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Rhizoremediation of Petroleum and Heavy Metal-Contaminated Soil using Rhizobacteria and Zea
mays. Hong, Sunhwa Hong, So Yeon Koo, Sung Hyun Kim', Hee Wook Ryu?, In Sook Lee', and Kyung-
Suk Cho*. Department of Environmental Science and Engineering, Ewha Womans University, Seoul 120-750,
Korea, 'Devision of Ecoscience, Ewha Womans University, Seoul 120-750, Korea, ZDepartment of Chemical and
Environmental Engineering, Soongsil University, Seoul 156-743, Korea — In this study, the rhizoremediation of
petroleum and heavy metal-contaminated soil was characterized employing Zea mays and two plant-growth
promoting rhizobacteria, Gordonia sp. S2RP-17 and Serratia sp. SY5 which have petroleum-degrading activ-
ity and heavy metal-resistance, respectively. After 51 days, the average dry weights of Zea mays’ root without
and with the inoculation of rhizobacteria were 1.9+0.2 and 5.6+0.7 g, respectively. Compared with initial TPH
concentration in soil (21,576+3,426 mg-TPH-kg-dry soil™!), the residual TPH concentrations were 220+98
mg-TPH-kg-dry soil"! in soil planted with Zea mays, and 20+41 mg-TPH-kg-dry soil"! in soil planted with Zea
mays and inoculated with rhizobacteria. These results indicated that the inoculation of S2RP-17 and SY5
could promote TPH removability in soil as well as the growth of Zea mays’ root. There was little positive
effect of the rhizobacteria inoculation on the removability of heavy metal such as Cu, Cd and Pb in soil
planted with Zea mays.
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=313} (Asteraceae), A A2 (Brassicaceae), 2153 Caryo-
phyllaceae), A3 (Cyperaceae), 33 (Fabaceae), V-3
(lacourtiaceae), EZIH(Lamiaceae), ¥ Z}(Poaceae), 12|11
A WL} (Violaceaeys-<] IL[20, 34], TF<0l WA 7
8t v|AE-E= Bacillus sp., Pityrogramma calomelanos, L
23 Serratia sp. s-°| <A 3TH16, 21, 36, 47].
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E AFelre vAER AES T4l ©]83F mesocosm
AFE 53l Bihedd B A3 54E kA &,
T el L AE AR F21%5HE 7H Gordonia
sp. S2RP-17[13], =5l WS 7 A E445A 5
o] Q)= Serratia sp. SY5[21] W S55E o] 83l fF
9 TS5 o BoF A3t A4S Akl

Bk AlE 9] A vAE wiok vt 7ol sl o]
Sledzlestae A AFH g EFE 2 mm AE A F, vprke}
2 : 1(wiw) BIEZE 4ge}. o] E’ESk) B|8E 50 : 3(w/
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w) Bl &2 e, vlEE S 25%, Al 35%, S8
5%, 9 25%= Aol C/Nu)7E 50 ofslrt H =S 54X
Zolet. o|FA Fn|gt EPAIRE QAR 2 HA]717]
28l A8 20,000 mg-kg-wet soil''o] F =5 Hr}sled A,
Pb, Cu @ Cdx= 77+ 500, 50 2 30 mgkg-wet soil!o]
HES A7 F 2 E8kH. S35 CuClL2H,0
(Duksan pure chemical Co., LTD, Korea, 97%), Pb(NO;),
(Duksan pure chemical Co., LTD, Korea, 99%), 18|11
CdCly(Farco chemical Co., LTD, China, 99%) A]¢f2Z
stock &5 REEolA Eoko Hrbetict. 54 A7
(30-500 mg-kg-wet soil'')o] m|EFo] B2 FF< Lol §
frel dael AAE-S B AET Al Eel F3E v
Btk LEA BEoFS 447 Mt el T, &1
Y Eoks sPdE] Aol Fdt. o3l Mgt LAES
Al=8] pH, 75, 1 2 99afs 34 4
7} 5.74£0.01, 8.2+0.6%, 3.5+0.02% %! 124+21 ug-TPF-g-
dry soil!-d'e]glc}.

