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Abstract

Project Code: RSA5780026

Project Title: Synergistic use of bacteria and plant to promote cadmium phytoremediation in
contaminated soil and development of immobilized cells for soil bioaugmentation

Investigator:  Assoc.Prof.Dr.Benjaphorn Prapagdee
Faculty of Environment and Resource Studies, Mahidol University

E-mail Address: benjaphorn.pra@mahidol.ac.th

Project Period: 16 June 2014 — June 2017

Abstract:

This research aims to study the potential of cadmium-resistant bacteria, including
Micrococcus sp. MU1, Pseudomonas sp. PM2 and Arthrobacter sp. TM6 to increase soil
cadmium solubility under the nutrient biostimulation and to promote plant growth and cadmium
phytoremediation. The results found that the bioavailable form of cadmium in soil inoculation
with Arthrobacter sp. and the biostimulation at C/N ratio of 20:1 increased compared to the
uninoculated control. The results of the greenhouse study found that Micrococcus sp.
promoted the growth of Zea mays L. planted in uncontaminated and cadmium-spiked soils.
Micrococcus sp. increased cadmium accumulation in the roots and shoots of Z. mays L.
Micrococcus sp. inoculation and the biostimulation at C/N ratio of 20:1 promoted the growth of
Chlorophytum laxum and Glycine max L. The highest cadmium accumulation in C. laxum and
G. max L. was found in plants with Arthrobacter sp. inoculation and the biostimulation at C/N
ratio of 20:1. The results of chitosan- and biochar-immobilized Arthrobacter sp. showed that
chitosan- and biochar-immobilized Arthrobacter sp. TM6 can survive in cadmium contaminated
soil. In addition, the efficiency of chitosan- and biochar-immobilized Arthrobacter sp. TM6 on
increasing cadmium accumulation in C. laxum was lower than that of Arthrobacter sp. TM6 free
cells. Except at week 9 of the harvest period, the efficiency of chitosan-immobilized
Arthrobacter sp. and Arthrobacter sp. free cells of on increasing cadmium accumulation in C.
laxum was not different. Our study concluded that combined use of bioaugmentation with
cadmium-resistant bacteria and nutrient biostimulation can promote cadmium phytoremediation.
The use of chitosan-immobilized bacterial cells increased the cadmium phytoremediation.
Therefore, bioremediation technology of cadmium-contaminated soil using plant and cadmium-

resistant bacteria is an appropriate approach for management of cadmium-polluted areas.

Keywords: Cadmium-resistant bacteria, Cadmium-contaminated soil, Phytoremediation,

Immobilized bacterial cells
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wnalguinisteioudaanginin g aaasinwaInd laa aonn IuATegIRaNzunnIg
i lihvaseadsnlududwdenlasandunszuiuns Phytoextraction
funamIthiadudwdenuaaidoulaslsiimies (Glycine max L.) 2y 2 ot
< A A A Aa % A a A e ) a
WU’J"IL‘]“AL%aadﬂﬂaﬂlu(ﬂu‘n&Iﬂ’]iﬂi:@!%ﬂ"ld’mﬂ"IWI@ltlﬂ’]iL@l&lﬁ’]iEl’l‘lﬁ’li‘ﬂ‘]JSiJﬂ’] CIN ratio ls@%
WINND 20:1 wazl@s Micrococcus sp. MUT Lﬁﬁf[cﬂgaq@lunﬂiw:mnﬁmﬁasha LAZAILRABIN
1JQﬂluﬁuﬁﬁmsm:@uma%amwLLa:Lau Arthrobacter sp. TM6 ﬁmsammmmﬁﬂﬂﬁgaq@lu
nnizﬂ:mﬂﬁmﬁama Taun I naaIazay LLﬂ(ﬂLfl'wha’ammgondﬂua’mluLLa:dmﬁu%mﬂu
ﬂ’%mmﬁLmﬂ@mﬁ'umﬂlunnq@ﬂ'ﬁmaaamawﬁaaiw:na’m’mﬁmﬁmﬁ’ﬁ LRZEINULAALT BN
ﬂ%mmgaludmﬂﬂLLa:Lmﬁmaarﬁmﬁaa %aNINN JINUINAINRBINAN PEC Az BAF a9
41NN 1.0 medm‘"ﬂmﬁaaﬁmwmmmiumi@@ﬁuLm@Lﬁﬂuaaﬂamﬁmm:a:aumeﬁﬂuvléf
) I@]mawwzﬁ‘amﬁaaﬁﬂgﬂluﬁuﬂmﬂauﬁﬁmsm:ﬁuma%amwLLa:Lﬁu Arthrobacter sp. TM6
' a ' ' ' A % L ° @ [ A Ao
winaadsudulngszanludunnldnfoniolugiiuean vl TF sasduntasiidndi
mﬂma@mqmﬂﬁmﬁmﬁ% A% ndsddssalduitinUanaadunlagandunszuInms
Phytostabilization atn4l3fiany uaaifisufiazavluaianiniasdiguiudunasgudniuns
il mdueins
INHANITNARBLANVRINITAVDILUATIL S oA UNIULaaL T o Nl un1TFIRSUNITRZANE
uaalisuaananduiazmathiauaaloulasldies wuin Arthrobacter sp. TM6 anuaanIng
ngalumstivazasuaaiiisnaanaindu uazlddonsiwasiuazdiniesdinirazan

= v J = 0‘/’ U 1
waaLilon lduntu aawuiaian Arthrobacter sp. TM6 an g lun1sasaradals lalaoiuuazann



10N uAZEUTARATY Arthrobacter sp. TM6 uwlalamuuaztudiniwlddesgansmens
FWgIUINYN LLa:maaumisa@%%mmmwé"&mnﬁuﬁ'ﬂmﬁqm%nﬂﬁ 4 RIEUTALTUE WU
VIA8A39 Arthrobacter sp. TM6 UHIAlATIBLAZEIRTINNAARINAUALTABIUIL 1 LHan
Uszanminuaz 25.0 Laz 13.2 UG LﬁaLﬁﬂuﬁué’wmumaﬁﬁﬁ%%L?&J@Tﬂufﬁ@]‘m?dﬁauﬂﬁ
WALSNBN §IUNNTIANTINVILTAaA3Y Arthrobacter sp. TM6 LW bAlamuuaziudinwludn
Ywdauueafon lasidiniaasass Arthrobacter sp.  TM6 unlalamuniadiudiniw ludu
Yuiifouunaifion uaznawliidniu naulfiuegsduuazioasasefiszozaaane g 1aasa
UIMTRRTLTIN NANSANH WIS WTRR T3 A V09 Arthrobacter sp. TM6 ludindwidau
woaaidouaduluaudsiud 10 uaz 15 fouaassmuszszamnasylududuidonuaadon
WONING SINUILTARASS Arthrobacter sp. TME Uulalaanuuaziudinw ssfids=ansainl
mif’ﬁamﬁ'umm:mULLﬂmﬁﬂuluﬁuﬂuLﬂwaﬂugﬂ Water soluble form lalnfi@sanunslaioas
5892 (Free cells) ugitiinen DTPA-extractable form léaaninmsltioasssse

Han sAnBINIIEREsNNIAulavesitwaInd (a1 2 dewn) lasldioadaie
Arthrobacter sp. TM6 unlalaanuuazloasa3suniiuiinw wWisuifsunumsifuisasoas:
Arthrobacter sp. TM6 WUINLTaaa34 Arthrobacter sp. TM6 Ut balamun3adudinwlilnade
mis'mLa%wmilﬁuiwaudmmmﬁnﬂf’ﬁwiwznmmnﬁuLﬁmﬁf’m"ﬁmﬁmﬁums@uLﬁnaﬁﬁmz
Arthrobacter sp. TM6 SIWHANNIANMNUBILTAaAI9 Arthrobacter sp. TM6 U lalasnuniatnn
Fanawdan1sgatasunsszavLaatdsuresitutateiIsuiisununis@uisasaa:
Arthrobacter sp. TM6 WU NS ITiaaaasuuafisoduseanTamnlunssaasunsszanuaaiioy
luduessd ladasninmildisasoas: lastawizlugasusnvasnisiivaiedgn ualuszoziian
mafudagsReluglonkfi 9 wuiwasa3s Arthrobacter sp. TM6 uwlalamuduszansnn
gossuliuasslszsuuaalonlalduandsnunsltioasaas:  Arthrobacter sp. TM6 lag
wnalpuszsulususnlnaifsanuausea (lu) 2asimiassf usenisldiaasass Arthrobacter
sp. TM6 unlalamutessusiuldihuassiszauuaadonlagininisldioadas Arhrobacter
sp. TM6 Unenud1n N a’mLﬁaammﬂé’ﬂwngmwaavl,ﬂimsmuﬁﬂﬁl,l,mﬁt,%'ﬁm’lzvl,@]“l,uﬂ'%mm
ANUAzIANUANNZENAaN LIV LATILSY

Nam‘sﬁﬂmmjuﬂi:mwLLUﬂﬁL%ﬂIuﬁuﬂuLﬁauLLﬂ@Lﬁwﬁﬁmilﬁmmaﬁﬁai:LLa:Lﬁnaﬁ
@34 Arthrobacter sp. TM6 lag3s PCR-Denaturing Gel Gradient Electrophoresis (DGGE) Wi
ﬁuﬂmﬁammaLﬁwﬁﬁ'}mﬂgﬂ’j’mmiwﬁﬁﬂéuLmﬂﬁﬁm@iuﬁa Salmonella  subterranean,
Arthrobacter  phenanthrenivorans Was Achromobacter  denitrificans LAZHIRINITOATITNL
Arthrobacter sp. TM6 TudutlwiilasuaaLfouffinnsiéy Arthrobacter sp. TM6 1’1%1%31] \CIRB DRI
uwazimasasIuwlalamuuaztiuimwraannmalaniiueasg
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Uszinn nandiaannsisnianfenausadfaouaaesinsiads sansdwdenaslansnin
ludnsadulymasaseunnaldiianansenudafslsiauazfuaiason iwnelaneniniana
WuAwdadildialuszuuiing lasiawiznisduilawvaslansnnnludnusnmniduin
InasNTIY FldiAanstnenaalaneniniiunieavislsannis uaziaNANIENUABFIN WYY
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wunuazdulymsagvasnanensdufaunadon inszuaaloviadulanswnini lidududa
Ak A Ada . A Ada =
ATTUIWNNTNUNUBRTNVRIFINTI® (Non-essential element) wazananToazaNluiiddiauaziin
A A Ada A oo a & o . ° v a A a
AuAaRINTIn TINTlATLLAALEBNLLLLTaTI (Chronic exposure) T lAlAaanuiaUndluniy
Mauvadle laaas NITQNWTHLATUANKNGEY (Liu et al., 2009) %BNINH International Agency
for Research on Cancer (IARC) LLas National Toxicology Program ﬂ'\i'ﬁ'@lﬁuﬂ@Lﬁwa%ﬂuna;mao
mir‘i@mL%ﬂuNkmtT(Human carcinogen) (Waalkes, 2000; Huff et al., 2007) LLaz3NNNIINARAY
nsnenziTivesnaatdonlusainasssnuiwaadouanisanaldifaiasanlugainaaasle
nasalplznIatiialiia (Joseph, 2009)
fnsuludszinalng wunstwiennaalouluin Guaznan wazaulununuSIIma1Y

LAY dunauklFae IIRIAAN I@mLawwzauﬁlﬁ’ﬁ']mimwzﬂgnﬁﬂ%mmmmﬁfmlu@uguﬁum
NAIUAUNINARINENIagadBaznnEaT  AdwuadTanauaaiioaludulaifiv 37
A A o . a o A - o ' & A A e LA ° A | o A a
Jaansudanlaniy Foluusaainanduiuwidnyaines Jnsviwdosusainsd lasuaaidsy
LLﬂ:é’dﬂ:ﬁLﬁummL%ﬁagQﬁu MlrsunamaadounduwdanlufiiaaandvinanyySuimnis
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NITERIILAALN LN DD NUININY swmmﬂmﬂqﬂwamwmiuwwmwmmsu Walsulssgmnw
du laplutowemna ldldfiamemguazansenwsdmiimudulavesie uddiilanzdwdaudn
wapziia (Metal impurity) Tanisuaaiiioy sunquasisihldiinsesuuaadisuluduidiuunn
& ' ' A o a Aa i a o
muLLa:aaNaﬂimumaqmmwmawwwﬁwmmmnmmmi‘ﬂmﬂamm@me (wwanyoh Ysennd
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RINANTENUADFITTIAURZFNIWLNIAA DN 1ABLaNIZNI I BN19TIN W wI8158n77 Bioremediation
A & aad « a o A o ' o ' @ v .y
sudwitndudesnuanadouuazaldingldganinin lasawizn1sldiie (Phytoremediation)
Hnunslfafunignislumahdaueadoaludn lasnisendoanuaansae aazlun1Iga
dnazazannaardonluiy srunumIltuuaiS i unmusaaLduungiusasunsaulavasns

' a a o A A =2 £ v A A . i i = o
waznitisazansuaaiionluduliagluzUnfsgadsuld wiaisunii Bioavailable form $3n13ld
NoINAUMIANLUATISad W BLAALlEN (Bioaugmentation) Tunmsihvauaaidsaluauduileon

) 1 a a a o g U Ql l§/ ¥ v v
FWFIFINYIEANTAINATTNTanAaL TN A DIU% wanaNi mﬂmﬁmim:@;uma%amw
(Biostimulation) lagi@uasanwisdn lUtisgassunmsasyvasuuafisoastialduuafisorina

van X & o & & A A . A A o Aa
1@AH99% TIUNININAWTARAIILLATILSE (Immobilized cells) INBLRNANNEATINNTTOATIAY B
waala ldiduasludu uazaansni ldlsluaunndnisdwdenldszain laviaqgaisnaas
\duirgansrmunan lidRsdeflitiauazaanndesaasldlusymnma igu lalamu (Gentil
et al., 2006) UazENUTININ
aas MIATRIANBINATINMINIZdUNIT I WdaU sz RN T Iinues
AA o a o & A . = AaAa o a A o
wuafiiTodumuLaailen 3 auWus Aa Micrococcus sp. MU1 ilunuafiiFadumuuaaiiioanaing
nIndulaa-3-av3@n (IAA) Pseudomonas sp. PM2 WuuuafiSadumuuaaiiiouiiassloaalswes
(Siderophore)  Uaz Arthrobacter sp. TM6 JuuuafiiSadumuuaatiaufiasne Exopolymer lunns
gatgsuMtUauaad ouluinuassiuazamaod LaTNIINAWILTAE A3IVBILDATLS A IUIY
WAALT HNUR LAl URAZETUTIMN AREAIUMIIANENUIZENT NNV ILLATIS HAUWNMULAALT N IN
atlugtimad8aaz (Free cells) uazimaaaisunlalagnu (Chitosan-immobilized —cell) uaziudinm
(Biochar-immobilized cell) lumsmiaiumIazasvasuaaifoulududwden uazmssaasunmadula
=1 1 = é dl £ A d‘y o v
msg]@ﬁa (Uptake) waznsszanuaatdouluinuasug danan laanauwissisuisaianlsds
wwandanlunislrdszlomisaunuszninauuafissdumunaalsunuN s a1 089183 0
nszuanmtndanunUwdeusealonlaslinglade U
Y] 3 Aa o

1.2 mqﬂizaeﬂmsmﬂ

1) WNenaxauANNEINITITaILUATIITEA N BLaaLlsulunTIRNA1ITATA YR

a A A . i . . a a &

WAL BNNIBNTLANAN Bioavailability 2asuaaiioulududmdon

2) weRgatHanIdLETuTINARssINlFATwAuLua G ad unuuaaiisulunns
ivanaaloyaanannantuion

3) hanamgasauuafisadumuuaafionlasliizgeisansumauasnasey
N300I AVBILTARAITILUATLSHANUNULAALT HUAIRRINTLALINEN

4) WNaNAFaLANNRINITOVBILTAAAFILLATIISod U nLaatdonlunsaaasunis
Tianaaiisyludundwilanvasne ldlszau

5) wadnsngudszmanuuaiiiolududuounvinisirauaadoulaslsiy
1 s 6 = a A U a v a a
571SJﬂ‘jJL"]jaa@]i\‘iLL‘]Jﬂ‘V]Li&l(ﬂ’l%“n’lmm@]LNEI&JI@]EII’MYM%@W]’N%JISJLQQQ



1.3  VDULVAIIHIY
a L:l a a v a W a 6 A ) A
nuwispiidunsitobinesasluiasljuanismsinemaasuazlulsasaninwizdiie
lasdragsanduanuaadouiltlunisoassiidundunlwidananiuniudoniaalauniiy
nwuinsinsasludneuisen 39wiaain dmiuaunuine ldUszaunlsfe Iuaseg dau
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1.4  S2ULIANNINTGIY
2 <& LA A K A A
sznlumIfnsasaalasims 3 O audideufiguion w.a.2557 Gadaudguioun.q.
2560 wmsuanwianefavaslfiansneluladTimwiiniesay uazlsssawmwizsianlal
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1.5 wanenazlasy

1) nuenusanInzasiuaiissdunuuaaidoanilugduuureissddaszuazioas
= . a P a A&
a3slunmsssssunazasvasuaaiduyluandwdon

2)  nuaneswsnvesuuafisodumuuaalsunslusliuuverasaszuazisas
asslunssaasumadvlawssnssrsuuaadourasinwasiussiamaes

3)  MIUNATBININIZAUMITINN (Biostimulation) lasnnsdilansamismivenus:
TulasandaniniudszaninwaasuuaiSodruniwuaarisnlunisgsiasuni1sazanavas
waandpnluanludonwazmsserunaati oy lung
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2.1 ’Jﬁ@! qﬂnim LLAaZlAIaIdNa

Analytical balance (Mettler Toledo XS204)
Autoclave (Hirayama model HA-300MiI)

Binocular light microscope (Olympus model CH-2)
Biological safety cabinet (LFBH-90MSSP)

Flame atomic absorption spectrophotometer (AA240FS)
Horizontal submarine gel electrophoresis apparatus
Hot-air oven (Contherm model CAT 260M)
Hotplate (Labinco model L35)

Incubator (Termaks model KB8400)

Incubator shaker (Thermo electron model 481)
Membrane filter apparatus

Micropipette (Rainin, Mettler Toledo)

Microwave digester (Ethos TC)

pH meter (Orion model EA940)

Refrigerated centrifuge (Hermel model 2323K)
Scanning electron microscope (JSM-5800LV)
Spectophotometer (Thermo electron model 481)
Thermocycler (Perkin-Elmer Cetus Model 480)
UV light (Chemi Genius Bioiamging system)
Vortex mixer (Vortex-Genie2 model G-560E)
Vacuum pump (Gas model DAA-V174-ED)
Whatman filter paper No.42
ﬂi:mawmaaﬂLLa:’E’a@;Lm:ﬁ’]ﬁm

LA30ILMIMIANENMaEns

2.2 21¥SLALILBaLATEISLAN

Chrome azurol S (CAS) agar
Luria-Bertani (LB) agar
Luria-Bertani (LB) broth
Absolute ethanol (C,H;OH)



- Cadmium nitrate (Cd(NO;),)

- Ferrous sulfate heptahydrate (FeSO,-7H,0)

- Glucose

- Glycerol

- Hexadecyltrimethylammonium bromide (HDTMA)
- Hydrochloric acid (HCI)

- Hydrogen peroxide (H,0,)

- Indole-3-acetic acid (IAA)

- Iron(lll) chloride hexahydride (FeCl;-6H,0)

- Lead nitrate (Pb(NO;),)

- L-tryptophan

- Magnesium sulphate heptahydrate (MgSQO,-7H,0)
- Manganese sulphate monohydrater (MnO,-H,0)

- Molybdenum trioxide (MoO)

- Nitric acid (HNO3)

- Piperazine-N,N’-bis [2-ethanesulfonic acid] (PIPES)
- Sodium acetate (NaC,H;0,)

- Sodium dihydrogen phosphate (NaH,PQO,)

- Sodium hydroxide (NaOH)

- Tris (hydroxymethyl)-aminomethane (Tris-base)

2.3. M3ATIVIAMIEIT9NTA 1AA d1slmaalsasd uas Exopolymer fiszziaa1ang g 2a9
N3N VBIUUATIIIIATUNIRUAALA BIA
uuanissdumuuaalauiiuuaniad umulaailondnwis 3 mﬂw”uﬁﬁaﬁ”’mnmﬁu
1aa-3-02%@n (IAA-producing Micrococcus sp. MU1) (;51]17'1' 1n) a17lmaalswas (Siderophore-
producing Pseudomonas sp. PM2) (E‘U‘ﬁl 12) W Exopolymer (Exopolymer-producing Arthrobacter
sp. TM6) (3Ufl 1) Aifausnlay Prapagdee WwazAmiz (2013) Duangboobpha WazATA: (2012) Wz
Prapagdee Wazame (2013) @URIAU mﬁﬁmimwi?ﬂmiﬁl,wﬂﬁﬁ'mwiazmUW”MS&‘?N?}I
UMY G FIMIVNNINIIAUTIIIINTG IAA TagmswizLaes Micrococcus sp. MU
Tuewsiaesigeinan LB AL L-tryptophan fAanudute 0.5 Saansudedaaans uaztluwenn
ANNLTITAY 150 JoUGaIN QOAnNA 28%% HaulfuLTasaniiig 8, 12, 24, 36, 48, 72 uaz 96
F2lu9 aus1eL LLa:ﬁuLﬁudmﬁﬂa@hﬂLﬂéaqﬁuLﬁ%‘ma’suquqmﬁnﬂﬁﬁ 4% aa5aT0L 6,000
soudawfiduiaa 10 Wi Wesidminlanldluasatadsinmnsa IAA au3snsues Gordon
e Weber (1951)
saunsanaiadiinmasloeedlswes Tagwisies Pseudomonas sp. PM2 1w
9M3LAE9L %8 MO minimal medium waztildignfienniiseu 150 saude qamgﬁ 28°%



AOUALLTASALIAN 2, 4, 8, 12, 24, 36, 48, 72 uaz 96 T2lug ANy uaztufugiusinladae
Lﬂ%iaaﬁumﬁimmuquqmﬁqﬁﬁ 4% A27W15198L 6,000 Joudew Tl uam 10 Wi Wethdu
ﬁ'ﬂaﬁ"l,@"”l,ﬂmmi’@ﬂ’%mmmi"lﬁmﬂaﬂswaﬂugﬂmaams Deferoxamine mesylate (DFAM) @a1ilu
snslaaaslswaslungy Hydroxamate (Amico et al., 2008) @1N3TN1384 Schwyn waz Neilands
(1986) LRZNNINTIIAUINURT Exopolymer I@]EJLW’]:Lng Arthrobacter sp. TM6 sl.umm‘SLgm
Wawan LB uaziinlutuluiadasivinfinanuiiaisay 150 saudauwnd annl 28°% faulfivans
WYIRRDULTRENLIAN 8, 12, 24, 36, 48, 72 U8z 96 Tlug MUEIAL LianaNaRag13 Exopolymer
AXADNNIVY Kunito Uazame (2001) Laziaznak Exopolymer ﬁvlmﬂlﬂ@s’mfﬂﬂ%mmlugﬂmao
ﬁﬁmaﬂ@ﬂﬂ@ﬂ“ﬂ”ﬁ%ms Phenol-sulfuric (Dubois et al., 1956) wazlumawiziagsuuafiisoiie
anviaUsinmansianedu riinsanaianaiyrasnuafiiadisiTmyiadanuluisad

Tasldiasasaialasinladinesinnusninis 600 wluwas

z'ﬂﬁ 1 uuaNsudwN BN (N) Micrococcus sp. MU1 (U) Pseudomonas sp. PM2 Lag

() Arthrobacter sp. TM6 MLWNZLAEIUWENRNSLRTaUDY LB NMiduuaaiiian

2.4  NTNAFDUNAVDILUATILSIAIMNIBLAALN BNADANYIIVDITINDWHRADILAZIIINA
A a 1A P aa B .
Twamaenfuazlifiivaalanlnads In vivo root elongation assay
a & o A % o @ a A A ¥ A =
msmmmmﬂmmaaaLLa:m'stm'm'mm;aumwﬂmﬂaua%lmmmsamm@aan
(Surface sterilization) lagugiudaludiunauvadamuaauas lalasiawdasean lodlusasnain 1:1
WAZAIAILEINAUUIIANNL TR IWIN 2 AF9 fauAulua e IUNaINNTe wazlaSuuRILTe
LUANIS A UNIULAALT BN I@mﬂwLLmﬁL'%ﬂ@T'mmumeﬁwLL@ia:mﬂW”%ﬁ:sJ'nwmﬁﬂﬂumms
g ¥ ' oA < ' P A o] I
WRE9LT0IMAY LB LazluLULLUEINAaa5sey 150 seusdauwil gawnd 28 @ iuaan 16-18
1109 WataSougalsudu dewihanaelaluemsisasamar LB fildy L-tryptophan fiaanu
\TuTu 0.5 AaAniudefiadfiny T AMULUTAALYINAL ODg ~ 0.1 wazth lthatnfiannuiiisey
' a A [e] ' & A o ° A A A g o o
150 soudawl gaunnd 28 @ ADULALLTASTIIAT 24 TILU9 uuafiSunwzasldulsudn
AMUYWITARLTINY ODgye ~ 0.2 unztbunfadzlansly asalingmnndvanduwnm 1 :alus
' ° & A & A & aa .
Aawi A ANT I WIzUwNIza1 BN T I w W T NU AN B NI T Va9 Belimov WRzADAY
(2005) Uaz Sheng wazame (2008) lasuunszawnTasdnmaduuaailsufianuidududneg uas
11’1mﬁﬂﬁoﬁmﬂuﬁqmmnﬂﬁﬁa{mﬁﬁ@Lflunm 5-10 7% RILNANIIIDNLASIAAINNLNIVBIIIN



25  mstiudegsandniionnaafaanazmdiansiaaianengnnuaziaiizashin

muﬁum""saﬂnoﬁuﬂuﬂammaLﬁﬂm’mu’%nmv{uﬁmimwmﬂu%gﬁmwuﬁ: FUANTZ
IAHILAY ELNBUNFEA INIAAIN (WNA (N 16° 40.593, E 098° 37.630) (gﬂﬁ 2) lasanzlu
gaumihananuan 0-20 Loudwas hanun Al lduisludite dentanuauszasiatasuians
MEUNWLRLARVIAY taLA IWINVBIRPNIAAY (Particle size distribution) o din (Soil texture)
pH 28481 @i WA (Electrical conductivity; EC) mmqiummamﬂﬁiUuﬂizfgmﬂ (Cation
exchange capacity; CEC) S mansdunis (Organic matter) VLuImLﬁ]uV%ﬁN@ (Total nitrogen)
WasWasafidudszlomidane (Available P) lnunsduafiarale (Extractable K) unniiidoafiana
& (Extractable Mg) wazlmdnufianale (Extractable Na) lapgsanagnafinianzinninion
UgAINYT AATINEAT UNIINDIRUNBAIAIFAT Az MziUSInmasuan S nurnualudu
(Total cadmium) lagihdnldanadionialuasnuaznialalasaaasnludaan 1:3 (viv) (Aqua
regia solution) (Acid-digested form) I@UI"ﬁLﬂ%iad Microwave digester @N35289 McGrath and
Cunliffe (1985) w8z US.EPA method 3052 (1996) LazN38I8 Ui uuaIfI8NITZAIENTa
Whatman No.42 hesdwinlafinsaslalyfenssiusinmuaadourisvualudulasldiaias
FAAS wazfinnisiianziatuaaiionlugyd Bioavailable form la8n1TaNAR18813
diethylenetriamine pentaacetic acid (DTPA) (DTPA-extractable cadmium) @435 U89 Quevauviller
uazAMe (1998) WAz Faust Wae Christians (2000) Laznadduanasis DTPA uaalasltnszans
n389 Whatman  No.42 iainawinlafinsaslaluiinmnsiusunmuaaifoudioinias Flame

Atomic Adsorption Spectrophotometry (FAAS)

98"30'0°E S8 320°E 98" 340°E a8 .-'Al: TE aa '>i 0°F

Legend
= Country Bourdary
o Fizar]
River, Stream
Elevation (Meater)
[ ] Betow 200
[ Jeoo-300
[ 300 - 400
I 400 - 500
!: Cher 500

Tak
Thailand
\-”“‘I _ Mae Ku |’

] Union ofm;\’"\\

- T T
98730 E SH320E SH°340°E

I3 '
<3 o '

3N 2 wuiualageanluwdontaaionlusinauiaaa 3993000
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26  msnageuanyaaIavesuuafiitsawmusaadsnlunisazarsnianisiiaen
Bioavailability maatmmﬁﬂuiua%ﬂmﬁauﬁy\ﬂ%amnﬁa‘fmﬁn‘s:éjuma%'amw
(Biostimulation) Tagn1staaasaInny
idundwdonunaifoufiiaionldluvinlinennigelasldwmiaiisletn (Autodave) Ao

i ldnesaunisaaasunisazatsvasunatlonludn I@]mn.im“’aaﬂw@mﬂwgwmamﬁhiﬁnw

nazgumadann (ldduansennis) Lm:ﬁﬁmiﬂi:éjumo%umw lasnsfnaTemITATUauLAS

Tulasaulusanaiuasuandalulasian (CN ratio) 1Ay 10:1, 10:2 waz 20:1 audey (14

nalamduunssarivanuazlfuanlufivadanaduundslulasian) nAnIIENLUATISY

@T’mmmmmﬁﬂmm’azmﬂw”ufmluaumw%%ﬁ@”@LuJaqmﬂ Rajkumar W&z Freitas (2008) lagtin

Wdeisuduaasuuafitsdumuuaafouuiniziassluevisasaiowar LB lagdsulsien

mmﬁulfnaa‘ﬁuﬁmmﬁu ODgg ~ 0.1 szt lUiwdnfinnusisay 150 sausamd annl 28%a

s 24 Talus wasthufuasiinanasisay 6,000 saudaudl Wuiia 10 Wil sreaznan

wraaensaazaanNaswatWines (pH 7.0) anududu 50 Hadluans funaaniga s1wan 2

A% wazinasnawasuuaiiSouiusaslussazaanasmaWine s (pH 7.0) @ULTNTW 50

faalusiiUnaanide wazUSUAMN MRS A L6 ODgy ~ 1.5 wssshmuanassuuafiSef

3anlel5unas 10 Sadaas snduaslusretwawlwidanuaaoufsindasouioaudimein

10 niulunaaananadn ahu‘*g@muquLﬁwmiazmﬂmammuywma{(pH 7.0) @NULTUTH 50 Aad

Tuds wazshldiwnfinnuss 200 soudowndl iuian 10 5 uazuonadradreduaanidu 2 du

Tagdugud 1 iluidusindseaainleasw (Deionized water) aslunasawaa@nfiiiaiagnsdn

WazIEN0ENIuT RaTeuAaLdoNaaNINAL LAZNIBITILTINGDUAUGIBNITZANBNTES Whatman

No.42 ﬁnahuﬁﬂaﬁmaa"l@“lﬂmni’@ﬂ'mﬂ@Lﬁﬂuiugﬂ Water-soluble form lagldia309 FAAS &%

aznandwin luanauaatisumsnialuasn (HNO,) waznsalalasaaasn (HCI) lugamain 1:3

(viv) et ldwenududusesuaadourinualudn (Acid-digested form) a3 sgudsany

78 3) wasinGuEINn 2 uﬁmm:ﬁmuﬂmﬁwlugﬂ Bioavailable form lagn1sanasisans DTPA

(DTPA-extractable form) au3ABNILTHLALINLTE 3)

2.7 NISANEINISTIAATIAVAIRLANLSYA RN IRLAALTLNNG 3 awﬁ'%q“‘luauﬂmﬂa%
= t:'d v ~ a
u,ﬂmuﬂ&fl%am'sz‘nunﬂinizquﬂﬁo%anﬁwfﬂﬂnﬂimumimms
a a A A A & v o A 4 . e ' A
wisuandnidannaaiaunusnaainifalasldniainelonl Lazuliao8190%
= AN A a A A & ) P
aamﬂwgﬂmaaa‘n"l,wumsmumimmma:wmsmumsmmimiuauua:vl,ﬂmﬁm Tapysulwi
8a3&% C/N lu@w ¥inu 10:1, 10:2 waz 20:1 ﬁﬁLLUﬂﬁL’%'memuLm@Lﬁﬂmwia:mmw"’uifm
g g & @ o ' ea o @ o
WANZLADI WM TLA BT BLAR) LB I@]yﬂsulmmmmyumaaLsmm‘mﬂu ODjggo ~ 0.1 waztin'ly
A & ' a a (o] o & o .
\WENNANNEITOU 150 Taudamil ganndl 28 @ iunan 24 T304 ERUPSSTETEREPREGINE T
ITNARINAL ODggo ~ 1.0 fiauih lh@nlududnaainisia (5% viw) wazthlddungmnpiiveadu
1281 20 3% LaaLAUAaE1I WA 1, 3, 5, 10, 15 LAz 20 % LWHNININTIVIATIWIBLLATISEN D
F3aludn laonns Spread plate UWOIMNILREILTEUTI LB
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28  mInedavudsrindmnzasuuaiizadwmuuanisafiasionsa IAA Tunsdeiasa
mstaulanaznisazannanatioalninilng

