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Effects of Plants, Rhizobacteria and Physicochemical Factors on the Phytoremediation of Contami-
nated Soil. Hong, Sunhwa and Kyung-Suk Cho*. Department of Environmental Science and Engineering,
Ewha Womans University, Seoul 120-750, Korea — Phytoremediation is an economic and environmentally
friendly technique to remediate contaminated-soil. In this study, the effects of plants, rhizobacteria and physi-
cochemical factors on phytoremediation have been reviewed. For successful phytoremediation, the selection
of plants is primarily important. To remediate soil contaminated with petroleum hydrocarbon, raygrass
(Lolium multiflorum lam), white mustard, vetch (Vicia villosa), tall fescue (Festuca arundinacea), legumes,
poplar, and Pine (Pinus densiflora) were mainly applied, and the removal efficiency of petroleum hydrocarbon
were ranged 68 to 99%. Corn (Zea mays), raygrass (Lolium multiflorum lam), vetch (Vicia villosa), mustard,
clover (Trifolium repens), and tall fescue (Festuca arundinacea) were used for the removal of polycyclic aro-
matic hydrocarbon, and their removal efficiencies were 50-98%. Rhizobacteria play significant roles for phy-
toremediation because they can directly participate in the degradation of contaminant as well as promoting
plants growth. The following rhizobacteria were preferred for phytoremediation: Azospirillum lipoferum,
Enterobactor cloacae, Azospirillum brasilense, Pseudomonas putida, Burkholderia xenovorans, Comamonas
testosterone, Pseudomonas gladioli, Azotobacter chroococcum, Bacillus megaterium, and Bacillus subtilis.
Pysicochemical factors such as pH, temperature, nutrient, electron acceptor, water content, organic content,
type of contaminants are consequential limiting factors for phytoremediation.

Key words: Phytoremediation, soil contamination, plant, rhizobacterium, limiting factors

M

ri

Z1go] AL et AEFH Y FolM=E A&
& vAES] AE AgeE edEAS AVBR AEA

A slel] B2 2 A BAEo] AdEe] Ygpez A}
Sl e} Ak a7 5] HRAe|A Eckoz
Y Fo] A7) 3RS A TA "o 29 Bl
Eofo] xZo] =, v E-L v E3 AE2] FAo] A3
33l o] EASo| gl we} EoF Anz o] A%
< AAAFA "

248 EFE Bdshs w24 2el - 38k Ag
Z1e AEA Ae)leR T 5 old B - slabd
2] Zleels B 3] 124, B AW, 94 A= 7)
T, NYF sy, A7 AR, 3, dgkEbyge) gle
™, AES *7] 7]&el landfarming, biofile, bioreactor,
phtyoremediation 5-©] JtH27]. Hlekal EoF ¥oly)e = &
2] - 35h Ae] 7]ee SN go] W 49T, 23 o

9 oP1e) FA7E glo] AR el wpgel B el

*Corresponding author
Tel: 82-2-3277-2393, Fax: 82-2-3277-3275
E-mail: kscho@ewha.ac kr

ol FE Hia glet

A4 Bloldt 298 Eofolvt A3k, HAE 52
AlEt F2] 29 nAEe] A3 7ARE o] S35l A s}
5 ER, 53 @ vEE g Wl 24 29
H 7-fol EFAeITH48]. F55F SQEA L AE E2 4
Well 3l w|AEol Easle] Xel=r|= a2k, A& A)
Well FrEe] 559 Afle AEE 778l o954
< AAE7IE Se48]. AEA BelelM A1E el A
Algh= 2ol vl F83 93k 3= AoE o
A sloh ST AR S22 28-S F e 2
M| (deleterious rhizobacteria; DRB)3} A1 E-¢f) o] 29
S v AE A 3 AT (plant growth-pro-
moting rhizobacteria, PGPR)2 2. 1}{Z1t}{41]. PGPRE
Kloepper#} Schrothol] &J3] 4202 #E 0w, o]= &
Fol| ol Altte] A& ol MAJsEA A8 AAS &
A A7 AlEE nlgie}23]. ol & A& Felo F3s)
A, Felof e PAEkAL B AEES o83l A
A el FEATE FAERAS AAkste] Al BT




262 HONG AND CHO

225 AES EIs, d7] 5o FAviag 1As
o] AlEol|A 735112 I, AEY RS A=
inE "3"]"6}71"} g8 HALE %3}"‘1 = "H’] HE s
< v =S 7R3} AIA Al Ee] FEP] A 2o 5
9] oJgfS U]’ﬂ‘:}[l% 23, 26, 31].

24 BAE AAZE ol AEAL B e o
AEHo] AAHE 7]zt W} phytotransformation,
rhizosphere remediation, phytostabilization, phytoextraction
2 rhizofiltration®] 57}A2 FE3 4= ¢lv}(Table 1).
%A (<], atrazine, alachlor),
W}FZ-51315(of], benzene, toluene, ethylbenzene, xylene),
H2A 21_31E-(ell, trichloroethylene, TCE), Z8A] 33ME(4,
2.4 6-trinitro-toluene, TNT; Hexahydro-1,3,5-trinitro- 1,3,5-
triazine, RDX)& AlA3R=d] o] 8w, 21 €A WA 2.4
245 H3 5= vhy o] =48], Rhizosphere remediation=
polycyclic aromatic hydrocarbon (PAH)Q]- e 77133
£ Falshed o 4F:H, AlE ZUS o] 43l e gEA
2 Bajjgl= vy ool 47, 48]. Phytostablhzauonf Al E-S
o]-&3td @ HEAE QA A W FFE AA

o o] o] &%It}18, 48]. Phytoextractione EoF W9 <
AL AEA el 431 W T4 AlA &
o] AM8-F|31[18, 48], Rhizofiltrationd A} 54 Helo) ¢4
=2E %@’3}"4 AAS e ez a5 2 WA 59
A 55 AAT o o] o] S-HT18, 48]. o|=F AEA

