg 4kslE 2% Bl (amorphous Fe-Al
oxide bound As, fraction 3), 242 H-LFu|F A&
A3} H]A(crystalline Fe-Al oxide bound As, fraction
4), 28] A5 HV\(residual As, fraction 5)°] 57}4]
ez 3 FE2E BEY W HA e A=E8%
Z g zepd334 % 7)(ICP-OES, iCAP 7400 DUO,
Thermo Scienfitic, USA)YS ©]-&3l S48}t

[m

4 (non-specifically bound As, fraction
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4, 16 7| Z33Ith. ZE AL o g £35)
o EG W el 24 S4S Sl8l 7P diade=s
AREEE YA aAEYd 54 (dehydrogenase  activity 7}
QKB 14E3l §4-Z"d*H (phosphatase activity)S =353t}

YrrELTHZANS AAFEAD INTR(-
iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium)S A}
435l= WO tHGong et al., 2001). EXAIE 2.5 g(wet
wt)ell 2.5mLe] 0.1%(w/v) INT £48 Y £33+ &
37°CollA 24417F wiFsiATt. o] W INT 842 0.5M
tris buffers ©]83P pH 7.69 245k AMESHL. vk
T 10mLY] tetrahydrofuran(HPLC grade)S> Y& %+
&35k 0.45 um - filter(SmartPor® GHP syringe filter)
2 o3ste] g91%E INF(iodonitrotetrazolium formazan)
E 436nm IFA EFFEA (OPTIZEN 21200V,
MECASYS, Korea)® Z43}3c}.

IR EASHHE | gwet wt.)Y] EFAIF
02mL9] toluene®}t 4mL2] Modified Universal Buffer
(MUB) &9, 1mL®] p-nitrophenyl phosphate(p-NPP)
SaE ¥ F T8l s "ar 37°CelA 1rI7E
Hj k& CH Turner, 2010). MUB 888 12.1 g2 tris-
hydroxymethyl aminomethaoane(THAM), 11.6 g2] maleic
acid, 14.0g9] citric acid, 6.6g2] boric acidE 488
mL2] 1N sodium hydroxidedl =91 ¥ FHFE &
o] a7t 1 U} =S 3Aste] A3t wje] 4
™ 0.5M CaCl, 1mL®} 0.5M NaOH 4mLE ¥il &
33t 5 045pum filter(SmartPor® GHP syringe filter)
2 o3t 400 nmollA 34EA (OPTIZEN 21200V,
MECASYS, Korea)s ©|83l F3%=5 4315}

2.3. ShE4E

AP FEe] AL H|A29] Y5HFoZ dHR
IARIFR] Preris cretica@E-2] 1E))E O o]F
O]HTtHWei and Chen, 2006). 3HE23S 21574
(E15, Conviron Inc., Canada) WollAx dA3st 33zA
(25+1°C, 18NZF BF71ys FAIBH 167 &< o]Fof
AT}k 9.0cm A&, 10 cm =°]9] 320 500 go] SHA

p

=
9 Bl HEGS Aval IARIE AAEaL, $EA
o Bl BEY I BA-s(WHORD 7% oVdS FAlst

 AFES st

2 ATolxde AR Ao 58 S S A
o= 2 ¥ 0] (siderohore)?] 8- Aloj=2 ¥ o] £H| uAY
E T 3P Pseudomonas aeruginosasS EF| FUs}
Ak(Visca et al., 1992) P aeruginosa’} H£1IgH Alo]=
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2307} gk v A5 (SCF, siderophore containing
filtrate)?] FeEZ FUs= Z oz FEEY nAE HeY
o] FUL $I80 P aeruginosa= succinate mediumoi|A]
182417t v F(~10%cf/mL) PIYE-S AAEZSA
o} HAES succinate medium®ll AF-f-(resuspension)?]
7131, o] §AE FAPIE o83 WHC ¥ <ol 5
A3t Alo|=23x0] E3} viRPFEN (SCF)S succinate
medium®| P aeruginosaS 18-24717F vl & 4R
gt vAES AAS AL, vAEe] AAE HiAVFEH
S FAPIE o83 WHC B ol =48kt »d
B Aloleg o] X3 mj A ETHE 167 7t 27 3¢
Ao g ZHof vk 933l
SRS HET L HES A