MILASoNAUNA1V89T13 WA (Zea mays L. cv. CPDK 888) laumstwiziuaa
ﬂT'anmluﬁuﬂgﬂﬁmﬂ”ﬂﬂwﬁmqﬂs:mm 4 §Uandt Gﬁd@Tuﬂéi’n]”'lﬂwwﬁmmgjwaoﬁwﬁuﬂi:mm
50 LTWALNGT LLazLﬁaﬂﬁuﬂﬁﬁ“ﬂ/’]’ﬂweﬂﬁﬁuu‘litﬁwﬁdLLiGVLﬂﬂQﬂluauvLijﬂuLﬁau wazdnduiiion
waadpulunsznawanadnuaiFurguanNa19 25 Iwudiuns Afauwdwianuaadounszansas
3.0 Alansy Gsrmaassudundwdonlasmadumsazasuaalouasludn nauliidriwuas
Uudnl3luisuyszanm 1 1iow @835 3189 Thawornchaisit waz Polprasert (2009) wazti@n
Unilauiasonlalufinnewaniamemanin o uazUSunauaadouludn vinaasouiaiie
wuafisadunuwLaasufia19nsa 1AA; Micrococcus  sp. MU Imﬂé‘"ﬂﬁﬁmwﬂmaami
WUIURBULUATIEET ODgyp ~ 0.2 uazinasurusasuuaiisefiadovldluiduluanlivudouuas
dudwilouuaadsuusnaseunndunddnilne lasuusdu 4 TANMINARDY (TANITNARDIAL 3

:’ a a t;’
T1) ANUINLRLLDYAAI

’g@]mimaaaﬁ 1.(T1) ﬂﬁﬂﬁ’ﬂuau"l,aiﬂmﬂvamm@LﬁmJ
mmimaaaﬁ 2 (T2) ﬂ@ﬂﬁﬂuﬁu'la\iﬂwﬂyamm@Lﬁw + MU1
@@nﬁmaaa'ﬁ' 3(T3) ﬂﬁﬂﬁ’ﬂuauﬂmﬂyammmﬁw
’g@]mimaaaﬁ 4 (T4) ﬂﬁﬂﬁmluauﬂuLﬁauLLﬂ@Lﬁﬂu + MU1

ﬁ’mszmwaaLL@iazﬂg@msmaaaﬁﬂgﬂﬁmni:maa: 1 duannilulsaSounanasi
luaessINT@ LLa:i@ﬁmni’u uastusatnadnuasirluudaznszonsludlanid 2, 4, 6 uaz 12
(szozliiuia) dlaindanmadaniis awdeu v‘i']mii'@m’mﬁuimadﬁﬂnﬁﬂﬁﬂluauhiﬂmfylau
waalion lagn1TiannuenITn ANNFIAH waziminuIne s muﬁmﬁﬂ;ﬁnluﬁuﬂmﬂwam:
mmysamaaulamudsne uessaUsinnuaafouiszaaludunnusssnoaavosis Tagi
uAazdIuLeINT luaLazanadIunIa lasnuaznIaasaaasn (HCIO,) luaamain 2:1 (viv) uaz
ﬂ'aﬂ@i”'mm%iaa Microwave digester ANITVDI Simmons  WAZATLE (2003) war US.EPA method
3052 (1996) waznsassungasli@ansza1unsod Whatman No.42 iiathausinlaiinsaslely
Sensienudutusesanfonissauluudazdinvasiodoinias FAAS dwsusagnsfusiill
RNAGIINIALAZATINIAUITINBULAALTN LTWABINLTD 3)

ﬁﬁmmﬁmﬁwﬁwamﬂ@Lﬁwluﬁuuaﬂuﬁwmq@msmaaoﬁ 3 uaz4 W
frwrmdSuimnirrzasnaallouvaINTaoa s LasldSoUNaudIsRNTAIWYBINTZLIWNNT
Phytoextraction lasSouiisuainen Phytoextraction coefficient (PEC) (Kumar et al., 1995;
Ghosh and Singh, 2005) i Bioaccumulation factor (BAF) soil (Khaokaew and Landrot, 2015) W8y
fnseeufivaslansninaInusiamdInTn (Underground part) lWseaugiuiamaniniladn
(Aboveground 738 Aerial part) 289NT %I8138N3161 Translocation factor (TF) (Mattina et al.,

2003) enuaNIae L
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Phytoextraction coefficient (PEC) = anududuuaaiiiouluines (Jadniudailaniv)

anudutuLaaonludn (Fafnsudenlansy)

Bioaccumulation factor (BAF) = ANy tusaaiinuluis (@adniudailaniy)

anuidutuuaailioalugy Bioavailable form ludiu (fafniudafilaniu)

Translocation factor (TF) = amutuTusaaiisulusiusaauasng (Hadnsudanlaniy)

anudutuLaaonludiunnaasie @adnsudailaniu)

29 nsnasaudszandanzasuuaiiiaawninuaatdonlwnisasiasanisiiia
waadisaludulasliiuassiuazanndasluaniiziifinisnszdunieginm
(Biostimulation) Tagnsiaaasanns

MAAILUAUNAYDIINWATI (Chlorophytum laxum) 818/Llazanth 6 LABW WATAWNAT
f2Ma8g (Glycine max L.) gz 2 qdanid mﬂﬁnluﬁuﬂmﬂwauuﬂﬂLﬁﬂuﬁﬁmim:éjuma

T (Biostimulation) lagnsiduaisamisiniaanainaisuaundalulasian (C/N ratio) Tudw

WAy 201 waziinaiduuuafiledunmuuaaiiiong 3 a1oWus Aa Micrococcus sp.  MU1,

Pseudomonas sp. PM2 uaz Arthrobacter sp. TM6 lag3amsiasaaidale3masanuisnmsenm

luta 2.8) lasWzudazrfiautszantmasataanidu 5 gan1inaass (gammanasas 3 1) e

Noasdoaaait

mmimaaaﬁ' 1(T1) ﬂ@nﬁﬂuﬁuﬂmﬁammmﬁw

@@nﬁmaaqﬁ' 2 (T2) ﬂanﬁﬂuﬁuﬂuﬂammmﬁw + L@ C/N ratio 20:1
mmimaaoﬁ 3 (T3) ﬂgnﬁ'ﬂuﬁuﬂmﬁammmﬁw + 1@ C/N ratio 20:1 + MU1
yﬂnﬁmaaq‘ﬁ' 4 (T4) ﬂgﬂﬁﬂuauﬂuﬂammmﬁw + L@ C/N ratio 20:1 + TM6

@@nﬁmaaa'ﬁ' 5 (13) daniirludundwdanuaaiiion + 1du CN ratio 20:1 + PM2

umagnafimuazdn iatanamnatanndvlasasiouazuaadonlundsssin
28477 wazUSuauaailoaludu lasldisnmaguidoinuitnslude 2.8) lasifuaatneing
wIsgnn 3 dUad unan 9 dlandt dauﬁ'ﬂ%ﬁaalﬁuﬁmmmﬂ 1 1faw tuwaa 3 1haw lay
LLﬂGSZUZﬂWiLﬁU@T’]E]Ei’]x‘l(?’l’]&l“ﬁ’]\‘iﬂ’ﬁL‘ﬁt]Jjﬂa\mbl’JLﬂﬁa\iﬁa Weandt 1 oy Vegetative stage nawaan
@an (Before flowering stage) Lﬁauﬁ 2 3¢9z Reproductive stage Léuaaﬂﬂﬂ (The beginning pods
stage; R3) uazifand 3 szuz Reproductive stage L&Jg(ﬂa&liﬁl‘sfﬁ (The full seed stage; R6) Laz16N
anudutuvasuaaiouluudasainvasnoiazfuandiwiudn PEC, BAF uaz TF

210 MIATBATAAAIIRUATISEAIWMBLAALT INULATNIIATIVHDUAN BTN IIT UG 11
a =< S A ¥ I
MNVBILBARAIULATITIAWNIBUAALN B

e A aa o a A9 o . a a a
Aadanwuafiadunuieailoaililalunissussamaszasuaaiiiauaanaindu

Umdou uazazanuaaifisuludrladngauinisasasaduulalamuinda (Flake chitosan) uaz

13



' a . a o v a a A v A o ¥
dudinn (Biochar) laza3oaiagasslifizmatszanm 2 fafuwas (@ilndidusnuawaveiiie
aw) uaziuuafiiiodumuuaailisuuiioluamaaoadamnad LB 130309 4 huasdniag

=] o . o o & = o & 2 aa v a
a3aduinan 72 Talus AewshlUnsas iNausnwadndd wazihioaansuuafissmunuiaaidoy
mdaaﬂﬁmgammﬁﬁLaﬂmammudaaﬂﬁ(ﬂ wazth lUnagaumeWRNAL (Surface area) USunas

JWIU (Pore volume) URZ TUIAIWIU (Pore size) laul4in389 Brunauer—Emmett-Teller (BET)

a 3 a [=3
211 NITNAFIUNITIOATIAVAILLARAIIRUATLIUATBNIBUAALNINAIYRAINITLAY
[ aa & =< a A ¥ = a 4;,
SNHILAZNIIIAATIAVBILTAAASIRUAN IS aa IuNIwuaatdanTlwawlwidlon
=1
LAALA BN
WnoaaasIsuafisaumuiaatdsuniulanasanazgdndnaannibonazinulu
v = A A A = A & o ' & = ) ¢ A o
diiungunnil 4 asenaaiBos iluian 1 WWeu uaziiudretugasasamn 2 dland thatian
o o A A Aaaa ° o aa Aa & = AA o
ATIINUFTIWINLUATILIHNTTIN S TUITNIINARBUNIITONTIAVDILTARASILUANLSIAIUNU
uaatdsnludnduideannaaflonltITmsanwswiaelnuitnslute 5) LAANITARAIILLATLSY
dumuuaadon (5% wiw) Tududwieudnaangaununadalugdisadossz (Free cells)

a & =R oS A v = > =
212 msﬂszmumwmmmmaamiaamaLmﬂwLsﬂmummmﬂmmimaqmo‘lums
[ a a A ' . . re a a =&
FINNNITALALRIDLNAAN Bioavailability 2asuanidsalwaniwitlon
TasasanuafiSumuwnusaal syt auasludunduidonnaatdounlsaannise
wa A [ a o Aad £Z A 6 & a A U a
lasld3n1nasauitwdInuisTnslude 2.6) uwalANTaaaIILUATSoAUMBLAALTEN (5%
wiw) ludutuionunumudulusveimadass:

a A 6 = a A ¥ =) 1
213  mnasaudsEandanvasmasnssuuaiissawniwiaatiaaunlalaswuazain
) 1 a ] E IS a U =
Fanwlunmsdaasumsihdauaadisaluaulaalainweassg
) 6 =R a A v a ' a a a
dsasassuuafiisodiumunaatiovunlelasuwuazdiuniinwadualuds
Umdouuandoanlaniuearsd engdszanm 2 @eu Wisufisuiugemuquiduanizlale
TILAINUTINN TIaNITananafidnanzisasaszraduailiFudunuuaaidon laouy
ganInaaadaeniiu 5 TAN1IMARE (TAN1INARDIAZ 3 1) AUTILALBLaGIN
gamnanadf 1 (T1) daniizlududweuuaaifion + lalasw
gan1Inasasn 2 (12) dgnislududwieuuaaidon + dufinmw
ganInesasn 3 (13) Uanislududwileuueailion + ioadossz
gamInanaif 4 (T4) Uaniizlududwleuuaaifiony + asaisunlalasm
gamInesasn 5 (15) Uanislududwileuwaailion + iwadaisuuiudinm
WuaaINTuazdn iathinanlanmsdulanazuaallsuinazan luudazdiuaaainn
wsw) uazlSunmuaalonludn lagldisnsdudsanuisnislude 2.8) lasdualadisdine
a Qs 6 & Qs 6 o ' U U a 1 1 A a
wIEann 3 dlad uaa 9 daw washdenududuasuaadouluudardiuvasfsuazdu
VAIWIWA PEC, BAF taz TF
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214 ms@nsdnwngalszmeasuaiiseluandwidlenuanlsafivhmstialagly
1 a1 o & = a A v = ¥ a )
TwdseFnturasassuuaiisaamnuwaadisalaglzinaianisdslaana

idesnsdutmianuaaiiisuanmydnmluda 2.13) naslgniweassiiduna 3

o & 2 ' A A a & a a Aa o a a

flandt l@nsngudzmanunefiGolududuienuaailouuazfaauuuafiioduuaaiioun

duadldlasds Polymerase Chain Reaction (PCR)-Denaturing Gradient Gel Electrophoresis

(DGGE) (Muyzer et al., 1999) lagn13anadlduiaanaiasidn wazididulaiana Lo iy

iy ' A = a A ad 2 . . [

TuaudldwauTiamin 16S rDNA lasit PCR lauld  Universal primers @@ 341F-GC (5 -

CCTACGGGAGGCAGCAG-GC Clamp-3") az 520R (5'- ACCGCGGCTGCTGGC -3') (Muyzer et

al., 1993) LLa:fmwﬁmn”msﬁmﬂﬂﬁﬁ%mgﬂwwaﬁmaiia (PCR product) 11911 DGGE UHLNUNE

fevasazludiaannudiudy 8 tasidud N4 Gradient AULTNTUVBIFNTAZANY Denaturant (Wa3s
anluduazyii) 30-70 wwesifud lauld DCodeTM system (Bio-Rad Laboratories Inc., USA)

Nnnudaunafazasaz ludamuamazanesiaonlusiug 0.5 lulasniudedadaas tuian 20

w7l LAzATIAQUAL DNA dsusdaamhilawafienuemaduuas 312 wiluaas uazifanda

woudALdniatduuniHmaalaawdAuNaRIaIALAaS pGEM-T Easy uazih ldnmuanasudn

VAR E. coli JM109 LWadudsiuaziAndSunos Recombinant plasmid Aautihldana wazsinly

anamndauiinglalnduastudiduwe lasltlnsiuas M13F (-20) (5-GTAAAACGACGGCCAGT-

A o @ o @ o a P o ®
3) Tsiwenudauiied inauaswanaiaiiniaas uazltszuy LI-COR™ NEN 4200 Global IR2
. 4 ® o o« A a 2 A«
DNA Sequencing LazLA389 ABI. PRISM DNA Sequencers waztideuiianilalnduesbudidue
a & o a aa a a o o A a Y Y
ndereiuaziuunsfiavesuuafisolasIsufsunudeyaniilugutoys GenBank lawls
ldsunsn BLASTn (http://www.ncbi.nlm.nih.gov/)

a ' aaAa
215 msumw:mmgamaanm

6

idayan1iaiieas 1IAA loiaaliwet waz Exopolymers anuuafiioudazanowing
mﬂ’%mmmmﬁﬂulugﬂ Water soluble, DTPA-extractable waz Acid-digested forms 3aMIUTum
vasuuafliTodumuuaalisnudazaowuslunisreadialududwdounaaidonuniened
' A — ' A o & A

Anady (X) uwazdraudusiuuaasgIu (SD) wazindiaugNnssuaRTnaseuluan1z
nfluaasuaNudutud9 wazUSinnuaailouludulszNTNagoU a80aIUAMNFIVDIAY
ANNNENIBITIN UAZIRUNUAIIRINTNATELNNRANTAN BN lUIzALISa UNARBINNILATIZAAN
uisauvesdayauuunaLien (One-way analysis of variance; ANOVA) N3zauauLTaiiniasas

95 uaziSauifinuanuuanenslagld DUNCAN multiple range test (DMRT) #i p-value < 0.05
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unn 3

Namsﬁnmuaxaﬁﬂ‘swwa

3.1 madguazlianmasiaivonuuafiiFadunmuuaaiion

namIaTatansaTnInaulas-3-0:56n (1AA) 3loealswes uaz Exopolymer figss
7N Micrococcus sp. MU1, Pseudomonas sp. PM2 WRe Arthrobacter sp. TM6 ANURIAL AN
ITULININIIATYA 9 LLamlugﬂﬁ 3-5 @NE1AU lagwuin Micrococcus sp. MU1 &18130I&319
n3a 1AA ligaga 561.43 + 11.93 GaAniusadiag fi 48 Tala9v89N131930 §I% Pseudomonas sp.
PM2 mmsnaﬁ”wms"l,m@a“[iwa%"l,@i”goq@ 71.75 £ 1.11 LM of deferoxamine mesylate equivalents
fi 48 Talusw0IN13195W Uz Arthrobacter sp. TM6 &34 Exopolymer ldg9ga 19.64 £ 0.19 niwda
fa3 71 24 Talugwainaiasy SafinonuiuuefiGonaeriiaaunsaaamsiait lagnsa IAA
vwidlunissoasumadulaasiis (Ma et al, 2009) #ananit sawudn uuafiFudumn
waaLlBNAig9nIa 1AA ansntassaasunIszaNwaaioulunuazin (Helianthus annuus) 'l
®18 (Prapagdee et al., 2013) dauaslmaalives iuminimansosunulansuazfinnisazans
yaglanzaananduld lauwuin Siderophore producing bacteria TanLRNNIAZAIBALIILAE
lanfluuludn (Braud et al., 2009) uag Exopolymer fdseantawlun1saunudaauvaslans las
81618 Functional groups ﬁﬁﬂi:ﬁgam”ﬁu Hydroxyl, Carboxyl, Phosphate W& Sulphate groups
(Chang et al., 1995)

6.0 700

50 | - 600
D§ A0 - 500 @ _
o | 3
> L 400 g
E 3.0 o

L 300 —~

(V]
3 - 200 ¢

1.0 100

0.0 - - - 0

0 20 40 60 80 100
Time (h)

——Cell growth  —&—I1AA

gﬂﬁ 3 M9ady WATNNIRIIINIA IAA VB3I Micrococcus sp. MU1
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5.0

Cell density (ODg,,)

00 1 1 1 1

0 20 40 60 80 100

Time (h)

—&— Cell growth —&— Siderophore

31]“?] 4 "33y WazMIE319ENs kolaalswWasuay Pseudomonas sp. PM2

7.0

Cell density (ODg,)

DD 1 1 1 1

0 20 40 60 80
Time (h)

—— Cell growth —8—Exopolymer

gﬂﬁ 5 m‘iLﬁty LRZNIIRINNENT Exopolymer U84 Arthrobacter sp. TM6
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a A v = 1 -~ n? Gid 1
3.2 HAZAIRUANLSYAIWNIBUAALAINABAIINEIIVAITINNTNI Ian1IEnAuaz laidl
=
nAALR N
i’mu5@15’1mﬁaomwﬂmmﬂﬁﬁﬂﬁmmuuﬂ@Lﬁﬂmwia:mUw”uﬁua:ﬁwvlﬂl,ww:mﬁ@uu
nszanEnIaIN@usTazasLaaLlsunanuTuTua19 9 laln 0, 25, 50 uaz 75 Aadniudadas
WUT1 Micrococcus sp. MU1 18838 anueinuadoninied lansannziniduas liduaadon
luwmuef Pseudomonas sp. PM2 waz Arthrobacter sp. TM6 MifiNadianue112893 N0 L naD
A A % A A L = e A AA v A A
Waifinunugaaiugui liinmutudatinieduuuefiiodumuuaadon (U7 6)

T
[ Uninoculated control [ Micrococeus sp. MU1
6 - _I_ [ Pseudomonas sp. PM2 [ Arthrobacter sp. TMB
5 | s
£ 1
o
<, 1 =
=)
o
< 3 - 1 B
0
[}
o
2 |
1
0 I I I
0 25 50 75

Cadmium concentration (mg/L)

;N6 NATBILUATIL S A UM BLAaLTyNdaAN e8I RR Il g e LS uasd

LAALTINNANMNLTNT UG o

PMNHAAMUEINITNVEI Micrococcus sp. MU1 AIT28dIa30ANE1ITINUasnwaedlu
amazfiduazlifunadonldd Wosen Micrococcus sp. MU1T uunefisashumunanioud
a519n7a 1AA 16 Fasianie Micrococcus sp. MUT aNnasaumIRala@INaNue1IInwatnilue
laswdadnlnauusluwnefiSodumuuaaidosudazasnuiuazin llimzniauunszans
nssfidnsnazansuaaioufianadutuednsg ldun 0, 50, 100 waz 150 Hadnsudadias 99
LLamwamsﬁﬂwﬂugﬂﬁ 7 Tauwuin Micrococcus sp. MUT 8130302280 ANAINENIIINTE
ﬁniw@"L@Tﬂ%luama:ﬁvlajﬁumLﬁﬂmmzﬁﬁumLﬁﬂummvﬁuﬁuqoﬁa 150 §AANINADRNT UFAILA
Wind  swsuealonfenuiduisdens lasanizludilne (Ahmad et al, 2014)ud
Micrococcus sp. MU1 snwnsagiagaiasuanuenmnivsldlusnizfiduaadon agrilsfiaiunis
dulawasnnisansaiiiannududusasuaafouiuanniu (Chen et al, 2003)
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30.0

[] Uninoculated control

250 [] Micrococcus sp. MU1

20.0 |

150 | TL % |

%
10.0 + % %

9.0

Root length (cm)

0.0 T T
0 50 100 150
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31U 7 wavad Micrococcus sp. MU1 diaaunizasnndalnaluanizibifiuazduaafioum

ANMNLTUT UG 9

3.3 HAZILUATISHATUNIBLAALNINABNITAZAI1LWI DA Bioavailability Dasnantiiaaln

U =

anlwanznimnszawnednmlagmsidassams

tuuafidsdunuuaaidouns 3 mﬂw"'ufmmaaurmmLa'%mmsa:mw%amnﬁum
Bioavailability 28sunadonludn lagtidudwienuaafdoufifvaniufidwien suneuisea
SImTaann anaTatasutananmomwuazadl wazasataenudutusesswaadourinualudn
(Total cadmium %30 Acid-digested form) LLﬂ:ﬂl’]SJL‘ﬁ’SJ“ﬁ’umadLLﬂ@lLﬁﬂuluEﬂ Bioavailable cadmium
fanaaa8a13 DTPA (DTPA-extractable form) asuaainaluanssi 1 laganauamaniivasin
ﬂmﬁauﬁwuiwﬁﬂ%mmﬁuw%'m”@lqluﬁu (Organic matter) &1 Tagluen CIN ratio ludin 12.6 @l
MsensHasyinnsUsue ON ratio ludin lasmaidunglaauazuanluloudanalidan CN
ratio lw@utdn 10:1, 10:2 uaz 20:1 %38 10, 5 WAz 20 AW AL

Taor luuaafoufdudeuludusrsumdiduaaiuim uaafoudmlnajezaglugyd
foild3adnaalaile (Non-bioavailable form) ffiqLﬁaﬁﬁﬁﬂﬂﬁwﬂmm@Lﬁﬂﬂ@ﬂ"lﬂ@@ﬁa (Uptake)
08NANIINAUNINTZLIUMNT Phytoextraction Wrazlimaningaduaaiionaaninduldd Ao
Waudszansnmlunisnszuiunisttaueadsuaananduvesis dasdnistralwuaadey
luauazmﬂaaﬂmﬁ%aag‘lugﬂﬁéaﬁ%’im%ﬁﬂﬁ(Bioavailable form) Gsmsdnuuaiisounaziialn
duduionuaadoufisunsntrsiiunisazarsasnaaifonludwld s msunaanuafise
Funmuuaadouns 3 sawuglunisazasuaaliiouaananaIndu LLaﬂqNaluzﬂﬁLﬂu Water-

soluble form, DTPA-extractable form a2 Acid-digested form lum‘s’]\‘lﬁl 2
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A137197 1 aNUaNIINM s wLaziadvasdunlwdansaatdouninuanniuniudonlusnauwiaea

IWIAGN

Property Value

Particle size distribution

- Sand (%) 48

- Silt (%) 28

- Clay (%) 24
Soil texture Sandy clay loam
pH (1:1 wiv H,0) 7.5
Electrical conductivity (1:5) (dS/m) 0.20
Cation exchange capacity (cmol/kg) 14.0
Organic matter (%) 2.55
Total nitrogen (%) 0.13
Available phosphorous (mg/kg) 24
Extractable potassium (mg/kg) 171
Extractable magnesium (mg/kg) 334
Extractable calcium (mg/kg) 6185
Total cadmium (Acid-digested form) (mg/kg) 45.88
Bioavailable cadmium (DTPA-extractable form) (mg/kg) 17.93

NNHAMIFNENATBILLATISDAuNBLAaL T suda N Tazasvosuaad s lud
@397 2)  wuiluamasi lifnmsaussermaiuadludn (CN  raio  ludwriby 12.6)
wuafissdunuuaadsutisnnsazansvasuaadoulugn Ta pUSmuaaiiioulugy Water-
soluble form uWaz DTPA-extractable form qu@maaa‘ﬁ'lﬁuLLuﬂﬁﬁmT'mmuLm@Lﬁﬂmuﬂ'a:mﬂ
w"’uf@ondﬁq@muqwﬁ"l.&iﬁmilﬁwLLUﬂﬁL%'mTﬁumumeﬁw wazlugnsidnmaiuansannislvg
i CIN ratio M@WYINAL 10:1, 10:2 WA 20:1 WUIMITLANRITONANTIATAN C/N ratio Tu@uiyinny
20:1 TAUFIFSUAINTINVBIULATIS DA W BLAA LT BT 3 mUW"’uﬂums’ﬁamﬁumsa:mwao
waadouludwldanniu LﬁaLﬂ%'smLﬁwﬁu*’g@mamﬁﬁmﬂauLLUﬂﬁL%'memuLLﬂ@Lﬁﬂmwivlajﬁ
MILANRITAINT WANTENENTEIMTIATAY CN ratio Tuduwirinny 10:1 waz 10:2 ludunaluns
guasuianwrasuuaiiSodumuuandonlumaiunsazansuaadonluin Tassaulngden
uwaadouludulugl DTPA-extractable form dniduilufmsiduansawns wenanit sawudn
uwaailpaludnlugyl Water-soluble form (0.13 + 0.02 fadniusafilani) uaz DTPA-extractable
form (37.83 + 0.75 dadnsudailaniu) ﬁ@hgdﬁq@ TudunSn3Lén Arthrobacter sp. TM6 uazn13s
\inasemslitien CN ratio luduirinn 2011 waasinsnszdunmetinmlasduanivendng
HpgaasuanuaanTavesuuaitslumiszaouaalon ludwleade
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A137197 2 YStRNTALaIsuafiSuawmueaaL T unlumsiiunsasaauasLaaLiNaananan

Yuidounsluannzniuaz lidnanfvgisennns

Biostimulation Cadmium concentration (mg/kg)

Treatment
(C/IN ratio) Water-soluble form DTPA-extractable form Acid-digested form
Without w/o 0.03 £ 0.01 22.57 + 0.68 51.87 + 1.49
bacteria 10:1 0.08 £ 0.03 2217 £ 0.15 50.60 + 1.21
(Control) 10:2 0.07 £ 0.03 2297 + 0.49 49.17 £ 0.76
20:1 0.09 £ 0.02 22.90 + 0.32 51.38 + 1.95
Micrococcus w/o 0.06 = 0.05 27.77 £ 0.64 52.65 = 0.28
sp. MU1 10:1 0.07 £ 0.02 26.16 + 1.00 52.52 + 0.06
10:2 0.07 £ 0.03 2570 £ 1.72 56.25 + 1.11
20:1 0.06 + 0.02 28.83 +0.75 52.80 + 1.79
Pseudomonas w/o 0.05 £ 0.02 27.83 £1.23 52.97 £ 0.18
sp. PM2 10:1 0.07 £ 0.01 25.53 £ 0.93 54.38 + 0.53
10:2 0.06 £ 0.02 26.17 + 0.90 54.72 + 0.99
20:1 0.09 £ 0.01 28.10 + 0.87 48.65 + 0.78
Arthrobacter w/o 0.10 £ 0.01 28.83 + 0.95 52.45 + 1.47
sp. TM6 10:1 0.08 £ 0.02 26.10 + 1.17 53.07 £+ 1.77
10:2 0.07 £ 0.01 2523 +1.57 53.83 + 1.17
20:1 0.13 £ 0.02 37.83+0.75 49.23 + 1.54

aa S A ¥ = a db = 09; n:'d
3.4 nMysantinzasnuantSaa wnIwLantl e wawlniawwaatlaunslwaniizninis
ni:ﬁuma%amwﬁﬂs.lmm?mmimms
Aa AAa o a a & & Aa a =
Nan13IeaTIavasnuanSudumuaalunluauduidowndlugn1znininduwaz i i
NILANRITONWITTUIAT 20 T4 LauHINITATIIRUINWIMTRANTTIALUIUN 1, 3, 5, 10, 15 WAL
20 1% ANE1aU laNan1IIeaTInvad Micrococcus sp. MU1, Pseudomonas sp. PM2 LA
Arthrobacter sp. TM6 lu@ufi lifin1siduansaims (T1) wazduiininduaisenislifien CN
ratio lu@wivini 10:1 (T2), 10:2 (T3) uaz 20:1 (T4) AsuaadluzUn 8, 9 uaz 10 HaNIANINLI
A A v a & o & Ao A 3 ' = . A2 o A
LUANTEFMUMBLAALTHNNG 3 ENUWUS T NUWIBLANNINA R E19TIANSI IUTIIWININDIIUNA 5
o g A & & edaaa A A ° .
AAINI Wz Rl AR U T 0% INIUIIWINLTIINATINSNAINLATANTIWINGS 1A Micrococcus
sp.  MU1 §nM3aas uiInadadgmiatiinasanniuin 10 &3 Pseudomonas sp. PM2  Uag
Arthrobacter sp. TM6 @88 ¢ 8AINTUINRI lagdwinisasuas Arthrobacter sp. TM6 AauT19AIN
AUDIIUN 15 wazWUINTIBBUANL S IUAUNENRNITONWITIAAAN C/N ratio Tu@wivinny 20:1 e
qaﬂdwﬁuﬁvmLaumsmmma:@‘iuﬁLﬁumsmmﬂﬁﬁm CIN ratio \¥innu 10:1 waz 10:2 lasazifin
L a IAI l§/ [ 1 a a £ a g
lednaduansuewAndusissaasumiaiyassiuafisadumuiaadoalududwdan
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31U 8 n3I0aTiaves Micrococcus sp. MUT ludutmbausaaifisunfimaduuasliimada

R1IDIWT
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Time (day)

Ui 9 mysandIavas Pseudomonas sp. PM2 ludutwdeuunaiiiounimaduuss lifimada

RITIDINT
10.0
S —O—T1 -T2 —&—T3 —e—T4
=1
(1
o 8.0 .
o
o
= 6.0
8
3
o 4.0
o
‘s
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=z
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317 10 m3ysaadiavay Arthrobacter sp. TM6 lududwdanuaaloandnmaduuaz lddnada

®1IDIWT
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a a a A v =1 1 a a v a

3.5 Uszansninzasuuanisaawninsaadiaslwnisdaasuninaulavasznilnalvan
Unidlannazlsilnilonuaaiiasnazn1sazannanilannadznilne

ANUTZRNTAIWVBI Micrococcus sp. MU1 Jun3&9L&38ANE12847 N7 Iwe 398013
i1 Micrococcus sp. MU1 annagaudsz@ntawlunsaaasumadulavasnmsszaunaaidoale
11lna lasdgndunardnlnaludunlidmdenuaadosuazdunwdonuaaifonluszaugs
Taun T ANRITALANLAALTBNAI I LAK FNIUFNTANIINEATNLAzL AR AN I Tuaaln

A

ANT19N 3

A13797 3 FNUANINMBAMNLAzLaTVaIAwNTI I Tnagay

Property Value
Particle size distribution

- Sand (%) 30.0

- Silt (%) 233

- Clay (%) 46.7
Soil texture Clay
pH (1:1 w/v H,0) 7.55 +£0.03
Electrical conductivity (1:5) (dS/m) 0.18 £0.07
Cation exchange capacity (cmol/kg) 10.89 + 0.44
Organic matter (%) 443 £ 0.61
Total nitrogen (%) 0.23 +0.02
Available phosphorous (mg/kg) 13.49 £ 1.05
Extractable potassium (mg/kg) 43.47 + 0.91
Total cadmium (mg/kg) 90.35 + 3.32