B4 A o] 73 e} 23} 29d0] A ¢ 3

Phytotransformation= F 2. A|

A o)k A olSfolE eFELS Aeiaof sk
50} Z7ko] BasH] ok, PAee] Aok Fo]
AR 58E o 4a17] dEel Aelulgo) ARsieke S
g A3 IEH34)

29 Ege] AP BAL 3] P 29 T
2o ol 4 Y= A A%, 2938 Haf A A
B B0 5 9 Bl A, ot wol 24

Bole] A% Aol GBS oA 2 2EAe 2

Age] 28F o Fofof Bt ofe] B FIME 29
RS AR B 045 BHA deld Fay
Ag 249 AE, B4 D B9 - B Ak Gel
de) ZRs)IR} 2t

= 2
(mm =

1>
IlHn

|

AEF Bl s} 2 BAFAFE Fyske A
F2] Adgo]oh48]. A2 EU X}Ffl‘é Fo} 717454
E 7] 984S A AAF, Bt AR e
Aol e L dER] AERS FH4S B9, 24
EAE AR TR A =9 d3s 3.
L2dEAY FFS 2 AHe 7IF Fell A3 AT AR
A 33FS A 48], wEtA L 9EA] SRl met
AE) o, AFES BF o2 A9 Fol wet &
dEA] A7 BEE v2EE AEe) AYE v F8%

o }\]’D
-

Table 1. Processes and and mechanisms of phytoremediation [18, 48].

Method ~ Mechanism Medium Pollutant Plant
+ Herbicides (atrazine, alachlor)
Soil, - Aromatics (benzene, toluene, ethylbenzene, xylene) - Phreatophyte trees (poplat, willow,

Phytotrans- Degradation Groundwater, + Chlorinated aliphatics (trichloroethylene)

cottonwood, aspen)

formation by plant Landfill - Nutrients + Grasses (rye, bermuda, fescue)
Wastewater + Ammunition wastes (2,4,6-trinitro-toluene, + Legumes (clover, alfalfa, cowpeas)
hexahydro-1,3,5-trinitro- 1,3,5triazine)
. . . i Iberry, apple,
Rhizosphere N Soill, . Phenolics releasers (mulberry, apple
. . Degradation in . - Pesticides osage orange)
bioremedia- i Sediments, . .
. rhizosphere + Aromatics (polynuclear aromatic hydrocarbons) - Grasses (rye, fescue, bermuda)
tion Wastewater
- Phreatophyte tree
Phytostabili- Complexation Soil, - Metals + Phreatophyte trees
zation P Sediments - Hydrophobic organics + Grasses
+ Sunflowers
Soil. + Indian mustard
_ - ’ . 1
Phytoextrac-— Hyper- 5 0 Gelds, - Metals (Pb, Cd, Zn, Ni, Cu) Rape sced plants
tion accumulation . « Barley, hops
Sediments .
+ Crucifers
+ Nettles, dandelions
. + Aquatic Plants
Rhizofiltra- Rhizosphere =~ Wetlands, II;/IZ@S (PFth& 1Z3I71’CN1’90(;H)U) + Emergents
tion accumulation  Sediments acionuctices S h + Submergents (algae, stonewort, patrot

+ Hydrophobic organics

feather, eurasian water milfoil, hydrilla)
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Table 2. Serviceable plants and their efficiency for the removal of various contaminats.

Contaminant Plant Removal efficiency References

Azinphos methyl Alfalfa (Medicago sativa lam) > 100% removal after 20 d {16]
Grass (Lolium multiflorum lam) > 98% removal after 180 d [44]
Herbal plant 85 - 92% removal after 2 m [51]
Legume (leguminosae) 67 - 74% removal after 60 d [44]
Poplar 95 - 100% removal after 2 m [51]
Diesel Poplar > 97% removal after 330 d [44]
Pine (Pinus densiflora) > 88% removal after 330 d [44]
Ryegrass (Lolium multiflorum) > 96% removal after 63 d [15]
Grass(Lolium multiflorum lam, Legume 68-73% removal after 95 d [33]
Cypus laxus lam > 90% removal after 180 d [13]
Tall fescue (Festuca arundinacea) > 90% removal after 120 d [21]
Maize (Zea mays) > 92% removal after 60 d [55]
Grass(Lolium multiflorum lam), Legume, crucifer > 59% removal after 95 d {33]
Polyaromatic hydrocarbons Ryegrass (Lolium multiflorum) > 98% removal after 60 d [55]
(PAH) Alfalfa (Medicago sativa lam) 12 - 87% removal after 15 w [24]
Clover (Trifolium repens) > 63% removal after 12 m [57]
Tall fescue (Festuca arundinacea) > 50% removal after 12 m [571
Maize, Poplar > 60% removal after 30 d [30]
Heavy metal Piptatherum miliaceum (Piptatherum miliaceum) 43-84% removal after 6 w [17
Piptatherum miliaceum (Piptatherum miliaceum) 81-92% removal after 6 w [17]

Alfalfa (Medicago sativa lam.), flatpea (Lathyrus sylvestris

. . lam), sericea lespedeza (Lespedeza bicolor ), deertongue
Polychl

olychlorinated biphenyl (Carphephorus odoratissimus), reed canarygrass (Phrag- > 82% removal after 4 m [8]

(PCB)

mites communis), switchgrass (Panicum virgatum lam.), tall

fescue (Festuca arundinacea)

Radiostrontium( '*’Cs, *°Sr) milky weed (Luffa cylindrical)

44% - 99% removal after 15 d [12]

2,4,6-trinitro-toluene (TNT),
Hexahydro-1,3,5-trinitro-

1,3,5triazine(RDX) grass (Phoenix canariensis)

Bullrush (Bypha orientalis), Elodeia (Egeria Densa), Canary

> 90% removal [48]
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Table 3. Effects of rhizobacteria on plants growth in uncontaminated soil.