u
I} BT LAEY TARRIE AANS T P aeruginosa

£ 299 492, VAR Al IS AT
A= Fo] T3 MAPSASCRHE FU AFToR

TR B2k Lol FUeE vE(P aeruginosa))
S4E HUsA 58S vluska, EY Ul B3 vjay
=9 Y VAE(P aeruginosa)®] 73 AR-E Rl
L3l HIET L HES] TS ZALSt] EiAlTl B
o IARIE AAE & P aeruginosas FY AITS
F7Fl Feelaitt. e A Ao 2 =it

SHEAE $ AEAS 582 45 (PASE 77} 4, 8,
12, 16579 o]Foixlom, 2EAe] HZZ % (biomass), 2]
A4 Wl vl TEE FEHSIHT 783 AEAe AE
A FHe] FE AAH] A8l FRTE AEE H B
Z7], dog FE3l] 70°C QB 3 B ARAA
AZFFE S78ITE AEA Ul BlAk F%= USEPA
3052 WHol wel 1 g9 HEE 2EA] HNOs;, H,0,,
HO9:1:1, vivv)E 23 o] =2 9] 0] B (MSP1000,
CEM, USA)Z HAg] ¥ ICP-OES(CAP 7400 DUO,
Thermo Scienfitic, USA)S |83 =43}9it}

_—

2.4. T}O| ZA|A A (pyrosequencing)S 0|8t O|ME &
& =4

FHEAY ES U Afel=23o] 1] nAEe] EA)]
FE ZRlelo Alo|ez o] 4] njAEe] d%4E7Fs
S R 3l FJo]ZAIA (pyrosequencing)S ©1-8-

st PAE PREAS ST SRRl 170
ESARE AJF5}e] FastDNA SPIN Kit for Soil(MP
Biodedicals, USAYS AF23 DNAS FZ=3)al, barcode
7} 33 fusion primers AME3l PCR 5% IS A
ZIth. PCR WH-& 913t EF=-2 10x Taq buffer 5 uL,




Hl2AA B8] I A8 4

2.5mMe] dNTP 4 pL, forward/reverse primer ZtZ} 2
uL, Taq polymerase 0.5 puL, DNA 1 uLE Z&3std 50
pL H-I =2 A Z8A T} Forward/reverse primer® =
9F(5'-CCTATCCCCTGTGTGCCTTGGCAGTC-TCAG-
ACAGAGTTTGATCMTGGCTCAG-3"), 541R(5'-CCATC
TCATCCCTGCGTGTCTCCGAC-TCAG-AC-
ATTACCGCGGCTGCTGG-3")2 A3}tk PCR 5=
2 95°Co| A 583 polymerase 2443} 5, denaturation
(95°C, 30%), annealing(55°C, 30%), extension(72°C,
302)4S 308] WM 3lar, final extensions 72°CollA]
5ERE T § 4°CelA A (hold)stAtt. S5 PCR
A2 QlAquick PCR purification kit(Qiagen, Valencia,
USAZ A & rlAE 84S 34518t do)
ZAIAEL A2didhl Wl 7434 (Chunlab, Inc., 412, $H)
oA o]FojH o, GS Junior Sequnecing system
(Roche, Branford, USA)S ARSIt Ao A7 1M <E
52 97% A= F=ollA] OUTs(Operational Taxonomic
Units)& AAsAAL, H7IMEe] /78 4L
NCBI(National Center for Biotechnology Information)]
GenBankoll 4] BLAST(Basic Local Alignment Search
Tool) 722 53} database Woll FHH A7HE AR
E3} vl E231 th(http://www.ncbi.nlm.nih.gov/blast).