21.16 £ 0.20

Bioavailable cadmium (mg/kg)

di o U v Y s 6 aid .a' U a a
Luammiﬂgﬂmuﬂmmﬂwmmq 4 gondd Nlenugasudnlszanm 50 Loudluey Tudn

a a ) = a % AN A A A A & o '
waziin13L@y Micrococcus sp. MU1 L‘]JitluLY]EIUﬂU’Ig@]ﬂ’J‘jJQ&WIVLSJSJﬂ’]iL@mLL‘Uﬂ‘Y]LiEI LRSLAUAIBEN

> =Y > L A v U
ﬁ"'ﬁmmmsmuiwawmmiﬂgnLflunm 2, 4, 6 uaz 12 saw B9ldnamnenITn ANNFIAH
WAz RENURITBIT A W buan3199 4 Taswudn Micrococcus sp. MU1 &anIasdatasunsiaule
vostInanUgnludulidwenuazdudmeunaadonlunnizoziianmsiiuinm wddhalwad
ﬂgnluﬁuﬂmﬂammmﬁﬂuﬁmmmaﬂﬂ m’mgqﬁuua:ﬁ’mﬁfﬂLLﬁd@ﬁ"m'iﬁan@ﬁﬂ@ﬂluauvl,&i
dwdounaation ud liugasamIfsaaduaaiiloy (Cadmium toxicity) ALausa 1w luinias au
WATZULNSH NTANB VDY Anjum LLazATWE (2014) WUINRINUWAIVEY Brassica campestris Wae

Vigna radiate a@maLﬁaﬂgﬂiuﬁuﬂuLﬂauLLﬂ@Lﬁﬂu 50 Aadnsudanlaniy
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@159 4 HaVa4 Micrococcus sp. MU1 damuidulavasdutnalwanianludunlaivwdauuas

Uwdannaaiion

Uncontaminated soil Cadmium-contaminated soil

Parameter

Uninoculated control MU1 Uninoculated control MU1

Root length (cm)

- 2 weeks 18.1+1.6 232+20 14.8+0.2 17407

- 4 weeks 220+1.0 28.7+0.8 187+1.5 20.3+15

- 6 weeks 32.7+0.6 382 +1.1 23.7+15 28.7+0.8

- 12 weeks 37.0+0.8 476 0.7 255+1.4 32017
Shoot length (cm)

- 2 weeks 59.7 £ 1.6 67.1+£23 51.2+1.6 549 +0.2

- 4 weeks 787125 89.1 + 3.1 63.7 £ 25 727 +25

- 6 weeks 133.7+1.5 1514 £ 2.7 86.3 £ 2.1 100.3 £1.5

- 12 weeks 221.0+44 2408 £ 2.6 1955+ 1.7 211.0+4.2
Dry biomass of whole plant (g/plant)

- 2 weeks 0.49 £ 0.01 0.67 £ 0.01 0.35+ 0.01 0.51 £ 0.04
- 4 weeks 474 £0.13 6.21 £ 0.34 0.52 £ 0.09 1.00 + 0.04
- 6 weeks 28.72 + 3.07 35.14 + 3.20 5.62 + 2.21 10.16 £ 1.07
- 12 weeks 204.01 + 14.14 25250 +13.80 137.97 + 11.27 170.62 + 9.11

Lﬁav‘hmsmwi’@ﬂ%mmm@Lﬁwﬁa:awlummmLLa:a'ausJawaoiwﬂwmﬁﬂﬁﬂluﬁu
ﬂuLﬁauLLﬂ@Lﬁﬂuﬁiwmm@m6] VL@TNaﬂ'ﬁﬁﬂmw”aLLamlugﬂﬁ 11 laswuinlwgisusnuasnis
Ugn (2 fUash) T nlwadimssranuaaflonlusinoaa (lu) nninaunn wazluszozinanis
ﬂgnmzuwi 4 gannas 12 o YSuawaatlsvazanlusiunnuinnirlusiusaanandroni
AN HBNINNI HINVINIIEN Micrococcus sp. MU1 Iuﬂﬁiﬂanﬁ"nmﬂﬁ'dLﬁ%ﬂﬁiﬂIW@ﬁ:ﬁ@J
waatfonlduniunslusunuazaiugaa I@ﬂ‘*ﬁﬁﬂW@ﬁi:ﬂ:ﬂﬂiﬂQnﬁ 6 FUAARUTI™
meﬁﬂm:augaﬁq@

WovdanuduTusosnaadunludun 2 U wazdSunauaaidouluaiunnuazain
880283917 INaNNFUINAN Phytoextraction coefficient (PEC) #in Bioaccumulation factor (BAF)
ILazA1 Translocation factor (TF) "L@Twa@”mamlumﬂaﬁ 5 WUiﬁ‘gﬂﬂﬂﬂmﬁﬁmiLﬁ&l Micrococcus
sp. MU1 ¥hlwdalwadidn PEC, BAF uas TF gaﬂ’jm@m’suquﬁhiﬁﬂ’mﬁuLLmﬁL'%'sJ T lwadien
PEC 1/32anm 1.0 wazen BAF 3nni 1.0 lugrsmaiufsaludilanwd 12 uazeiudaiansid 6
FNENGU D96 PEC wazen BAF SumwiliuAndwanuszoznanmsidulavesinnlne deiodiden
PEC uaz BAF annndt 1.0 saidwiafiddnunind msl Phytoextraction (Sun et al., 2009;
Khaokaew and Landrot, 2015) lumsassnudnad TF 289912 1Na8a8900582108 113131y Gl
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fanafdanTaalSinansazsuuaasnlwudatilng wazd1 TF 29 lnaluszoziiains
wWutnerluglanwn 2 d181nnd7 1.0 1318991130 Micrococcus sp. MU1 Mgiaiiamsazany

A a A A A . i o a P A %
asuaaiisnludn Finsilfsunladiudn Bioavailable 2adlansninludusioiNynmsiaiande
vadlangninananguaauasfld (Chiu et al., 2005) wazdanidd TF wannd1 1.0 daidudan
WANNZEWILNIZUINUANT Phytoextraction (Yoon et al., 2006; Ali et al., 2013) udagndlsiauen
TF 283 walugrsnmsiiuiieluglanwn 6 waz 12 Ga1aaaddiun asnu 3 lne 399adu
wofnunz@nsun il dudrihdauaadonlasadunszuIwnns Phytoextraction ‘Lo L1
TIILIN WATIIRFINTEUIRANTTNTALAALR V8971 IWaB1AENT=UIWNNT Phytostabilization

P VY o R & o = o o & ~ a '
uana N gadasditstamaidnuasindad i lne lWlgUsslond iwssliuaaldouunsginaaalu
HNuaztNaauaIta lwe

70
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319 11 AN NT WU ILAAL TN NFz AN I WEIRIINLAT V89T Ina i ALLA L I 3Tz zLIa0

@99 nasndgnludutuianuaciiioy

é’nvﬁuﬂi:%ﬂﬁmwmaﬁniwmlumiﬁﬁ'@Lm(ﬂLﬁwaaﬂmnﬁuuamlugﬂﬁ 12 lagwuin
Aa a 3 Ao o @ a a o .

TaNANaINIn1adu Micrococcus sp. MU1 A3apazmithvauaaiiisuaanaindulduinniige

dl =) a a A A £ s ' =y = dl L4 v =
augui lifimaduuuafiss Sseansdesnuauimuaadosfiazanlugnnlne innzdnlnad
by v A X = a @ X A a Ao A ' ' a A
nin@iwianindu Ssazauuaaiionlduiniu Sallnuissnaisisasmonuinguuuafisy
dumulaneniniaaasunisndulavasne (Heavy metal-resistant PGPB) &1N13O&ILASNNNT
\dulavasiolanaroafia léwn Brassica napus, Lolium multifiorum, Sedum alfredii, edicago
sativa \Jue 1 (Chen et al., 2013; Guo et al., 2014; Liu et al., 2015)
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@1519N 5 @1 PEC, BAF uas TF °1Jad“ﬁ’niwﬂﬁﬂgﬂiuﬁuﬂmf}auﬁﬁmﬂﬁuLLa:"l,allLﬁu

Micrococcus sp. MU1

Parameter

Uninoculated control

Micrococcus sp. MU1

Phytoextraction coefficient (PEC)

- 2 weeks 0.05 £ 0.01 0.10 £ 0.01
- 4 weeks 0.09 + 0.02 0.20 £ 0.02
- 6 weeks 0.36 + 0.04 0.63 + 0.05
- 12 weeks 0.77 £ 0.05 0.99 £ 0.08
Bioaccumulation factor (BAF)
- 2 weeks 0.30 £ 0.04 0.48 + 0.04
- 4 weeks 0.46 £ 0.07 0.97 £ 0.10
- 6 weeks 1.25 £ 0.21 1.84 £ 0.34
- 12 weeks 225+0.14 249 +0.28
Translocation factor (TF)
- 2 weeks 1.40 £ 0.09 1.70 £ 0.08
- 4 weeks 0.71 £ 0.04 0.91 £ 0.07
- 6 weeks 0.23 £ 0.05 0.41 £ 0.03
- 12 weeks 0.07 £ 0.01 0.12 £ 0.03
50
[] Uninoculated control
= 40 ] Micrococcus sp. MUA1 T
>
0 1
e
30
s T
E I 1
© - T
38 20 T T
: 1 :
S
10
0 - T
2 4 6 12

Plantation period (week)

3 12 mvihdauaaduneanindudwdanvestalwafiiniada Micrococcus sp. MU

= a @ A A a A . '
LﬂjﬂuL‘V]ﬂ“ﬂuﬁ@]ﬂ’]uqu‘ﬂ‘luNﬂ’]i“ﬂ&lLLUﬂﬂLiﬂlu’ﬁjdiﬁﬂ:Ljﬂf]@nﬂ 9
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3.6 Uszansniwzasuuaiisaaumuwaatiaalwnisdsasunisintanaadanlnanuas
1 a o = A A (% a Aa
'nmmugua:mmaaasl%amaz'nunﬁsns:quwﬂaﬁqnﬂwTﬂﬂnwstmumsmms

LAUAIBE9ARINNARNU M T auuAation S1LNaLIFaA JIRIAAIN LASHINILATINGIBENS

Wati lUaasd g uanIInian nwaziad lanaasuaadlunansnen 6 LLazﬁwﬁaam@uu’ms:@ju

mafimwlasdsuasenmsididoansiuasueuda lulasiau (CN ratio) ludwyinny 20:1 fan

iduwduilavunlflunislgniisda dutasnd (dudiunuvesdis Hyperaccumulator  9INN13
o A & o A A & A &
NUNIWITIHNTIN) LATDUNRADY (Lﬂummeuaawvn"l,wﬂgnluwuwﬂmﬂau)

P en = a & a a = & A 1 o '
M1I9N 6 FUUANINNI EJJ’]’]WLLazLﬂ&mad@mﬂuLﬂa%LLﬂ@]LNEI&J‘Y]Lﬂuﬁ]’]ﬂwuﬂﬂmﬂatﬂummaLL&lﬁa@]

IWIAAN

Property Value

Particle size distribution

- Sand (%) 57

- Silt (%) 24

- Clay (%) 19
Soil texture Sandy loam
pH (1:1 wiv H,0) 7.5
Electrical conductivity (1:5) (dS/m) 0.2
Cation exchange capacity (cmol/kg) 9.8
Organic matter (%) 1.52
Total nitrogen (%) 0.07
Available phosphorous (mg/kg) 31
Extractable potassium (mg/kg) 88
Extractable calcium (mg/kg) 3893
Extractable magnesium (mg/kg) 238
Total cadmium (mg/kg) 50.35
Bioavailable cadmium (mg/kg) 9.18

=Y =Y S A v S 1 =y o Q
3.6.1) UszansnmvasuuaiiSsarwnuuaatlonlwmsdaasanisiniia
- a U =
waadlonluanlaglsinwasug
wansthdeduduidenuaaiionlaniuaisd (21 6 dew) ludunlifinng
nazgumaimwuazlidmaduuuaiise (T1) waz@undnianszgunisfinwlasnisdsvd CN
ratio TWAWYIAL 20:1 wasiimsiGuuuafisodunmuiaaiiios @a Micrococcus sp. MU1 (T3),
Pseudomonas sp. PM2 (T4) uaz Arthrobacter sp. TM6 (T5) il3suifisuriugaaiugui lifinsida
wuaflise (T2) kamsdnsmudulazasiuaseieny 6 weunuanlududuiilouuaaiiisuugas
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Tuanafi 7 wudrimaTsgeny 6 1@eu uaasemInnanuduissasuaaidoudnias 1o
Tuwdes uaziwasesfanuenmn anugnvea (lu) ussiminudmasdnssasviuasg
Vf‘i@Tugaq@luﬁuﬁﬁmim:éjuma%amwLLa:Lﬁm Micrococcus sp.  MU1 lunnizazuaansifiu
#8819 LLa:miLﬁiﬂmmdmmmiﬁﬂQﬂiuﬁuﬁﬁmsm:@umd%amwLLazLau Pseudomonas sp.
PM2 iLEnYias ijaLﬂ%'smLﬁwﬁummquﬁ%ﬁmﬂﬁwLLUﬂﬁL’%'ﬂ ud lwumsaaasunsdula
vasimassiludnifnnszqumeiinwuazi@y Arhrobacter sp. TM6 1iia33n Micrococeus
sp. MU1 Wluuuafisafisensasnlas-3-a:5an Gfiuﬁi"@aglumjwaaLLUﬂﬁL?ﬂﬁddLﬁ%umsLﬁuI@
2977 la ﬂﬁmu’?ffi’wmu%yu‘ﬁ's’]m’mmﬂ’ﬁuuaﬁﬁﬂumjudqLa’%uﬂ’mﬁﬂmaaﬁ“ﬂ %38
PGPB(R) Tumstroiunindulavesianianldinialanswin (Ma et al., 2009; Guo and Chi,
2014; Liu et al., 2015) agdlanianw aziuldinanusnsnussiweaisiluudszaziaainisiy
A laduandrsiuann IWTIZAN BTNV B9 WATETTURIVUIALEN (Tuberous rhizomes) A

wandslumatdvlazesiwasegazaulasaiauaindiminuisnesiiniazesitwaseg

P a9 a ' a ' ad a g
AN 7 NIV LL‘.lJﬂ‘V]Li&l(ﬂ’m“n’mLLﬂ@LNUN@IE]ﬂ’]iL@I‘]JIGI?Iaﬂ’s’]umiwgﬂﬂgﬂlu@mﬂmﬂau

=)
LARLNEBY

Treatment Root length (cm)  Shoot length (cm) Total dry weight (g)
3 weeks

T1: Uninoculated control 9.0+£0.1 22705 7.46 £ 0.30
T2: C/N + Uninoculated control 9.0+0.1 235+05 7.81 £ 0.41
T3: C/N + MU1 9.6 + 0.1 26.7 £ 0.1 9.21 £ 0.71
T4: C/N + PM2 9.2+ 01 250+0.9 8.48 £ 0.80
T5: C/N + TM6 9.0+0.2 23.0+0.3 7.64 £ 0.53
6 weeks

T1: Uninoculated control 95104 23.0+x0.6 11.13 £ 0.42
T2: C/N + Uninoculated control 9.7+0.6 23.7+0.8 11.56 £ 0.70
T3: C/N + MU1 10.7 £ 0.6 27.3+0.6 13.11 £ 0.81
T4: C/IN + PM2 10.3+0.7 257+0.8 12.40 £ 0.80
T5: C/N + TM6 10.0+ 0.6 240+0.2 11.83 £ 0.85
9 weeks

T1: Uninoculated control 100+ 0.4 26.0 £ 0.1 11.02 + 0.55
T2: C/N + Uninoculated control 105+ 0.6 26.7 £ 0.1 11.71+ 0.81
T3: C/N + MU1 11.3+0.3 29.0+0.6 13.27 £ 0.84
T4: C/IN + PM2 10.8 £ 0.5 28.0+0.9 12.55 £ 1.01
T5: C/N + TM6 105+ 0.9 26.0+£0.3 11.83 £ 0.92
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gunantsazauuaatisaluiuaisiuaasluansin 8 wudriwassiany 6

LﬁauﬁﬂQﬂiuﬁuﬁﬁmsﬂszifumq%amwLLa:Law Arthrobacter sp. TM6 ﬁm‘mmmmmﬁw"lﬁqaq@

lasiawzluaain 9 nasnsdgniwassilududwdenuaaifoy wohiweamsiaunmazay

waailsuludrunnuazdusea (lu) dgefs 637 + 048 uaz 4.90 + 0.83 Sadniudafilaniy

minuiizesds awdey ueallisuszauluiwaseizesaande Iwaseindanluduniing

% a a . A ' AdaA 2 o o a
ﬂiz@luﬂ’m"ﬁ’]ﬂ’]wuﬂ:uﬂ“ Micrococcus Sp. MU1 Luadﬁ]’]ﬂ]’mmi‘]ﬂg&l‘m&l?ﬂgdﬁ]dﬂﬂﬁ&lLLﬂ@]LNﬂm

srauluduarsigedan uazwuiriwamsiinssssuuaailsulunnganiludiwsaalunn

IR WBINITALUAIDENY B9 IIAANY DINTINNTUNTRANTANNRINITD bM IR FN LR AN

ng; &) A A a v = A A & A o a o v &) A o % o
1ad weatduNonidulalaisiuazifivianin Adanumunzdgnsunm i lulsidunNstnda e

WML AU IR TIT 080N RINITDTIUTALTEAMNEINITAIATFERN Laneriin b
(Phaenark et al., 2009)

@391 8 anudnTuveueaiisufazauluihwamindslgnluduluilounaaidow

Cadmium concentration (mg/kg DW)

Cd conc. in 1 plant

Treatment

Root Shoot (ug/plant)
3 weeks
T1: Uninoculated control 1.72 £ 0.20 1.05 £ 0.08 9.24 + 0.94
T2: C/N + Uninoculated control 2.20 £ 0.20 1.50 £ 0.10 13.32 £ 1.22
T3: C/N + MU1 273 +£0.30 247 £ 0.14 2341 +2.30
T4: C/N + PM2 2.60 £ 0.26 220+0.12 19.49 + 1.87
T5: C/N + TM6 3.03+0.48 3.01£0.17 24.05 + 1.56
6 weeks
T1: Uninoculated control 2.60 £ 0.22 1.37 £ 0.12 22.08 + 2.50
T2: C/N + Uninoculated control 2.77 £ 0.22 1.57 £ 0.20 2499 + 1.78
T3: C/N + MU1 3.33+£0.30 210+ 0.18 3542 + 3.21
T4: C/N + PM2 3.17 £ 0.54 2.00 £ 0.21 32.02 + 1.65
T5: C/N + TM6 3.63 £ 0.37 2.60 £ 0.40 36.56 + 1.90
9 weeks
T1: Uninoculated control 4.65 £ 0.50 2.80 £ 0.33 41.90 + 4.80
T2: C/N + Uninoculated control 4.97 £ 0.32 3.07 £ 0.52 49.27 + 8.67
T3: C/N + MU1 5.80 £ 0.72 413 +0.48 68.41 £ 11.01
T4: C/N + PM2 5.68 + 0.21 4.07 £ 0.70 63.45 + 4.51
T5: C/N + TM6 6.37 £ 0.48 490 + 0.83 69.06 + 6.77
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awrduaaifonludindng yayitutassiuazludunundiu men
Phytoextraction coefficient (PEC) Bioaccumulation factor (BAF) Lae Translocation factor (TF)
(@797 9) wudniuaseiddn PEC waz BAF @3N uden PEC uaz BAF fenannduiilainu
wswganguindu danu Juassimonuiilgnludszinalnedalidaidu cadmium
hyperaccumulator Foldnauandsaniwisoues Wang uazamwe (2012) ﬁswmmdﬁmmmﬁ
\Ju Cadmium hyperaccumulator asin4lsianu ’j’1ummﬁﬁﬂQﬂiuauﬁﬁmsm:@juma%amwLLa:
\@ Arthrobacter sp. TM6 ##1 TF ¥1nni1 1.0 LLamdﬁmLﬂmimmmLﬂﬁauﬁﬁﬂLLﬂmﬁwﬁ
szavlunnlugoealdd wazdr TF lwifeunnranisnasasusznnasszszianiuaiadneial
NNNI1 0.5 BNt éﬁamdﬁmmmﬁiwﬁwmnﬁuLﬁméﬁJmﬁﬁ 9 2897AN VAN (T1) T 35
wsisaduiafmngdmiomai Wl duRminialasadunszuauns Phytoextraction TIaI11a
immmﬁLﬂu"lﬁﬂizﬁuﬁﬁqmﬁmwLﬂmgﬁﬂLm:"lu'ﬁa’awuawawﬁmﬁawﬁﬁgjmﬂﬁﬁmms 39
Uasanulumsinluldiduiomhdalansninfidwdanludn

@139N 9 f1 PEC, BAF uaz TF sashuiassinuanlududwieuuaaiiion

Treatment PEC BAF TF
3 weeks

T1: Uninoculated control 0.03 0.09 0.63
T2: C/N + Uninoculated control 0.04 0.1 0.72
T3: C/N + MU1 0.06 0.15 0.91
T4: C/IN + PM2 0.05 0.13 0.89
T5: C/N + TM6 0.07 0.18 1.01
6 weeks

T1: Uninoculated control 0.05 0.12 0.53
T2: C/N + Uninoculated control 0.05 0.14 0.57
T3: C/N + MU1 0.07 0.20 0.64
T4: C/N + PM2 0.06 0.18 0.63
T5: C/N + TM6 0.08 0.22 0.73
9 weeks

T1: Uninoculated control 0.09 0.26 0.45
T2: C/N + Uninoculated control 0.10 0.33 0.63
T3: C/N + MU1 0.13 0.61 0.71
T4: C/N + PM2 0.13 0.60 0.73
T5: C/N + TM6 0.16 0.68 0.76
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a a s A v = 1 a o %
3.6.2) Useansnmzasnuafiissaununuaatiaalunisdoasanisinga
waadsanlnanlagldannias
nanthiadudulanuaadsulasliainies (Glycine max L.) Aldannmsime
& o ¢ 4 o A o &d o L g o eda ) & A &
Wiaeny 2 dland smmmaaamywuﬁqﬂmmaaumﬂumywugﬂuumﬂﬁﬂﬂuhwmﬂmﬂau
waardouludnauiaaa 3IRIAGIN INAUNTITLUATISuAUMRLAaLTEN 3 aww"’uﬁ WaTNg
m:@j’umd%amwimmiﬂ%ﬁm CIN ratio Iu@uivinny 20:1 I@mﬁuﬁ'zmﬁawﬁ'&msﬂgﬂluﬁu
duonuaaiiion 1 1haw (Fzpzi3noanaan) 2 W@aw (32ULITU0ONAN) WA 3 LA (ITHZ0BNLUAA
suyIol) awdau wan1sdnw wuhaundesndgnludulwilewuaaiiion (50.35 dadniuee
a ) \ & A a 2 A ' a A v @
Alansw) ldugasannsananuiduisaesiaailoy Ssimonuwitwaadounanududu 100
ﬁaﬁﬂ%"w@iaﬁiaﬂ%"wﬁw:dowaa(ﬂmmqoﬁuuazﬁmﬁﬂuﬁwamﬁmﬁad (Shute and Macfie, 2006)
A a a IS A A a ' ' A
Fugasnanaiulauazmsszaunaaionluiinisinszeznaimadulasiedne g luansei 10

Wz 11 ANAAU

A15191 10 NamaaLLUﬂﬁﬁ'wﬁummLﬂ@Lﬁﬂmiamilﬁuimmﬁ'@mﬁadﬁﬂgﬂiuﬁuﬂmﬁau

TGLIEYEEY

Treatment Root length (cm)  Stem height (cm)  Total dry weight (g)
1 month

T1: Uninoculated control 8.09 + 0.90 69.67 + 2.03 0.55 + 0.03
T2: C/N + Uninoculated control 8.95 + 0.57 66.00 + 4.90 0.61 £ 0.01
T3: C/N + MU1 16.73 £ 1.53 75.50 + 0.71 1.18 + 0.08
T4: C/IN + PM2 11.75 £ 0.35 71.00 + 1.41 1.07 £ 0.02
T5: C/N + TM6 9.50 + 0.71 70.00 £ 2.83 0.70 + 0.05
2 months

T1: Uninoculated control 11.00 £ 1.60 87.67 £ 2.81 0.67 + 0.03
T2: C/N + Uninoculated control 11.25 £ 0.35 90.50 + 2.12 0.66 + 0.01
T3: C/N + MU1 17.50 £ 0.71 106.00 + 5.53 1.41 + 0.1
T4: C/N + PM2 16.10 £ 1.02 108.10 + 2.17 1.15 + 0.05
T5: C/N + TM6 15.00 £ 1.41 92.50 + 3.54 0.71 £ 0.09
3 months

T1: Uninoculated control 12.50 £ 1.32 69.67 + 4.04 0.72 £ 0.08
T2: C/N + Uninoculated control 12.33 £ 1.53 72.33 £ 2.52 0.86 + 0.06
T3: C/N + MU1 25.83 + 1.76 111.50 + 9.19 1.37 £ 0.08
T4: C/N + PM2 18.33 £ 1.53 98.67 + 23.16 1.27 + 0.04
T5: C/N + TM6 16.67 £ 1.14 94.00 + 2.65 0.88 + 0.08
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a o A P .o A A a & aa
ﬁ]qﬂwﬂﬂqiL@]UI@]"U aﬂﬂ?L%ﬂaﬂlu@niﬁdﬂ 10 W‘]J'J']fl')L%ﬂaﬂﬂﬂ@ﬂluﬂuﬂuLﬂauﬂw

MINITUNITINWUAZIAN Micrococcus sp. MU1 ﬁmﬂﬁiﬂ@gaq@nmw:mﬂﬁu@Taashﬂu

A a o o & ) A P a da @ a a
WauNn 1, 2 LAY 3 QAMURIAU JadaiNIfa ﬂ')L%aa\‘]ﬂﬂaﬂlu@]uﬂNﬂ’]sﬂsz@luﬂ’m“ﬁ’]ﬂ’]wLLﬂzL@]N

Pseudomonas sp. PM2 agndlsiany Namsﬁnmwudmﬁmﬁaoﬁﬂ@niuﬁuﬁﬁmim:@jumo

FINWUAZLAY Arthrobacter sp. TM6 ﬁﬂ’]iLaUI(ﬂE;(\‘Jﬂ’]"]"lj@]ﬂ’JUQNﬁVL&iﬁﬂﬁiLaMLLUﬂﬁL%ﬂ Aeugiin

Arthrobacter sp. TM6 &319niadulaa-3-azdanuazanslmaaslswaslulsunmidiann udana

Huwldledans Exopolymer 18371997Nn Arthrobacter sp. TM6 172 ﬂiuﬂﬁia:mﬂmqmmiﬁuﬂ ludn

) o A [ & o . a | IS '
11ammﬁaomm@;mmsmmﬁvl,ﬂlﬂﬁ”lmmmu wazNIIUTUAT C/N ratio lu@wtrinny 20:1 1Juaan

onszgunaaiyeuuafioludu uazlinoanumdornasiennsinumuduuuafisunga

PGPR(B) mmsmj"ayLs'amnﬁiﬂmaaﬁmﬁﬂﬁnslu@uﬂmﬂauiamﬁﬁfﬂ (Ma et al., 2009; Guo and
Chi, 2014; Liu et al., 2015)

A15199 11 mmn‘fu‘*ﬁumaqLm(ﬂLﬁﬂwﬂazaﬂuﬁ'ﬁmﬁamﬁaﬂﬁﬂluﬁuﬂmﬁammmﬁﬂu

Cadmium concentration (mg/kg DW) Cd conc. in
Treatment

Root Stem Leaf 1 plant (pg/plant)
1 month
T1: Uninoculated control 79.90 £ 1.14 8.15 £ 0.07 7.05 £ 0.07 6.41 £1.29
T2: C/N + Uninoculated control 82.49 + 1.01 9.50 + 0.71 9.00 £ 0.12 7.82 +1.09
T3: C/N + MU1 98.35 + 2.94 10.10 + 0.05 9.41 £ 0.04 17.55 + 1.43
T4: C/N + PM2 88.68 + 1.04 9.40 £ 0.31 8.80 £ 0.15 14.59 + 1.45
T5: C/N + TM6 98.50 + 2.28 11.20 + 0.67 10.50 + 0.23 16.98 + 1.14
2 months
T1: Uninoculated control 90.01 £ 9.44 33.09 £ 1.17 20.00 + 2.83 2169 £ 1.15
T2: C/N + Uninoculated control 92.04 + 6.63 36.74 £ 1.76 22.01 £ 1.04 25.25 + 1.39
T3: C/N + MU1 171.50 £ 13.00 74.15 £ 4.75 57.86 + 3.91 81.42 £ 4.08
T4: C/N + PM2 131.04 £ 6.78 44.28 + 4.66 39.09 + 2,57 59.27 + 3.60
T5: C/N + TM6 327.50 * 8.61 84.95 + 3.22 61.64 + 1.67 84.83 £ 2.08
3 months
T1: Uninoculated control 203.04 £ 4.39 11.97 £ 1.31 2317 £ 1.75 27.36 + 1.41
T2: C/N + Uninoculated control 237.69 + 2.85 13.20 + 0.40 26.83 + 1.29 3210+ 2.15
T3: C/N + MU1 285.67 * 3.51 22.85+0.53 32.73 £ 1.70 69.13 + 2.82
T4: C/N + PM2 302.08 + 9.01 20.33 £ 0.58 30.84 + 0.40 62.66 + 3.13
T5: C/N + TM6 348.50 + 12.15 23.47 £ 0.79 3213 £1.37 72.60 £ 4.45

\ a o & a P & A a
ﬁ’JuNaﬂ’]iﬁZﬁNLLﬂ@lL&lmﬂun’JL‘Iﬁaa\‘llu@]’li’]\‘m 11 WU?WN')L%aaﬂﬂﬂaﬂlu@]u

UwauuazliniinszdunaBinwuazidy Arthrobacter sp. TM6 ﬁnﬁamml,ﬂmﬁﬂuvlﬁgaq@nﬂ

& o . & o a > a & Aa (Y a a
ITUSNIILNUAIBYN J2I8INNND ﬂ’JLV\aadﬂﬂaﬂlu@mﬂumauﬂ&lﬂ’liﬂizquﬂ’]d’ﬁlﬂ’]wLLatL(mJ
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Micrococcus sp. MU1 Imn"’ﬁmﬁaﬂunnmmsmaaua:awLLﬂ(ﬂLﬁwlmﬁﬂgaﬂdﬂumﬂuLLa:ahu
GURALLHN LLa:ﬂ”ﬁmﬁammmm@Lﬁﬂu"l.@i”gaqﬂimzU:mi”amiﬂﬁﬂiuﬁuﬂmﬂwau 2 Lfaw (zee
Suaandn) lasaniduszesiicinaasdasnisasormsunlunisunaredn lilinsgadius
MaaIaImITnauludnngs Mliiinisgadsuaalioudiunisnandas Fanan1sanmnit
FOAASBINUTIBINUNNTITLUD Ishikawa UaADAZ (2005) 1BNNH SINUNIRERULAALT Al
ﬂ’%mmgﬂumuﬁnua:l,uﬁmam"'ﬁmﬁao@i’w @anudutulugie 26.36 - 3240 Hadnsuda
Alandw) ImwuLLﬂ@Lﬁwgaq@Iumﬁmam% mﬁaaﬁ"ﬂ;3]n1uﬁuﬂmﬁauLLa:ﬁmim:éjuma%amw
WasL@n Arthrobacter sp. TM6 14 32.40 fadnsudailansy agnelsnay USunauaadionluiuda
ﬁ'lamﬁaoLﬁuﬂ'ﬁmmgmmsﬂmﬁawaumﬂLﬁﬂuluwﬁ@ﬂ'“ﬁmgaﬁ'ﬁ Atnualifanadutuls
Wik 0.1 dadnIudanlaniu mwmmsﬁmmgmﬁaﬁmumaaavxquiiﬂ [Regulation EC No.
420/2011 of 29 April 2011; amending EC No. 1881/2006] (§1%NWa&IKIIZULLAZITLIBINIAIZIN
SUMRD, 2556) MaNUNITLIRNNINNEITINGILaITInEasTnadanmIszauuaaoaluudada
waed laud ﬁmmwsnﬁ@@ﬁmmLﬁwmnaummﬁ'ﬁmﬁm mimﬁau{ﬁﬂLLﬂmﬁwmmwngma@
dunieloian uarmatadendrouaadouriiunsldaendnluluaiadunaeslugisiaule
lﬁ&lﬁl (Sugiyama et al., 2007)