29 Bkl AETt Aoz vAlS Bafsls SAlel A
Eo] A& 21 4= 2 Gordonia sp. S2RP-17[131,
Pbell 73k A& 7HAAL slem AlE AR SAl5e] e
Serratia sp. SYS5[211% o]&3}sit}. o] & Al 1 L9 LB
vl ] (Difco, USA)ll A 30°Cell A 3 F<F Zekul <F(180
rpm)3kstth. wiekel S 10,000 rpmellA] 1032 F<t Y4182
sled B3t dAle] HdeE A7l = & F oA
o z7le = AEE i o] FAE 2zl uhEsle]
A5 AR Fhok AAE FAE D5 700 mLel =t
3§, o A S gAY FEE5eE 2GR B4 S
keell =448k F 3] E3haidet. 25 AF 5+ S2RP-
1795 2.6x107 CFU-g-dry soil’!, SY5 #F+ 1.2x10¢
CFU-g-dry soil'o]iT}.

Mesocosm= 2173 150 mmel €453 PVCHS o]83)d,
MY E=F F2] Fo] 300, 250, 250 mmE, 3 800 mm)
2= "REHKFig. 1). 32} 3 7 ©HE 500 mm)y H]
2PEFS 10 kg FHL, 7 FEEOE AT 294
7l B0 52 o Bl ST AHET B S ke
2 AR =300 mmpell W5 29 EokS W A &
o SIF-E 7hedlol 4 cm A=) Wl FZEOE "hSe] B|Q
d S E2 F S Aok 39 itk o B
o A&k AAgE 27 (DHM+P) B 291 Bkl A5} &
AATE A HE3 =7 (DHM+P+B)2-Z mesocosm A
P MR Floin. AlFlE 7] oF 20-35°C3] 24
oA 5197 pafsigl e, Au) 27] 209 Sk sl
A, 11 o] Folli= o] Sl 3P E2 Tk

SAATE vAE T2 AES LEESIN SeE
519 St Auigt F, Eoke] B4 W3 A Ay 29Ed
T TABk vttt 2 mesocosm Aol A S
Foe] Hert AR dES ZASHA S5E AF

N
{ Empty space : 40 mm
Top level :
300 mm Contaminated Soil layer :
300 mm
y
N
Middle level :
250 mm
Non-contaminated soil layer :
500 mm
Bottom level :
250 mm
> Drain vessel

= NS> Fixing soil

Fig. 1. Schematic diagram of a soil mesocosm.

& F,ATRE P A A 02 T EF &
¥o] pH: B9 5 goll TF75 25 mLE 93w gl
A g AIZE st Ej1RE ), 3083k AR F Adsie] pH
£ pH meter(420A, Orion Research Inc., USA)E ©] &3}
o

2, AT A RS ol galel SEUFS TR o]
9l Az oS o] 650°ColA 3037 AT Bk
o

w, AFe] A A5 old3te] ATl TS
B nAE S-S vask] Sls geea 24 B3 S 5
AsoH31]. B 27 TPH 55 B43P7] ¢4, &
oF 5 g&FE S test tubeol] I, hexane-acetone solution
(1:1, viv)y& 5 mL ¥o] & F 30°C, 200 rpm] IHF7]o]|
Al 3087F aRbksldel. L F test tubesE Al-2ellA] 307F
AAgE 5 AN AFsl &uf Sl Fell= 2 TPH
9] 3% E gas chromatography(GC, 5890 series 1I, Hewlett
Packard, USA)E ©]83}ed A3t GC 24 27402 &
B 227t 27] 40°C oA 382F fAg F, 4°Cmin' o2
70°C7HA] =&, 10°C'min' &2 200°C7}A] &-&, 18
8°C'min" 22 300°C7H] & & F 1583k frAlsledet. Al
B FY5e 227 x5 47 300, 320°Ce] L, columm
HP-5 capillary column(0.25 mmx30 m, 0.25 um)& A}
3193, carrier gast Nog ARS3IIH. HAle] F=71 0,
312.5, 625, 1,250, 10,000, 20,000, 2] 31 40,000 mg~L'1
2 3l S A F, A=Y TPHs:E 3
Aletdet. =3t Eoke] Tu4 w5 A S8, ¥4
EF 0.5 goll 944(65% HCl 1.8 mL+37% HNO; 0.6

l
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mL) 2.4 mLE 718t § 71d3le] AlRE AF Bl S5
4 10 mLZ 3A3k o 7x] (Whatman, No.44, USA)Z o]
FH3l9dt}. o] A]EF Atomic Absorption Spectrophotometer
(AAS analysis 100, Perkin Elmer, USA)E &A35l9c &
F TFE& AP A xE Avele] CNRC(National
Research Council of Canada)ellA Fel¥ ZFE2
MESS-2(Marine Sediment)2] 42 %3 ghelslsict. £]9]
BE A3 Az SPSS(12.0K)E o] §3te] A EA
(Anova, two sample t-testyS AT