2.5. 8A 24
B2E AY dyes AFFEFE 95%01A Analysis of
Variance (ANOVAYE ©|-&3l 2] FATHE foids

3.1 8EXY EY A H|AYH S 24
ezl ME7sd &l

VAR AE W $8EAY9 EYS 54 9 EG U H
20 R HEALS Table 19 A= Utk $HAH E
%S pHZ} 6.6-732F Hit 7.0, F71E FHF2 509-
6.3% WS 7KW FiF 6.2%= YeERdt ol
AL FA ] =3 o2 AMgEe tE A99] pH
7} 4.9-6.3013L F71% o] 2.4-3.7% Bla) guiEe
2 =& pHel F7I1ETHS 717t} TS 86.7%] EH,
7.1%%] AE, 6.2%%] HEZ o|Fojx 3o} AFE(sand)
o] BEAS /M, A, ¢FvlE, Uzt e 77t
1,941, 182, 34.9 mg/kg] S W}

) EY0 A FHAF7IT wet GFEHeE B
& U Bl FEE EA4% A7 14.4-170 mg-As/kg-soil
o] MAE 7AW HiF 859 mg-Askg-soil L] HIA
Z 99Ee] AATE Wenzel et al.(2001)°] A3k 1A
of wet EqF W niAke] EAFH &4 A, ES el
A ddHo = st Agks slar flo] AETH o]8rde]
=5 o2 didEe FH/l BISeld Agt HlA(fraction
12} Eo]& At Bl (fraction 2)2] HIE-S °F 11.1%A
o} B9 W) thREe] HlAE©F 75.0%) H-&FnlE A
s} A%t FEl(fractions 3 and HE EAISIIT, 1
FAME HAZE H-dFrE jlskEed At FE
(fraction 37} 54.1%Z B2 B1&-S A}

fijo

S8t MY

B7IATHp < 0.05) A2 PsFEe) BRASHBIIN 7FF SaHe
Table 1. Physicochemical soil properties and chemical forms of As in forest soil used in this study
Properties Value Unit
pH 7.00 -
Organic matter 6.20 %
Texture Sand -
Sand 86.8 %
Soil Silt 7.10 %
Clay 6.20 %
Fe oxide content 1,941 mg/kg
Al oxide content 182 mg/kg
Mn oxide content 349 mg/kg
Total As (aqua regia extractable) 85.9 mg/kg
Non-specifically bound As (fraction 1) 1.00 %
. Specifically bound As (fraction 2) 10.1 %
As concentration Amorphous Fe oxide bound As (fraction 3) 541 %
Crystalline Fe oxide bound As (fraction 4) 20.9 %
Residual As (fraction 5) 14.0 %
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2 JgEojok Flo] AE S Ths ootk EY
A AEe] B5e EYEYIA E3), EFI=(pH),
7EEE, LAEE EAY v T d3s weth
(Ndema et al., 2010). A} F(e.g., P creticay= W
g o] B dwdte] FRFE SAA vk &
BFZ0A Ae] 7hssi, 53] 5710 F& AR E
ol ApiAAE AL dHA AvhEEEH, 2011). TF
o Edo] wigrt ZEe AR (sand) EYY ¥ o}
2150 WAS Qe ZA BRI (pHY) 6.0~7.0, 7]
B3] 3~5% olddS ElEl E w(EFH e,
2010), $HA ElX 25 AslHs st 9
gk aARRO o] FEE] s AoE AT B
sk A AslE A BlAe] 2E o8 S T2
7Rre 2 = Alo|=Z ¥ o] (siderophorey= A d Ak
SHE Agt vlae] vlg) HAAE H JskE gt vlde]
Hop g3FoF 288 4 Utk(Jeong et al, 2014). &
HA AL QHESF W difEe] vlAvt H-gFulE A8t
ol Akt FE(eF 75.0%) AT B ohe} HIZA
A HdFvg AsE A% vlat o B vleS¢F
54.1%) XR|SlaL Yo B2 Alo|==Z Fo(siderophore) =
AEqE ul AES Ao aso] FE U=
7Fs/do] =& A= dAdET

