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ABSTRACT

Mine soil contamination by high levels of metal ions that prevents the successful vegetation poses a serious problem. In
the study presented here, we used the microbial biocatalyst of urease producing bacterium Sporosarcina pasteurii or plant
extract based BioNeutro-GEM (BNG) agent. The ability of the biocatalysts to bioremediate contaminated soil from
abandoned mine was examined by solid-state composting vegetation under field conditions. Treatment of mine soil with
the 2 biocatalysts for 5 months resulted in pH increase and electric conductivity reduction compared to untreated control.
Further analyses revealed that the microbial catalysts also promoted the root and shoot growth to the untreated control
during the vegetation treatments. After the Sporosarcina pasteurii or plant extract based BNG treatment, the microbial
community change was monitored by culture-independent pyrosequencing. These results demonstrate that the microbial
biocatalysts could potentially be used in the soil bioremediation from mine-impacted area.
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AT, LAEY W T K3t o It Bard vt
JtH(Lee and park, 2012; Park et al, 2011; Roh et
al., 2015). A&z =3k Aeje] AW Urease &
ARkl o) BEEE Aksle] EY ARE 355
a1, FAIG AR Qg LAE-e] Ada) 22 a3
£ 7 = Jrhks Zlofr) kg, Hoh 7AIAR S5
TE Al AR 802 FTEE LUES Y
FHES CdCO; 32 PbCO; 52 HANA g
F4S st A7l AT ARER TUg 34 ZRgo|
T8 v} Ack(Kang et al., 2015; Li et al., 2010).
e f7] 32 F71ERY 3 B
FrAlol vl F87 A4S FH(Conrad, 1996). PIA=
T T3 wistel 4ol Wk ERUEAlY] 5ol
2Rl JFe WHER oo tigk FUEFo] dasith
(Kennedy and Smith, 1995). ¥t o7 Afe] B}
tdds AR UHeR vkt EARESH ol
ol&H L glom, HAE TS AT iR Al
4= Community-Level Physical Profile(CLPPs), Fatty
Acid Methyl Ester(FAME), Denaturing Gradient Gel
Electrophoresis(DGGE)$}  Terminal-Restriction Fragment
Length Polymorphism analysis(T-RFLP)9} -2 non-
sequencing based methodE AME3FATHHur et al,
2011). Z22f1}, ©]#3} fingerprinting methodse P&~
Aoz wistel 7S skl A7 A 168
RRNA FAZFE 7122 3 242 1 E ol &3
o thek vt ARE AlgehH, widke] ErlssiAd 5
A RS RIE A dY rdEe] 7R e
functional genes ©]-&3sfe] AFgth THEE, Next-
Generation SequencingNGS) 7]H-& ©]-83F ZA7} n|AY
& 7o Bo gkslal gt Hrks 9l A
NGS 7IHe BEIFo] 4 v Ueg ¥l
AEEEE DNA 4o 71k ER1e 4~ e A4
o] A9 (McLellan et al, 2010; Gobet et al., 2012),
AW SEELAES W P RS NGS W
Hog BAS % d7e FE5 LEEYY a4
o Hla) 28 271 DAl Adokar & 4 Ark(Leloup et
al., 2006; Hur et al., 2011).
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2.1. BEAIE