7 2 F55 58 B S A2 (DHM+P)
A S Ao} vlEe] ZAAMTEE FAll HEsE =
71 (DHM+P+B)llA 519 5t X2]dt Boke] pH, % 3
=, 1E 3 Y geass 84S AT 23E Table
1] Jehisict. EoFe] pH: DHM+P 2 DHM+P+B %7
oA 719 v|Eiel o, ZMTE AE3 DHM+P+B &
Fol iR} f7lE kel $5kE A A’ DHM+P
EokH o F0Th(p<0.05). =3t TS HES 2719
DHM+P+B E<Fe] &4 &4 34 (840.6+127.9 ug-TPF:
g-dry soil"d)y& 255k A8k DHM+PS] 24 (418.8+
117.6 pg-TPF-g-dry soil-d")X2.c} 2uf o)A} =gkc}. =3t
= Aol AHESE Boke] 7] &4 B4 E4 (124421
ug-TPF-g-dry soil-d"))ya} v]sl ¥, S A4 2 &
HAT AT o3l Boko| dea B4 FA o] oF 3~7
ol F7kE ). Ao g AlEe] HejeA offEAe]
=Y o2 Qla] EoF wAES] A ARl i
A E AR A SlTH26, 41]. 2|22 E dTelA
S5 AR Qlale] B nllE FAo] SRS &
ololch =3, DHM+P+B EoF2] &4t &4 344 o]
DHM+P2| &4 X 20f o]} 2 A= Eokd A3t
Gordonia sp. S2RP-173} Serratia sp. SY5&| F+ w57}
Fr 2 Fa5 29 Bl o= Ax AEFAL vk A
= A= AR AdE Az

el Ta5o2 53 o5l Bkl Al S99
Al WA= N AEEAE EME S8, 51d §
b Al F- 8 o] A Holek FRF 1Al A
skte]) Zolet S-S S8 tH(Table 2). ST
A1A1gE DHM+P 27104 Ajufigt S5~ A4 Zol 9} 5
o 77t 76.146.6 cm Y 4.4+0.1 golglt. ZAM TS A
%3 DHM+P+B 271X At Spee] 2|2 Aol e}

Table 2. Comparison of the growth of Zea mays after 51 days
(n=12)

Shoot Root Soot Root
Treatment length length biomass biomass
(cm) (cm) (2 (2
DHM+P 76.1£6.6"  40.9£5.5  4.4+0.1* 1.9+0.2%

DHM+P+B  78.7+5.8"  38.3+5.28" 5.6+1.1% 5.6+0.71°

DHM-+P, contaminated soil + plant; DHM+P+B, contaminated soil
+ plant + rhizobacteria.
abDifferent letters indicate statistical significance (p<0.05).