N

3.2. ¢ O[S EQF LY ST &l

254 gekEiHe] B8 S sl Sl Q191F
o7 WSS FYL A FAS PIESY EYF W A
< 9 5o} A3l 882 F2 IS 7RIt (Jeong
et al, 2013). wepx] 24 FslgHe] &8 S 9
gk Afol=R Folo] AFA8TFsdS Adelr] Sl 7
Sk P Eo] BEY YolA AEld Z]$](ecological niche)
£ grsl AEsha, S-S FABH A2 TFsAE
gelgk vt ). Table 2= $HA|H] HIALHEYF
Al P aeruginosa®l U T A7t w2 njAE A4
T H3lE 3783 Aol

A 84S Z W (dehydrogenase  activity)?] 73-F-,
eSS FUTHA 2 QARG 479 165700 24t

BT 2.52(+0.12)7 HiF 2.61(+0.08)] TS Yeh)

[o

Table 2. Changes of microbial activity in forest soil with time

ARl mE ST FAXOE foldk WstE HolA
3L(p > 0.05), LG A=A vhE HAES 79
gt QHEEY] A T F 45ole B 2.34(£0.43)
Z Ueht FAES FUHA &2 L9EYT rAE &
Aol 2oz} gilont, 16570E H 3.20(+ 1.04)E W
e BT} feldog ZTIBIAtHp < 0.05). bt
5] 8= H (phosphatase  activity)2>-2 =73k w|AY
E 9] A= vAE T F 450 mAES
FASHA e ESF T ES A Hi 0.88
(£0.02), 0.87(+0.12)2 YER} P& F9of ol AAIRL
o] fARE GAEE e Y F 16771 =R WA
5 YA &2 ERS W 0.70(10.05)0E %
7} Bk AR 0k p < 0.05), HIAYES FUT Bk
it 0.87(£0.06)0. 2 YEh} =7 DA FAE
Act.

A AESAHY RIS EASgH 25
A P aeruginosas TUIA] 2 LUELINAE Algto]
Aol wet vAE EAdo] THASEAY Met it ot
A9t P aeruginosas T LUESN = Z7o= 7]
AES FUA 22 B ST} AR mAE
S WEZ0F FRIeA AlTto] Al wet nAlE &
o] FAIFAY ZrIshs AeFS Bt o= B F

P aeruginosa’} A|7to] AUE B Wollx] APEslA]

3
A
2l E S RSk lee omgitt

-

S o oX

§

3.3. MO|ZA|AYE SEt SEAY EY LW 0|82 =

=
B

PN

+¢

A ESF U Afe|=g3zo] FH] nAEe] EAo]
2 g By2 3R] 93l dol2ZA)A 4 (pyrosequencing)
< FdsATE g A7 FAY 1719 HlA LAES
oA EYF Wl mAE S A% A7, Hd 6,0707)
(1,933-11,213 71)2] 16S rRNA gene sequences 53}
At 97%Y A7IME T FAREE 7IFSE OTUs
(Operational Taxonomic Units)S ZAAYS o, $HAY
Folxe Ha LISTH, H 4,6890=2 Ht 2,75670
o] OTUs7} &&=}
EY U vAE 7S S(genus) 0 E HRS|HEH

Microbial activity test Dehydrogenase activity Phosphatase activity

Time (week) 4 16 4 16
Soil without bacterial addition 2.52+0.12 2.61£0.08 0.88 £0.02 0.70 £ 0.05
Soil with bacterial addition 2.34+043 320+ 1.04 0.87£0.12 0.87 £0.06
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Table 3. Composition of microbial community at genus level in forest soil

Genus Ratio (%) Genus Ratio (%) Genus Ratio (%)
Bradyrhizobium 1.21 Nocardioides 043 Phenylobacterium 0.26
Sphingomonas 1.20 Telmatobacter 0.42 Microvirga 0.25
Pedomicrobium 1.20 Conexibacter 0.41 Mesorhizobium 0.25
Pseudolabrys 0.93 Dongia 041 Pseudomonas 0.19
Streptomyces 0.84 Devosia 0.38 Actinoplanes 0.19
Gaiella 0.78 Reyranella 0.38 Ramlibacter 0.19
Terrimonas 0.75 Pirellula 0.36 Micromonospora 0.18
Steroidobacter 0.73 Rhizomicrobium 0.35 Pseudonocardia 0.15
Solibacter 0.70 Rhizobium 0.35 Methylibium 0.12
Burkholderia 0.58 Solirubrobacter 0.34 Aciditerrimonas 0.12
Arthrobacter 0.58 Pedosphaera 0.33 Legionella 0.12
Acidobacterium 0.58 Bauldia 0.30 Opitutus 0.12
Bacillus 0.56 Flavitalea 0.28 Variovorax 0.11
Mpycobacterium 0.53 Hyphomicrobium 0.27 Others (<0.1%) 30.3
Nitrospira 0.50 Paenibacillus 0.27 Uncultured 50.4