B dae Fitel 9IS Ft A9 U FAHVE
XAl Fgsiant. & 37HA] AETE I om,
2 FAHZNo treatment)e} AT PAAEA (S
pasteurii), 2 EFZEE(BNG) 22 FEIGT. AT
W mREAT] 72 Urease A4 BHelgolz 7 2 &
7 Sporosarcina pasteurii KCTC3558T) TS £
wrol 2851937 (Bang et al., 2001; De Muynck et al.,
2010), AEFEE A2+ 23S 20mM Phosphate
buffer (pH 7.091 1:10 HI&Z 4o B & Zx7|2
FA Zo} FE3 FE2EAS sENXSI FHlskaL &
Z~(Urea), F3F(CaCl)@t 3] 1:2: 12 E§3}1o
AslelA AA BNGE AZFste] A3l o]-83th(Roh
et al, 2015). GAIF A BE A= Aol APEA
g 9@ FYEEE slal A7IeF 2 e B A
5 g3t o] AAAFHS FePsisitt. 2SI o] &-
H Aok dZvldolx) 150 g, TAE ] 3F @Y
o, S92, FEE 5y 7 100g A 17}
seed spray?} EIHIEE A st &, FoMEES XSkl
grass fiber A2 % 22} seed sprays Pt 1 T,
=318 JRAE AL FARS €ar Tsislt
BT & NS 953 F, BT 2 2
2878 ElE TN 270] TP E RUEREINT
24 el RuEE-S Akl
=71201E A S43t

22. EYEN 3 F3+ 3 DL EE

AIAE §, EY 9] HslE sk S8l dix
T T2 (No treatment)e} A& vAEXE(S. pasteurii),
2 EFEE(BNG) A ale] APt BEY AlEE
247+ A ste] 718A] E4E EAsIT B pH,
EC(Electric Conductivity) 42 3] EY 49 S5
T 40mLs 50mL YAEE] FEOl Hal, eARF X"
& Ao AaEE 3HTH2,000 rppm, 3 min., 25°C).
AR & A5BS 045 um membrane filter? 7}
3k, pHe} ECE 7242} pH/COND METER(D-54, Horiba,
Japan)g ©|-83te] SA3IAT). T3k, TS dedS
#3s}e]  ICP-AES(Inductively Coupled Plasma-Atomic
Emission Spectrometer, ULTIMA2, Horiba, Japan)Z ©]
g3l 84 ol FEE =A3)L, IC(Ion Chromato-

graphy, 881 compact IC pro, Metrohm, Switzerland)E
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gﬂr 1.0M KClI %—@‘.
mLE 4] FHAA 6AIRE JBAIZ] & 48
Ath2,500 rpm, 5 min., 25°C). YAEE T A5
0.45 um membrane filter & I3} HHHS- AT,
HES-S ES335A|(DR 5000 spectrophotometer, HACH)
5 ARSI 717] W A% 10 Aluminum alumin pro-
granr% /\]—g—’é‘]—c:] 522 nmoﬂ }\1 l:ﬂ-)\ﬂ H]—tH 9& /\1‘:’7]_9_/\§
e T R
< TS ol8et S S48t d4Ee
Fro| A B 3g3 35% HCL, 70% HNOE
3:12 A& 89 12mLE I8 Fof] WhgAE 70°Co A
A TSI vk F8 F, S5 18mLE 718t
o 343k & YAEE 3}31(2,000 rppm, 5min., 25°C)
0.45 pm membrane filter® o35l [CP-AES #41&
T3t
EY 359 BUHES A & i Tl 24
T+ HA0 R B 3595 AFet pHet ECE 578
0}911, Pl Sol FEE *Er@@}%d\‘:} EY 3=
AHAE Aol AIANF Al B 2= 43t AFHA
ZHE A 8s1=dl, = ’\V\EéH 2=tz A
(No treatment)e} A3 PINEXR(S. pasteurii), 21 &5
“’(BNG) )l 242} 20 em Zlololl AX|3It. ¥
S ABoE AR Aol Ade B 54
< J~i'5| st TS 2490 HASME Borosilicate glass
AEE AREBIAAL, TS BT Tefron &S AHE-3I3A
o} B3] Z31 14 o] FSAPIel Get Rolrh &
A B B84 BAS aEet AFsoE 5t
o 24T & 9l AF EELONH BZT FA0) A

A3t 1?—‘433* Tﬁﬂﬁ}%i} olE@A ALY 7 2F 7

B ATReas

Wﬁ
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T EHE pHﬂ- ECE & 0:5]'%‘:]'.