@1519N 12 @1 PEC, BAF was TF ‘waqﬁﬁmﬁadﬁﬂgﬂluﬁuﬂmﬂamm@Lﬁw

Treatment PEC BAF TF
1 month

T1: Uninoculated control 0.26 0.97 0.10
T2: C/N + Uninoculated control 0.28 1.08 0.11
T3: C/N + MU1 0.33 1.59 0.10
T4: C/N + PM2 0.29 1.19 0.09
T5: C/N + TM6 0.34 2.05 0.11
2 months

T1: Uninoculated control 0.71 1.63 0.24
T2: C/N + Uninoculated control 0.82 1.91 0.28
T3: C/N + MU1 1.83 5.90 0.32
T4: C/N + PM2 0.93 227 0.27
T5: C/N + TM6 3.05 6.75 0.39
3 months

T1: Uninoculated control 0.96 1.51 0.09
T2: C/N + Uninoculated control 0.91 1.69 0.09
T3: C/N + MU1 1.38 3.38 0.11
T4: C/N + PM2 1.20 2.03 0.10
T5: C/N + TM6 1.42 3.50 0.12
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LﬁaummﬁmﬁauLﬂuﬁ'"ﬁﬁﬁmiazauLLﬂmﬁw"lﬁqumﬂ Watheauaadouludu
wszuaalpvludimassundwimdn PEC, BAF uas TF asuaainaluasnsi 12 lagwuinga
AaallA PEC 9 I@mmwwzﬁﬁmﬁaa‘ﬁ'ﬂanluauﬂmﬁyauﬁﬁmsmz@j’umq%amwLLa:Lau
Arthrobacter sp. TM6 (w181 2 1iiaw ildn PEC g9g@il9 3.05 uazen BAF g9l 6.75 BanIazEw
waadpuludrindssnuannlugisszoznamaiuiedsludoun 2 Saduszesicrniesdvla
Lﬁuﬁﬁaumj”’lgsw: Reproductive stage Busanin (The beginning pod stage) (R3) Wazfin PEC

ez BAF anadlatindeddngizozeanudaauyniudd (The full seed stage) (R6) Wil

'
o

PEC uasBAF a1nnin 1.0 daudunoninmsazalanzninlad (Taiwo et al, 2016) udwuing?
wiasmnraninaassiimiszauuaadsnliinagluuinunninnnininaduduuscly 39
FINALAAN TF w29t undasdiunn (Useunm 0.1) Aroa uazAme (2003) SN8UBINLNAAUEINL
waasinIazanuaailouludSunmen iwseausaa (Aboveground tissue) azaunaaLisalaas
A a @ Y a a A o '
lasAzanaiing Inlumatesiulilduaalisuiinaafeudhsananinguea
AILU ﬁaLLﬁdﬂﬁ'ﬁmﬁaaﬁmwmmmiumig@ﬁaLLa:a:awLLﬂmﬁwvlﬁga e
a ' ' . ’~ L A A o L < A = o @
waatiisudulngazanagluuinannlddninafeudollgaiusen dunfastanunzdm
i ldiduiridauaaiisy lasandunszuiunis Phytostabilization 41nn37 Phytoextraction L6
' & a da & o 4 o @ A ' A ' o
a9 lsiaw Nawa@mn@“ﬂumﬂww:ﬂ@ﬂmmﬁaoLﬁ'amm@uﬂw,flaul,mmwwvl,wmimm
A % o \ & A a a a A o o )
Neatasnuilgarms lasawnziwdaninias innziivaadoululTungs Sadasinadaaniu
agna e wa hailwinowmae s lu ity lumtludianis wdenasinlulsusslomiluidsvasniy
i lunFaduidululadiosld nanmmiiafadamfesliduadanuidwivilddgnluiun
aunluinsUwdannaaiduy LWﬁ:NawﬁmﬁLﬁmmﬁ'zmﬁaaﬁul%&iﬁﬂ@niuﬁuvlajﬂul,ﬁam:vl,w'ﬁ

meﬁymzauag’

3.7 AaNHMSNIFUFININGIVDITAaNIIRUATIS B UNIBILAALS 88
AMNHANITNAROLAMNRINITOVOILLANLIA WM BUAALTBUNT 3 aww"’uﬁjlumiﬁw
sasunIazasuaaiiioueanan@uluiian wuin Arthrobacter sp. TM6 fiauananIn@figalu
Mt Iazasuaatsnaanandudwan wasviliioniituiassjuszaaniaslinsszaw
P o & e & 8 A 2 & o '
waatdonldundu asudsdan Arthrobacter sp. TM6 llunisaSaaaseslalaouuazain
Fanw uazindaqgaisfe lalamuuazdmdinn uazimaaa3s Arthrobacter sp. TM6 unlalaanu
wazdwmdinwlldasgansuemidugiuinelaslindas SEM lanansfinmluzui 13 uaziiie
o @ 2 A \ a a ¢ & Aa a o
rirgeisdelalasuuazdufinwldiensdadunis Usinesgwiun uaz swmagwiu laols
L3849 Brunauer-Emmett-Teller (BET) 'lawan1siianzriatuaadlua1nef 13 annnanisdnm
wuiﬂaimmuﬁmmmgw;u (Pore size) NMNNAEUTINN Gentili WazATEE (2006) THINWITNHAL
yadlalamwduunssmaasyiwanzausasuuafiise
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E‘.TRE\C

UM 13 anBmenImMemweediagas (n1) lalasu uaz (1) @udinw uazloadeds
Arthrobacter sp. TM6 uw (n2) lalamuuaz (12) thudimwmaldndasganyiad
BLANATEBLULFEBINTIANIRIVENY 10000 L¥iN

a

P & A a oA
AN13N 13 NUNHI ﬂiNW@ISEWEu LS muﬁﬂEWEWHa\‘lvl,ﬂi@lﬁli’mLLa:n’m%’m’lw

Sample Surface area Pore Volume Pore size
(m’Ig) (em’/g) (nm)

Chitosan flake 1.975 7.02x 10" 19.15

Biochar 2.184 7.76 x 10° 9.034
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a 3 [ ® o
3.8 HANIITAATINVDILLAASILLATILS AN IBULAALT INNILHRAINITNUINBILATAITIAN
aAa & = s A LU = a dly =
FIavassaanssnuanisaaiuninsaadasluanilnidlonuaniiy
Wit Taa a3 Arthrobacter sp. TM6 Ut la L@l az e udimwaniusunsas N aian
pHjUIEQa3INI 2 wika Wuitdwanu Arthrobacter sp. TM6 uu’i‘a@;@?qvlﬂimsmmmzmu%amwﬁ
° ' [ ' [ 9 i [ N
FUIUYINAY 9.89 Log,, CFU dansulalaeiu (7.7 x 10° CFU @an3y) was 7.63 Log,, CFU @@
[ i = 7 ' % ° a v & ] a A
ASNENUTIANN (4.3 x 10° CFU ¢iansu) audal uaadbiiduilaasuuaisoamansaasiunlala
plddninuuiudinw e1atiesnnanInguestuiiniw (@119 13) Svwaian (9.034
Tuluas) NINNINTMATaILLATLSY V‘iﬂﬁLLUﬂﬁL’%'ﬂL“ﬂ’ﬁvlﬂLm:mUlugwgumu%amw%’mn uaziila
ﬁm’nﬁulugﬁﬁuﬁqm%nﬂﬁ 4 IFNTALTUR Wik 4 FUANH WU IWIRLTRANITI AV
' o 7 '
Arthrobacter sp. TM6 Ui lalaanuanadinia 7.34 Log,, CFU dansulalaenu (2.2 x 10" CFU da
@ A A & v e Aaa > ' o cd A
N3%) B3R TUITDHRZMIANRIVBILTAINUTIALU LA LATIWYINAL 25.8 FIUSIUIRLTAINNTIAVDS
Arthrobacter sp. TM6 UutNuEIAwWATLWI liiuanadiudsiny laoanadinie 6.62 Log,, CFU da
o a 6 , o A a & v ¢ ada ' A
ASVEWTINN (4.2 x 10° CFU ¢iansd) nIedaldusasasn1ianadtadisasndsiaunwaindinIn
WinAL 13.2
fIUNANTIAATIA VB TARAIY Arthrobacter sp. TM6 U lalaanuuazaindinwluan
dwdaunaatlon (@397 14) WUINDAaa349 Arthrobacter sp. TM6 U ba laanulugi93uusnands
v P a A o & o A ' ' o A
5 TWLIaRTDY Arthrobacter sp. TM6 Am3La3 RN I wuINgnh Ua209N noudzansd lusaiui
15 pasn st ludndmdonuuaaion e1uHa8INII00TIAVRILTAaA3I Arthrobacter sp. TM6 Ut
' a = v, A |a & o ' & =R ' & v a X =
AUFIAIN DI I TUSN TR REBUNINTAAASIUN A LaTI% welTasaw Lt ANTwlUann
TN 15 wazanadluwiui 20 waadlwiAwin Arthrobacter sp. TM6 ﬁm’%qum‘”aqm’%ommmﬁn’ma’%ty
A o A g ~ A = & . ) vA AA
WS I nld ludntudonnaadoy G9mIesamaasinisadiolunisdesnusadliigiasaal

gAMzRlasuaiy LazTaRNYIEeNEAWYeINTZUIUNT Bioremediation (Dzionek et al., 2016)

A3190 14 NUWIULTRANATIAVBILTARAII Arthrobacter sp. TM6 Ut balamuuazanudiniwlu
a

dududauuaailew

Viable cells (Log,, CFU/g)

Time (Day)
Chitosan flake Biochar

0 8.75 6.15
3 9.56 7.01
5 9.15 7.34
10 8.78 8.38
15 8.19 8.53
20 8.05 7.48
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& = a a Y a 3 = 1 . . -
3.9 NAPDILTARAIIULATILIIAIRNIBLAALNSNABNITALANY WIaA1 Bioavailability 289
IS ~a
uantdanlwan

P = & =2 : a

\adnlwasa3s Arthrobacter sp. TM6 UHla laanuuaziTasasIuniwiinmwinagay
anuanansalunstsazansuaalsuaannandwien lanansAnwasuaasluanrsnsn 15
WUINNSLANLTARASI Arthrobacter sp. TM6 uulalaany (T3) wazdudinw (T5) adludn
Uwiasuaaidousansatisiunmazasuaaiiisnaanaindulieglugl Water soluble uaz

& & P ' . . . I~
DTPA-extractable forms g3 wIatdunsiiuen Bioavailability yaiuaatdoynludn lasanizns
Igiarasass Arthrobacter sp. TM6 unlalaanu (T3) ZanLAud1 DTPA-extractable form anfiga
(16.84 + 0.37 fadnsudanlaniy) anatiesaninysunonsasvasuuafisounlalaauiannni
UWONUTINW
' = o = a o @ ea P :

adhelsianu WallSsuifisununsltisasaase Arthrobacter sp. TM6 (9131497 2) Wuin
MIMHTARAII Arthrobacter sp. TM6 naunlalacsiu (T3) wazdiudiaw (15) srslunsiiuen
ANMNLTNTH Water-soluble form lalnatfssnunsldioaddasy wanslioasass Arthrobacter sp.
T™M6 naunlalaoiu (T3) wazdudinn (T5) TrawRNaaNNTuTuaad DTPA-extractable form

XY ) @ ea o ' & P o = = W ea o o
ldasnimilfisadaas: onalasnnnnisasuuaiifonagluiagai@alilddnsdudalasass
o A & a o v a a v 6 K 1A ] L % €a Py
Aududulanuaafion vlidsz@ntmwsesmsldirasasslddwinnunsldioasaass asann
My Iazasnaatdonludulaonsiduwnad Arthrobacter sp. #898NAERANNNTVBINITILNY
' ~ a o A o aa A o o ' eaa

sniuaailoulu@uiy Exopolymer  flai1aanuuafiiss wiadununtssaaniilizaauaad
WUATNLIY (Khonsue et al., 2013) uanmnﬁumﬁﬁﬂmwﬁ@ﬂ”ommsm‘ﬂﬁﬂugﬂiaﬂﬂﬁa:mw%a
at/luzl Bioavailable form ’unalndni9 ldun nssswansloaalines nimdunid asnaussds
AW FIUNINTIAANITLINANT Demethylation LWaznT=UIWANTIAaNT 1Judu (Ullah et al.,
2015)

A3190 15 WRVBILTARASY Arthrobacter sp. TM6 lnTaalasuNITazaNsLAALlBuaaNINNAY

Uwdan
Cadmium concentration (mg/kg)
Treatment Water-soluble DTPA-extractable Total cadmium
form form form
T1: Control (w/o bacterial cells) 0.06 + 0.00 4.16 £ 0.09 53.23 £ 1.13
T2: Chitosan flake 0.09 + 0.00 435+ 0.18 52.95 + 1.42
T3: Chitosan flake immobilized TM6 0.08 + 0.01 553 £ 0.17 48.43 £ 0.96
T4: Biochar 0.08 +£0.00 4.37 £0.56 49.75 + 2.67
T5: Biochar immobilized TM6 0.10 £ 0.01 4.87 +0.22 49.23 £ 2.12
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a a & = a A ¥ = 1 a ° q, IS
310 UszAndanwesnasassuuaiiisaaunmuuaadisalunsdeasamsiidauaadis
a Ll =
Tudulaslainwasug
A o a a a 4 a v a ¢ =
dathiwesiory 2 Wewindgnlududwdeuuaailonudiifuiaasais Arthrobacter
A & o 4 oA a ) ¢ A o o
sp. TM6 unlalagnuuazuutnudinn uaziiudmagaisuszaugn 3 sladideiuasians
dulaunzunaiiiouluie ussUSunmuaadoaludn lanansfinsluaisen 16 uas 17 ewseu

A19197 16 HaVBILTARAII Arthrobacter sp. TM6 Unlalasiuuazinudinwdamsifulavedine

wasananludulwilouunaidow

Treatment Root length (cm)  Shoot length (cm) Total dry weight (g)
3 weeks

T1: Chitosan 92+0.2 182+ 0.5 3.52 + 0.50
T2: Biochar 93+26 188 +2.2 3.55 + 0.21
T3: Free cell TM6 9.1+1.3 18.0+ 0.7 3.62+£0.15
T4: Chitosan-immobilized TM6 9.0+0.3 17.8 £ 0.1 3.66 + 0.45
T5: Biochar-immobilized TM6 9.0+1.3 185+ 0.8 3.21+024
6 weeks

T1: Chitosan 8.8 +0.1 19.0+ 0.6 4.18 £ 0.61
T2: Biochar 83120 20.3+0.5 3.89 £ 0.42
T3: Free cell TM6 95+0.8 195+ 1.2 4.31 £ 0.63
T4: Chitosan-immobilized TM6 93104 19.3+0.9 4.43 +0.23
T5: Biochar-immobilized TM6 9.2+05 186+ 1.5 4.09 £+ 0.10
9 weeks

T1: Chitosan 10.0 £ 0.2 19.2 + 0.1 4.66 + 0.76
T2: Biochar 95+1.8 198+ 2.0 422 +017
T3: Free cell TM6 105+14 190+ 1.9 4.56 + 0.25
T4: Chitosan-immobilized TM6 10.3+0.6 200+ 0.5 4.68 + 0.38
T5: Biochar-immobilized TM6 9.8+0.5 20.0+2.0 4.30 £ 0.15

wanadvlavashwaisieny 2 wenludnlwlonuaaiiioy (@19197 16) wudriu

a < a a =3 v 1 =) e a &
wrrjuratanisnanuduisresnaadondndes 1w lumdes nasdgnlududwden

a o & a a v o A a @ . a o A o & a
waatdoudszunm 2-3 e uwaalonfanudutu 20 Jadnsudeflansudnadugsninidula
V98I U89 UL A3 130wl (Chlorophytum comosum) (Wang et al., 2012) lunsAnsassit
WUINNILANTA8 A3 Arthrobacter sp. TM6 NIunlalaany (T4) LASITARAIILREUTINN (T5)
Twanmudulavasiwassd liuandanngaaiuquinduianzlalamu (T1) wiadudinw
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(T2) unzgananadfdnisasasss Arthrobacter sp. TM6 (T3) L8331 Arthrobacter sp. TM6 laj'ler
funumuanvasnadunuaiiiSogassunmadulavasiie ag19lsiany azifnaue1Ive4NM
' a A a o o A A A a o A A a
NIULATHINANYNARANKAD 2 LAD1 (A9 16) ULazaNYTNdL 6 Lhaw (M3 7) A
p17 lIUANAINUINN Wz NpBs ATy N anw i duiiswialan (Tuberous rhizomes) 39
lmsdnsmadulavesiuassilasmyiannusnnnuszsaa (lu) STasnamwszansus
matdiulazasiwaseiiduansuenisuannasanuwisutnnazansaeniduiizwalan via
| & ' : A a & o &
LiliuanuuandisvasanusninnuazluluudazganaassamagAsiiAuInan aaun

a . o 3 9 @ v & s a .
mMaIdn H’]ﬂ"]it@lﬂi@l?.l ﬂx‘l'J’]%LﬂﬁHiﬁx‘] AITAIIVIAIMNUINRUNLHRITIVVDIARNINNA DINILAN LLLLavaSJ

\&iw Arthrobacter sp. TM6 laifinadiatimunuisasinueassg

@139 17 anudutusesueaidsunazauluhuasinsslgnluduluiouuaadonniinig

\ANLTARA39 Arthrobacter sp. TM6 Ut lalaanuuazdnudinn

Cadmium concentration (mg/kg DW)

Cd conc. in 1 plant

Treatment
Root Shoot (ug/plant)

3 weeks

T1: Chitosan 12.50 + 1.04 521 +1.17 38.24 + 1.47
T2: Biochar 13.10 £ 2.36 467 +1.12 43.38 £ 4.63
T3: Free cell TM6 23.70 £ 1.54 13.27 £ 0.74 65.21 + 4.95
T4: Chitosan-immobilized TM6 19.90 £+ 1.69 11.03 £ 1.16 49.14 + 3.59
T5: Biochar-immobilized TM6 17.90 + 1.04 10.15 £ 3.63 42.67 + 6.61
6 weeks

T1: Chitosan 14.01 + 1.54 7.90 £ 0.35 50.77 + 4.69
T2: Biochar 15.40 + 1.56 7.80 £ 1.57 51.67 + 1.55
T3: Free cell TM6 26.05 + 1.25 17.20 £ 1.11 75.44 + 518
T4: Chitosan-immobilized TM6 22.83 £ 2.07 14.50 = 0.57 63.01 £ 2.95
T5: Biochar-immobilized TM6 19.75 £ 0.95 11.50 + 1.85 53.38 + 1.66
9 weeks

T1: Chitosan 16.20 £ 0.99 10.40 £ 1.08 76.48 + 6.18
T2: Biochar 20.40 = 2.39 8.70 + 1.08 82.71 £ 2.97
T3: Free cell TM6 22.04 + 1.41 19.95 + 0.68 109.42 + 2.12
T4: Chitosan-immobilized TM6 21.60 £ 1.02 17.60 = 1.14 108.60 + 4.32
T5: Biochar-immobilized TM6 24.70 £ 2.33 13.60 £ 1.05 9445 + 1.64
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namsszsuuaadonluand1 9 madﬁﬁummﬂumﬂaﬁ 17 WU IULATHIENNIDRERY
woatdpulugrusnannnirgiwesa (lu) iwnzansaenvasiuassjiduirawiadan sinie
sansnszaunaaidonldlugin Vacuoles uazdiuimasnionsudausiimnn mldinsedauives
LLﬂ@Lﬁﬂumnﬁﬂﬁﬂa@"L@Tﬁfaﬂ (Grant et al., 1998; Shute and Macfie, 2006) wonanil aztiinlen
mﬂ“ﬁimmmimﬂﬁm‘fu 2 \deu fidszAninmlunsszauuaaionlddninsldiuamions
Suew 6 Liowu (@997l 8) W90 2 LAa Lﬂuﬁwﬁ'jmmmﬁﬁ’lﬁ’qLﬁﬁg&ﬂﬂiLauImﬁuﬁ
(fewtrenseanaanasiusnUszanm 1.5 59 2 1daw) uazdimuinmsszsuuaaiionlugingan
(lu) Lﬁuﬁumumqmao'jmmmﬁ N13AN®IV8Y Ghosh WAL Singh (2005) TEWINNTLITRADL
fuaadovsanandusaziadanfidunloenlldiguwsenvasisuszazanfivon logwunis
a:ﬁmLm@]Lﬁﬂugaq@ﬂ,mmmaa'j'ml,ﬂmﬁﬁﬁmilﬁuLf’ma‘ﬁas: Arthrobacter sp. TM6 (T3) 3894178
NnimasEiauTada3 Arthrobacter sp. TM6 uilalamu (T4) wasmstgniueswsludnu
Uiouuaafouduna 6 dlansk namsdnwnilglwiiwinnsduiaasase Arthrobacter sp. TM6
vulalaswniadufinwlunmslaniwassifidszaninmlunsdaaiunsszanuaaidonlu
Futaseg ladasniinisliiossass: lasawizlugisusnuasmaivaladny wdluszszaainis
e R wludlandi 9 wuinmasa3s Arthrobacter sp. TM6 unlalaanuiiszansnwaaiasy
IWiwassiszaunaaloulalnsifosnunisldioasassy udadislsiarn nsldaasase
Arthrobacter sp. TM6 untnudinnidsedninnlunmssaasunrldldulawasazaunaaiionld
Yaoninnsltioadass Arthrobacter sp. TM6 U balasnu

anaLia9unanLTaa a3 Arthrobacter sp.  TM6 unlalagnuniadiuiinindasnis
srpznmlwmItsuauazAnsnlududuiion wnzunefieluizgasionalasuasamislu
duldonnninoasassziianduludn namsenmituandsainmsldiaasasouaiisouwlalasn
Tumsgassanoinguiy fanuimasassuuaiisounlalamuimsseatiauazfianssulunsdon
insuduluinzaladnitaasssss (Gentili et al. 2006) anatiiosananinsuduiduunssanuan
figtiu AUUNILITYVDILLAN L‘%'Uﬁmél"ﬂlufaq@?avlﬁ Twnefinaafionldldiduunasasormslag
Yasuuafitze agalsfiany SsnwinnmsdusassassuazTasasiasLuafiSuesaanyint
Masfvulunlgnivs Sesbania cannabina lifinagaaiuliisiimabanam pindullanaowle
ANA% (Magbool et al., 2012)

ﬁmwaﬂs:a’?w%mwiumsa:auLm@]LﬁﬂuLLa:mimﬁauﬂ”’]ﬂmeﬁﬂmnﬂﬁm;’fmwao'im
wswilugannasadeneg (med 18) wudrimaseidan PEC dndn 1.0 F9lidadndu
Hyperaccumulating plant %GLL@]ﬂ@iNﬁnﬂiwmu"uaa Wang Lazae (2012) ‘ﬁlﬁﬂwﬂudmmi@
Saulu (C. comosum) ﬁizqdnﬂu Hyperaccumulating plant tiasaniduisensaddsnunuing
mmﬁL%auuaﬂﬁlﬁumsﬁﬂma%ﬁ WaTNIIAN®ITEs Wang uazam (2012) nasavluaudi
YSunauaafisutasnii 50 dadnsudenlaniy %amsmaauluﬁuﬁﬁﬂ%mmmmﬁwgum'«aﬁwa
ﬁ'ﬂﬁﬁ“ﬁﬁmi@@ﬁqLLa:mimﬁauﬁ’lmmmﬁumﬁng&ﬁﬂﬁ@‘ﬁ wnezhoina lnlun1sdasnuaiiesann
anuduisrasuaalon agnelsfian 6 BAF uaz TF maoimmmﬁﬁﬁ%ﬁuﬁumumqmaoﬁ‘ﬁ
Tasawzlugadid o ﬂéﬁmnww:ﬂgwﬂluﬁuﬂmﬂwamm@Lﬁﬂwau"g@mimaaaﬁﬁmﬂamsﬁaﬁ
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BRITWI0LTARAIY Arthrobacter sp. TM6 @1 BAF 81nn71 1.0 waziien TF 0.8 — 0.9 G91hH 3%
a AR s A dl 1 ) v =) o > = a g s
g dssatdudsimuizsudanivir llfiduisirdevwaafonludnduidanlasarde
N3¥UIUM3 Phytoextraction 3auvanunsniindszininmwmathdauaeaiioaasinuess] ldlas
NS ANLTRRBRITHIBLTARAII Arthrobacter sp. TM6 DauunUssanTnmwlunssaaSunisazan
waardpuluitwaseivasnsldiaasasunafisodeoniinisldioasoss: watadvosmsloioas
= Aa A = o o & 2 A a & A & Y ' )
asuuafiisufe anansaiusnuasiaaaassnuaise Ul lununUwdenlaazainninmsles
WIARARS: TINNINIASTaasuafisuidunstisdntasuuafiSoluasnwwiasaui laimanzan
(Dzionek et al., 2016) @9%i FnzfmIzaulwMTSINMTRS LIRS wIBVaILLAT IS aNada
a 2 A o & XK a A a a dq( ~ =2 '
TaRa3s Wathigasassuuafiioduasluduludonarsindnmee’ly

@13797 18 A1 PEC, BAF uaz TF sasiuassinianluduluilouuaaloniimaduisadas

Arthrobacter sp. TM6 Ut balauuazanuginn

Treatment PEC BAF TF
3 weeks

T1: Chitosan 0.13 0.46 0.42
T2: Biochar 0.14 0.63 0.38
T3: Free cell TM6 0.27 1.03 0.56
T4: Chitosan-immobilized TM6 0.24 0.86 0.55
T5: Biochar-immobilized TM6 0.18 0.76 0.52
6 weeks

T1: Chitosan 0.17 0.60 0.56
T2: Biochar 0.18 0.76 0.43
T3: Free cell TM6 0.33 1.28 0.66
T4: Chitosan-immobilized TM6 0.32 1.18 0.64
T5: Biochar-immobilized TM6 0.21 1.156 0.58
9 weeks

T1: Chitosan 0.21 0.86 0.64
T2: Biochar 0.24 1.07 0.59
T3: Free cell TM6 0.33 1.37 0.90
T4: Chitosan-immobilized TM6 0.33 1.28 0.81
T5: Biochar-immobilized TM6 0.32 1.13 0.71
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311 nandszmanuuaiiisaluandwitlonuanifios
= . A a a & P Aa a ea &
nnndnsngudzmesuuafiFoludulwleuuaadoaninudusadaazuazioas
@39 Arthrobacter sp. TM6 lumsigninwaswilududwdonuaaionduna 3 dlasi lasds
PCR-Denaturing Gel Gradient Electrophoresis (DGGE) wuiauduiilouuaaisisunvinandanion

ad_ aa as i e ::1'
Lﬂiﬂﬁ&lﬂ@&lLL‘.LIﬂY]LSFJYma’m‘Iﬁa"IEJ LRSWULLDUAD LD LARITUIN 3 LD (BandS) (Eﬂ'ﬂ 14)

Lane 1 2 3 4 5

-
waun 1

wauf 2

LaUn 3

g'ﬂﬁ 14 Tasssradsmenuuaiisslududwionuaadonanmsiianssilag3s PCR-DGGE
Lane 1: Pue culture of Arthrobacter sp. TM6
Lane 2: Cadmium-contaminated soil
Lane 3: Soil inoculated with Arthrobacter sp. TM6 free cells
Lane 4: Soil inoculated with chitosan-immobilized Arthrobacter sp. TM6

Lane 5: Soil inoculated with biochar-immobilized Arthrobacter sp. TM6

nHaMIANENTReTaILLATISEIAUIINLALELSuaLEUT 3 LDU 91N DGGE profile lag
vnslaandudifuadhiunaees uasdiensidauiinalalneusiomdu 16 DNA 1198%
(Partial sequence) T8IUALALEWLENT 3 LA wazbhaniSeufisunudauiiadlaindlugudaya
Genbank lagl#lUsunsy BLASTn (http://www.ncbinim.nih.gov/) wuirdudwiauuaadounss
ﬂgﬂimmiﬁﬁﬁ"l&iﬁmﬂﬁu Arthrobacter sp.  TM6 ad'ld (gaaiuqu) dnguuuafiifoidu
(Domninant) f31Az¥ann 3 wOUGLEWE (Lane 2) Va9 DGGE profile 39ausaufia woui 1, 2
WAY 3 WU Closest bacteria fa Salmonella subterranean, Arthrobacter phenanthrenivorans LLae

Achromobacter denitrificans PMYF1AU AILFAINAUANTIN 19 ﬁauluﬁuﬂmﬁammmﬁUuﬁﬁi‘iﬂgﬂ
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Fuesefluganimaassfiinadusassaszusssanaiives Arthrobacter sp. TM6 unlalaanu

WAZTNUEINW (Lane 3, 4 UAY 5 ANNUAIAL) WULUATILISBLAMITUIADINUAWA liinsiau

Arthrobacter sp. TMB LAzt 98101I0ATIAINY Arthrobacter sp. TM6 laludw (1USsuifisunuuaud

L@LaVad Pure culture Va3 Arthrobacter sp. TM6 4 Lane 1)

A15191 19 mﬂw”ufmaaumﬁﬁﬂmﬂLmuaLSuLaL@iumnmﬁl,mﬁ:ﬁ@hﬂ PCR-DGGE

Closest match in GenBank % Similarity
Band Taxonomic group
database (Accession number) (Length of nucleotides)
1 Salmonella subterranean FRC1 97 % (198 bp)

(NR115224)

2 Arthrobacter phenanthrenivorans

Sphe3 (NR074770)

3 Achromobacter denitrificans

DSM30026 (NR042021)

99 % (178 bp)

97 % (198 bp)

Y-Proteobacteria

Actinobacteria

ﬁ-Proteobacteria
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uni 4

U
as;ﬂwa BazVDLAD LS

4.1 ayuamsdnm
= a A v A ¥ a 4 2 a
INNANIANEIANNEINIINTaIRUaTiSdumuLaailoulunisssegnsiiiesteny
NMItUaLAMTBNLAZEILRINANNENITINAT MIFdEsIMIszazzasuaailionlududuion ns
goassumadulansznsszauuaadouluisidaldun 9lwe twies uszinuassg uanani

Aa

HINNIIWAIU TR AIILUATLIHUW A LaTIULAZEIUTINIW tWasinNmagaulszanTawlung

(2
o

1 a ' Al o b = a ¥ = v a
&3 Lﬁi&l??%LﬁiHﬂl%ﬂﬁi‘U’m@] LLOIAILA ﬂulu@uﬂmﬂau I@] PRINIIN ﬁ?ﬂ Naﬂ’]iﬂﬂ‘]ﬂ"lvl,(ﬂ 3%

4.1.1 msgeasiiiaasesnumsihtauaaiisazassuafiisadwnuuaniiaa
Micrococcus sp. MU1 &319n30 IAA ”L@quq@ 561.43 + 11.93 fiadnsusadas 7 48
Faluswa9mNe3y &34 Pseudomonas sp. PM2 sunsaaismsloiaelswesldgagn 71.75  1.11
UM of deferoxamine mesylate equivalents ﬁ 48 “ﬁ'ﬂmmaqmsm%ty W Arthrobacter sp. TM6
837149 Exopolymer Vl,@i”g]mq@] 19.64 + 019 n3udadas N 24 fzImmaomsm%ry LaZWUIN
Micrococcus sp. MU1 Taadaiasuanusnnnuasaanaasledrsannsniuas lifunafon luumse

1 Pseudomonas sp. PM2 uag Arthrobacter sp. TM6 Lifinadaninuenaasmnnniinias

4.1.2 uazasuuaiisaaIwnInLAaLiisndanIsazatguaatian lnfawuazn1sTanzia
maatmﬂﬁL%ﬂﬁﬁummmﬂl,ﬁﬂmsluauﬂm'ﬁammﬂLflﬂu‘luaquﬁﬁmsnsxéjumo%’amw
Taan1sLaNa151919

WoruuefiGudumuraadouna 3 MENUTNIMAROUNIFIUATNNIRTAENTE
mLiiaen Bioavailability sasuaadouludn wuinuuailiSedumunaaidouns 3 mﬁw”uﬁmmﬂ'u
mIazansvadnaatiouludnld uaswuinmadnansenrsliian CN ratio luduyinnu 20:1 378
gaEsuRInTsITasLUATISufuuuaaLlouns 3 myw”uflumnﬁumsa:mwaameﬁyuluﬁu
Ietanndn Tasaniznsiéy Arthrobacter sp. TM6 WaZLANRITOIWIILANAN CIN ratio lu@uirinny
20:1 °ﬁ'aﬂlumia:mumeﬁﬂuluauﬂmﬂ”aﬂﬁgaq@ WoNANG SINUIULATISHF N RLAALT Y
3 mﬂw‘"ufmminLfﬁtyLﬁ'uﬁﬁmmm:ia@%%Iuﬁuﬂmﬁamm@Lﬁﬂwﬁﬁmwmﬁwimm
waailpugsdis 50 Hadniudailaniule wazmMaasyniwnsssuaiiSadunmuuaaiioulu
dudwdaufiinmsdussamnslwder CN ratio ludwsindy 20:1 Funnindudwidonilufinng

LANEIIDNAY
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4.1.3 WaY@I Micrococcus sp. MU1 dan1sastasanistaulanaznisintawaaiias
229271 1na
Micrococcus sp. MU1 mmm*ﬁwa’qLﬁ%umslﬁuimaﬁniwmﬁﬂﬁﬂiuﬁﬂsj
ﬂmﬂyamm:auﬂmﬂyauumLﬁﬂﬂunnsw:nmmuﬁmﬁm Lwiﬁ'lﬂwwﬁﬂ@ﬂluauﬂmfylau
uaaLlis (90 Fadnudanlaniv) danus13sn mwg;mﬁuua:ﬁmﬁﬂLLﬁwﬁnﬁﬁanmﬁﬂQﬂiu
aulivuilonunadon udliugasainsivvosuaafiovainadusa wanainit sswuinlugausn
vasmalgn 2 dlandd) Tnlwadnsszauuaafisnludiusaa (lu) vinndrdausn uazlu
‘SZHZL’mﬁﬂ’]iﬂQﬂ@%LL@i 4 §lavide 12§l Usinawaadouludgrunnunnninlugiusaa 9
MLdw Micrococcus sp. MU1 lunisugniiss paassu g Inaszauuaadonldnndunilugin
TNURZEIBL DA I@m‘ﬁﬂwmﬁs:mmsﬂgnﬁ 6 é’ﬂmﬁﬁﬂ%mmm@Lﬁﬂuazauguﬁq@ wazdlwad
@ PEC 13210 1.0 Uazen BAF annndn 1.0 uazdn PEC uaz BAF Juwlduiindumuszezing
madvlavesdnilne udd TF 2add13lwaninnin 1.0 wwwzly 2 é("ﬂmﬁl,lﬁﬂﬁl,wwﬂﬁﬂluﬁu
Uilon uazdn TF anassnann astin s lnadaninsdmsumsianlsiduioinanaadonlas
81FUNIZUIRANT Phytoextraction taatanizlugi9usn udtranainszuinnmsthianaaiossas
41 IwaandanIzuIknT Phytostabilization

4.1.4 Uszandsmnzasuuanisaaiwninsaadanlsnisdsdsunistndawanties
a ] ~ o - A [ ~
Gl%ﬂuwaa'a'mmsngu,a:mmaao"luamfa:‘numsnsx@;umammw
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Abstract

A cadmium resistant rhizobacterium, Pseudomonas sp. PM2, was isolated from plant roots. It is highly resistant
to cadmium toxicity. The minimum inhibitory concentrations of cadmium for Pseudomonas sp. PM2 is 2100 mg/L.
Pseudomonas sp. PM2 produced high levels of siderophore and rhamnolipid biosurfactant in 74.88 uM of deferoxamine
mesylate equivalents and 329.54 mg/L, respectively. It was able to remove cadmium ion in an aqueous solution by
69.84% at the initial cadmium ion concentration of 25 mg/L. Pseudomonas sp. PM2 significantly increased cadmium
bioavailability in contaminated soil by increasing DTPA-extractable cadmium concentration or a bioavailable form of
cadmium. The increase in cadmium bioavailability in soil helps to promote cadmium uptake by plants for cadmium
phytoextraction. In addition, Pseudomonas sp. PM2 had no positive or negative effects on seed germination and root
elongation of Glycine max L. under the absence and presence of cadmium. Our findings suggest that Pseudomonas sp. PM2

could be useful in the further development of biological treatment of cadmium in contaminated water and soil.