Plant Rhizobacterium Effect on plant growth Reference
Tomato (Lycopersicon esculentum) Bacillus subtilis BEB-13bs Increase of root dry weight and length (18—26%T) [37]
Lettuce (Lactuca sativa) Bacillus subtilis DSM-8563 Plant growth (77%T) [29]
Bacillus sp. OSU-142 Promotion of plant growth (shoot length, 59.2%T;

fruit yield, 116.4%T)
Burkholderia sp.OSU-7 Promotion of plant growth (shoot length, 18.3%T;

fruit yield, 88.2%T)
Apple (Malus domestica) [3]
Bacillus sp.M-3 Promotion of plant growth (shoot length, 7.0%T;
actius Sp.At- fruit yield, 73.7T)
Promotion of plant growth (shoot length, 1437,
Pseudomonas sp.BA-8 fruit yield, 137.5% 1
. Promotion of plant growth (fruit yield, 33.9%7;
_ Bacillus sp.OSU-142 cane length, 13.6-15.0%7)
Raspberry (Rubus idaeus) — [43]
Bacillus sp.OSU-142 + Promotion of plant growth (fruit yield, 74.9%T;
Bacillus sp. M-3 cane length, 15.0%T)
. Promotion of plant growth (fruit weight, 4.15%T;
Bacillus sp. OSU-142 shoot Iength, 11.3% 1)
. Promotion of plant growth (fruit weight, 537%7;
Sweet ch . -
weet cherry (Prunus avium L.) Pseudomonas BA-8 shoot length, 11.8%1) [14]
Bacillus sp.OSU-142 + Promotion of plant growth (fruit weight, 1.24%7T;
Bacillus sp. M-3 shoot length, 29.6%T)
Setaria faberi G1-1 Promotion of root growth (48.6%T)
Setaria faberi TFR1 Promotion of root growth (60%T)
Soybean (Glycine max) Setaria faberi TFR4 Promotion of root growth 45.9%T
Amaranthus sp. TPR40 Promotion of root growth (50.6%7)
Xanthium strumarium CCH27 Promotion of root growth (SO%T) (32]
Setaria faberi G1-1 Promotion of root growth (30.8%T)
Setaria faberi TFR1 Promotion of root growth (60%T)
Wheat (Triticum aestivun) Setaria faberi TFR4 Promotion of root growth (20% D
Amaranthus sp. TPR40 Promotion of root growth (50%T
Xanthium strumarium CCH27 Promotion of root growth (56%T)
Lespedeza (Kummerowia triata), water agri-
mony (Bidens tripartita), foxtail (Setaria vir-
idis), sedge (Carex leiorhyncha), millet
(Panicum bisulcatum), umbrella sedge Pseudomonas spp. Promotion of plant growth [2}.
(Cypetus amuricus), evening primrose
(Oenothera erythrosepala), hedge parsley
(Caucalis scabra)
Pepper (Piper nigrum) Bacillus subtilis GB03 + Promotion of plant growth (root mass, 26% T shoot
PP permg ’ Bacillus amyloliquefaciens in 937a mass, 47%71) 2]
Tomato (Lycopersicon esculentum) Bacillus subtilis GBO3 + Promotion of plant growth (root mass, 59%T; shoot
yeop Bacillus amyloliquefaciens in 937a mass, 63%T)
Pea (Pisum sativum) Pseudomonas putida biotype A7 Increase of root length (43%71) [49]
Pea (Pisum sativum) Pseudomonas fluorescens AM3 Increase of root length (37 %T)
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Bacillus amyloliquefaciens 93725 753te] 8A|7F == 12
AZE WS Fo) 457 Bt AES Ag F, Bele)l 2719
AR S vlasld (28] 12412F W& F= 2284 A
w3 A5, vAEe] SlE W F5e) EwlRo) AjHake 7t
7} 0.008, 0.017 g °I1ie}. =3, £7] YAk n)gEe] )
S o) F39} EnlE 77t 0,015, 0.059 go] 9T, ] Eo)
AE W& 0.008, 0.022 g olF. F, v]AE A2l 93
Hejol 7] Al B SRS & 4 e 2y
K7 L £ ZAAME vAE HEl 27 F59) En}
o £7]9} Heje AAF SR T IR g 5
ol o] T EofellA Ee)gt Y Al Pseudomonas

putida biotype A79} Pseudomonas fluorescens AM3E- <+
T3 (Pisum sativum)®} 37 AeEPEA Al EAIA ] o3RS
u]X]&= ethylene®] FZFNAF AHE<l 1-aminocyclopropane-1-
carboxylate (ACC)2) A7} E3= v\wslich49]. 2 23},
ACCE- A7} 92 A, Pseudomonas putida biotype
A7, Pseudomonas fluorescens AM3A= g o] Zol=
747} 11.6, 10.5 cme| L vBES HE3A] g2 230
A9 FF ol 6.7 cmE vAE AHFl o3 4779
AAro] FRAFE|QE}, 3, ACC(10 mM)YE 718t 7%, 1l
AE AFA SFF ol 103, 1.9 cme|Fot, FAHFA
1.0 cm2. T AT 38l 23 ACCo 2J3t A& A% o
A B} QA AY AaEE A 4 5 U