-I-

23, M =8E

718k uie} o] i AFTORE o] AES
453t §, FEZHEH Scm Zolo EY AEE EdE
ANFH=TZ ZF 332904 Random samplings F13¥3}az,
ol 4 % DNA sequencingS Chunlab, Inc.(Seoul,
Korea)oll 2]2]3}$9.2.™, Roche/454 GS FLX Titanium
platforme ARSI NGS #415H3TE EGO 2 HE 9
DNA 352 FastDNA® SPIN kit for SoilMP BIO)S
AL881990H, PCR primerZ+= 27F universal primerS
©]-8-3+ Fusion primer(B16S-F; 5’-CCTATCCCCTGTGT

Y= L VR T wis B 85

GCCTTGGCAGTC-TCAG-AC-GAGTTTGATCMTGGCT
CAG-3)%} S518R universal primerE ©]83%+ Fusion
primer(B16-7-4; 5’-CCATCTCATCCCTGCGTGTCTCCG
AC-TCAG-AGAGCTG-AC-WTTACCGCGGCTGCTGG-
3Ye ARSI PCR ¥HE 274% Initial denaturation
AR 95°Col|lA] 53xE 8 &, F 30 cycle 5%t 95°C
oA 30, 55°CollA] 303, 72°CollA 302 WH3IC
™, Final extension TAIZ 72°CollA 7837t ¥R83}3iT)
7y AZ9] sequencing readse ZFZ}9] barcodeol| 2J3
B39, sequencing reads®] Yol EA|SI= barcode,
linker, PCR primerS AAEAC}. o]w Primer 2 linker
S ALt F2)7F 300 base pair ©’3?] sequencing
readsTt 2430 o] 8319TE 7 reads®] primer A1EH-
i} Aol AR primer AES degeneracyS 1#3}
o] pairwise alignmentE G~83F3L, mismatch?} AY3]
read= EAJ0A A1, Hmmer(http://hmmer.janelia.
org)E 1433 16S rRNA profileS ©]€3}] non-16S
RNA readsE A|AsIHaL, ©]= blast searchs E3 TF
A] non-16S rRNA readS #| A3t} chimera readsES
AAS] 218t M reads REOZ Use & )9
readS Z}7Z} blastsle] ThE o] TS EXolA] A<
git}. ExTaxon databaseE ©]-83} 7N reads AN
7o 2 FAg3dnt. a8]al 7 readsS CLcommunity
programe ARE-81] BAIRA-S Y31t

=} 27H~9] @@LQ] él*gi E}‘ﬂfﬂ' AI= Fig. 191 UVE}
WAtk dZF F2E(No treatment, a) 2 |AEA]E]T*
(S. pasteurii, by} VRS W], AEFEE ATt
(BNG, ¢) W A o7t 71 =3 2oz ad=sl
o} =3, AAo] Aujdo g oA 2t FA4
2](No treatment, a) Z PIEXET(S. pasteurii, by
Ao Aol o]FofX|A] ke AoF Hol EF
pH ¥ EC 59 35t B4 ¥ S5 59 dFgo=
24 2719 Be] Yj”o] d¥siA] Xeld Ao= Al
Ao v|RAEAETE(S. pasteurii, b)94 Aol AEa
W A7 A= Ureased &= E40F CaCO; A
A a8o] =& Aoz YeERtoY(Bang et al, 2001;
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Fig. 1. View of the mine soil vegetative remediation after 5 months. a, No treatment; b, Sporosarcina pasteurii treatment; ¢, BNG

treatment.
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Fig. 2. View of the plants grown in the mine soil vegetative remediation (fop) and shoot length measurement results (bottom) with
different treatments after 5 months. a, No treatment; b, Sporosarcina pasteurii treatment; ¢, BNG treatment.