e 247t 78.745.8 em W 5.6+1.1 g2, TURNE AE
o oJal Se] A el ozt ExlE AeE By
2}, o)<l AbolE $dTHp > 0.05). 23H|, DHM+P
2ol At S5de] W) Zolsh Fake 77k 40,9455
cm Y 1.9£0.2 go]gl21}, DHMAP+B Z7o| A z|updt S
o] Ba] Zolg) FEe 38352 cm 2 5.6£0.7 gold
ok ZAAITE AF el wel el dele felxbt 9l
L1k (p>0.05), ZHAT FFel 23l S el T
o] o ST o & AT (p<0.05). H=43 FY
o Qle] Al=e] AAS AL =3t Al e A edE
AL AAF 4 = ZHeAEL] de] ulf- T3,
17]. Pl E2 Bl e 7] SHEds 'z o
|31 3], A=A WYETe2NY AEs BRIy 1o
g WAFe 2R A2 FFdS Folv IEA
(antibiotic)S A A ETH20]. B AFA HE3)
Gordonia sp. S2RP-173} Serratia sp. SY5¥ 542 #]
AHE7], &) ARl 2 S vIAA sk, el
biomass A A4S FAA AT, Gordonia sp. S2RP-17%= 1-
aminocyclopropane-1-carboxylic acid(ACC) deamiase ZHA]
= 7HA13L dEdl[13], olel| oJsf S5 He] AAfe] A
dH Aoz AmdHY. F, AEe] = - =& 2 AY
ethyleneS AJAFSHAl =]=1], ethyleneo] 5 EE A =H
Al Ee] ] gAbe] A&l E WA =4, 37, 40]. L)
ACC*= ethylene®] AT E, ACC deamiase> ACCE +
HFO=ZH ethylenes BAHS AAlshes E3= A3 A=
ARS E218 4= A "4, 37, 40]. =3, Serratia sp.
SY5 @5+ indole-3-acetic acid(TAA) AAso] 43 <
TATRIHE [21], IAAE A1E A 3289 54 59| 3}
U2 Ae ARE Sshs ZleE oA luks, 25].

Table 1. Comparison of physicochemical properties and dehydrogenase activity in soil after 51 days.

Treatment n Moisture content Organic matter content Dehydrogenase
p (%) (%) (ug-TPF-g-dry soil'-d"")
DHM+P 5.2+0.12 16.5+0.9* 5.5+0.5% 418.8£117.6*
DHM+B+P 5.120.1 18.9£1.2° 6.6£0.72° 840.6+127.972°

DHM+P, contaminated soil + plant; DHM+P+B, contaminated soil + plant + rhizobacteria.

abDifferent letters indicate statistical significance (p<0.05).
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Fig. 2. Comparison of residual TPH concentration in soil after
51 days. DHM+P, contaminated soil + plant; DHM+P+B, contam-
inated soil + plant + rhizobacteria. **Different letters indicate sta-
tistical significance (p<0.05).

7 2 SFE B3y EokS mesocosmel|A 51 F
ol A3t ¥, EoFo] A TPHS} $34 =5 Fig. 29
Table 30l ZH7F Yepligdel. 270l E9ke] TPH v%+&
21,576+3,426 mg-TPH-kg-dry soil'e]gl:d], 519 F
DHM+P$} DHM+P+B E¢F2] TPH ¥ X+ z+7t 220498
9 20+41 mg-TPH-kg-dry soil! ©]$1=}H(Fig. 2). o|2]3t A
H2HE S5 Aol o3 oF-22] TPHE AAE &
o, S50 S THATS AP TPH &&o] of
7S & g sdsiT SHAER Al A A
dfshe S9EAS Ralahewa Ao A4S B, 4
Bo] BHEAL 2T 4 YES E9FE 492 G}
[19]. H2 295 EFo] A, dzospirillum lipoferum
strain 152} = (Triticum aestivum)ys T wioFsiodS o, 14
A et Af7F 56.5%7F AAE e, W He]e] AdAtel
Z215191cH28]. TPH} PAHE 295 Eoke] A4 E 5
2T (Festuca arundinaceays ©]-43te] L FENSS BHg
), Enterobactor cloacae CAL-2, Azospirillum brasilense
Cd, Pseudomonas putida UW32] JZFel 23] 954
gk S aqte] WAde] 7Rl e @EAel o3t ~Ed
2 M E F| AT Aol FAl FgH 14, 15]. o=
THn A Eo] EANE o) A=A A|AL} A Ee Al
$9309 & AT} LA Aol

F3<4 AATEES v)as] B (Table 3), B3 g EoF]
%27] Cu ¥E* 104+4.1 mgkg-dry soil'e]$132, DHM+P
2 DHM+P+B E%F9] Cu 5=x 77} 66.3+1.5 2 67.6+
7.3 mgkg-dry soil'2, 2717kl vls] Cu =71 743k
ot M HE B EEA @t S S

AR 223} nlawsle], TRATL AET A5l Cd 3

Table 3. Comparison of residual heavy metal concentration in
soil after 51 days.