2FEAE MBS o83 A AEA B8l Ve
o T Mg V8IS W L9 EAHY AAEE v|A|
= o33l A3t 7]E AT HAFE Table 40 L°F A3}
ot MMAG ARRA| R el AREEE HAE 29 B
(136~269 ng/gell A M (Pityrogramma calomelanos);
IRV (Pteridium aquilinum)s- ©]-4-3F 62 5t A EA B
AL A83 F3, 29 AlTe] SAE W= A EY A=
°] 0.37 g2 "IEe] 9& W02 i F3oH, ¥l
s nEe] S W= 294 pg/g, T ATl £
ANEA kS w263 ngelE, Tl Al EAllol os 4
E ARSI S0 2352 AAEER Y F
AoH22]. U= 295 B A%, Azospirillum lipoferum
strain 159 W& 7 st S o, 149§t 477}
56.5%7}F AlA=RoH, A Feje] AJAfe] Ex13}9IcH(38].
TPHS} PAHE @39 E°F9] A%, ESAFE o83}
S 9dES EAF u|, Enterobactor cloacae CAL-2,
Azospirillum brasilense Cd, Pseudomonas putida UW39]
AEo 8] 29BN N3 BT A o] sl
LFEA 93t AEHA FeME EHAATFE AAo] F
A 20, 21]. =3 PCB 29 Eokol of7| A4
(Arabidopsis thaliana)®)| Pseudomonas putida Flavl-19}
Pseudomonas putida PML2E- &7 AHE3t A5 289 &4
PCB7} 90% <Ay A A= eH40] T, AR -(Armoracia
rusticana), ¥ °1<(Circaea alpine), I3 (Medicago
sativa)?l| Burkholderia xenovorans LB400 £+ Comamonas
testosteroni B356% HE3} 7% 25 3} 2-chlorobenzoate
= 90% oA, 2,3-; 2,4-; 2,5-; 2.6-dichlorobenzoates:= 20-
40% A= A7 FHTH35]. PCP £ Eofo] A8 2
A B2)8t Pseudomonas gladioli M-21967He £33t 7+
ol PCP7 A$10% AAHAAR, F35Z3HAllium
schoenoprasmum)S S-A ol A AstH 289 53 PCPE
40%7HA AAE 4 RATH39].

Fese I AAL BEE Aol ofdE AEAl &4
of ofsl EFOoRNE A wfel] T WEE F=
& AAel Z S mAG 31 F, AN B 2% F
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Table 4. Effects of rhizobacteria on plants growth and remediation efficiency in contaminated soil.

Contaminant Plant

Rhizobacterium

Effect Reference

Arsenic Siverback fern (Pteridium aquilinum)

Pityrogramma calomelanos

Increase of biomass (37%T);

>11.5% of As removal after 6 m (22]

Crude oil Wheat (Triticum aestivurm) Azospirillum lipoferum strains 15 >56.5% of crude oil removal after 14d  [38]
Total petroleum ) :
hydrocarbons (TPH) Tall fescue (Festuca arundinacea) Enterobactor cloacae CAL-2 Promotion of plant growth [21]

Azospirillum brasilense Cd

Polycyclic aromatic

hydrocarbons (PAH) Tall fescue (Festuca arundinacea)

Enterobacter cloacae CAL 2

Increase of plant tolerance

against PAH (201

Pseudomonas putida UW3

Pseudomonas putida Flav1-1

Arabidopsis (Arabidopsis thaliana)

> 90% of PCB removal after 28 d 401

Polychlorinated Pseudomonas putida PML2
blphégyls hoi(;l;:gic;)h(x:;izna.(tlafactb.tm’)q, ) Burkholderia xenovorans LB400
(PCB) . moTacia rusticanaj, and Comamonas >90% of PCB removal after 2w [35]
nightshade (Circaea alpine) and testost i B356
alfalfa (Medicago sativa) estosteront
Pentachlorophenol Chinese chive L
(PCP) (Allium schoenoprasmum) Pseudomonas gladioli M-2196 > 40% of PCP removal after 28 d [39]
Brassica | ; ; .
rassicajuncea (Bras.szca Cam.p estris Azotobacter chroococcum HKN-5 Promotion of plant growth [53]
subsp. napus var. nippo-oleifera)
Heavy metals Bacillus megaterium HKP-1

Brassica juncea (Brassica campestris

Bacillus mucilaginosus HKK-1

Increase of root length (28%T) (56]

subsp. napus var. nippo-oleifera)

and shoot length (51% 1)

Bacillus subtilis SJ-101

5 A A Sle] T nAE] J3E g o B v
3 oS o FQ3y. A Brassica campestris subsp.
napus var. nippo-oleifera)s ©)53+ A& o) glo) &
A ES A A3l S35 AA 28S MR 4
TFAE 7} ok & B g5 ot A A Azotobacter
chroococcum HKN-57} E-4-E¢l=1|, o] Al#2 Al E-9]
ARE ST Tl FF5 SAHSEHE AlES BE
3t oH53]. =3}, Bacillus megaterium HKP-1, Bacillus
mucilaginosus HKK-1, Bacillus subtilis SI-1012 LA 2
24" EdellM 7o) Heldo) = 28%, E71% 51%7F Al
T AR 2 278 o Ao s6). o) wel=
F55 A7 glo] T wAES o] 42 e At B
SiA2 AL S