(Table 3), HAH v]AWE T uncultured PIYE0] 50.4% 34. SEMEE S8t (PHEEN T A SEX[Go] st A

AL, AA T F 2B HIE©] 0.1% °lsi]] v
0] 303%= YERTE o158 AlISPA Bradyrhizobium
o] 121%% A #7 F AAsh= vlgo] 7FE =%,
Sphingomonas, Pedomicrobium, Pseudolabrysa2 2 Z}Z}
1.20, 120, 0.93%5 ApAlgle] Fujzos =& HIE=E
WAEACE Table 3904 F2 SHE F7]€ HBE &
(genus)y> A= o] Fu] vAIES Yepdd, & A
oM Alo|l=2xo] ] HAEZ AMSSE P aeruginosa
7} 43 Pseundomonas= 0.19%Z LERATE Z5(genus)
FAAM 7 =8 HE2 WAE Bradyrhizobium
(Guerinot et al., 1990; Abd-Alla, 1998)2} Rhizobium
Z(genus)Oll GBI PIYES AHHH O Alo|=g Yo
Eo] vAERE 44 Ak(Berraho et al., 1997). AA]
uAE 5 Rhizobium Z5(genusye 0.35%S 1A
SItE EY U vRE FFS F(species) TR B
A3PA, F 5,537F(species), F 6,0697(1,933-11,213
7] mAEo] AT U] F(species) S T
uncultured FIECINCH, f7IMLe] ERld rA=E ¥
(species) TollA 7 Ho| AR F(speciesy> 0.50%
E ARG Bradyrhizobium jicama®| 3k E ATrol| A
AL83E P aeruginosa®] 73-%- 0.02-0.03% AE ). 7
= WAE F(species)?] i HIE©o] 1.27%0S 7Rt
S P aeruginosa®t 32 Alo]=2 o] FH| uwjAy
Eo| $HAY EY ] mAE oA wilg- e vl
<= AABIaL ek wEbA AFES] F7H) Ale|=2
FolE Fet AEd HsleS 73T AT viad

sla s

=2 Ms3He| XE

F$HUAY BAQLAEGMEHLAES L] AV (Preris
creticays 2AIsId =3¢t sHEAE A3 (Table 4), 27|
T 47l Hit 0.18(:0.07) mg-As/g-plant®] H|A7} 4
=4 Well 4=, 1650 A=A W vl F==
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Table 4. As concentration in plant, plant biomass, and uptake As concentration by plant during pot experiment

Treatment Time Concentration of As in Biomass Uptake As by plant
(week) plant (mg-As/g-plant) (3] (mg-As)
. . . » 4 0.18+£0.07 3.21+0.94 0.58+0.29
Non sterile soil without bacterial addition
16 0.19+0.02 2.52+0.13 0.48 +0.03
. o . . 4 0.11 £0.06 2.63+0.63 0.30+0.20
Non sterile soil with bacterial addition
16 0.38 £0.04 2.71+0.18 1.03 £ 0.05
Steril i with bacterial addit 4 0.22+0.14 2.55+0.17 0.59+0.31
ertie sofl with bactelial addition 16 0.43 £0.05 4.10+0.93 1.76 £ 0.42

0.7

[ Non sterile soil without bacterial addition
06 4 Sterile soil with bacterial addition
’ XX Non sterile soil with bacterial addition

Non sterile soil with SCF

As concentration in plant (mg As/g plant)

Time (week)

Fig. 1. Changes of As concentration in Pferis cretica during pot
experiment.
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