DeJong et al., 2006; De Muynck et al, 2010; Le
Metayer-Levrel et al., 1999), A4 M= 2= &
o] 7132, B TY 7, BEY I ¢ 29EH
T FH o] AHX| gfof viElg]o}l AA|e] AYE
IS vHS AoE FFHEY A9 FAHS S
pasteurii 2] BHE|Eo} A fetA =4S shd £
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g, 2SS B e 2 AEe
Random samplingS 3} gk 2
g A= Fig. 29F 2tk o] A= FA-Z(No
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I AEFEE AETBNG, oA AR 2559 e
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TS B AR 7

215 Aol BHoh 143t JHE fAEMSS g
Z7]40] X3 Random samplings 3 &% & vlwsk
T Ays YeItkFig. 2 bottom). B gk 7|50
FX2](No treatment) T 12.93 cm, FIREAE]
(S, pasteuri)| A= 18.00cm, AEFEE AT
(BNG)& 24.60 cm®] #t= 282 VERSIaL, o] 23 gk
< 7} 2B S B Ausa 1 FEdo] o
2l PIAEAERL(S. pasteurii, b)) 745, AEo] i
27 BFPHA ARAE 3gkot 2lE T Aol E i
o] g AFSIFE W FX2(No treatment, a) T
RHohk= 743 JuE Ueplies 2108 Rol A4o] 7ks
st 3ol ZAHISS 5 7 Atk wEbA, I
nie}l o] vRAEATT(S. pasteurii, b)e] 75l A
ERE 2x9] oz FiF o=z A ofgdke] 3l

= A= o=, 2Ao] o]For & FAE(No
treatment, a) D123} HluglS ool o] 7153 3
7do] ZAQERSS & Utk AEFEE M BNG
o)2] A= AEY BEE, F 2o, eV, =714d0el¢}
2L ARl Sl A freElgk g7do] ZAE o
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=
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32. EY SYEM A I3+ =4
TGRS Bl it A

9 B AN &, B S
7ol W3ls B3] Y8l thERa T34 (No treatment)
o} A vRBEAES. pasteurii), N=FEE(BNG) A
g2 FHEste] 71 B #4235 A A
Al=dlol] oJ3)] A|FH g AFER pHOF ECE #4313t
EREA A%, Table 19 UERA vle} o] A3 Az
75 W EY pH7F dRZF FA2(No treatment)2 T} =
olFl A} EC ko] #ast Axs #EE 4 Sk
EC 3to] 7Aagh 2 pHrt S7FsPiA Sagol2e] &
Zo] A ko g AlgEnh 3 AE 7184 AlY
TEE =43 A= iR FAB(No treatment)
oA ERA 87.1 mgked Hlsle] m]AYEH (S

pasteurii), 21 EFZEBNG) Ao A@TolA 27

W B R rdE o7 st

A 87

iz

0.7 mg/kg, 4.9 mgkg® & A 7HAadt kS YERASA
o AR =Z pH 5.0 ©8ke] Edere 2784 Al
o] <ol FTFet AEe] AR B2 IS 71tk
(Bamhisel and Bertsch, 1982). & AATo|M= o]}
2o gl o3l HIAEXBI(S. pasteurii), NEFEE
(BNG) A2 Ee] pt S715ez2H 8&5=% Al
FE7} 7Haste] Aol fEldk S sk B
S IS Ao2 FFE T3, -84 2ol B4 4
oAM= wBEXE(S. pasteurii), 21EFZEE(BNG) A
2] AATlA POS o9 F7Ief SO o9 %
A7} TEE] AFo] M-S F e P skl st
sk A BHoh feEje o2 wmsiEeS A
Zhal & ¢ Qdoh £ AFellxe AR HelA AP
o] W& EGEAS AMFSAL, T50] AL By 54
o] ZFFAPSel wet Aozt & Bwlo] EElF SAS 1
Hafe] o2 534S 28T 5 U As ESEAA
F AzEE XA, ES A4S A7 IAES(EC)E
g & U= AXE EY &9 379 5Ug Ax
o AX|sle] EFgAe] 47T} HinAZ ARSI
A AN §, EY F55E 2 T HEe=E A
slo] B8 pHeF ECY| Wisl= Fig 37 2. @A
T 271%E =5 pHE "AEAT(S. pasteurii), 225
ZS=(BNG) 229 A3wolM BF st 29s o
g A, AAFJ] ZUEY 7 T FAE(No
treatment) THZroll BI) AWFHoZ AT ol|A =& pH
£ R o] A= XUHY 7R T FE8] A
st EC 34 ZA#9} 22 IS YEhlo] Bioreme-
diation 2] ¥ EF 2 FI4 pH 27} U EC PAE
gt BSF g0 Aol B} gk o= wistet
s UERdTH