22| - 85ty 2Ix}

2935 Toko) AEA Bslol sloiM 71Fet 1 9 3
BE7L B2 AT 4FE Fe3. B3] 229 pH, &
8, 7718 52 AES i del] 83 94=
2831 "oHS]L AE B, TS Akl AEE dF
A e 2EY, W EUS(Spiraea), ™ F T (Populus
deltoides)®} &L ZHA1EL 7 & 72 3717 B E )
2|31 AR Al Eol7] wjFef EoFe] pHel $E3Ek Fol o
Al Al F8 847 248l Hoh4s]. w3},

EAlo] A%, ArEA 9} shae) 22 oA fe] AYH
FAelIME AlE AZRE T opE) lE B AEE
7) Wil o)F 8A4ES 2L AEA 5 AT oF
£ F3H5].

Table SME 2184 Bslel] gle} 283} mAES A4
3 o8 845 250 AT vEE pHE 249
Eeoko] A1EA H9lo gle) Fast Algta s ARds) o
4|, Betancur-Galvis(2006)x= phenanthrene, anthracene,
benzo(a)pyrene 2. 2 H¥ Eoke] Aol glo] pHr} ulA]
9 drsisvhel. 1 B, S0 EokllMe 112
A Fot edEAe] $kA3E] AAEHE vbd, 9714 Bl
A= 1129 5t 4327 7H A2 phenanthrene =
100% MASHA E3tdet. &4, pH7F A Y A5 A1E4]
AAFo] 2 o] oA A] F3}7] Wl AMdS pHE AEA
Bl sle] Azt 842 =EIh}[48].

Lxx AEA o) ool Wi Fedk 24 84qld
2 A1EY A AESH o &reA, AR, vA
E AR} Bgol) RS vlAA "ot 1 o] el = AR}
A9} JFEAL AETH o]t Axe AL
AR AL Jefe i, FFEA T wAAES) Al
Ake} AESHA o] 4 7heAd Foll QTS A7) Wl A
EAF Blof| gle] F83t Algt 942 2hg3i

Ecfo] ojd BAE 29FAEA N wel A3 vdE

==
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Table 5. Physicochemical factors influencing phytoremediation efficiency

Factor Influence Reference
pH Plant growth, bioavailability, mass transfer, microbial metabolism rate [6]
Temperature Plant growth, bioavailability, mass transfer, microbial metabolism rate [10]
Electron acceptor Bioavailability, microbial metabolism rate [51
Nutrient Microbial metabolism rate [5]
Co-substrate Microbial metabolism rate [5]
Soil texture Bioavailability, mass transfer [23]
Contaminant Plant growth, bioavailability, mass transfer, microbial metabolism rate 23]

o e W FAEH A 24 wgel Ge7) BEe] =
¥ 2JUE B4 B9 A 242 2gTH4g). A
24 3400 gle] ol 14T QI F o9 BAL 37
&3 4Rolch F0el B FIE9) A5, 48 37
i AL Al LPEAE AR HEel 53] 4]
go] Alele] FasjH, Eolne B9 ol 54| et
FEE Wl olFe) el FE0R 09 AT AE
Ab Bz e] & 7lt}24 AT}[58]. TPHs, PAHs, PCBs
o e 71BN A3 o 712 ARl AHge
Q7] W) Eoke] 1 ARl =g FEHS8). T
$715 AT 2 Auw, AR obe] WolI[2s) 1
s} $A)ol) A3%e] Aol Hatsle) T RS Aol
oJ2slA7 ek, oleia AAEL AT 28] Ao
Qelo] 9 4 e,

AR} 2ol olo] A1) 4, vlAEe] AH, 223}
H Q1A ol slol = eket ARLBTE U 4B B4
o AEART) ARG AR BQL AT nAES T
A 2Asle] 2B AL F1ol7] dRel A2
ol 7163 A BAES 2AF 4 s AEA 710l
Basi, A2 39 A A2 A S5 aRe) A
g Telsled $4o) L AHE dlSaor o) BE
o BEH AL A QAAE Do Dehas]. w2
LB QR odekg wel W 71%el] W] ¥
4 3= Bt AL e T v)e =g =
Ao Aasiohs]. w2, AT BYS 0PBAL GE R
o2 o|FATA e AL AT S W JRE ol
Sa B 2L T ool WS As el ge) 2
L3}0H48].

4 B

e ApB g edBAe) e B AuA st
Al Az TS F ook B A3} 71e F skl
ABA B AAR| T AR 7|4, ed8 o
& Boaled oA A Aol e EL A%l
Jeh} ARE ol 43 ABA S0 0PEAL A
=8 o} M) 37) AFell FT Sol, e} 24 o

AES o438 A B B Vo] =EA A AE
T ES A o83 Asibe w2 AR 84F
zhg-aiA Hed, A, L9EL AEY B A ve
SnlE A8 e, B4, A& ¢ 383 29ER
& B S e 2 WAES Ad, A, AR
o] Aol B3 &=, pH, %L, FEHF, HT A
ApgA T3 2 EIehy 29, AAH 89l 9 AE
QAL Fo] AEA B AF 842 AL FF
o2 At 245 HHFsle] EoF A BEE S35} 5}
7] 818} ol & Az 245 g Heh Pe] e A7 A
&5 02 o|Fed W27} Q.