Keywords: cadmium; siderophore; biosurfactant; Pseudomonas sp.; Glycine max L.

1. Introduction

Cadmium (Cd) contamination in water and soil is
one of an important environmental problem because
it is not biodegradable and persists indefinitely in
the environment. It causes adverse effects on human
health and other living organisms by disintegrating
cell organelles and disrupting the membranes and the
physiological process (Khan et al., 2009). Several
treatments have been applied to clean-up water and
soil that are contaminated by cadmium. Biological
treatment is the use of plants and microorganisms
to remove cadmium, which is considered as the
best-environmental friendly method for treatment of
cadmium in contaminated water and soil. Phytoex-
traction is the use of living green plants to uptake
and accumulate heavy metals from the soil or water
into the roots and shoots of the plants (Kumar ef al.,
1995). However, cadmium phytoextraction has some
limitations, in particular a low cadmium bioavailability
in soil and a slow plant growth rate due to cadmium
toxicity (Glick, 2010).

Rhizobacteria are root-colonizing bacteria which
inhabit many plants. Rhizobacteria have facilitated
plant growth and development via direct and indirect
mechanisms which are called plant growth promoting
rhizobacteria (PGPR) (Glick, 2010). They can promote
plant growth in several ways e.g., fix nitrogen,

solubilization of mineral phosphate and other
nutrients, and production of siderophores, plant growth
hormones and antimicrobial metabolites (Bloemberg
and Lugtenberg, 2001). In particular, siderophores,
iron-chelating agent, are secreted by microorganisms
under iron-starved conditions and solubilize iron for
increasing iron uptake for plant growth (Burd ef al.,
2000). They not only bind to iron, but they also bind
to other divalent heavy metals e.g. zinc, copper, lead
and cadmium and result in increasing metal solubili-
zation or bioavailability in soil, thus enhancing heavy
metal uptake by plants (Nair et al., 2007; Braud et al.,
2009; Rajkumar ef al., 2010). Apart from siderophores,
biosurfactant can bind to metals and increase metal
solubilization (Thavasi et al., 2008). Removal of zinc
and cadmium from soil by immobilized biosurfactant-
producing bacteria has been reported by Sarin and
Sarin (2010).

Pseudomonas sp. PM2, a cadmium-resistant
rhizobacterium, was isolated from the root of Brussus
flabellifer Linn. by Duangboobpha et al. (2013). It can
grow well in the culture medium containing cadmium.
This research focuses on the production of siderophores
and biosurfactant by Pseudomonas sp. PM2 and the
correlation between the cell growth and siderophores
and biosurfactant production. Other plant growth-
promoting properties, including phosphorous solubili-
zation and indole-3-acetic acid (IAA) production were
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also assessed. The abilities of this strain on removal
of cadmium from aqueous solution and increasing
cadmium bioavailability in contaminated soil were
evaluated. In addition, the effects of Pseudomonas sp.
PM2 on the seed germination and root elongation of
Glycine max L. under cadmium toxic conditions were
also investigated.

2. Materials and Methods

2.1. Cultivation of a cadmium-resistant rhizobacterium
and its minimum inhibitory concentration of cadmium

Pseudomonas sp. PM2 was cultured in Luria-
Bertani (LB) agar (Criterion, USA) amended with 3
mM of cadmium nitrate. The long-term preservation
of this strain was performed in LB broth supplemented
with glycerol at -70°C (Watcharamusik ez al., 2008). The
minimum inhibitory concentration (MIC) of cadmium
was determined according to the method of Raja et al.
(2006) with some modification.

2.2. Quantitative determination of the levels of
siderophores and biosurfactant production at different
growth phases

The levels of siderophores produced from
Pseudomonas sp. PM2 which was cultivated in M9
miminal medium (Difco, USA) were determined in
the form of deferoxamine mesylate (DFAM), one of
the hydroxamate siderophores (Amico et al., 2008)
according to the method of Schwyn and Neilands
(1986). To determine the levels of biosurfactant
production in form of rhamnolipid, Pseudomonas
sp. PM2 was cultured in modified minimal medium
(Pacheco et al., 2010) at 28°C with conditional shaking.
The level of rhamnolipid biosurfactant was
determined by orcinol assay (Chandrasekaran and
Bemiller, 1980). In addition, bacterial growth was
monitored by measuring cell density or optical density
(OD) using spectrophotometer at wavelength 600 nm
(ODgq)-

2.3. Biosorption of cadmium ion from aqueous solution
by a cadmium-resistant rhizobacterium

The cadmium biosorption experiment was
carried out by the method as described previously by
Prapagdee et al. (2013). Briefly, Pseudomonas sp.
PM?2 was inoculated in LB broth and shook overnight.
Bacterial cells were harvested by centrifugation
and washed twice with a sterile 50 mM phosphate
buffer. Cell pellets were re-suspended in different
concentrations of cadmium ion, including 25, 50 and
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75 mg/L, and shaken for 10 h at room temperature.
Bacterial cells were separated from cadmium solution
by centrifugation at 10,000 rpm for 20 min. The
supernatant was digested by nitric acid using open tube
digestion method. Cadmium concentration was analysed
by Flame Atomic Absorption Spectrophotometer
(FAAS) (Varian spectra model AA240FS, USA) and
the percentage of cadmium removal efficiency was
calculated.

2.4. Effects of a cadmium-resistant rhizobacterium
on the increasing of cadmium bioavailability in
contaminated soil

Cadmium-contaminated soil was collected from
an agricultural area at Mae Sot district, Tak province,
northern Thailand. Soil was digested by hot plate
method of 3050B US.EPA (1996). The digested sample
was filtrated through Whatman filter paper No. 41 before
analysis of total cadmium concentration using FAAS.
The bioavailable or extractable form of cadmium in soil
was extracted by diethylene triamine pentaacetic acid
(DTPA)-triethanolamine (TEA) solution (Faust and
Christians, 2000) and analysed by FAAS. The method
for testing cadmium solubilization in contaminated
soil was previously described by Kijawatworawet
etal. (2014).

2.5. Study of plant growth-promoting properties in a
cadmium-resistant rhizobacterium

The ability on phosphorous solubilization in
Pseudomonas sp. PM2 was assayed using the method
of Picovskaya’s (1948). Briefly, overnight cells of
Pseudomonas sp. PM2 were dropped on Picovskaya’s
agar plate and incubated at 28°C for 7 days. The diameter
of the halo zone which appeared on Picovskaya’s agar
was measured. The levels of indole-3-acetic acid (IAA)
produced from Pseudomonas sp. PM2 at different
growth phased were analyzed according to the method
of Bric et al. (1991) with some modification. Briefly, a 1
mL of cell-free supernatant was mixed vigorously with
2 mL of Salkowski’s reagent and allowed to stand for 20
min before measuring the absorbance at a wavelength
of 530 nm. The levels of IAA were determined using
a standard calibration curve generated from analytical
grade IAA (Sigma, USA).

2.6. Plant root elongation assay on filter paper culture

Preparation of bacterial cells and an in vivo root
elongation assay were conducted according to the
methods of Prapagdee et al. (2013). The seeds of
G. max L. were surface sterilized with a mixture of an
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equal volume of absolute ethanol and 30% hydrogen
peroxide and washed twice with sterile distilled water.
Various concentrations of cadmium ion, including 0,
25, 50 and 75 mg/L, were applied to sterile filter paper
in a Petri dish. G. max L. seedlings were soaked with
Pseudomonas sp. PM2 and aseptically placed on a
sterile filter paper containing different concentrations of
cadmium ion. G. max L. seedlings which were soaked
in a sterile 50 mM phosphate buffer were carried out
as a control experiment. Petri dishes were incubated at
room temperature in dark condition for 10 days. The
seed germination, root length and root fresh weight of
these seedlings were observed and measured.

3. Results and Discussion
3.1. Growth and a MIC of cadmium

Pseudomonas sp. PM2 grew well on LB agar
amended with 3 mM cadmium nitrate. The number
of viable cells in LB broth supplemented with 3 mM
cadmium nitrate was 2.0x10° CFU/mL. The MIC value
of cadmium for Pseudomonas sp. PM2 was 2100 mg/L.
MIC represents the resistant ability of bacteria to a
specific substance that causes inhibition of bacterial
growth. Kijawatworawet et al., (2014) reported that
MIC value of cadmium for Pseudomonas sp. TS32,
a siderophores-producing bacterium, was 400 mg/L.
Pseudomonas aeruginosa BS15 resisted to 500 mg/L
of cadmium and it had resistant ability against other
heavy metals e.g. chromium, lead, nickel (Raja et al.,

2006). It indicates that Pseudomonas sp. PM2 has a
high tolerance to cadmium toxicity.

3.2. Levels of siderophore and biosurfactant produced
from a cadmium-resistant rhizobacterium

The yield of siderophores in Pseudomonas sp.
PM2 was slightly low in the beginning of a growth
period (the lag phase) and sharply increased with an
exponential phase of growth. The high levels of
siderophores produced from Pseudomonas sp. PM2
were observed when cells entered the stationary phase
of growth (24 h) and siderophore production stabilized
throughout the incubation period (69.02-74.88 uM)
(Fig. 1). The results found that the highest level of
siderophores produced from Pseudomonas sp. PM2 was
observed at the stationary phase of growth. Similar to
the study of Kijawatworawet et al. (2014), the highest
level of siderophores produced by Pseudomonas sp.
TS32 (59.19 uM) was observed at the stationary phase.
Pseudomonas azotoformans produced the highest
siderophores after 48 h of incubation (Nair et al.,
2007). The pH and the presence of iron and other heavy
metals have an influence on siderophore production
(Rajkumar et al., 2010). Siderophore biosynthesis in
Pseudomonas aeruginosa strain KUCd1, a cadmium-
resistant bacterium was induced by cadmium (Sinha
and Mukherjee, 2008).

Pseudomonas sp. PM2 produced the highest level
of rhamnolipid biosurfactant by 329.54 mg/L. at 96 h of
incubation period in modified minimal medium (Fig. 2).
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Figure 1. Time-course experiments of siderophores production and growth of Pseudomonas sp. PM2 cultured in a M9

minimal medium
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Figure 2. Time-course experiments of rhamnolipid biosurfactant production and growth of Pseudomonas sp. PM2 cultured

in a modified minimal medium

The yields of rthamnolipid biosurfactant production
sharply increased after 36 h of growth period (the
exponential phase). Rhamnolipid biosurfactant which
produced mainly by P. aeruginosa and Burkholderia
spp. consists of one or two rhamnoses linked to one
or two chains of B-hydroxy fatty acid (Perfumo et al.,
2006). Rosa et al. (2010) reported that P. aeruginosa
LBM10 produced rhamnolipid biosurfactant by 4500
mg/L. Modified minimal medium contains glycerol, a
simple fatty acid precursor, which served as a carbon
source for bacterial growth (Silva et al., 2010). The
suitable sources of carbon for thamnolipid production
in P. aeruginosa are glycerol, glucose, n-alkanes and
triglycerides (Lang and Wullbrandt, 1999).

3.3. Ability of a cadmium-resistant rhizobacterium on
cadmium removal in aqueous solution

The percentages of cadmium removal in aqueous
solution by Pseudomonas sp. PM2 at cadmium ion
concentrations of 25, 75 and 100 mg/L were 69.84,
47.86 and 41.68%, respectively. It indicates that
Pseudomonas sp. PM2 acts as cadmium biosorbent to
remove the cadmium ion from an aqueous solution.
Heavy metals can bind to bacterial cell walls and
extracellular polymeric substances and precipitated
in aqueous solution (Ahalya et al., 2003). The
percentages of arsenic removal using P. azotoformans,
a siderophore-producing bacterium, diaminetetra acetic
acid (EDTA) and citric acid were 92.8, 77.3 and 70.0%,
respectively (Nair et al., 2007). In addition, Huang and
Liu (2013) reported that Pseudomonas sp. LKS06, a
biosurfactant-producing bacterium was able to remove
cadmium and lead ions from aqueous solution. Our
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findings indicate that the efficiency of cadmium ion
removal in aqueous solution by Pseudomonas sp. PM2
involved the actions of siderophore and biosurfactant.

3.4. Increasing of cadmium bioavailability in contami-
nated soil by a cadmium-resistant rhizobacterium

Pseudomonas sp. PM2 was added in a sterilized
cadmium contaminated soil at the initial soil cadmium
concentration of 46.37 mg/kg for 7 days compared to
the uninoculated control. The results of concentrations
of soil cadmium, water soluble cadmium and
DTPA-extractable cadmium are presented in Table 1.
Concentrations of soil cadmium and water-soluble
cadmium in soil with Pseudomonas sp. PM2 inoculation
and the uninoculated control were not significant
difference (p<0.05). Interestingly, concentration of
DTPA-extractable cadmium in soil with Pseudomonas
sp. PM2 inoculation was higher than that of the
uninoculated control soil. DTPA-extractable fraction is
suitable for assessing the bioavailability of cadmium
in soil (Prokop et al., 2003). DTPA, a chelating agent,
has the potential to increase the bioavailability of
unavailable heavy metal fractions (Karami and
Shamsuddin, 2010).Our result indicates that
Pseudomonas sp. PM2 was able to increase cadmium
bioavailability in contaminated soil. The bioavailable
form of cadmium is easily uptaken by plants (Sheng
and Xia, 2006). Several investigations have reported the
application of siderophore or biosurfactant-producing
bacteria for improving heavy metal bioavailability
and heavy metal phytoextraction in contaminated soil
(Braud et al., 2009; Rajkumar et al., 2010; Sarin and
Sarin, 2010; Rufino et al., 2012).
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Figure 3. Time-course experiments of IAA production and growth of Pseudomonas sp. PM2 cultured in LB broth

3.5. Other plant growth promoting properties of by a
cadmium-resistant rhizobacterium and its effects on
seed germination and root elongation of G. max L.
under cadmium toxic condition

Pseudomonas sp. PM2 was not able to solubilize
phosphate and produced very low levels of TAA
(Fig. 3). The ability of rhizobacteria on phosphate
solubilization and IAA production are important
properties of plant-growth promoting rhizobacteria. It
suggests that Pseudomonas sp. PM2 did not have these
plant-growth promoting properties. In order to apply
Pseudomonas sp. PM2 for cadmium phytoextraction,
the effects of this cadmium-resistant rhizobacterium
on seed germination and plant root elongation were
assessed. The results found that Pseudomonas sp.
PM2 had no effect on seed germination of G. max L.
compared to the uninoculated control. The root length
and root fresh weight of G. max L. seedlings decreased
with increasing cadmium concentrations. Root length
and root fresh weight of G. max L. seedlings at toxic
concentrations of cadmium were not significantly
increased by Pseudomonas sp. PM2 (Fig. 4). It was due
to the fact that, Pseudomonas sp. PM2 did not produce
high amounts of IAA. IAA promotes root elongation
and cell division in plants that enhances nutrient uptake.

Table 1. Cadmium concentrations in contaminated soil

It has been reported that IA A-producing rhizobacteria
promoted root elongation in Helianthus annuus L.
seedlings under cadmium toxic conditions (Prapagdee
et al., 2013). Neither positive nor negative effects on
root elongation of G. max L. seedlings by Pseudomonas
sp. PM2 were observed under the absence or presence
of cadmium. Our findings suggest that Pseudomonas
sp. PM2 can be safely used for improving cadmium
bioavailability in contaminated soil for cadmium
phytoextraction.

4. Conclusion

Pseudomonas sp. PM2, a cadmium-resistant
rhizobacteria, produced siderophore and rhamnolipid
biosurfactant. It was able to remove cadmium ion in
aqueous solution. In addition, this strain effectively
increased cadmium bioavailability in cadmium
contaminated soil resulting in increasing cadmium
uptake by plants. Pseudomonas sp. PM2 neither
inhibited nor promoted the seed germination and
root elongation of G. max L. under the absence and
presence of cadmium. Our findings clearly demonstrate
that Pseudomonas sp. PM2 could be useful for further
development of biological treatment of cadmium in
polluted water and soil.

Cadmium concentration (mg/kg)

Treatment : 3 . ]
Soil cadmium Water-soluble cadmium DTPA-extractable cadmium
No bacteria added (Control) 4243 £1.97° 0.77 £ 0.06 26.13 £ 0.45"
Pseudomonas sp. TS32 40.37 £2.13° 0.75 £ 0.00" 28.73+0.15°

Means and the S.E. (n = 5) followed by the different letter within columns were significantly different (p < 0.05) according

to Duncan’s multiple range test.
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cadmium toxic condition after incubation for 10 days. Means and the S.E. (n = 10) were not significantly different (p < 0.05)

according to the analysis of variance.

Acknowledgements

This research was supported by the grant from Thailand
Research Fund (Grant no. RSA5780026). The authors thank
K. Kijawatworawet for her technical assistance.

References

Ahalya N, Ramachandra TV, Kanamadi RD. Biosorption of
heavy metals. Research Journal of Chemistry and
Environment 2003; 7(4): 71-78.

Amico ED, Cavalca L, Andreoni V. Improvement of Brassica
napus growth under cadmium stress by cadmium-
resistant rhizobacteria. Soil Biology and Biochemistry
2008; 40(1): 74-78.

Bloemberg GV, Lugtenberg BJJ. Molecular basis of plant
growth promotion and biocontrol by rhizobacteria.
Current Opinion in Plant Biology 2001; 4(4): 343-50.

99

Braud A, Jézéquel K, Bazot S, Lebeau T. Enhanced
phytoextraction of an agricultural Cr- and Pb-
contaminated soil by bioaugmentation with siderophore-
producing bacteria. Chemosphere 2009; 74(2): 280-86.

Bric JM, Bostock RM, Silversone SE. Rapid in situ assay
for indoleacetic acid production by bacteria immobilized
on a nitrocellulose membrane. Applied and Environ-
mental Microbiology 1991; 57(2): 535-38.

Burd GI, Dixon DG, Glick BR. Plant growth-promoting
bacteria that decrease heavy metal toxicity in plants.
Canadian Journal of Microbiology 2000; 46(3): 237-45.

Chandrasekaran EV, Bemiller JN. Constituent analyses of
glycosaminoglycans. (Ed: Whistler RL). Methods in
Carbohydrate Chemistry., Academic Press: New York,
1980; 89-96.

Duangboobpha S, Prapagdee B, Kumsopa A, Wongthanate
J. Isolation and screening of cadmium resistant
rhizobacteria and their ability on siderophore and
biosurfactant production. Proceedings in the 39"
Congress on Science and Technology of Thailand,
Bangkok: Thailand. 2013; 1035-40.



C. Sangthong et al. / EnvironmentAsia 8(1) (2015) 94-100

Faust MB, Christians NE. Copper reduces shoot growth and
root development of creeping bentgrass. Crop Science
2000; 40: 495-502.

Glick BR. Using soil bacteria to facilitate phytoremediation.
Biotechnology Advances 2010; 28(3): 367-74.

Huang W, Liu Z. Biosorption of Cd(II)/Pb(II) from
aqueous solution by biosurfactant-producing bacteria:
Isotherm kinetic characteristic and mechanism studies.
Colloids and Surfaces B: Biointerfaces 2013; 105: 113-19.

Karami A, Shamsuddin ZH. Phytoremediation of heavy
metals with several efficiency enhancer methods.
African Journal of Biotechnology 2010; 9(25): 3689-98.

Kijawatworawet K, Wongthanate J, Prapagdee B. Role of
cadmium-resistant siderophore-producing rhizobacteria
in increasing cadmium bioavailability in contaminated
soils. International Journal of Integrative Biology 2014;
15(1): 1-6.

Khan MS, Zaidi A, Wani PA, Oves M. Role of plant growth
promoting rhizobacteria in the remediation of metal
contaminated soils. Environmental Chemistry Letters
2009; 7(1): 1-19.

Kumar PBAN, Dushenkov V, Motto H, Raskin I.
Phytoextraction: The use of plants to remove heavy
metals from soils. Environmental Science and
Technology 1995; 29(5): 1232-38.

Lang S, Wullbrandt D. Rhamnose lipids-biosynthesis,
microbial production and application potential.
Applied Microbiology and Biotechnology 1999; 51(1):
22-32.

Nair A, Juwarkar AA, Singh SK. Production and characterization
of siderophores and its application in arsenic removal
from contaminated soil. Water, Air, and Soil Pollution
2007; 180(1-4): 199-211.

Pacheco GJ, Ciapina EMP, Gomes EB, Junior NP.
Biosurfactant production by Rhodococcus erythropolis
and its application to oil removal. Brazilian Journal of
Microbiology 2010; 41(3): 685-93.

Perfumo A, Banat IM, Canganella F, Marchant R. Rhamnolipid
production by a novel thermophilic hydrocarbon-
degrading Pseudomonas aeruginosa AP02-1. Applied
Microbiology and Biotechnology 2006; 72(1): 132-38.

Pikovskaya RI. Mobilization of phosphorous in soil in the
connection with vital activity of some microbial species.
Mikorobiologiya 1948; 17: 362-70.

Prapagdee B, Chanprasert M, Mongkolsuk S. Bioaugmentation
with cadmium-resistant plant growth-promoting
rhizobacteria to assist cadmium phytoextraction by
Helianthus annuus. Chemosphere 2013; 92(6): 659-66.

Prokop Z, Cupr P, Zlevorova-Zlamalikova V, Komarek J,
Dusek L, Holoubek I. Mobility, bioavailability, and toxic
effects of cadmium in soil samples. Environmental
Research 2003; 91(2): 119-26.

Raja CH, Anbazhagan K, Selvam GS. Isolation and
characterization of a metal-resistant Pseudomonas
aeruginosa strain. World Journal of Microbiology and
Biotechnology 2006; 22(6): 577-85.

Rajkumar M, Ae N, Prasad MNV, Freitas H. Potential of
siderophore-producing bacteria for improving heavy
metal phytoextraction. Trends in Biotechnology 2010;
28(3): 142-49.

Rosa CFC, Micheron M, Burkert JFM, Kalil SJ, Burkert CAV.
Production of rhamnolipid-type biosurfactant by
Pseudomonas aeruginosa LBM10 grown on glycerol.
African Journal of Biotechnology 2010; 9(53): 9012-17.

Rufino RD, Luna JM, Campos-Takaki GM, Ferreira SRM,
Sarubbo LA. Application of the biosurfactant produced
by Candida lipolytica in the remediation of heavy
metals. Chemical Engineering Transactions 2012; 27:
61-66.

Sarin C, Sarin S. Removal of cadmium and zinc from soil
using immobilized cell of biosurfactant producing
bacteria. EnvironmentAsia 2010; 3(2): 49-53.

Schwyn B, Neilands JB. Universal chemical assay for the
detection and determination of siderophores. Analytical
Biochemistry 1987; 160(1): 47-56.

Sheng XF, Xia JJ. Improvement of rape (Brassica napus)
plant growth and cadmium uptake by cadmium-resistant
bacteria. Chemosphere 2006; 64(4): 1036-42.

Silva SNRL, Faria CBB, Rufino RD, Luna JM, Sarubbo LA.
Glycerol as substrate for the production of biosurfactant
by Pseudomonas aeruginosa UCP0992. Colloids and
Surfaces B: Biointerfaces 2010; 79(1): 174-83.

Sinha S, Mukherjee SK. Cadmium-induced siderophore
production by a high Cd-resistant bacterial strain
relieved Cd toxicity in plants through root colonization.
Current Microbiology 2008; 56(1): 55-60.

Thavasi R, Jayalakshmi S, Balasubramanian T, Ibrahim MB.
Production and characterization of a glycolipid
biosurfactant from Bacillus megaterium using
economically cheaper sources. World Journal of
Microbiology and Biotechnology 2008; 24(7): 917-25.

Watcharamusik A, Prapagdee B, Thavipoke P, Boontanon
N. The role of exopolymers in protection of Ralstonia
sp., a cadmium-resistant bacterium, from cadmium
toxicity. EnvironmentAsia 2008; 1(2): 37-42.

Received 5 August 2014
Accepted 25 October 2014

Correspondence to

Associate Professor Dr. Benjaphorn Prapagdee
Faculty of Environment and Resource Studies,
Mahidol University,

Nakhonpathom 73170,

Thailand

Tel: 662 441 5000 ext. 1319

Fax: 662 441 9509-10

Email: benjaphorn.pra@mahidol.ac.th

100



Int. J. Environ. Sci. Technol. (2015) 12:3843-3852
DOI 10.1007/s13762-015-0816-z

N
® CrossMark

ORIGINAL PAPER

Bacterial-assisted cadmium phytoremediation by Ocimum
gratissimum L. in polluted agricultural soil: a field trial

experiment

B. Prapagdee’ - N. Khonsue'

Received: 4 April 2014 /Revised: 7 January 2015/ Accepted: 19 April 2015 /Published online: 30 April 2015

© Islamic Azad University (IAU) 2015

Abstract A field study of cadmium phytoremediation by
Ocimum gratissimum L. and the potential enhancement by
two cadmium-resistant bacteria, Ralstonia sp. TISTR 2219
and Arthrobacter sp. TISTR 2220, were explored in a
cadmium-polluted agricultural area. The results demon-
strated the ability of one of the bacterial strains to promote
cadmium accumulation in O. gratissimum L. planted in soil
with cadmium concentrations till 65.2 mg kg™'. After
transplantation in contaminated soil for 2 months, soil
inoculation with Arthrobacter sp. enhanced cadmium ac-
cumulation in the roots, above-ground tissues, and whole
plant of O. gratissimum L. by 1.2-fold, 1.4-fold, and 1.1-
fold, respectively, compared with the untreated control.
The presence of Arthrobacter sp. in soil facilitated cad-
mium phytoremediation in O. gratissimum L. similar to
that of an EDTA application. Seeds of O. gratissimum L.
grown in polluted soil contained undetectable to negligible
concentrations of cadmium. Significant increases in the
bioconcentration and translocation factors of O. gratissi-
mum L. were observed in Arthrobacter sp.-inoculated
plants at only 2 months post-transplant compared with the
uninoculated control. The highest percentage of cadmium
removal was found in soil used to cultivate EDTA-treated
O. gratissimum L., followed by an Arthrobacter sp.-
inoculated plant. Our findings suggest that the synergistic
use of Arthrobacter sp. with O. gratissimum L., an essential
oil-producing crop, could be a feasible economic and

< B. Prapagdee
benjaphorn.pra@mahidol.ac.th

Laboratory of Environmental Biotechnology, Faculty of
Environment and Resource Studies, Mahidol University,
Salaya, Nakhonpathom 73170, Thailand

environmental option for the reclamation of cadmium-
polluted areas.

Keywords Cadmium-contaminated soil -
Phytoremediation - African basil - Arthrobacter - Ralstonia

Introduction

Cadmium is a non-essential metal with the potential to be
highly toxic to living organisms. Important sources of
cadmium contamination in the environment are zinc mines
and smelting plants. Agricultural soil surrounding zinc
mining areas in the northern part of Thailand has a high
cadmium concentration (Phaenark et al. 2009). Several
edible crops in cadmium-contaminated soil can easily take
up and accumulate cadmium, thus passing the contamina-
tion to consumers via the food chain (Moreno et al. 2002).
Excessive intake of cadmium-contaminated food causes
Itai—itai disease (Makino et al. 2007). More than 10 % of
the villagers who live in this area had higher cadmium
concentrations in their blood and urine than what is con-
sidered safe (Department of Environmental Quality Pro-
motion 2011). According to the standard of the World
Health Organization (WHO), cadmium concentrations in
blood and urine that are considered safe levels are no more
than 5 pg L™ and 5 pg g~ ' of creatinine, respectively.
The cleanup methods have been urgently developed for the
reclamation of this cadmium-polluted agricultural site.
Phytoremediation is an alternative green technique that
uses plants to remove heavy metals from the environment
or to render them harmless by an uptake of contaminants
from the root to other parts of the plants (Kumar et al.
1995). In comparison with other remediation technologies,
phytoremediation is considered an efficient, low-cost, eco-
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friendly, solar-driven, and socially acceptable technology
(Weis and Weis 2004; Ali et al. 2013).

Ocimum gratissimum L., or African basil, is an essential
oil-producing or aromatic crop. Essential oil is used as an
aromatic agent in several non-food industries as a high-
value product (Zheljazkov et al. 2008a). Some aromatic
crops can accumulate cadmium, copper, and lead, but these
heavy metals do not pass from plant tissues to the extracted
essential oils (Zheljazkov et al. 2006). Thus, this plant
could be grown safely as a cash crop in cadmium-polluted
soil without cadmium contamination in its essential oil.
However, there is an important limitation in solely relying
on plants for the phytoextraction of metal-contaminated
soils, as the degree to which plants are able to take up
cadmium also depends on the bioavailability of cadmium
in the soil (Benavides et al. 2005). To solve this problem,
soil bioaugmentation with bacteria that assists heavy metal
phytoremediation is a promising method for cleaning up
contaminated soil (Lebeau et al. 2008). Some bacteria are
able to increase metal mobility and bioavailability to plants
by producing exopolymers (Prapagdee et al. 2012). Ex-
opolymers bind to heavy metals and increase heavy metal
mobility in contaminated soil (Jensen-Spaulding et al.
2004). An increase in metal solubility or mobility in the
soil leads to better metal uptake by the plant and enhances
phytoremediation in contaminated soil.