Heavy metal concentration

Treatment (mg-heavy metal-kg-dry soil ™)
Cu Cd Pb
Initial 104£4.1°  40.3£0.7° 663.3£13.6°
DHM +P 66.3£1.5°  27.7+3.45° 412.8+7.645°
DHM +P+B  67.6£7.3°  20.1£4.845°  547.6+42.345°

DHM-+P, contaminated soil + plant; DHM+P+B, contaminated soil
+ plant + rhizobacteria.
*“Different letters indicate statistical significance (p<0.05).

T 527t ozt wskent, Pb AHrs e o3 25 =3
TH(p<0.05).

THRAES BEokd EAghs Tl ed=4e AT
I F7] o=l st A= WAS k3 AlA AlEe] &
QA =olEh12]. a5 A AEA e
SA3t] Q=S A7) wEell AEe] AR AEA)
o] AFHez A831E7] $18 ¢ F83k 8ol
[20]. ¥ A-7ollM AM3Y Gordonia sp. S2RP-172} Serratia
sp. SY5E S2RP-17= A& A £3 5H& 7 2L 9lo]
o] LA HFol ol Sl o8t T A &
Fo] gAFE Aoz Z|gsigl o, AgAH T A7l
= AT AHE 2 A9 dde B ATl AHEst
280 AT 5 R 29€ Bl A48k
= Algo] THA E2]3 TAAM Ttk Gordonia sp.
S2RP-17-& & =7|(Equisetum arvense L.)2] T-HelA],
Serratia sp. SY5< =3 (Echinochloa crus-galli)2] <l
A B E 13, 21]. o]F ZHAE] AFl o8 53
LFESAA 7 AAEES ST, 5 AlA
Egol AL v|XR] &2 o]f+= Gordonia sp. S2RP-17
= S8} K(positive)?] FEAES 7HA AL gl o,
Serratia sp. SYS: S50} A3 A-8-8 719] 34| 9437
Y Eo 2 AR EY, g5 F7F d77F 8se 2 A7 A
Fet= 2], FA (Brassica campestris subsp. napus var.
nippo-oleiferafg ©1-43t A& el slo] 24 =S
A AE3 Fu5 A BEE SR AT ARI7E S
oH33]. =3, g3 ol A Al Azotobacter chroococcum
HKN-57} 2R 300, o] wAE2 A2 A4S S3%
I FAl FEE SALZNE AES BIsl v 46).
Bacillus megaterium HKP-1, Bacillus mucilaginosus HKK-
1, 183 Bacillus subtilis SI-101- & YA Z 295 Eof
A Zke] el 28%, E71% 51%7} nIES AHEs)
A ok 7RG v ARSI 1[47], Bacillus sp. SM3=
Rl | (Helianthus annuus)2] AA-E 34 A7, 54
FTe5s 54 8L FHAFA36].
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o oF
p =

E ATelMe i slee] ol Al AR SA5HES
7Y2 Gordonia sp. S2RP-17, Fa<0l WA-S 7R A&
‘6‘75}——‘?751 Eﬂ°] Q= Serratia sp. SYS " SFFE o] &
o] 57 2 255 29 Eoko A3 EAL AL
i 2 ‘6‘%‘—‘:‘ 2 EofollA 5197 Ajulst S4e]

2] AFeES 19402 golgdont, TAANTS FE3 &
A Bl Azt S e A 5.640.7 g2,
THAT Al o8l S el Skl freljHo=
Z7RFS o = A9EHp<0.01). 7)o EoFe] TPH ¥%
+ 21,576+3,426 mg-TPH-kg-dry soil'e]$l=4d], 51¥ ¥
Saaks AAEE B 2 TPH 5 X% 220498 mg-
TPH-kg-dry soil'e]91 3L, &2} A THAAFS HE3H
Eoko] A TPH %5+ 20+41 mg-TPH-kg-dry soil'o]$]

|

f”{

o olejat AT2RE 54 Alalel] )8 oj33e) TPH
2 AAT 5 qlen], $5se} 3 2UAEE AEe

TPH E&°] 25 o e & & A =2 3=

& AAEE A= T AHE S A Ao
ZtAte] 2

2 AT 20089 AF-@SH )] Aoz g
Fapatait 24 Al ko] 817 7] %A T-A1E] (AEBRC,
R11-2003-006-06001-0)2} =74 d7-41Ak1 2] A4S
o} ~3§%l ¢ 7F-o]m (No. ROA-2008-000-20044-0), o]l 7+
ALERYH.
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