L

2 o

Eoko @S ERshe W F AEA BE AHEE ¢
B3l 2 PES AASK= 7IER, 37 F3ely, AA)
A<l 7140]7) Wl Hol o[- &HI Y. o] AFelME
A B4 Blol] glo] AJES] o33, T Al 2833
Agltel A AT AFHA AEY BHE 9
HAE A8 Aee] 71 Foslvh FREA) EAE
s Aex AEL Fue(Lolium multiflorum lam), ¥
X (Vicia villosa), WA 5+(white mustard), S| 25F(Festuca
arundinacea), Z32]E (leguminosae), LE#, &1-F-(Pinus
densiflora) 0|, 57 A7 E&-E 68-99% I3} PAH
(polycyclic aromatic hydrocarbons) #| 7 2.2+ S5
(Zea mays), AR, W=, WAF, =7 ZE(Trifolium repens),
a8l EF ATl o4, 50-98%] A7 EES B
oo} 2189 RS A B Tl ol FEES A
HAHog AAT £ = T ATFE AEF e Aol
23 9L ok AEA Bl o]-8d 24 ATl
Azospirillum lipoferum, Enterobactor cloacae, Azospirillum
brasilense, Pseudomonas putida, Burkholderia xenovorans,
Comamonas testosterone, Pseudomonas gladioli, Azotobacter
chroococcum, Bacillus megaterium, Bacillus subtilis o]
At} pH, €%, U424, AFTARSEA, 2=, 7]
E g, 0 9EA S50 B dAks AEA B
o gle] Ak 24% A&},



EFFECTS OF PLANTS, RHIZOBACTERIA AND PHYSICOCHEMICAL FACTORS ON PHYTOREMEDIATION 269

ZAtel 2

2 A7 T 547129 FX AR (RO1-2005-

000-10268-0)} 3+=z}akAsh xpAchuto] 2 8 7) & o] Al

£
o]

10.

11.

12.

13.

14.

(AEBRC, R11-2003-006-06001-0)2] x| uigkom o
A} ==

REFERENCES

. Adam, G and H. J. Duncan. 2002. Influence of diesel fuel
on seed germination. Environ. Pollut. 120: 363-370.

. Ahn, T. S., J. O. Ka, G H. Lee, and H. G. Song. 2007.
Revegetation of a lakeside barren area by the application of
plant growth-promoting rhizobacteria. J. Microbiol. 45: 171-
174.

. Aslantas, R., C. Ramazan, and F. Sahin. 2007. Effect of
plant growth promoting rhizobacteria on young apple tree
growth and fruit yield under orchard conditions. Sci. Hortic-
amsterdam 111: 371-377.

. Aslund, A. L. W,, B. A. Zeed, A. Rutter, and K. J. Reimer.
2007. In situ phytoextraction of polychlorinated biphenyl
(PCB) contaminated soil. Sci. Total Environ. 374: 1-12.

. Boopathy, R. 2004. Factors limiting bioremediation techno-
logies (review paper). Bioresource Technol. 74: 63-67.

. Betancur-Galvis, L. A., D. Alvarez-Bernal, A. C. Ramos-
Valdivia, and L. Dendooven. 2006. Bioremediation of poly-
cyclic aromatic hydrocarbon-contaminated saline-alkaline
soils of the former Lake Texcoco. Chemosphere 62: 1749-
1760.

. Burken, J. G and J. L. Schnoor. 1996. Phytoremediation:
plant uptake of atrazine and role of root exudates. J.
Environ. Eng.-ASCE 122: 958-963.

. Chekol, T., L. R. Vough, and R. L. Chaney. 2004. Phytore-

mediation of polychlorinated biphenyl-contaminated soils:

the rhizosphere effect. Environ. Int. 30: 799-804.

Coulon, E, E. Pelletier, L. Gourhant, and D. Delille. 2005.

Effects of nutrient and temperature on degradation of

petroleum hydrocarbons in contaminated sub-Antarctic soil.

Chemosphere 58: 1439-1448.

Cunningham, S. D. and W. R. Berti. 1993. Remediation of

contaminated soils with green plants: an overview. In Vitro

Cell Dev. Biol. 29: 207-220.

Eapen, S., S. Singh, V. Thorat, C. P. Kaushik, K. Ra, and S.

F. D’Souza. 2006 Phytoremediation of radiostrontium (*°Sr)

and radiocesium (**’Cs) using giant milky weed (Calotropis

gigantea R Br.) plants. Chemosphere 65: 2071-2073.

Escalante-Espinosa, E., M. E. Gallegos-Martinez, E. Favela-

Torres, and M. Gutierrez-Rojas. 2005. Improvement of the

hydrocarbon phytoremediation rate by Cyperus laxus Lam.

inoculated with a microbial consortium in a model system.

Chemosphere 59: 405-413.

Esitken, A., L. Pirlak, M. Turan, and F. Sahin. 2006. Effects

of floral and foliar application of plant growth promoting

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

rhizobacteria(PGPR) on yield, growth and nutrition of sweet
cherry. Sci. Hortic-amsterda 110: 324-327.

Etsuko, K., M. Tsukasa, M. Shyoji, and T. Masahiko. 2006.
Ryegrass enhancement of biodegradation in diesel-contami-
nated soil. Enviro. Exp. Bot. 55: 110-119.

Flocco, C. G, M. P. Carranza, L. G Carvajal, R. M. Loewy,
A. M. Pechen de Dangelo, and A. M. Giulietti. 2004.
Removal of azinphos methyl by alfalfa plants (Medicago
sativa L.) in a soil-free system. Sci. Total Environ. 327: 31-
39.