Current research is lacking in field experimental evi-
dence on the effectiveness of bacterial-assisted cadmium
phytoremediation. Our previous research reports that two
strains of cadmium-resistant bacteria, Ralstonia sp. TISTR
2219 (formerly strain TAK1) and Arthrobacter sp. TISTR
2220 (formerly strain TM6), increase the water solubility
of cadmium in the soil (Prapagdee et al. 2012). In addition,
Arthrobacter sp. TISTR 2220 was able to increase cad-
mium uptake and accumulation in O. gratissimum L. in
controlled pot experiments (Khonsue et al. 2013). Hence,
this is the first experimental study to document the feasi-
bility of using cadmium-resistant bacteria to assist cadmi-
um phytoremediation by aromatic O. gratissimum L. crops
in a real-world cadmium-polluted agricultural area. This
research was performed at a cadmium-contaminated area
located in Mae Sot district, Tak Province, northern Thai-
land, between February 2013 and January 2014.

Materials and methods

Bacterial strains and inocula preparation

Ralstonia sp. TISTR 2219 and Arthrobacter sp. TISTR
2220, cadmium-resistant bacteria, were isolated from cad-

mium-contaminated soil as described by Prapagdee and
Watcharamusik (2009) and Prapagdee et al. (2012). These
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bacteria were cultivated in Luria—Bertani (LB) broth
(Criterion, USA) at 30 °C with 150 rpm shaking. Bacterial
inocula were prepared according to the methods described
by Prapagdee et al. (2013). The cell turbidity of the pre-
pared bacterial cells was adjusted to an optical density of
0.2 at 600 nm (ODgg), and the viable cell numbers of each
bacterial strain were approximately 2 x 10'° CFU mL™".

Cultivar of O. gratissimum L.

Ocimum gratissimum L. seedlings were grown in 25 cm
diameter of plastic pots containing garden soil for
3 months under greenhouse conditions. The stem height of
3-month-old O. gratissimum L. plants was approximately
20 cm. The plants were transplanted into cadmium-con-
taminated soil at the study site.

Description of the experimental study site

This study site is located near zinc mines and smelting
plants in Mae Sot district, Tak Province, northern Thailand
(N 16° 40.593, E 098° 37.630) (Fig. 1). The main use of
the land at this site is to grow edible crops such as rice,
maize, mung bean, and soybean. Cadmium contamination
in this area has been detected in soil and crops since 2000.
Polluted agricultural soil containing cadmium at a con-
centration of 65.2 4+ 2.2 mg kg~' was selected for this
study. The concentration of cadmium bioavailability
(DTPA-extractable concentration) was 26.13 + 0.45
mg kg~ The physical and chemical characteristics of soil
at this site were as follows: loamy soil texture, pH (1:1 w/v
H,0) 7.2, electrical conductivity (1:5) of 0.20 mS cm”,
cation exchange capacity of 13.8 cmol kg™, 3.8 % or-
ganic matter, 0.19 % total nitrogen, 10.7 mg kg~ avail-
able phosphorous, 80 mg kg~' extractable potassium,
363 mg kg~ extractable sodium, 5155 mgkg™' ex-
tractable calcium, and 555 mg kg~ extractable magne-
sium (Prapagdee et al. 2013). The bulk density of this
agricultural soil was 1.7 g cm . The number of indige-
nous, viable soil bacteria in the contaminated soil was
determined by spreading onto LB agar supplemented with
3 mM cadmium nitrate (Cd(NOs),), and the number of
indigenous viable soil bacteria was 1.4 x 10° CFU g~!
(3.2 log;o CFU g7 ").

Field trial experiments

Preparation of plots for plant cultivation and experimental
design

The experimental plot was 30 m? with a width of 5 m and a
length of 6 m. The soil was ridged at a width of 50 cm, a
length of 6 m, and a height of 15 cm for four rows. Each
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Fig. 1 Location map of cadmium-polluted site (star symbol) at Mae Sot District, Tak Province, northern Thailand

row was divided into two sub-rows and set for one treat-
ment. There were a total of four treatments with eight sub-
rows. Eight of 3-month-old O. gratissimum plants were
transplanted into each sub-row with a 35-cm interval be-
tween each plant. The first row was a control treatment
with no bacterial inoculation. The second and third rows
were inoculated with Ralstonia sp. TISTR 2219 and
Arthrobacter sp. TISTR 2220, respectively. The size of the
bacterial inoculum applied to the soil of each treatment was
1 % (v/iw). A suspension of each bacterial inoculum was
directly sprayed in the soil at the area of the plant root zone
and mixed thoroughly before plantation. A synthetic
chelating agent, ethylenediaminetetraacetic acid (EDTA),
was added to the fourth row at a concentration of
30 mg kg~ as a positive chemical control. The total vol-
ume of bacterial inocula and EDTA added to the soil was
calculated based on the bulk density of soil at 20 cm depth
based on the plant root. Plants were watered daily and
sprayed with insecticide weekly for 6 months. The water
pH for irrigation was 7.85. Cadmium concentration in
water used in this experiment was below 0.01 mg L™', the

detection limit of a flame atomic adsorption spectropho-
tometer (FAAS; Varian spectra model AA240FS, USA).

Plant and soil analysis

At least three plant samples were randomly selected from
each sub-row at 2 and 6 months after transplantation.
Rhizosphere soil was aseptically collected, and the number
of viable rhizobacteria was determined by spreading on LB
agar containing 3 mM Cd(NOs),. Harvested plants were
thoroughly washed with tap water and rinsed twice with
deionized water. The plants were divided into root and
shoot parts and oven-dried at 80 °C before being weighed.
Plant growth was evaluated by measuring the stem height,
root length, and dry weight. Cadmium concentration in
each part of the dried plants was acidic digested in 2:1 of
HNO; and HCIO,4 by volume with the microwave digestion
method (Milestone model Ethos One, Italy) according to
the methods of US EPA method 3052 and Simmons et al.
(2003). Cadmium concentrations in digested samples of
soil and plants were analyzed by a FAAS. Soil samples
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were also collected at 2 and 6 months. Each soil sample
was digested in a mixture of concentrated HNO; and
concentrated HCI (1:3 by volume) with the microwave
digestion method (McGrath and Cunliffe 1985). Cadmium
concentration in acid-digested soil was measured by
FAAS.

Data analysis

The ratio of dry weight roots to dry weight shoots was
calculated for comparison of plant growth in each treat-
ment (Chiu et al. 2006). The bioconcentration factor (BCF)
was determined by calculating the ratio of metal concen-
tration in the plant to that in the soil around the plant roots
(Kumar et al. 1995). The translocation factor (TF) was
calculated by dividing metal concentration in the above-
ground tissues with that in the roots (Mattina et al. 2003).
The total cadmium accumulation in plants was calculated
by multiplying cadmium concentration in plant tissues with
dry weight biomass.

Statistical analysis

Each experiment was performed at least in triplicate. The
mean (X) and standard error (SE) of plant growth and
cadmium concentration in plants and soil for all treatment
groups were calculated. We report the results based on the
one-way analysis of variance followed by the Duncan
multiple range test at 95 % confidence intervals.

Results and discussion

Effects of cadmium-resistant bacteria on the growth
performance of O. gratissimum L. transplanted
into cadmium-polluted soil

We conducted this study over a period of 6 months. The
results showed that all O. gratissimum L. plants grew
normally in the heavily cadmium-contaminated soil
(652 £2.2mgkg ") without suffering from phyto-
toxicity. There was no sign of growth retardation during
plantation in cadmium-contaminated soil. Main visible
symptoms of cadmium toxicity such as chlorosis, leaf rolls,
and stunting, were not observed in O. gratissimum L. The
results of the plant growth and biomass measurements are
presented in Table 1. The root length, shoot height, and
total dry biomass of O. gratissimum L. did not significantly
increase (p < 0.05) after the bacterial or EDTA applica-
tions compared with the control group during both the
2- and 6-month periods. Both growth rate and plant yield of
O. gratissimum L. are high under these experimental con-
ditions. The dry plant biomass at 6 months after transplant
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in all treatments increased by 6.5-fold-8.1-fold in com-
parison with plants at 2 months after transplant.

In addition, the root-to-shoot ratios of plants inoculated
with Ralstonia sp., Arthrobacter sp., and EDTA were not
significantly different from the control group. Higher
shoot dry weights were observed for all treatments at
6 months after transplant, resulting in a lower root-to-
shoot ratio compared with the ratios at 2 months post-
transplant. Previous studies have been shown that the
root-to-shoot ratio is high in stressful environments and
nutrient-deficient conditions, and shoot tissues are more
sensitive to heavy metal toxicity than are root tissues
(Chiu et al. 2006). In general, cadmium inhibits root and
shoot lengths as well as overall plant growth and inter-
feres with nutrient uptake (Belimov et al. 2005; Benavides
et al. 2005). However, some plants have evolved
mechanisms to control the uptake, accumulation, and
detoxification of heavy metals, including the use of phy-
tochelatins and metallothioneins (Benavides et al. 2005).
Our findings indicated that O. gratissimum L. tolerated
cadmium toxicity in soil at a cadmium concentration till
65.2 mg kg

These results revealed that none of the tested bacterial
strains directly promoted plant growth. It was due to Ral-
stonia sp. and Arthrobacter sp. that produced very low
levels of a plant growth hormone, indole-3-acetic acid
(IAA) (Khonsue et al. 2013). In contrast, plant-growth-
promoting rhizobacteria (PGPR) can promote plant growth
when cultivated in heavy metal-contaminated soil. Copper-
resistant Achromobacter xylosoxidans Ax10, which pro-
duced TAA and solubilized phosphate, can promote an in-
crease in the root length, shoot length, fresh weight, and
dry weight of Indian mustard (Brassica juncea) (Ma et al.
2009). Cadmium-resistant PGPR promoted the growth of
rape (Brassica napus) (Sheng and Xia 2006; Dell’ Amico
et al. 2008) and sunflower (Helianthus annuus) (Prapagdee
et al. 2013). However, some PGPR facilitated the growth of
one plant but failed to promote the growth of others. The
heavy metal-resistant strain Burkholderia sp. J62 promoted
the growth of maize (Zea mays) and tomato (Lycopersicon
esculentum) but was not able to promote the growth of B.
Jjuncea due to its ability to colonize the root of its host plant
(Jiang et al. 2008).

Enhanced cadmium bioaccumulation in
0. gratissimum L. after soil inoculation
with cadmium-resistant bacterium

The ability of these bacteria to enhance cadmium phy-
toextraction by O. gratissimum L. planted in the field in-
vestigations is shown in Table 2. O. gratissimum L. grown
in cadmium-contaminated soil can accumulate cadmium in
the roots and above-ground tissues. At 2 months post-
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Table 1 Growth performances of O. gratissimum L. planted in cadmium-polluted soil for 2 and 6 months

Treatment Root length (cm) Stem height (cm) Dry weight of whole plant (g) Root:shoot ratio

Month 2 Month 6 Month 2 Month 6 Month 2 Month 6 Month 2 Month 6

No bacterial inoculation 21.0 £ 1.6 27.7 £0.6 657 £81 157.0+ 112 613 +57 4603 £252 0.24 £0.03 0.10 £ 0.06
Ralstonia sp. 240+19 283+71 71.0+46 173.7+£140 676+ 68  441.7+384 021 £0.05 0.10 &+ 0.05
Arthrobacter sp. 233+ 1.7 247+75 66375 1823 +£146 595482 4858 £280 021 £0.03 0.09 &+ 0.04
EDTA 217 +£29 283 +47 622+64 1651 +124 623 +28  476.1 £ 30.5 0.19 + 0.04 0.08 £ 0.04

The means and the SE (n = 3) were not significantly different (p < 0.05) according to the one-way analysis of variance

Table 2 Cadmium accumulation in each part of O. gratissimum L. planted in cadmium-polluted soil for 2 and 6 months

Treatment Cadmium content (g g~ plant dry weight) Total cadmium
- accumulation (mg plant

Root Above-ground tissue Whole plant tissue 1)

Month 2 Month 6 Month 2 Month 6 Month 2 Month 6 Month 2 Month 6
No bacterial 8.55 + 0.43* 12.35 £ 0.63* 4.05 &+ 0.28" 2.81 + 0.48" 5.40 4+ 0.24* 4.14 + 0.21* 0.30 £+ 0.02* 1.81 £ 0.32%

inoculation

Ralstonia sp. 9.40 £ 0.57* 11.85 4 0.84* 4.28 & 0.50*° 2.99 £ 0.37* 5.39 & 0.10* 4.50 £ 0.37* 0.31 £ 0.03* 2.08 & 0.28"
Arthrobacter sp.  10.53 £ 0.25° 11.60 + 0.42* 5.80 & 0.34° 3.23 £+ 0.34* 6.07 £ 0.34° 4.02 + 039" 0.41 + 0.04® 2.01 + 0.19*
EDTA 10.80 & 0.37° 14.10 £ 0.29° 5.57 + 0.55° 3.70 £ 0.61* 5.95 + 0.28" 5.37 £0.35° 0.39 + 0.02° 2.16 & 0.49°

The means and the SE (n = 3) followed by the same lowercase letter within column were not significantly different (p < 0.05) according to

Duncan’s multiple range test

transplant, the presence of Arthrobacter sp. in cadmium-
contaminated soil significantly enhanced cadmium con-
tents in the roots, above-ground tissues, and whole plant of
O. gratissimum L. by 1.2-fold, 1.4-fold, and 1.1-fold, re-
spectively, compared with the untreated control (Table 2).
The synergistic effect of Arthrobacter sp. on promoting
cadmium accumulation in O. gratissimum L. was similar to
that of an EDTA application. However, cadmium accu-
mulation in each plant part and in the whole plant of O.
gratissimum L. inoculated with Ralstonia sp. was not sig-
nificantly different (p > 0.05) compared with the
uninoculated control.

These results highlighted the fact that soil inoculation
with Arthrobacter sp. was an effective approach to enhance
the cadmium accumulation in O. gratissimum L. at
2 months after transplant. Other studies also showed that
cadmium-resistant bacteria can enhance cadmium uptake
by plants. Specifically, the cadmium-resistant bacteria
Pseudomonas sp. RJ10 and Bacillus sp. RJ16 increased
cadmium uptake in cadmium-hyperaccumulating tomatoes
(L. esculentum) (He et al. 2009). Cadmium-resistant PGPR
promoted cadmium accumulation in H. annuus (Prapagdee
et al. 2013). The co-application of citric acid and metal-
resistant microorganisms increased cadmium accumulation
by 25-35 % in black nightshade (Solanum nigrum), a
cadmium hyperaccumulator (Gao et al. 2012).

Unfortunately, there was no increase in the cadmium
uptake of O. gratissimum following soil inoculation with
tested bacteria at 6 months after transplant, except EDTA
application (Table 2). Cadmium accumulation in the
above-ground tissues at 6 months after transplant was
lower than that at 2 months, indicating less cadmium
translocation from roots to shoots. There are highly uptake
nutrients and other metal ions during the blossom and seed-
filling stages. In general, plants uptake metal ions from soil
either by passive transport with the mass flow of water into
the roots or by active transport whereby the contaminants
cross the plasma membrane of root epidermal cells (Kim
et al. 2003). Further evidence to this conclusion is that
decreasing numbers of viable rhizobacteria were present in
the soil over time (Fig. 2). In addition, the survivability of
Ralstonia sp. and Arthrobacter sp. in the sterile cadmium-
contaminated soil before applying them in the pot ex-
periment was monitored. The results found that the number
of Ralstonia sp. in the sterile cadmium-contaminated soil
was changed from 6.7 x 10’ on the first day to
3.7 x 10° CFU g' at 10 days after incubation. The
number of Arthrobacter sp. in the sterile cadmium-con-
taminated soil from the first day to the tenth day was from
8.7 x 10" to 5.5 x 10° CFU g~ . The highest numbers of
viable cells of Ralstonia sp. and Arthrobacter sp. in the
sterile cadmium-contaminated soil were 1.3 x 10'” and
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Fig. 2 Number of viable 5.0
rhizobacteria in the rhizosphere
soil of O. gratissimum L. in the
treatments that were inoculated
with Ralstonia sp. or
Arthrobacter sp. and
supplemented with EDTA

ONo bacteria

DRalstonia sp.

compared with the uninoculated
control at 2 and 6 months after
transplant in cadmium-polluted
soil. The error bars represent
the SE (n = 3), and the
lowercase letter above the bar
graph denotes a significant
difference (p < 0.05) compared
with the control treatment
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8.3 x 10° CFU g™ ' at the fourth day of incubation, re-
spectively. These results suggested that periodically re-
peated soil inoculation with Arthrobacter sp. every week is
required to prolong the cadmium phytoextraction efficien-
cy. In addition, soil inoculation with immobilized bacterial
cells offers enormous advantages in cell protection and
survival in contaminated soil.

The cadmium contents in the roots and in whole O.
gratissimum L. plants treated with EDTA were higher than
those that were inoculated with cadmium-resistant bacteria,
increased by 1.1-fold and 1.3-fold, respectively, compared
with the uninoculated control. The bioavailability of heavy
metals is an indicator of the plant’s ability to accumulate
heavy metals from the soil (Branquinho et al. 2007). EDTA
increases the solubility and bioavailability of heavy metals
in soil, resulting in increased plant uptake of heavy metals
(Evangelou et al. 2007). Our finding is consistent with
other studies. The application of EDTA in soil increased
the cadmium solubility, and the cadmium concentration in
the shoots of Z. mays and white bean (Phaseolus vulgaris)
was reported by Luo et al. (2005). Prapagdee et al. (2013)
show that cadmium accumulation in the whole H. annuus
treated with EDTA was higher than that of H. annuus
inoculated with cadmium-resistant PGPR.

In contrast, there was no significant difference
(» < 0.05) in the cadmium contents of the above-ground
tissues from O. gratissimum L. in all treatments after
6 months of cultivation (Table 2). On comparing the total
cadmium accumulation in O. gratissimum L. at 2 and
6 months post-transplant, the total cadmium accumulation
in each plant (mg plant tissue™') for all treatments was
higher at the 6-month harvest than at the 2-month harvest
by approximately fivefold—sixfold due to a significant in-
crease in plant biomass during the 6-month harvest period
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month 6

(Table 1). Interestingly, O. gratissimum L. seeds had very
low to undetectable cadmium concentrations. The max-
imum cadmium content (0.03 pg g~ ') was detectable only
in the seeds from O. gratissimum L. plants treated with
EDTA. Cadmium contents in the seeds of other treatments
were lower than 0.01 ug g~'. The cadmium accumulation
in each plant part decreased in the order of root > -
stem > leaf > fruit > seed (Benavides et al. 2005). In Ja-
pan, the paddy fields that have produced rice grains
containing cadmium at concentrations >1 pg g~ ' are des-
ignated as contaminated paddy fields (Makino et al. 2007).
Zheljazkov et al. (2006) found that there was no detectable
cadmium, copper, or lead contents in the oils of dill
(Anethum graveolens), peppermint (Mentha x piperita), or
basil (Ocimum basilicum) that were grown in soils
amended with these heavy metals with no alterations of oil
composition. There was also no risk of transferring heavy
metals to the oils of these crops. Our results suggested that
O. gratissimum L. could be grown as an alternative to
edible plants in cadmium-polluted agricultural soil. The
improvement in the interactions between plants and cad-
mium-resistant bacteria for the enhancement of cadmium
uptake by aromatic crops is considered an important
strategy for cadmium phytoextraction in polluted soil.

Cadmium-resistant bacterium facilitates cadmium
accumulation and translocation in O. gratissimum L.

The results in Fig. 3a show that the BCF of O. gratissimum
L. treated with Arthrobacter sp. and EDTA at 2 months
post-transplant was higher than that of the untreated con-
trol. However, no increase was observed in the BCF of O.
gratissimum L. at 6 months after transplant with
Arthrobacter sp. This result concurred with the observation
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of cadmium accumulation in each plant part as well as with
whole O. gratissimum L. inoculated with Arthrobacter sp.
during the 6 months of growth (Table 2). O. gratissimum
L. had a low BCF in both harvested periods. The BCFs
observed in this field study were slightly low due to the
high cadmium concentration and low cadmium availability
in the soil. The bioavailability factor in some medicinal
plants planted in heavy metal-contaminated soil increased
with decreasing cadmium concentrations in the soil
(Zheljazkov et al. 2008b). The causative factor leading to a
low BCF might be due to cadmium competition with other
metals in the soil. During uptake, cadmium ions compete
for the same transmembrane carrier used by other metal
ions such as zinc, copper, iron, manganese, and nickel
(Benavides et al. 2005). Agricultural soil in this study area
contained not only cadmium but also high concentrations
of zinc (826.0 mg kg™ '). Accumulated metals in plant
roots and their translocation into plant tissues decrease in
the order of zinc > cadmium > lead (Boruvka et al. 1997).

The TFs of O. gratissimum L. at 2 months after trans-
plant were higher than those of O. gratissimum L. at
6 months for all treatments (Fig. 3b). The highest TF was
found in plants inoculated with Arthrobacter sp. during the
2-month growth period; however, there was no significant
difference (p > 0.05) between this group and the EDTA-
treated O. gratissimum. In the 6-month growth period, the
TFs of all O. gratissimum L. treatment groups were not
significantly different (p < 0.05). The TFs of O. gratissi-
mum L. were still quite low in comparison with other
cadmium-hyperaccumulating plants (Sun et al. 2008;
Phaenark et al. 2009). Heavy metal phytoextraction re-
quired the translocation of heavy metals to the easily har-
vestable plant parts (Kim et al. 2003). EDTA in the soil
stimulated cadmium translocation from the roots to the
shoots of B. juncea by changing the cadmium solubility

month 6 month 2 month 6

and bioavailability of cadmium in the soil (Jiang et al.
2003). Similar results noting increased cadmium translo-
cation from the roots to the shoots in other plants after soil
inoculation with cadmium-resistant bacteria were reported
in other studies (Prapagdee et al. 2013; Khonsue et al.
2013). In general, cadmium is accumulated primarily in the
root tissue; only small amounts of cadmium are translo-
cated to the shoot tissue (Benavides et al. 2005). A higher
degree of cadmium accumulation in the roots versus in the
shoots led to less translocation of cadmium from the root to
the shoot system. According to this study, the cadmium
content in the roots was higher than that of above-ground
tissues for both harvest periods (Table 2). Zheljazkov et al.
(2008b) reported that cadmium, lead, and copper accu-
mulated primarily in the roots, whereas higher concentra-
tions of manganese and zinc were found in the leaves of
several medicinal plants.

The efficiency of cadmium phytoremediation is also
dependent on the cadmium removal from contaminated
soil. Two and six months after transplant, the cadmium
concentrations in contaminated soil were decreased for all
treatment groups. The percentages of cadmium removal
from the soil planted with O. gratissimum L. alone or
treated with Ralstonia sp., Arthrobacter sp., and EDTA
during the 2-month harvest periods were 18.9, 20.4, 25.4,
and 31.3 %, respectively. The amount of cadmium that was
removed by O. gratissimum L. inoculated with
Arthrobacter sp. and EDTA was significantly higher than
that removed by O. gratissimum L. inoculated with Ral-
stonia sp. and the uninoculated control. The amounts of
cadmium in the soil after transplant with O. gratissimum L.
for 6 months in all treatments, including the plants
uninoculated and inoculated with Ralstonia sp.,
Arthrobacter sp., and EDTA, were decreased by 17.0, 18.1,
20.2, and 22.4 %, respectively. The percentages of soil
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cadmium removal were less than those observed 2 months
after transplant. Plants had a lower root-to-shoot ratio at
6 months than that at 2 months, because this growth stage
is the declining stage. As previously indicated, cadmium
highly accumulated in root tissue. Plants exhibit no sig-
nificant release of cadmium after cadmium exposure;
however, wetland plants may excrete the metals through
salt glands (Hardy and O’Keeffe 1985; Weis and Weis
2004). However, it was a possibility that dead root tissue
was decomposed by indigenous microorganisms and re-
turned cadmium to the soil environment. Our results con-
firmed the results of other reports of the ability of EDTA to
enhance the phytoremediation of heavy metals (Jiang et al.
2003; Luo et al. 2005). The results of this study clearly
indicate that the ability of Arthrobacter sp. to improve
cadmium phytoremediation by O. gratissimum L. was
nearly as efficient as that of EDTA application. EDTA is
hardly to degrade in the environment, and it can be toxic to
plants and soil microorganisms (Luo et al. 2006). Thus, soil
inoculation with Arthrobacter sp. is much more environ-
mentally sound compared with EDTA application. The role
of Arthrobacter sp. increased soil cadmium solubility and
is related to the production of exopolysaccharide (EPS)
(Prapagdee et al. 2012). EPS forms complexes with metal
cations by electrostatic interaction and promotes metal
plant uptake (Chen et al. 1995; Pal and Paul 2008).
Therefore, the cultivation of aromatic O. gratissimum L.
plants coupled with Arthrobacter sp. as a co-bioremediator
in contaminated agricultural soil is a feasible option for
remediating cadmium-polluted soil.

To study mass balance of cadmium in soil and the whole
plant, the volume of soil was estimated based on the bulk
density of soil and the area of plant root boundary at
20 x 20 x 20 cm (W x L x D). The sum of cadmium
accumulated in the whole plant and cadmium that remained
in the soil after plantation was less than the initial cadmium
concentration in the soil (Table 3). The loss of cadmium
after transplantation was calculated in terms of percentage.
The highest percentage of cadmium loss was found in

treatment with EDTA application at both harvested peri-
ods. EDTA can increase the metal solubility and promote
the leaching of soil metals (Jiang et al. 2003; Evangelou
et al. 2007). The loss of soil cadmium in treatment with
EDTA application would involve the leaching to under-
ground water. However, the effect of leaching during wa-
tering of plants might be low, because the water for
irrigation is slightly alkaline (pH 7.84) and cadmium is
more soluble and leaching in acid condition. Our expla-
nation is confirmed by the study by Ok et al. (2004) which
reported that water-soluble fraction of cadmium in con-
taminated soil is very low. The main fractions of soil
cadmium are exchangeable and acid-digested fractions.
Moreover, the high organic matter contents showed the low
water-soluble cadmium concentration in soil (Crommen-
tuijn et al. 1997). Our tested soil had a slightly high%
organic matter (3.8 %); therefore, the leaching of soil
cadmium should be low. In addition, the percentages of
cadmium loss in soil inoculation with Ralstonia sp. and
Arthrobacter sp. were higher than those of the uninoculated
control. These results corresponded well to the study of
Khonsue et al. (2013), who claimed that Ralstonia sp. and
Arthrobacter sp. promote cadmium solubility in soil.
Because of the low rate of cadmium removal from
contaminated soil, more time to repeat cultivation would be
required to remediate a polluted site. The time required for
remediation ranges from 1 to 20 years depending on the
type and concentration of heavy metals, the heavy metal
removal efficiency of plants, and the plant growth rate
(Padmavathiamma and Li 2007). In general, the use of
heavy metal-hyperaccumulating plants has been recom-
mended for phytoextraction of soil contaminated with
heavy metals (Wang et al. 2008). O. gratissimum L. is not a
heavy metal-hyperaccumulating plant; however, it could be
grown as a high-value aromatic crop in contaminated
agricultural soil without cadmium contamination in its oil
products. Thus, cadmium phytostabilization using O.
gratissimum L. would have been a better option for phy-
toremediation. Several aromatic and medicinal crops may

Table 3 Sum of cadmium content in soil (n = 3) and the whole plant (n = 3) before and after transplantation for 2 and 6 months

Treatment Month 2 Month 6
Cadmium content (mg) Cadmium loss (%) Cadmium content (mg) Cadmium loss (%)

Before transplantation (only in soil) 886.7 886.7 -
After transplantation

No bacterial inoculation 718.4 19.0 781.5 11.9

Ralstonia sp. 670.9 243 720.0 18.8

Arthrobacter sp. 688.1 224 736.3 17.0

EDTA 609.2 31.3 707.6 20.2
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offer an alternative phytoremediation option for mild-to-
moderate contaminated soils without contamination of
their marketable products (Zheljazkov et al. 2008a, b). In
fact, soils are often contaminated with multiple heavy
metals. Therefore, the performance of O. gratissimum L.
for phytoremediation of other heavy metals should be
further evaluated. In addition, we suggest that a combined
bioaugmentation with Arthrobacter sp. and PGPR strain in
contaminated soil would be suitable for stimulating cad-
mium uptake and plant growth.

Conclusion

Ralstonia sp. and Arthrobacter sp. did not promote the
growth of O. gratissimum L. The root-to-shoot ratio of O.
gratissimum L. at 2 months after transplantation was
higher than that at 6 months. Soil inoculation of an
Arthrobacter sp. can enhance cadmium accumulation and
translocation of cadmium from the roots to the shoots of
O. gratissimum L. during a 2-month harvest period.
However, no increase in the cadmium accumulation and
translocation in O. gratissimum L. was observed at
6 months after transplantation in contaminated soil.
Numbers of viable rhizobacteria in rhizosphere soil at
6 months after transplant decreased with time. Repeated
soil inoculation with the Arthrobacter sp. would be re-
quired for the continuous stimulation of phytoremediation
efficiency. Seeds of O. gratissimum L. contained unde-
tectable to negligible concentrations of cadmium. Soil
with such a high level of cadmium contamination should
be used only for the cultivation of aromatic crop plants.
This work was to explore the synergistic ability of plants
and cadmium-resistant bacteria to enhance the cadmium
phytoremediation efficiency in a cadmium-polluted field
site.
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Abstract Cadmium-resistant Micrococcus sp. TISTR2221, a
plant growth-promoting bacterium, has stimulatory effects on
the root lengths of Zea mays L. seedlings under toxic cadmi-
um conditions compared to uninoculated seedlings. The per-
formance of Micrococcus sp. TISTR2221 on promoting
growth and cadmium accumulation in Z. mays L. was inves-
tigated in a pot experiment. The results indicated that
Micrococcus sp. TISTR2221significantly promoted the root
length, shoot length, and dry biomass of Z. mays L.
transplanted in both uncontaminated and cadmium-
contaminated soils. Micrococcus sp. TISTR2221 significantly
increased cadmium accumulation in the roots and shoots of
Z. mays L. compared to uninoculated plants. At the beginning
of the planting period, cadmium accumulated mainly in the
shoots. With a prolonged duration of cultivation, cadmium
content increased in the roots. As expected, little cadmium
was found in maize grains. Soil cadmium was significantly
reduced with time, and the highest percentage of cadmium
removal was found in the bacterial-inoculated Z. mays L. after
transplantation for 6 weeks. We conclude that Micrococcus sp.
TISTR2221 is a potent bioaugmenting agent, facilitating cad-
mium phytoextraction in Z. mays L.

Keywords Cadmium - Phytoextraction - Indole-3-acetic
acid - Micrococcus sp. - Zea mays L.

Responsible editor: Elena Maestri

>4 Benjaphorn Prapagdee
benjaphorn.pra@mahidol.ac.th

' Faculty of Environment and Resource Studies, Mahidol University,

Salaya, Nakhonpathom 73170, Thailand

@ Springer

Introduction

Cadmium has been recognized as one of the most problematic
heavy metals contaminating soils and is of worldwide concern
due to its high toxicity (Ali et al. 2013). Widespread soil con-
tamination with cadmium has dramatically increased due to
the discharge of waste and wastewater from several anthropo-
genic activities, e.g., mining and smelting activities. Soil con-
taminated with cadmium is caused by the mismanagement of
mining wastes (Thawornchaisit and Polprasert 2009).
Cadmium in the soil is easily taken up by crop plants growing
in polluted areas, contributing to bioaccumulation in plant
tissues. It poses a serious health risk to people upon consump-
tion of contaminated plant products (Guo et al. 2014). Several
diseases are caused by cadmium exposure, e.g., renal dysfunc-
tion, osteoporosis, chronic anemia, bone fractures, and tumors
(Liu et al. 2009). To prevent the passing of soil cadmium into
the food chain, remediation of cadmium contamination in ag-
ricultural soil deserves special attention.

Among the available remediation technologies,
phytoremediation, a green technology to remediate soil
contaminated with toxic metals, has received much atten-
tion for over a decade (Chaney et al. 1997). The
phytoextraction step of phytoremediation involves the ex-
traction of toxic heavy metals in soils and the accumulation
of heavy metals in plant tissues that are easy to harvest
(Vangronsveld et al. 2009; Ali et al. 2013). However, the
important limitations of heavy metal phytoextraction are a
slow plant growth rate and a low plant biomass (Lebeau
et al. 2008; Jiang et al. 2008). A high concentration of
heavy metals accumulated in plants causes irreversible
damage to plant tissues resulting in plant growth retarda-
tion (Barocsi et al. 2003). To improve phytoextraction per-
formance, plant growth rate should be promoted. Bacterial
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augmentation-assisted phytoextraction is a promising new
remediation technology for the reclamation of polluted
areas (Teixeira et al. 2014). Several investigators found
that heavy metal-resistant bacteria can promote plant
growth and heavy metal uptake (He et al. 2009;
Prapagdee et al. 2013; Guo et al. 2014).