=%

oL

33. M 2®EN

2 AFollA A HRAAY EG AAE & EqF
U] Bacterial DNA sequences= -*]2](No treatment)
4105 reads, M|REATI(S. pasteurii) 3092 reads, 21E5F

Table 1. Chemical properties and metal concentrations after mine soil vegetative bioremediation

pH ECT Ca¥ K Mg” Na

cr SO F NOs NOy PO.- Plant available

Al

mS/m mg/kg
No treatment 437 13.88 1282 588 103 52 2475 4921 656 740 - - 87.1
S. pasteurii treatment 5.88  5.84 353 521 163 105 811 1262 828 2635 440 5417 0.7
BNG treatment 557 628 365 592 131 82 1000 1476 730 1993 425 47.88 49

YEC: Electric Conductivity
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Fig. 3. Change in pH (a) and Electric Conductivity (b) values of
the interstitial water collected from the different mine soil vegeta-
tive remediation for 5 months.
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Fig. 4. Relative abundance of bacterial phyla containing >2% of
total sequence tags in different treatment samples from the mine
soil vegetative remediation.
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Fig. 5. Relative abundances of dominant bacterial taxa in mine
soils with different treatments. The heat map shows the relative
abundances of the 7 most abundant taxa and similarities with a
gradient legend and scale provided. a, No treatment; b,
Sporosarcina pasteurii treatment; c, BNG treatment.
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Holt}. Acidobacteria= 71E ATNA A, capsulatum®-
2 Al JAEERE EYERCH 25 FY
d EY AxFFToR IHAJUTHWard et al., 2009;
Hur et al., 2011). ©WepA, £ A7 AollA =21k 3)
g uAEe] 3] TAae vRAEAD (S pasteurii) B 2
EFZEEBNG) Aol 23| Acidobacteria 7} AE3}7]
o] B} Eejg 270] H3sS e, ol 2 E
o] At ojn] & H AYES A5 Uk E=3
AlE E PAE g9 zlolE Blasly] 918l Gradientd
Ho=E 5% o EAskE TS AH(Class) <ol
Heat mapS 2HJ3+ A7E Fig. 50 YephSlEd, o
AIANME Acidobacteria’} F-*#](No treatment) T3
o vis] vREAT(S. pasteurii), 2 EFZE(BNG) 2]
o] Aol He HERE EATS INE 4 o &
3 2ABE A1E & Bacilli, Sphingobacteria, Actino-
bacteria®] HIE&°] SV ALE Hol FXE|(No treat-
ment) NEHl BIS) FIRAEAZ(S. pasteurii), 2EFE=
(BNG) Ag] 7t vAE 5 £37} us 7Pk A
& 4= 9ok o]t A= Fig. 5ol YER AEE 71
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Fig. 6. Double pie charts of microbial communities of different treatment samples from the mine soil vegetative remediation. The inner
pie shows the compositions of orders, and the outer pie represents the compositions of families. a, No treatment; b, Sporosarcina pasteurii

treatment; ¢, BNG treatment.
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