Garcia, G, A. Faz, and M. Cunha. 2004. Performance of
Piptatherum miliaceum(Smilo grass) in edaphic Pb and Zn
phytoremediation over a short growth period. Int. Biodeter:
Biodegr. 54: 245-250.

Ghosh, M. and S. P. Singh. 2005. A review on phyto-
remediation of heavy metal and utilization of its byproducts.
Appl. Ecol. Eniviron. Res. 3: 1-18.

Glick, B. R., D. M. Karaturovic, and P. C. Newell. 1995. A
novel procedure for rapid isolation of plant growth pro-
moting pseudomonads. Can. J. Miccrobiol. 41: 533-536.
Huang, X. D., El-Alawi, Y., Penrose, D. M., Glick, B. R.,
and Greenberg. B. M. 2004. A multiprocess phytoremedia-
tion system for removal of polycyclic aromatic hydrocar-
bons from contaminated soils. Environ. Pollut. 130: 465-76.
Huang, X. D., Y. El-Alawi, J. Gurska, B. R. Glick, and B.
M. Greenberg. 2005. A multi-process phytoremediation
system for decontamination of persistent total petroleum
hydrocarbons (TPHs) from soils. Microchem. J. 91: 139-
147.

Jankong, P., P. Visoottiviseth, and S. Khokiattiwong. 2007.
Enhanced phytoremediation of arsenic contaminated land.
Chemosphere 68: 1906-1912.

Johnson, D. L., D. R. Anderson, and S. P. McGrath. 2005.
Soil microbial response during the phytoremediation of a
PAH contaminated soil. Soil Biol. Biochem. 37: 2334-2336.
Joner, E. J., D. Hirmann, O. Szolar, H. J. Todorovic, D. C.
Leyval, and A. P. Loibner. 2004. Priming effects on PAH
degradation and ecotoxicity during a phytoremediation
experiment. Environ. Pollut. 128; 429-435.

Kechavarzi, C., K. Pettersson, P. Leeds-Harrison, L. Ritchie,
and S. Ledin. 2007. Root establishment of perennial ryegrass
(L. perenne) in diesel contaminated subsurface soil layers.
Environ. Pollut. 145: 68-74.

Kennedy, I. R., L. L. Pereg-Gerk, C. Wood, R. Deaker, K.
Gilchrist, and S. Katupitiya. 1997. Biological nitrogen
fixation in non-leguminous field crop: Facilitating the
evolution of an effective association between Azospirillum
and wheat. Plant Soil 194: 65-79.

Kim, J. Y. and K. S. Cho. 2006. Bioremediation of oil-con-
taminated soil using rhizobacteria and plant. Kor J.
Microbiol. Biotechnol. 34: 185-195.

Kloepper, I. W., A. Gutierrwz-estrada and J. A. Mclnroy.
2007. Photoperiod regulates elicitation of growth promotion
but not induced resistance by plant growth-promoting
rthizobacteria. Can. J. Microbiol. 53:159-167.



270 HONG AND CHO

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kohler, J., F. Caravaca, L. Carrasco, and A. Roldan. 2007.
Interactions between a plant growth-promoting rhizobacterium
an AM fungus and a phosphate-solubilising fungus in the
rhizosphere of Lactuca sativa. Appl. Soil Ecol. 35:480-487.
Komarek, M., P. Tluatos, J. Szakova, V. Chrastny, and V.
Ettler. 2007. The use of maize and poplar in chelant-enhanced
phytoextractionof lead from contaminated agricultural soil.
Chemosphere 67: 640-651.

Koo, S. Y. and K. S. Cho. 2006. Interaction between plants
and rhizobacteria in phytoremediation of heavy metal-
contaminated soil. Kor. J. Microbiol. Biotechnol. 2: 83-93.
Li, J. and R. J. Kremer. 2006. Growth response of weed and
crop seedlings to deleterious rhizobacteria. Biol. Control 39:
58-65.

Liste, H. and D. Felgentreu. 2006. Crop growth, culturable
bacteria, and degradation of petrol hydrocarbons (PHCs) in a
long-term contaminated field soil. Appl. Soil Ecol. 31: 43-52.
Macek, T. M. and J. Kas. 2000. Exploitation of plants for the
removal of organics in environmental remediation(research
review paper). Biotechnol. Adv. 18: 23-34.

Mackova, M., B. Vrchotova, K. Francova, M. Sylvestre, M.
Tomaniova, P. Lovecka, K. Demnerova, and T. Macek.
2007. Biotransformation of PCBs by plants and bacteria-
consequences of plant-microbe interactions. Eur. J. Soil Biol.
43: 233-241.

Meers, E., B. Vandecasteele, A. Ryttens, J. Vangronsveld,
and E M. G Track., 2007. Potential of five willow species
(Salix spp.) for phytoextraction of heavy metals. Enviromental
and Experimental Botany 60: 57-68.

Mena-Violante, H. G and V. Olalde-Portuga, 2007. Altera-
tion of tomato fruit quality by root inoculation with plant
growth-promoting rhizobacteria (PGPR): Bacillus subtilis
BEB-13bs. Sci. Hortic-amsterdam (In press).

Muratova, A. Y., O. V. Turkovskaya, L. P. Antonyuk, O. E.
Makarov, L. 1. Pozdnyakova, and V. V. Ignatov. 2005. Oil-
oxidizing potential of associative rhizobacteria of the genus
Azospirillum. Microbiology. 74: 210-215.