In general, indole-3-acetic acid (IAA)-producing bacteria
are classified as plant growth-promoting bacteria (PGPB) able
to stimulate plant growth (Glick 2010). Various bacterial gen-
era have been reported to produce 1AA, e.g., Azotobacter,
fluorescent Pseudomonas, Mesorhizobium, and Bacillus
(Ahmad et al. 2008). Micrococcus sp. TISTR2221 (formerly
strain MU1) is a cadmium-resistant PGPB that is a high pro-
ducer of IAA during the late stationary phase of growth
(Prapagdee et al. 2013). This bacterial strain was isolated from
the plant roots of Glycine max L. collected from a cadmium-
polluted site by Chanprasert et al. (2011). Its ability to promote
root elongation, growth, and cadmium uptake in cadmium-
polluted soil by Helianthus annuus L., a dicotyledonous plant,
has been reported by Prapagdee et al. (2013). Two types of
plants have been commonly used for heavy metal
phytoextraction, including (1) hyperaccumulator and (2)
high-yielding biomass plants (Wang et al. 2007). Zea mays
L., or maize, a monocotyledonous plant, is an agronomic crop
worldwide with a high biomass. It has been found to accumu-
late several heavy metals, e.g., cadmium, lead, and copper
(Meers et al. 2005; Wang et al. 2007).

To our knowledge, the ability of a cadmium-resistant
PGPB to promote the growth and cadmium uptake by
Z. mays L. cultivated in highly cadmium-contaminated soil
has not been reported elsewhere. Several investigators re-
ported cadmium phytoremediation by Z. mays L. in the low
to medium concentrations of cadmium in contaminated soil
(Meers et al. 2005; Murakami et al. 2007; Moreira et al.
2014). In general, cadmium concentrations in uncontami-
nated soils are below 0.5 to 3.0 mg kg~ ' and cadmium
concentrations in Thai soils range from 0.002 to
0.141 mg kg ' (Pongsakul and Attajarusit 1999; Wang
et al. 2007). However, cadmium concentration in the con-
taminated paddy soils in Thailand was up to 284 mg kg™’
(Simmons et al. 2005). Therefore, the bacterial-assisted
cadmium phytoextraction by Z. mays L. in highly
cadmium-contaminated soil was investigated.
Micrococcus sp. TISTR2221 was inoculated in the rhizo-
sphere soil to increase the number of cadmium-resistant
PGPB in the zone surrounding the plant roots. This method
has the potential to contribute to beneficial plant and mi-
croorganism interactions to improve cadmium
phytoextraction efficiency. This bacterial strengthening of
cadmium phytoextraction by Z. mays L. would overcome
the major limitations in cadmium phytoextraction and lead
to the development of practical management strategies to
remediate polluted areas.

Materials and methods
Bacterial strain and inoculum preparation

Micrococcus sp. TISTR2221, a cadmium-resistant PGPB,
was cultured in Luria Bertani (LB) agar (Criterion, USA) con-
taining 3 mM cadmium nitrate (Cd(NOs),) (Ajax, Australia)
and incubated at 28 °C. A bacterial inoculum was prepared in
broth culture according to the methods of Prapagdee et al.
(2013) and adjusted to an ODggy of 0.2. Viable cells in the
culture broth were counted by spreading on LB agar. An ap-
proximate viable cell number of TISTR2221in the inoculum
before and after an ODgg adjustment to 0.2 were 1.8x10'°
and 1.3x10° CFU mL™", respectively.

In vivo root elongation assay

Seeds of Z. mays L. cv. CPDK 888 (purchased from Crop
Integration Business C.P. Group, Thailand) were surface-
sterilized in a mixture of absolute ethanol and 30 % hydrogen
peroxide (1:1) for 15 min and washed twice with sterile dis-
tilled water. A root elongation assay on filter paper was carried
out using a method similar to that previously described by
Prapagdee et al. (2013), with 20 replicates. Various cadmium
ion concentrations in the form of cadmium nitrate, including
0, 50, 100, and 150 mg L', were applied to sterile filter paper
before the placement of surface-sterilized seeds. Then 0.1 mL
of bacterial suspension at an ODggo of 0.2 was added with
9.9 mL of sterile normal saline before pouring on sterile filter
paper. The root length of the seedlings was measured after
incubation at room temperature in the dark for 5 days.

Bioaugmentation-assisted growth and cadmium
phytoextraction in Z. mays L.

Preparation of a spiked cadmium-contaminated soil
and analysis of soil properties

Garden soil was collected from the surface at a 15-cm depth. It
was air-dried, ground, passed through a 2-mm sieve, and ho-
mogenized. The background cadmium content in the garden
surface soil was 1.14+0.12 mg kg™'. To prepare the spiked
cadmium-contaminated soil, the air-dried soil was added to
cadmium nitrate solution to yield a concentration of approxi-
mately 90 mg kg ' and mixed well by shaking. The spiked
cadmium-contaminated soil was kept at room temperature for
4 weeks with frequent thorough mixing before use according
to the methods of Thawornchaisit and Polprasert (2009). The
physical and chemical characteristics of spiked cadmium-
contaminated soil, including soil texture, soil pH, electrical
conductivity, cation exchange capacity, organic matter, total
nitrogen, available phosphorous, and extractable potassium,
are presented in Table 1. To analyze the total cadmium
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Table 1 Physical and chemical properties of spiked cadmium-
contaminated soil

Property Value
Particle size distribution

Sand (%) 30.0

Silt (%) 233

Clay (%) 46.7
Soil texture Clay
pH (1:1w/v H,0) 7.55+0.03
Electrical conductivity (1:5) (dS m™") 0.18+0.07
Cation exchange capacity (cmol kg ") 10.89+0.44
Organic matter (%) 4.43+0.61
Total nitrogen (%) 0.23+0.02
Available phosphorous (mg kg ) 13.49+1.05
Extractable potassium (mg kg ") 43.47+091
Total cadmium (mg kg ") 90.35+3.32
Bioavailable cadmium (mg kg ") 21.16+£0.20

concentration in soil, prepared soil was digested with a mix-
ture of 1:3 by volume of concentrated nitric acid (HNO3)
(Merck, Germany) and concentrated hydrochloric acid (HCI)
(Merck, Germany) in a microwave oven (Milestone model
Ethos One, Italy) (McGrath and Cunliffe 1985). In addition,
bioavailable cadmium in soil was extracted using
diethylenetriamine pentaacetic acid (DTPA) (Ajax,
Australia) (Faust and Christians 2000). Total and bioavailable
cadmium concentrations were measured using flame atomic
adsorption spectrophotometry (FAAS) (Varian spectra model
AA240FS, USA).

Preparation of Z. mays L. seedlings

Seeds of Z. mays L. cv. CPDK 888 were surface-sterilized and
sown in uncontaminated agricultural soil in a 25-cm-diameter
plastic pot at a density of 10 seeds per pot. After germination
for 4 weeks, Z. mays L. seedlings at an approximate height of
50 cm were individually transplanted in both uncontaminated
and cadmium-contaminated soil in plastic pots filled with
3.0 kg of soil. The bottoms of the pots were sealed off to avoid
leaching of cadmium.

Bioaugmentation in the pot experiment

The experimental procedure of bioaugmentation with a
cadmium-resistant PGPB in Z. mays L. seedlings followed
the method of Jiang et al. (2008) and Ma et al. (2009) with
some modification. This pot experiment was a completely
randomized design and consisted of four treatments with five
replicates, including (1) Z. mays L. seedlings planted in un-
contaminated soil without bacterial inoculation, (2) Z. mays L.

@ Springer

seedlings planted in uncontaminated soil with TISTR2221
inoculation, (3) Z. mays L. seedlings planted in cadmium-
contaminated soil without bacterial inoculation, and (4)
Z. mays L. seedlings planted in cadmium-contaminated soil
with TISTR2221 inoculation. Before transplanting, the sus-
pension of TISTR2221 inoculum was applied in the soil (only
in treatments 2 and 4) at the area of the plant root zone and
homogeneously mixed to yield an inoculation size of approx-
imately 10° CFU g ' soil. The bacterial suspension was re-
peatedly inoculated in the soil at 2, 4, and 6 weeks. Each
plastic pot was placed in the greenhouse and watered daily.
Plant samples were collected at 2, 4, and 6 weeks and
completely harvested at the seedling stage (12 weeks after
transplantation). The ages of Z. mays L. at 2, 4, 6, and
12 weeks after transplantation were 6, 8, 10, and 16 weeks
old, respectively. During the cultivation period, the plants
were fertilized with a chemical fertilizer solution to avoid
limiting nutritional conditions.

Sample collection and analysis

Each plant was carefully harvested from the soil and rinsed
several times with deionized water to remove soil from the
surface. Plant growth was determined by root length, shoot
length, and dry biomass yield. The plants were divided into
shoots and roots and oven-dried at 80 °C for 24 h before being
weighed. Dried plant samples (shoots and roots) were ground
and acid digested in concentrated HNO; and perchloric acid
(HC10O4) (Merck, Germany) at a ratio of 2:1 by volume
(Simmons et al. 2003) in a microwave oven. Cadmium con-
centrations in digested plant samples were analyzed by FAAS.
A soil sample was collected from each pot. Total and bioavail-
able cadmium concentrations in soil were extracted and ana-
lyzed as described above.

Data interpretation and statistical analysis

To evaluate the performance of cadmium phytoextraction and
cadmium translocation in plant tissues, the phytoextraction
coefficient (PEC), the bioaccumulation factor (BAF), and
the translocation factor (TF) were calculated. The PEC is the
ratio of the metal concentration in plants to that in soil (Kumar
etal. 1995). The BAF is the ratio of the metal concentration in
plants to the bioavailable metal concentration in the soil
(Khaokaew and Landrot 2014). The TF is the ratio of the
metal concentration in the shoots to the concentration in the
roots (Mattina et al. 2003). The data for plant growth, cadmi-
um content of each plant part, PEC, BAF, and TF were calcu-
lated as the mean (¥ ) and standard error (SE). The differences
in the means for plant growth and cadmium content in plants
between the control group and the bacterial-treated group
were statistically analyzed using an independent ¢ test at a
significance level of 0.05.
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Results and discussion

Promotion of plant root elongation
by a cadmium-resistant PGPB under cadmium toxic
conditions

An in vivo root elongation assay under various cadmium con-
centrations found that the root lengths of Z. mays L. seedlings
inoculated with Micrococcus sp. TISTR2221 significantly in-
creased compared to the uninoculated control seedlings at all
cadmium concentrations (Fig. 1). The increases in the root
lengths of bacterial-inoculated Z. mays L. seedlings in the
cadmium ion concentrations of 0, 50, 100, and 150 mg L™
compared to the uninoculated control seedlings were 71.3,
65.7, 66.3, and 48.2 %, respectively. The root length of the
bacterial-inoculated Z. mays L. seedlings in the absence of
cadmium ion was higher than those in the presence of cadmi-
um ion. Similar results were also found in the uninoculated
Z. mays L. seedlings. However, there was no significant dif-
ference (p<0.05) in the root length of the uninoculated
Z. mays L. seedlings among the different cadmium ion con-
centrations. In addition, the inoculation of Micrococcus sp.
TISTR2221 in Z. mays L. seedlings in the presence of cadmi-
um ion could recover the retardation of root growth by cad-
mium toxicity. These findings indicate that Micrococcus sp.
TISTR2221 was able to increase the root lengths of Z. mays L.
seedlings under cadmium toxicity conditions.

Our previous study reported that Micrococcus sp.
TISTR2221 was a high producer of IAA even at high

30.0
bC OUninoculated control
OTISTR222
25.0 _}
=3 | bB
§ 20.0 I B
B 150 ] _} {7 e ba
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Fig.1 Root lengths of Z. mays L. cultivated in the absence or presence of
cadmium at various concentrations after germination for 5 days. The
error bars are the SE (n=20), and a different lowercase letter denotes
significant difference at p <0.05 between uninoculated seedlings and
bacterial-inoculated seedlings at each cadmium concentration. A
different uppercase letter indicates a significant difference at p <0.05
among different cadmium concentrations

concentrations of cadmium and that it promoted the root elon-
gation of cadmium-treated seedlings of H. annuus L.
(Prapagdee et al. 2013). The study of Yokota et al. (2010)
found that TIAA produced from Streptomyces sp. CMU-H009
plays a role in promoting seed germination and root elonga-
tion in Z. mays L. In general, cadmium is toxic to plants at
high concentrations in a range of 11.2 to 1123.6 mg L ™' cad-
mium ion by inhibiting root growth and cell division (Liu et al.
2003). Maize is more sensitive to cadmium than other crops,
e.g., wheat (Ahmad et al. 2014). More inhibition of root
growth was observed when the cadmium concentration was
increased (Chen et al. 2003; Liu et al. 2003). These results are
in good agreement with the study on the effect of cadmium on
the root growth of Z. mays L. seedlings (Wang et al. 2007).

Promotion of plant growth cultivated in uncontaminated
and spiked cadmium-contaminated soils by the addition
of a cadmium-resistant PGPB

To further understand the effect of cadmium and Micrococcus
sp. TISTR2221 on plant growth, Z. mays L. seedlings were
transplanted in the greenhouse in both uncontaminated soil
and spiked cadmium-contaminated soil. The root and shoot
lengths and dry biomass of Z. mays L. transplanted in uncon-
taminated soil both with and without bacterial inoculations
were higher than those in spiked cadmium-contaminated soil
(Table 2). Although the growth of Z. mays L. transplanted in
spiked cadmium-contaminated soil was slightly retarded by
cadmium, there were no obvious cadmium toxicity symptoms.
The highest plant dry biomass was found in bacterial-
inoculated Z. mays L. cultivated in uncontaminated soil for
12 weeks, followed by the uninoculated plants. At 12 weeks
after transplantation, the cadmium in soil obviously decreased
the dry biomasses of bacterial-inoculated and uninoculated
Z. mays L. by 32.4 and 32.3 %, respectively, compared to
those transplanted in uncontaminated soil.

It was clearly observed that the growth of Z. mays L. was
decreased by cadmium in contaminated soil compared to the
growth of Z. mays L. in uncontaminated soil. Our findings
corresponded well with the study of Ahmad et al. (2014),
who claimed that cadmium decreased the shoot and root dry
biomass of Z. mays L. planted in cadmium-contaminated soil
at 80 mg kg ' compared to the uncontaminated control. The
dry biomasses of Brassica campestris and Vigna radiata were
lower when planted in cadmium-contaminated soil at
50 mg kg ' (Anjum et al. 2014). It was due to cadmium
phytotoxicity to plant growth. Cadmium produces oxidative
stress, induces lipid peroxidation, inhibits several antioxida-
tive enzymes, and inhibits chlorophyll synthesis in plants
(Sanita di Toppi and Gabbrielli 1999; Benavides et al. 2005).

Considering the effect of Micrococcus sp. TISTR2221 on
plant growth, the results revealed that Micrococcus sp.
TISTR2221 was able to increase the root and shoot lengths
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Table 2 Growth of Z. mays L.

after transplantation in Parameter Uncontaminated soil Cadmium-contaminated soil
uncontaminated soil and spiked
cadmium-contaminated soil Uninoculated control TISTR2221 Uninoculated control TISTR2221
Root length (cm)
2 weeks 18.1+1.6 4 232420 14.8+0.2 A 17.40.7 2
4 weeks 22.0+1.0 A 28.7+0.8 *°P 18.7+1.5 %8 20.3%1.5 78
6 weeks 32.7+0.6 ™8 38.2+1.1 *€ 23.7+1.5%¢ 28.7+0.8 "¢
12 weeks  37.0+£0.8 **¢ 47.6+0.7 *°P 25.5+1.4 %€ 32.0+1.7 *P
Shoot length (cm)
2 weeks 59.7+1.6 A 67.1£2.3 ™4 51.241.6 @4 54.9+0.2 "A
4 weeks 78.742.5 8 89.1+3.1 ™°P 63.742.5 %P 72.742.5 78
6 weeks 133.7+1.5 ¢ 151.4+2.7 **¢ 86.3+2.1 ¢ 100.3£1.5 *C
12 weeks  221.0+4.4 °°P 240.8+2.6 *°P 195.5+1.7 P 211.0+4.2 ™
Dry biomass of whole plant (g plant ")
2 weeks 0.49+0.01 *** 0.67+0.01 *** 0.35+0.01 4 0.5140.04 "4
4 weeks 4.74+0.13 P 6.21+0.34 **8 0.5240.09 4 1.00+0.04 ™8
6 weeks 28.72+3.07 € 35.14+3.20 ™ 5624221 %8 10.16+1.07 ™©
12 weeks  204.01+14.14 P 252.50+13.80 " 137.97+11.27 %C 170.6249.11 *°

The means and SE (n=5) followed by a different lowercase letter within the same row denote a significant
difference at p <0.05 between the uninoculated control and the bacterial-inoculated treatment in either uncon-
taminated soil or spiked cadmium-contaminated soil, respectively, at each planting period. A different underlined
lowercase letter within the same row indicates a significant difference at p <0.05 between uncontaminated soil
and a spiked cadmium-contaminated soil of either the uninoculated control or the bacterial-inoculated treatment,
respectively, at each planting period. A different uppercase letter within the same column indicates a significant
difference at p <0.05 among different planting periods of each parameter.

and the dry biomass of Z. mays L. transplanted in both soils at
all harvested periods (Table 2). In uncontaminated soil, the
increases in root length, shoot length, and dry biomass of
bacterial-inoculated Z. mays L. at 12 weeks after transplanta-
tion compared to the uninoculated Z. mays L. were 28.6, 9.0,
and 23.8 %, respectively. A similar result of promoting plant
growth by Micrococcus sp. TISTR2221 has been observed in
the Z. mays L. transplanted in a spiked cadmium-
contaminated soil. The root length, shoot length, and dry bio-
mass of bacterial-inoculated Z. mays L. at 12 weeks after
transplantation in spiked cadmium-contaminated soil in-
creased by 24.5, 7.9, and 23.7 %, respectively, in comparison
with the uninoculated Z. mays L.

It should be noted that Micrococcus sp. TISTR2221 signif-
icantly promoted the growth of Z. mays L. transplanted in both
uncontaminated and spiked cadmium-contaminated soils. The
explanation for this is based on a finding from our previous
study in H. annuus L. (Prapagdee et al. 2013). We speculated
that the high levels of IAA produced by Micrococcus sp.
TISTR2221 play an important role in promoting plant growth
(Prapagdee et al. 2013). The most important mechanism to
promote the growth of Z. mays L. and Triticum aestivum L.
is the production of plant growth hormones by PGPB (Ahmad
et al. 2014). The growth promotion by heavy metal-resistant
PGPB in many plant species, e.g., Brassica napus, Lolium
multiflorum, Sedum alfredii, and Medicago sativa, has been
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reported (Chen et al. 2013; Guo et al. 2014; Liu et al. 2015).
The potential plants for heavy metal phytoextraction should
have high biomass yields (Barocsi et al. 2003). Bacterial-
inoculated Z. mays L. transplanted in spiked cadmium-
contaminated soil had a high dry biomass yield, suggesting
that Z. mays L. could be a candidate for cadmium
phytoextraction.

Performance of a cadmium-resistant PGPB to increase
cadmium accumulation in plant tissues

Owing to the positive effect of Micrococcus sp. TISTR2221
on plant growth in spiked cadmium-contaminated soil, the
enhancement of cadmium uptake by Z. mays L. inoculated
with Micrococcus sp. TISTR2221 was studied. Before inocu-
lating Micrococcus sp. TISTR2221 in the pot experiment, the
survival of Micrococcus sp. TISTR2221 in a sterile spiked
cadmium-contaminated soil was evaluated for 15 days. The
number of viable cells increased from 1.5x 10° on the first day
t09.0x10® CFU g ' at 5 days after inoculation. Bacterial cells
slightly reduced to 1.3x10® CFU g ™' at 10 days and sharply
decreased to 2.0x10° CFU g ' at 15 days after inoculation.
Cadmium concentrations in both the roots and shoots in
bacterial-inoculated Z. mays L. were significantly higher than
in the uninoculated control (Fig. 2). The highest cadmium
content accumulated in the shoots and roots was found in
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Fig. 2 Cadmium concentrations in the root and shoot tissues of Z. mays
L. after transplantation in spiked cadmium-contaminated soil. The error
bars are the SE (n=5), and a lowercase letter denotes a significant
difference at p <0.05 between the uninoculated control and the

bacterial-inoculated Z. mays L. at 6 and 12 weeks after trans-
plantation, respectively. In comparison with the uninoculated
control, cadmium accumulations in the shoots of bacterial-
inoculated Z. mays L. after 2, 4, 6, and 12 weeks increased
by 45.7, 52.3, 45.5, and 36.0 %, respectively. Significant in-
creases in cadmium accumulation in the roots of bacterial-
inoculated Z. mays L. after 2, 4, 6, and 12 weeks compared
to the uninoculated control were 47.0, 77.9, 38.5, and 19.0 %,
respectively. The highest stimulatory effect on cadmium ac-
cumulation in Z. mays L. by Micrococcus sp. TISTR2221 was
found at 4 weeks after transplantation.

At 2 weeks after transplantation of bacterial-inoculated and
uninoculated Z. mays L., the shoots accumulated more cadmi-
um than the roots. More cadmium was retained in the shoots
of bacterial-inoculated and uninoculated Z. mays L. than in the
roots by 1.5 and 1.4 times, respectively. During 4 to 12 weeks
after transplantation, the roots harbored high amounts of cad-
mium. In contrast, the cadmium concentration increased in
plant roots during the vigorous growth stage and lower in
the late growth stage (Zhang et al. 2012). Murakami et al.
(2007) reported that the shoots of Z. mays L. accumulated
more cadmium than those of Glycine max L. and Oryza sativa
L. In general, cadmium mainly accumulates in the roots, and
only small amounts are translocated to the shoots (Sanita di
Toppi and Gabbrielli 1999). The highest cadmium content in
the shoots (11.93 mg kg ') and roots (55.35 mg kg ') was
found in bacterial-inoculated Z. mays L. after transplantation
for 6 and 12 weeks, respectively.

Our findings indicate that the growth stage of Z. mays L. for
cadmium accumulation in the shoot tissue is the vegetative
stage (6 weeks) which is suitable for cadmium
phytoextraction. A higher cadmium accumulation in the
shoots of plants modulates the efficiency of plants for heavy
metal extraction (Anjum et al. 2014). At the reproductive
stage (up to 9 weeks), a high amount of cadmium is retained
in the root tissue that brings about a lower cadmium accumu-
lation in maize grains. The cadmium contents of maize grains

bacterial-inoculated treatment at each planting period. A different
uppercase letter indicates a significant difference at p <0.05 of
cadmium concentrations in either roots or shoots among different
planting periods

from bacterial-inoculated and uninoculated Z. mays L. at the
seedling stage (12 weeks after transplantation) were 0.21+
0.03 and 0.17+0.02 mg kg ', respectively. A similar result
was reported by Benavides et al. (2005), who found that the
cadmium concentration in each part of the plant decreased in
the order root>stem>leaf>fruit>grain. However, the maize
grains should be used for biodiesel production in order to
prevent the health risk from cadmium by consumption of the
maize grains.

Although Z. mays L. had a low accumulation of heavy
metals in the shoots compared to Bidens pilosa L., a
cadmium-hyperaccumulating plant (Sun et al. 2009), it is still
used for heavy metal phytoextraction purposes because it has
higher biomass yields of up to 2.54 times that of other plant
species, such as Brassica rapa, Cannabis sativa, and
H. annuus (Meers et al. 2005). The ideal plant characteristics
for metal phytoextraction are not only a high accumulation of
metals but also fast growth, easy propagation, a deep root
system, high biomass production, and metal tolerance (Chiu
et al. 2005; Vangronsveld et al. 2009). We also observed that
both bacterial-inoculated and uninoculated Z. mays L. at 4, 6,
and 12 weeks after transplantation had cadmium contents in
the roots more than 10 mg kg '. The threshold value of the
cadmium-hyperaccumulating plant was 10 mg kg~ (Wang
et al. 2012). Therefore, Z. mays L. could be a potential
cadmium-accumulating plant because it possesses the advan-
tages of fast growth, high biomass yield, and a dense root.

Additionally, Table 3 presents the cadmium contents in
whole Z. mays L. after transplantation in spiked cadmium-
contaminated soil. Cadmium contents in the entire bacterial-
inoculated Z. mays L. after transplantation for 2, 4, 6, and
12 weeks were higher than the uninoculated control by 1.6,
3.0, 2.5, and 1.2 times, respectively. It should be noted that the
highest differences of cadmium contents in the whole plants
between bacterial-inoculated and uninoculated Z. mays L. at 4
and 6 weeks after transplantation were found. One possible
explanation for this would involve more differences of
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Table 3 Cadmium contents (pg) in whole Z. mays L. after
transplantation in spiked cadmium-contaminated soil at different
planting periods

Planting period Uninoculated control TISTR2221

2 weeks 1.2340.01 * 2.63+0.42 %A

4 weeks 3.81+0.76 *B 11.13+2.02 %8

6 weeks 58.98+7.80 %€ 145.96+19.56 °¢
12 weeks 2584.61+138.66 P 3282.11+201.92 *P

The means and SE (n=5) followed by a different lowercase letter within
the same row denote significant difference at p <0.05 between the unin-
oculated control and the bacterial-inoculated treatment at each planting
period. A different uppercase letter within a column indicates a significant
difference at p <0.05 among different planting periods

biomass of whole plant between bacterial-inoculated and un-
inoculated Z. mays L. at these planting periods compared to
other planting periods (Table 2). The highest cadmium content
of whole Z. mays L. was observed in the bacterial-inoculated
plant at 12 weeks after transplantation following the uninocu-
lated plant due to the highest biomass yields. Our findings
suggest that Micrococcus sp. TISTR2221 greatly increased
cadmium accumulations in Z. mays L. roots and shoots. This
would indicate that Micrococcus sp. TISTR2221could solubi-
lize soil cadmium, consequently increasing cadmium bio-
availability and easy uptake by plants. An explanation for this
relates to the findings from our previous study in H. annuus L.
inoculated with Micrococcus sp. (Prapagdee et al. 2013). The
results obtained from our experiment also correspond well
with other studies. For example, Bacillus megaterium, a
phosphate-solubilizing bacterium, significantly increased cad-
mium bioavailability in soil and cadmium accumulation in
Brassica juncea (Jeong et al. 2012). Inoculation with metal-
resistant bacteria significantly increased the water-soluble
cadmium concentration in the rhizosphere soils and promoted
cadmium uptake in B. napus (Chen et al. 2013). In addition,
several investigators have demonstrated that bacteria signifi-
cantly increase heavy metal bioavailability in the rhizosphere
soil (Jiang et al. 2008; He et al. 2009; Ma et al. 2009; Sheng
etal. 2012).

Bioaugmentation-assisted cadmium phytoextraction
performance in Z. mays L.

Phytoextraction performance in bacterial-inoculated and un-
inoculated Z. mays L. was assessed using the values of PEC,
BAF, and TF. PEC and BAF indicated the ability of the plant
to remove a target metal from soil and the accumulation of
bioavailable metal in plant tissues, respectively (Phaenark
et al. 2009; Khaokaew and Landrot 2014). The TF is used to
measure the effectiveness of a plant in transferring a metal
from the roots to the shoots (Wang et al. 2012). Our results
showed that the PEC, BAF, and TF values of bacterial-
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Table4 PEC, BAF, and TF of Z. mays L. after transplantation in spiked
cadmium-contaminated soil at different planting periods

Parameter Uninoculated control TISTR2221
Phytoextraction coefficient (PEC)
2 weeks 0.05+0.01 ** 0.10£0.01 **
4 weeks 0.09+0.02 * 0.20+0.02 *B
6 weeks 0.36+0.04 B 0.63+0.05 ¢
12 weeks 0.77+0.05 *© 0.99+0.08 *P
Bioaccumulation factor (BAF)
2 weeks 0.30:+0.04 * 0.48+0.04 *4
4 weeks 0.46+0.07 * 0.97+0.10 °B
6 weeks 1.25+0.21 %8 1.84+0.34 ¢
12 weeks 2.25+0.14 %€ 2.49+0.28 °°
Translocation factor (TF)
2 weeks 1.40+0.09 P 1.70+0.08 °°
4 weeks 0.71+0.04 *© 0.91+0.07 *¢
6 weeks 0.23+0.05 *B 0.41+0.03 *B
12 weeks 0.07+0.01 * 0.12+0.03 **

The means and SE (n=5) followed by a different lowercase letter within
the same row denote significant difference at p <0.05 between the unin-
oculated control and the bacterial-inoculated treatment at each planting
period. A different uppercase letter within a column indicates a significant
difference at p <0.05 among different planting periods of each parameter

inoculated and uninoculated Z. mays L. were significantly
higher than those in uninoculated plant (Table 4). The PEC
and BAF of both bacterial-inoculated and uninoculated
Z. mays L. increased with time. The highest PEC (0.99) and
BAF (2.49) values were found in bacterial-inoculated Z. mays
L. after transplantation for 12 weeks. In contrast with the PEC
and BAF, the TF of both bacterial-inoculated and uninoculat-
ed Z. mays L. decreased with time. At 2 weeks after transplan-
tation, the TF values of both bacterial-inoculated and

50
OUninoculated control @TISTR2221

40 o
'a .
S +
£
o
E 30 bB 5
E bA bA
T 20] * A aA
%
wn
£ 10

0 - -

2 4 6 12
Planting period (week)

Fig.3 Cadmium removal from contaminated soil after transplantation of
bacterial-inoculated and uninoculated Z. mays L. for 12 weeks. The error
bars are the SE (n=5), and a different lowercase letter denotes a
significant difference at p <0.05 between the uninoculated control and
the bacterial-inoculated treatment at each planting period. A different
uppercase letter indicates a significant difference at p <0.05 among
different planting periods
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uninoculated Z. mays L. were higher than 1.0. The results
suggest that Z. mays L. is effective at translocating cadmium
from the roots to the shoots.

In general, metallophytes accumulate higher concentra-
tions of a target metal than that in the soil (Ali et al. 2013).
Therefore, plants with PEC and BAF values greater than 1.0
have the potential to be used for metal phytoextraction (Sun
et al. 2009; Khaokaew and Landrot 2014). In addition, plants
with TF values higher than 1.0 are recommended for metal
phytoextraction (Yoon et al. 2006; Ali et al. 2013). In the
phytoextraction process, a target metal could be translocated
to the easily harvestable plant parts, e.g., the shoot tissues
(Yoon et al. 2006). According to our results, bioaugmentation
with Micrococcus sp. TISTR2221 significantly enhanced the
PEC, BAF, and TF values in Z. mays L. even at high cadmium
concentrations in the soil. The increase in these values could
be the result of the increasing cadmium bioavailability by
Micrococcus sp. TISTR2221. The change in soil metals into
bioavailable forms can increase metal translocation from the
roots to the shoots (Chiu et al. 2005).

The percentages of cadmium removal from contaminated
soil by bacterial-inoculated Z. mays L. were higher than those
in uninoculated Z. mays L. at all harvested periods (Fig. 3).
The highest percentages of cadmium removal from uninocu-
lated and bacterial-inoculated soils were found at 6 weeks
after transplantation. From an economic point of view,
Sheng et al. (2012) offers a good perspective to use Z. mays
L. as an energy crop for metal phytoextraction. Therefore,
Z. mays L. could be offered as a good candidate for a
cadmium-accumulating plant. In addition, a combined ap-
proach using plants and microbes to mediate cadmium
phytoextraction has been accepted as an effective, environ-
mentally friendly, and low-cost cleanup option (Ali et al.
2013). It should be realized that inoculation of Z. mays L. with
cadmium-resistant PGPB seems to be a valuable approach to
mediate cadmium phytoextraction.