Nakamura, T., T. Motoyama, Y. Suzuki, and I. Suzuki. 2004.
Biotransformation of pentachlorophenol by Chinese chive
and a recombinant derivative of its rhizosphere-competent
microorganism Pseudomonas gladioli M-2196. Soil Biol.
Biochem. 36: 787-795.

Narasimhan, K., C. V. Basheer, B. Bajic, and S. Swarup.
2003. Enhancement of plant-microbe interactions using a
rthizosphere metabolomics-driven approach and its applica-
tion in the removal of polychlorinated biphenyls. Plant
Physiol. 132: 146-53.

Nehl, D. B., S. J. Allen, and J. FE Brown. 1996. Deleterious
rhizosphere bacteria an intergrating perspective(review).
Appl. Soil Ecol. 5: 1-20.

Nichols, T. D., D. C. Wolf, H. B. Roger, C. A. Beyrouty, and
C. M. Reynold. 1997. Rhizosphere microbial populations in
contaminated soils. Water Ai, and Soil Pollut. 95: 165-168.
Orhan, E. A. E., S. Ercisli, M. Turan, and F. Sahin. 2006.
Effects of plant growth promoting rhizobacteria (PGPR) on

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

yield, growth and nutrient contents in organically growing
raspberry. Sci. Hortic-amsterdam 111: 38-43.

. Palmroth, M. R,, J. Pichtel, and J. A. Puhakka. 2002. Phyto-

remediation of subarctic soil contaminated with diesel fuel.
Bioresoure Technol. 84: 221-228.

Pradhan, S. P, J. R. Conrad, J. R. Paterek, and V. J. Srivastava.
1998. Potential of phytoremediation for treatment of PAHs
in soil at MPG sites. J. Soil Contamination 7: 467-480.
Santos, FE S., J. Hernandez-Allica, J. M. Becerril, N.
Amaral-Sobrinho, N. Mazur, and C. Garbisu. 2006. Chelate-
induced phytoextraction of metal polluted soils with
Brachiaria decumbens. Chemosphere 65: 43-50.

Schnoor, J. L., L. A. Licht, S. C. McCutcheon, N. L. Wolfe,
and L. H. Carreira. 1995. Phytoremediation of organic and
nutrient contaminats. Environ. Sci. Technol. 29: 318-323.
Schnoor, J. L. 1997. Phytoremediation. Technology evaluation
report, pp.8-18. Ground-Water Remediation Technologies
Analysis Center, Iowa, U.S.A.

Shaharoona, B., M. Arshad, and A. Khilid. 2007. Differential
response of etiolated pea seedlings to inoculation with
thizobacteria capable of utilizing 1-aminocyclopropane-1-
carboxylate or L-methionine. J. Microbiol. 45: 15-20.
Shimp, J. F, J. C. Tracy, L. C. Davis, E. Lee, W. Huang, L.
E. Erickson, and J. L. Schnoor. 1993. Beneficial effects of
plants in the remediation of soil and groundwater con-
taminated with organic meterials. Envoron. Sci. Technol. 23:
41-77.

Tesar, M., T. G Reichenauer, and A. Sessitsch. 2002.
Bacterial rhizosphere populations of black poplar and herbal
plants to be used for phytoremediation of diesel fuel. Soil
Biol. Biochem. 34: 1883-1892.

Thomas F. C., Chin-A-Woeng, W. Priester, A. J. Bij, and B.
J. I. Lugtenberg. 1997. Description of the colonization of a
gnotobiotic tomato rhizosphere by Pseudomonas fluorescens
biocontrol strain WCS365 using scanning electron micros-
copy. Mol. Plant Microbe. In. 10:79-86.

Wu, S. C., K. C. Cheung, Y. M. Luo, and M. H. Wong.
2006. Effects of inoculation of plant growth-promoting
thizobacteria on metal uptake by Brassica juncea. Environ.
Pollut. 140: 124-35.

Wyrzykowska, B., N. Hanari, A. Orlikowska, 1. Bochentin,
P. Rostkowski, J. Falandysz, S. Taniyasu, Y. Horii, Q. Jiang,
and N. Yamashita. 2007. Polychlorinated biphenyls and
-naphthalenes in pine needles and soil from Poland-Concen-
trations and patterns in view of long-term environ-
mental monitoring. Chemosphere 67: 1877-1886.

Xu, S. Y., Y. X. Chen, W. X. Wu, K. X. Wang, Q. Lin, and
X. Q. Liang. 2006. Enhanced dissipation of phenanthrene
and pyrene in spiked soils by combined plants cultivation.
Sci. Total Environ. 363: 206-215.

Zaidi, S., S. Usmani, B. R. Singh, and J. Musarrat. 2006.
Significance of Bacillus subtilis strain SJ-101 as a
bioinoculant for concurrent plant growth promotion and
nickel accumulation in Brassica juncea. Chemosphere 64:
991-997.



EFFECTS OF PLANTS, RHIZOBACTERIA AND PHYSICOCHEMICAL FACTORS ON PHYTOREMEDIATION 271

57. Zakia, D., M. Parrish, B. Katherine, and A. P. Schwab. 2005. 58. Zhuang, X., J. Chen, H. Shim, and Z. Bai. 2007. New
Effect of Root Death and Decay on Dissipation of advances in plant growth-promoting rhizobacteria for
Polycyclic Aromatic Hydrocarbons in the Rhizosphere of bioremediation. Environ. Int. 33: 406-413.

Yellow Sweet Clover and Tall Fescue. Bioremediation and
Biodegradation 34: 207-216. (Received Oct. 23, 2007/Accepted Nov.13, 2007)