Conclusion

This work explores the application of a cadmium-resistant
PGPB to promote plant yields and assist in cadmium accumu-
lation in plant tissues. Micrococcus sp. TISTR2221 promoted
the root elongation of Z. mays L. seedlings in the presence and
absence of cadmium. Cadmium in soil had a slight effect on
the plant growth in terms of root and shoot lengths and dry
biomass. However, soil inoculation with Micrococcus sp.
TISTR2221 can solve this problem because it had a stimula-
tory effect on plant growth. It increased plant uptake and the
accumulation of cadmium in Z. mays L. roots and shoots. In
addition, Z. mays L. is applicable for cadmium
phytoextraction purposes because it had fast growth, a large
biomass yield, and a high TF at the beginning of the growth

stage. It can be speculated that plant and microbe interactions
play an important role in the bioremediation of cadmium-
polluted soil. In conclusion, Micrococcus sp. TISTR2221 fa-
cilitates cadmium phytoextraction in Z. mays L.
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Abstract This study examined the performance of the
chitosan-immobilized cadmium-resistant bacteria
Arthrobacter sp. and Micrococcus sp. on cadmium
phytoremediation by Chlorophytum laxum in cadmium-
polluted soil. These immobilized cadmium-resistant bacteria
can survive in cadmium-contaminated soil and significantly
increased soil cadmium solubility, but the ability of chitosan-
immobilized cells to increase cadmium solubility was lower
than that of free cells. A pot experiment demonstrated that
chitosan-immobilized Micrococcus sp. promoted the growth
of C. laxum planted in cadmium-contaminated soil. A signif-
icant increase in the cadmium concentration in the roots and
aboveground parts of C. laxum was found in plants inoculated
with free and chitosan-immobilized cells of these bacteria.
The performance of Arthrobacter sp. free cells to augment
cadmium accumulation in C. laxum was a little bit better than
that of chitosan-immobilized Arthrobacter sp., except at
9 weeks after planting. The phytoextraction coefficient, bio-
accumulation factor, and translocation factor of C. laxum in-
oculated with free and chitosan-immobilized cells of
cadmium-resistant bacteria were higher than those of the un-
inoculated control and increased with time. Our findings sug-
gest that chitosan-immobilized cells can be exploited to en-
hance the efficiency of cadmium phytoremediation by
C. laxum.
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Introduction

Cadmium (Cd) is a heavy metal that is well-known to be toxic
to most living organisms when present at an excessive con-
centration. Cadmium has been implicated in food safety is-
sues; prolonged consumption of crops and their products
grown in cadmium-polluted soil has significant deleterious
effects on human health due to its high toxicity (Li et al.
2006). Agricultural sites worldwide have been contaminated
by cadmium due to mining and smelting activity. In Thailand,
a cadmium-contaminated agricultural area located in the Mae
Sot district, Tak province (Northern Thailand), showed a cad-
mium concentration in the agricultural soils as high as
284 mg kg~ (Simmons et al. 2005), which exceeded the
Thailand standard for cadmium (37 mg kg™") in agricultural
soil. Agricultural soil and grains of crop plants (e.g., rice and
soybeans) in close proximity to a mining area have been found
to be highly contaminated with cadmium associated with the
suspended sediment transported to the agricultural land via
irrigation (Simmons et al. 2003, 2005).

The problem of cadmium contamination in arable soil and
in food crops planted in this area deserves special attention
and an urgent solution. To date, several researchers have de-
veloped natural, environment-friendly, cost-effective technol-
ogies that have high public acceptance to clean up heavy
metal-polluted areas. Biological remediation is the use of
plants and microorganisms to remove toxic contaminants
from the environment and is considered to be the most effec-
tive method (Ullah et al. 2015). Phytoremediation has the
potential to remediate cadmium-polluted soil. Many plants
have been used for phytoremediation of cadmium-
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contaminated soil, e.g., Solanum nigrum L. (Wei et al. 2010),
Lolium perenne L. (Lambrechts et al. 2011), and Helianthus
annuus L. (Prapagdee et al. 2013).

Due to concerns about food safety in phytoremediation, the
use of ornamental plants for the phytoremediation of
cadmium-contaminated soil has become a new, promising
technique. The use of ornamental plants to clean up contam-
inated soil can simultaneously mitigate contaminated soil and
beautify the environment (Liu et al. 2008). Some ornamental
plants have been tested for heavy metal phytoextraction, e.g.,
Chlorophytum comosum (Wang et al. 2012), Tagetes patula
(Sun et al. 2011), Calendula officinalis, and Althaea rosea
(Liu et al. 2008). However, the efficiency of heavy metal
phytoextraction has limitations (Ali et al. 2013). Heavy metal
ions are tightly bound to soil particles, resulting in the limited
bioavailability of contaminants in soil, and heavy metal tox-
icity can retard plant growth (Lambrechts et al. 2011; Mahar
et al. 2016). Increasing the bioavailable fraction of cadmium
in the rhizosphere and enhancing cadmium accumulation in
plant tissues and plant growth via inoculation with cadmium-
resistant bacteria have been reported by several investigators
(Sheng and Xia 2006; He et al. 2009).

Microbial bioaugmentation in phytoremediation technolo-
gy has been reported by several investigators (Rajkumar et al.
2012; Khonsue et al. 2013; Sangthong et al. 2016). One prob-
lem encountered during microbial bioaugmentation is stress
imposed by cadmium toxicity. In addition, free bacterial cells
are not suitable for direct use in heavy metal-contaminated soil
because they must compete with the indigenous soil microflo-
ra. Additionally, a fresh cell preparation is complicated, opti-
mal conditions are necessary for cultivation, and cells are eas-
ily contaminated. Immobilization methods have recently been
employed for bioremediation processes because immobiliza-
tion improves microbial resistance to stressful conditions and
promotes the efficiency of bioremediation (Dzionek et al.
2016). Chitosan is a biodegradable and non-toxic material that
chelates heavy metal ions because it contains free amino
groups, and chitosan has been widely used for the removal
of heavy metals that contaminate water (Wang et al. 2007).
The development of bacterial cells immobilized on a bio-
carrier material is necessary. Immobilized cells can tolerate a
suboptimal environment and are protected against the indige-
nous soil microflora (Jézéquel et al. 2005).

This study aimed to evaluate the efficiency of chitosan-
immobilized cadmium-resistant bacteria on increasing cadmi-
um bioavailability in polluted soil and promoting cadmium
phytoremediation by Chlorophytum laxum var. bichetii or
Chlorophytum bichetii, a popular ornamental foliage plant,
compared to that of the free bacterial cells. This is the first
study that elucidated the role of chitosan-immobilized cadmi-
um-resistant bacteria on the promotion of plant growth with a
concurrent increase in cadmium accumulation by C. laxum in
pot experiments. This study intended to develop a novel

@ Springer

strategy to improve cadmium phytoremediation by using
chitosan-immobilized bacterial cells for soil bioaugmentation
in cadmium-polluted sites.

Materials and methods
Cadmium-resistant bacteria

Two strains of cadmium-resistant bacteria, the exopolymer-
producing Arthrobacter sp. TISTR2219 (Prapagdee et al.
2012) and indole-3-acetic acid (IAA)-producing
Micrococcus sp. TISTR2220 (Prapagdee et al. 2013), were
grown in Luria Bertani (LB) broth (Criterion, USA) according
to a method previously described by Prapagdee et al. (2013).

Preparation of the chitosan-immobilized bacterial cells
and their survival in storage

To prepare chitosan-immobilized bacterial cells, flake chito-
san (Taming Enterprises Co. Ltd., Thailand) with a 98% de-
gree of deacetylation was prepared by grinding and sieving to
a 2-mm-diameter. The surface area and average pore size of
the flake chitosan before immobilization were determined ac-
cording to the Brunauer—Emmett-Teller (BET) surface area
and porosity. Each strain of cadmium-resistant bacteria was
cultured with flake chitosan according to the method of
Gentili et al. (2006) and Khondee et al. (2012) with
modifications.

Briefly, an overnight bacterial inoculum was inoculated in
M9 minimal medium and adjusted to pH 6.5, and 2% (w/v) of
flake chitosan was added to give an ODg( of ~0.1. The cul-
ture was incubated at 150 rpm and 28 °C in a rotary shaker for
3 days. The culture was filtrated through Whatman filter paper
No. 4 and washed twice with 50 mM phosphate buffer
(pH 7.0) to remove unattached cells. Chitosan-immobilized
bacterial cells were air-dried in a biological safety cabinet
for 4 h. Chitosan-immobilized bacterial cells were kept in a
sterile polypropylene tube at 4 °C. To test the survival rate of
chitosan-immobilized bacterial cells before and after storage
at 4 °C for 2 and 4 weeks, viable cells adsorbed on the flake
chitosan were enumerated according to Gentili et al. (2006). In
addition, the surface appearance of chitosan-immobilized bac-
terial cells was observed under a scanning electron micro-
scope (SEM) (JSM-5410 LV, JEOL, Japan). Briefly, the sam-
ples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.2) for 1 h and washed with phosphate buffer,
followed by distilled water. The samples were dehydrated by
using a series of ethanol at concentrations ranging from 30 to
99.99% for 15 min, respectively. The samples were dried by
critical point dryer, and desiccated samples were coated with
gold and mounted on a stub with graphite tape.
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Cadmium-contaminated soil collection

The cadmium-contaminated soil was collected from a
highly cadmium-contaminated agricultural field in the
Mae Sot district, Tak province (Northern Thailand) (N
16° 40.593, E 098° 37.630). Cadmium-contaminated
soil was air-dried at room temperature for 3 weeks;
then, the soil was sieved through a 2-mm sieve before
its physical and chemical property analysis. In addition,
the concentration of the bioavailable cadmium and total
cadmium was also analyzed. To determine the total cad-
mium, the soil was extracted with a mixture of 1:3 v/v
concentrated nitric acid (HNO3) (Merck, Germany) and
concentrated hydrochloric acid (HCl) (Merck, Germany).
To determine the bioavailable cadmium, the soil was
extracted with diethylenetriamine pentaacetic acid
(DTPA) (Ajax, Australia) (Quevauviller et al. 1998;
Faust and Christians 2000). The total cadmium and bio-
available cadmium concentrations were determined by
flame atomic absorption spectrophotometry (FAAS)
(Varian spectra model AA240FS, USA). The detection
limit of cadmium by FAAS was 0.01 mg kg ".

The ability of chitosan-immobilized bacteria to survive
and increase cadmium solubility
in cadmium-contaminated soil

The cadmium-contaminated soil was sterilized by autoclaving
at 121 °C, 30 min for two times with a daily interval.
Chitosan-immobilized bacteria were individually inoculated
in the sterile cadmium-contaminated soil in a sterile 50-mL
polypropylene tube. All of the tubes were incubated at room
temperature with shaking in the dark. The number of viable
bacterial cells in cadmium-contaminated soil was monitored at
3,5, 10, 15, and 20 days from inoculation using the standard
plate count method on LB agar.

To test the effect of chitosan-immobilized bacteria on
increasing cadmium solubility, each strain of chitosan-
immobilized bacteria was inoculated in the cadmium-
contaminated soil. To compare chitosan-immobilized
bacteria, the free cells of each cadmium-resistant bacte-
rium were inoculated in the cadmium-contaminated soil.
Soil without bacterial inoculation and soil added with
chitosan flakes were carried out as the control treat-
ments. After incubation for 10 days, the soil was col-
lected and separated into two parts to analyze the total
cadmium concentration (acid-digested) and bioavailable
(DTPA-extractable) cadmium. The soil cadmium concen-
tration was expressed in terms of the bioavailable and
non-bioavailable forms. The concentration of the non-
bioavailable forms was calculated by subtracting the
concentration of bioavailable cadmium from the total
cadmium concentration.

Pot experiments of cadmium phytoremediation
augmented with chitosan-immobilized bacteria

Preparation of C. laxum

C. laxum was propagated from the hypogeal part of the mature
plants and planted in uncontaminated garden soil for 2 months
before transplantation to cadmium-contaminated soil. Plants
were grown in the greenhouse with natural light and watered
daily. The fresh weight and the lengths of root and above-
ground parts of 2-month-old C. laxum were measured before
planting.

Experimental setup of cadmium phytoremediation
by C. laxum

Pot experiments to evaluate cadmium phytoremediation by
C. laxum augmented with chitosan-immobilized bacterial
cells compared to free bacterial cells were carried out accord-
ing to Sangthong et al. (2016). Free cell inoculants of
Arthrobacter sp. and Micrococcus sp. were prepared for soil
bioaugmentation according to a previously described method
by Prapagdee et al. (2013). The inoculum concentration of
Arthrobacter sp. and Micrococcus sp. in cadmium-
contaminated soil was approximately 10° CFU g~ soil (Liu
et al. 2015). One plant was planted in each plastic pot filled
with 3.0 kg of cadmium-contaminated soil.

Six treatments in triplicate were performed in a completely
randomized design and included (i) 2-month-old C. laxum
planted in cadmium-contaminated soil (uninoculated control)
(UC); (i) 2-month-old C. laxum planted in cadmium-
contaminated soil with 0.1% (w/w) chitosan flakes (CH);
(ii1) 2-month-old C. laxum planted in cadmium-
contaminated soil inoculated with free cells of Arthrobacter
sp. (Arthrobacter sp.); (iv) 2-month-old C. laxum planted in
cadmium-contaminated soil inoculated with free cells of
Micrococcus sp. (Micrococcus sp.); (v) 2-month-old
C. laxum planted in cadmium-contaminated soil inoculated
with chitosan-immobilized Arthrobacter sp. (CH-
Arthrobacter sp.); and (vi) 2-month-old C. laxum planted in
cadmium-contaminated soil inoculated with chitosan-
immobilized Micrococcus sp. (CH-Micrococcus sp.).

Before planting, the inoculants of free cells and chitosan-
immobilized cells of Arthrobacter sp. and Micrococcus sp.
were applied in the soil (except UC and CH) in the area of
the plant root zone and homogeneously mixed. Free bacterial
cells and chitosan-immobilized cells were repeatedly inocu-
lated into the soil at 3 and 6 weeks from the start of the exper-
iment. The plastic pots were randomly placed in a green-
house with natural light during the daytime at an aver-
age temperature of 32.1 £ 0.8 °C and relative humidity
of 69.6 + 5.8%.
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Collection and analysis of plants and soil

Plant and soil samples were harvested at 3, 6, and 9 weeks after
planting in contaminated soil. At the same day of the harvest
periods of 3 and 6 weeks, free cells and chitosan-immobilized
cells were re-inoculated in the soil of the remaining pots which
were collected at 6 and 9 weeks. The flowering stage of C. laxum
is approximately 4 months or before the last harvest period
(9 weeks). The plants were carefully removed from the pots
and rinsed with running tap water, followed by several rinses
with distilled water, and then soaked in 0.01 M hydrochloric acid
for 5 s, followed by a distilled water rinse (Zhang et al. 2014).
The roots and aboveground part of the plants were separated, and
their length was measured; then, they were oven-dryed at 70 °C
for 48 h before being weighted. The dried roots and the above-
ground parts were ground and acid-digested according to
Sangthong et al. (2016). The contaminated soil around the plant
root zone was collected. The total and bioavailable cadmium
concentrations in the soil were determined by the methods de-
scribed above. The cadmium concentrations in the soil and plant
samples were used to determine the phytoextraction coefficient
(PEC) (Kumar et al. 1995), bioaccumulation factor (BAF)
(Khaokaew and Landrot 2015), and translocation factor (TF)
(Mattina et al. 2003).

Statistical analysis

The data of cadmium solubilization and cadmium
phytoremediation in pot experiments were expressed as mean
values and standard errors at least in triplicate. One-way analysis
of variance (ANOVA) was used to compare different treatments
at 95% confidence, and Duncan’s multiple range test was per-
formed to determine the statistical significance at a significance
(p < 0.05) using the SPSS 17 software.

Results and discussion

External characteristics and external morphology
of the chitosan flakes and chitosan-immobilized
cadmium-resistant bacteria

The external morphology of the chitosan flakes without bac-
terial cells (Fig. 1a) and chitosan-immobilized Arthrobacter
sp. (Fig. 1b) and Micrococcus sp. (Fig. 1c) was observed
under SEM at a 10,000x magnification. The surface arca
and pore size of the chitosan flakes as determined by BET
were 4268 m”> g ' and 19.15 nm, respectively. According to
the pore size categorization of Rouquerol et al. (1994), these
chitosan flakes had meso-pores (i.e., between 2 and 50 nm).
The large numbers of bacterial cells adhered to the surface of
the chitosan flakes can be seen in the SEM micrographs
shown in Fig. 1b, c. Gentili et al. (2006) found that the best
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Fig.1 Scanning electron micrographs of a chitosan flakes and b chitosan
flake-immobilized Arthrobacter sp. and ¢ chitosan flake-immobilized
Micrococcus sp. at a 10,000 magnification

growth condition for bacteria was on the chitosan surface. The
bacterial cells were immobilized on chitosan flakes via adsorp-
tion due to electrostatic binding between the cells and chitosan
surface, but the cells could not pass through the chitosan pores
due to the very small pore size. Electrostatic binding on the
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surface of a material is similar to physical adsorption, but the
probability of microorganisms leaking from the surface is low
(Dzionek et al. 2016). In addition, Kumar et al. (2005) reported
that the chito-oligosaccharide molecule (low molecular weight)
has free-NH;" and binds to the negative charges on the bacterial
cell surface to bring about antibacterial activity against Bacillus
cereus. However, the high molecular weight of native chitosan
has low antibacterial activity, and it is a suitable natural carrier for
cell immobilization (Gentili et al. 2006; Aider 2010). Candida
tropicalis PHBS was immobilized on sugarcane bagasse by elec-
trostatic forces or covalent bonding between yeast cells and the
carrier surface and was embedded within the porous stalks of
sugarcane bagasse (Basak et al. 2014).

The viability of chitosan-immobilized cadmium-resistant
bacteria during storage and in cadmium-contaminated
soil

The viable cell numbers of Arthrobacter sp. and Micrococcus
sp. adhered to the chitosan flakes were 9.89 and 9.32 log;
CFU g, respectively. Chitosan-immobilized bacteria were
kept in a refrigerator at 4 °C, and their viability was monitored
at 2 and 4 weeks after storage at 4 °C. The viable cell numbers
of CH-Arthrobacter sp. after storage for 2 and 4 weeks were
8.68 and 7.34 log;o CFU g', respectively. The viable cell
numbers of CH-Micrococcus sp. after 2 and 4 weeks of stor-
age were 8.70 and 7.45 log;o CFU g™', respectively. The
number of viable cells of both bacteria decreased with storage
time. The cell number reduction percentages for CH-
Arthrobacter sp. and CH-Micrococcus sp. after 4 weeks of stor-
age were 25.8 and 20.1%, respectively. These immobilized cells
of both cadmium-resistant bacteria had good viability (more than
70% survival) after storage at 4 °C for 1 month, probably because
the microbial metabolism was reduced by the low temperature,
which resulted in high survival. Rhodopseudomonas palustris
PS3, a plant growth-promoting rhizobacterium, stored at 4 °C
for 1 month had a survival rate greater than 70%, but the survival
rate decreased to less than 60% at 25 °C (Lee et al. 2016). Our
findings suggested that chitosan flakes could be a suitable carrier
for bacterial immobilization because the viable cells in chitosan-
immobilized bacterial cells were not too much more declined
after storage. Gentili et al. (2006) reported that chitosan was a
good material for the immobilization of Rhodococcus
corynebacterioides.

The physical and chemical properties of the contaminated
soil were as follows: a sandy loam soil texture, 2.02% organic
matter, 0.10% total nitrogen, a cation exchange capacity of
9.8 cmol kg™', pH 7.5, 13.2 mg kg™ available phosphorus,
88.1 mgkg ™" extractable potassium, 3893 mgkg ' extractable
calcium, 239 mg kg ' extractable magnesium, 18 mg kg '
extractable sodium, 50.35 mg of total cadmium kg_l, and
9.18 mg of bioavailable cadmium kg™'. The viable cell num-
bers of CH-Arthrobacter sp. and CH-Micrococcus sp. in

cadmium-contaminated soil, respectively, increased from 6.75
and 6.35 log;o CFU g~ of soil on the first day of inoculation
to 8.15 and 7.60 log;o CFU g " of soil after 5 days (Fig. 2). The
decreasing percentages of viable cells of CH-Arthrobacter sp.
and CH-Micrococcus sp. in contaminated soil at 20 days of in-
cubation were 10.4 and 30.1%, respectively. Our results indicated
that the survival of CH-Micrococcus sp. in contaminated soil was
less than that of CH-Arthrobacter sp. due to the higher cadmium
resistance of Arthrobacter sp. compared to Micrococcus sp. The
higher cadmium resistance of Arthrobacter sp. was indicated by
a higher minimum inhibitory concentration (MIC) of cadmium
(1200 mg L") (Prapagdee et al. 2012) than for Micrococcus sp.
(1000 mg L™ (Prapagdee et al. 2013). Cell immobilization as-
sists in preserving cell viability and cellular activity by increasing
the cell tolerance to a high pollutant concentration, which results
in an increase in the bioremediation efficiency (Dzionek et al.
2016).

Increased cadmium solubility in contaminated soil
by chitosan-immobilized cadmium-resistant bacteria

Table | shows the concentrations of the bioavailable and non-
bioavailable forms of cadmium in soil with and without inoc-
ulation with chitosan-immobilized cells compared to inocula-
tion with free cells. The highest concentration of bioavailable
cadmium was found in soil inoculated with Arthrobacter sp.
free cells and was higher than the uninoculated control by
46.2%. The performance of Micrococcus sp. free cells and
CH-Arthrobacter sp. in terms of increased cadmium solubility
was not different. The activity of CH-Arthrobacter sp. and
CH-Micrococcus sp. in terms of increased cadmium bioavail-
ability was lower than that of free cells of Arthrobacter sp. and
Micrococcus sp. by 9.1 and 12%, respectively. The results
indicated that chitosan-immobilized cells were less able to
promote cadmium solubility than free cells, possibly because
free cells are in direct contact with cadmium on soil particles,
while immobilized cells are adhered to the chitosan surface
(Fig. 1b, c), making it more difficult to bind cadmium. The
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Fig. 2 Viability of chitosan-immobilized cadmium-resistant bacteria
inoculated in the cadmium-contaminated soil
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Table 1 Cadmium concentration (non-bioavailable and bioavailable
forms) (mg kg ') in the cadmium-contaminated soil as affected by
different treatments

Treatment Soil cadmium concentration (mg kg ")
Non-bioavailable form Bioavailable form

ucC 53.28 £ 1.13° 422 +0.19°
CH 52.95 + 1.42° 444 £0.18°
Arthrobacter sp. 4723 = 1.16° 6.17 + 0.22¢
Micrococcus sp. 49.62 + 2,09 5.74 +£0.13°
CH-Arthrobacter sp. 48.43 = 0.96™ 5.61 +£0.17°
CH-Micrococcus sp. 51.20 = 1.04% 505 +£021°

Mean values and SE (n = 3) followed by the same letter within the same
column are not significantly different (p < 0.05) according to Duncan’s
multiple range test

increased bioavailable cadmium in soil due to Arthrobacter
sp. and Micrococcus sp. might involve cadmium binding to
exopolymers and the bacterial cell wall, as previously
mentioned by Khonsue et al. (2013) and Prapagdee et al.
(2013), respectively. In addition, some bacteria can transform
metals in soil into soluble or bioavailable forms via mecha-
nisms involving siderophores, organic acids, biosurfactants,
biomethylation, and redox processes (Ullah et al. 2015).

Effects of chitosan-immobilized bacteria inoculation
on plant growth

A pot experiment determined the effects of free cells and
chitosan-immobilized cell inoculation on the growth of
C. laxum in cadmium-contaminated soil. The average fresh
weight and the lengths of the roots and aboveground parts of
2-month-old C. laxum before planting were 40.33 + 3.66 g,
18.9 £ 2.3 cm, and 29.3 £+ 1.6 cm, respectively. A significant
increase in the root and aboveground part lengths of C. laxum
inoculated with free cells and immobilized cells of

Arthrobacter sp. and Micrococcus sp. compared to the unin-
oculated control was not seen at any time after planting (data
not shown). A cadmium concentration of up to 20 mg kg™ has
been shown to inhibit some growth indicators of
Chlorophytum comosum (Wang et al. 2012). In addition, we
also found that the density of the roots and leaves of plants
inoculated with CH-Micrococcus sp. or Micrococcus sp. free
cells was higher than that of the uninoculated control.
Micrococcus sp. had a stimulatory effect on the horizontal or
lateral root and aboveground part growth of C. laxum planted
in cadmium-contaminated soil, as evidenced by the dry
weight results for the roots and aboveground parts shown in
Table 2 at 6 and 9 weeks.

Significantly (p < 0.05) higher dry weights of the roots and
aboveground parts were found for C. /axum inoculated with
either Micrococcus sp. free cells or CH-Micrococcus sp., ex-
cept at 3 weeks after planting. At 9 weeks after planting,
C. laxum inoculated with CH-Micrococcus sp. increased the
dry weights of the roots and aboveground parts by 1.5- and
1.2-fold compared to C. laxum applied with chitosan, respec-
tively. There was no significant difference (p < 0.05) on in-
creasing of dry weights of the roots and aboveground parts
between Micrococcus sp. free cells and CH-Micrococcus sp.
at 9 weeks. The C. laxum root dry weights were higher than
the aboveground part dry weights for all treatments at all times
after planting, probably because of the tuberous hypogeal part
of C. laxum. The increase in plant biomass of C. laxum inoc-
ulated with CH-Micrococcus sp. or Micrococcus sp. free cells
could be due to the action of IAA produced by Micrococcus
sp. (Prapagdee et al. 2013). IAA produced by cadmium-
resistant bacteria can augment plant cadmium stress responses
and stimulate plant growth (He et al. 2009; Chen et al. 2010;
Sangthong et al. 2016). In addition, no effect of the chitosan
flakes on plant growth was observed, which corresponded
well to the results of Wang et al. (2007), who found that
chitosan application did not affect the growth of Elsholtzia
splendens plants or the activity of mycorrhizal fungi.

Table 2 Dry biomass of C. laxum cultivated in the cadmium-contaminated soil for 3, 6, and 9 weeks in the different treatments
Treatment Root dry weight (g ") Aboveground part dry weight (g ")
3 weeks 6 weeks 9 weeks 3 weeks 6 weeks 9 weeks

ucC 2.01 £ 0.08%8 262 +£021%8 2.80 £ 0.17°8 1.56 £ 0.23* 172 £ 0.42° 1.80 £ 0.35*
CH 1.97 £ 0.13% 249 +0.14%® 2.81 + 0247 1.55 +0.15* 1.69 + 0.08 1.85+0.13*
Arthrobacter sp. 1.96 = 0.08%8 253 £0.17*8 278 +0.13%8 1.66 % 0.09* 1.78 £ 0.16* 1.88 +0.12%
Micrococcus sp. 2.13 +0.15°8 3.01 +0.15*® 431+027°" 1.85 £ 021 2.18 £0.14°4 232+017°
CH-Arthrobacter sp. 2.03 +0.14%8 275 +0.13%8 291 +0.10°® 1.63 + 0.14% 1.68 + 0.12°4 1.87 + 0.06™
CH-Micrococcus sp. 2.15 +0.14%8 326 +0.11°8 425+ 0.17°8 1.82 +0.15* 2.13 +0.29% 228 + 0.08"*

Mean values and SE (n = 3) followed by a different lowercase letter within the same column indicate a significant difference at p < 0.05 among different
treatments. A different uppercase letter within the same row indicates a significant difference at p < 0.05 of dry weights of the roots and the aboveground

parts at each time after planting according to Duncan’s multiple range test
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Inoculation with chitosan-immobilized bacteria enhanced
cadmium uptake by C. laxum

In all treatments, C. laxum took up considerable amounts of
cadmium, particularly in the roots (Table 3). The cadmium
concentration in the roots slightly increased with time, except
that of C. laxum inoculated with free cells of Arthrobacter sp.,
Micrococcus sp., and CH-Arthrobacter sp. which had the
highest cadmium concentrations at 6 weeks. The cadmium
concentration in the aboveground part of C. laxum increased
with time in most cases. Ghosh and Singh (2005) stated that
plants can extract cadmium from the soil and transport it via
the xylem into the aboveground part, where it accumulates.
This suggests that cadmium could accumulate in C. laxum
until a certain toxic cadmium level is reached. Because cad-
mium toxicity retards plant growth, cadmium translocation to
the aboveground parts of the plant substantially decreases
when the plant accumulates a high cadmium concentration
(Wang et al. 2012). More cadmium was accumulated in the
roots of C. laxum because the typical morphology of the hy-
pogeal part is a tuberous rhizome, which is thickened and
fusiform. In addition, a large amount of cadmium can be
absorbed and stored in the vacuoles in root cells as well as
in dead cells, which results in a low translocation rate of cad-
mium to the aboveground parts of the plant (Grant et al. 1998;
Shute and Macfie 2006).

The cadmium content in the roots and aboveground parts
of C. laxum inoculated with either free cells or immobilized
cells of Arthrobacter sp. or Micrococcus sp. significantly in-
creased (p < 0.05) compared to the uninoculated control and
C. laxum applied with chitosan alone (Table 3). The highest
cadmium concentrations in the roots and aboveground parts of
C. laxum were found in C. laxum inoculated with
Arthrobacter sp. free cells (26.05 = 1.25 mg kg™' at 6 weeks
and 19.95 £ 0.70 mg kg™' at 9 weeks). Nine weeks after
exposure to cadmium, cadmium accumulation in the root
and aboveground parts of C. laxum inoculated with

Arthrobacter sp. free cells was higher than for C. laxum inoc-
ulated with Micrococcus sp. free cells by 1.2- and 1.3-fold,
respectively. This finding was also supported by the ability of
Arthrobacter sp. to increase cadmium solubility in cadmium-
contaminated soil. This phenomenon could be explained by
the production of exopolymers by Arthrobacter sp. (Khonsue
et al. 2013) that can bind to anionic metals and enhance metal
solubility in soil (Chen et al. 1995).

Table 3 shows the effect of chitosan-immobilized cells on
cadmium accumulation in the roots and aboveground parts of
C. laxum; it was obviously seen that the cadmium concentra-
tions in the roots and aboveground parts in the different treat-
ments at 6 weeks after planting were in the following order:
UC = CH < CH-Micrococcus sp. < Micrococcus sp. = CH-
Arthrobacter sp. < Arthrobacter sp. However, the enhance-
ment of cadmium accumulation in the roots of C. laxum by the
free cells and chitosan-immobilized cells of either cadmium-
resistant bacterium at 9 weeks was not significantly different
(p < 0.05) and agreed with the cadmium content in an entire
C. laxum, as illustrated in Fig. 3. The highest cadmium content
in an entire plant at 3 and 6 weeks was found in C. laxum
inoculated with Arthrobacter sp. free cells, while the cadmium
content in an entire plant inoculated with Arthrobacter sp. free
cells was not significantly different (p < 0.05) from that of
C. laxum inoculated with CH-Arthrobacter sp. at 9 weeks
after planting.

It can be speculated that chitosan-immobilized cells need
more time to adapt to proliferate compared to free cells be-
cause it is difficult to obtain nutrients to support their growth
while being immobilized on chitosan. Unlike chitosan-
immobilized bacteria used for crude oil biodegradation, the
survival and activity of the chitosan-immobilized bacteria
were improved in crude oil-contaminated seawater (Gentili
et al. 2006), possibly because crude oil can act as a carbon
source for microbial growth, but cadmium cannot. However,
rhizosphere bioaugmentation with free or immobilized cells of
petroleum hydrocarbon-degrading bacteria in Sesbania

Table 3 Cadmium accumulation in C. laxum cultivated in the cadmium-contaminated soil for 3, 6, and 9 weeks in the different treatments

Treatment Cadmium in root (mg kg~ ' DW) Cadmium in aboveground part (mg kg ' DW)

3 weeks 6 weeks 9 weeks 3 weeks 6 weeks 9 weeks
uC 13.00 + 1.65* 12.95 + 1.48 14.70 + 1.14* 5.90 + 0.70** 735 +0.58%8 8.95 + 1.34%
CH 12,50 + 1.04** 14.01 + 15448 16.20 + 0.99°% 521+ 1.17%4 7.90 + 0.35°8 10.40 + 1.08°C
Arthrobacter sp. 2370 £ 1.54% 26.05 + 1.25% 22.04 £ 1.414 13.27 £ 0.74* 1720 = 1.1198 19.95 = 0.684¢

Micrococcus sp.

CH-Arthrobacter sp.
CH-Micrococcus sp.

21.00 = 204"
19.90 + 1.694
16.30 + 0.90°*

21.77 £2.12%4
22.83 +2.07°4

17.55 + 0.70°B

19.10 + 0.37"*
21.60 + 1.02°4
18.87 + 1.04°8

10.65 + 1.21°*
11.03 + 1.16°4
10.15 + 1.06™

15.10 = 0.71°B
14.50 + 0.57°B
11.60 + 1.20°8

15.67 = 1.02°®
17.60 + 1.14%4¢
14.60 + 0.67°8

Mean values and SE (n = 3) followed by a difterent lowercase letter within the same column denote a significant difference at p < 0.05 among different
treatments. A different uppercase letter indicates a significant difference at p < 0.05 of cadmium concentrations in either the roots or shoots at different
times after planting according to Duncan’s multiple range test
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Fig. 3 Cadmium content (mean 140
values) of whole C. laxum ouc
cultivated in the cadmium- 120 BMicrococcus sp.

contaminated soil for 3, 6, and

9 weeks of different treatments.
The error bars are the SE (n = 3),
and a different lowercase letter
above a bar in the graph denotes a
significant difference at p < 0.05
among different treatments. A
different uppercase letter
indicates a significant difference,
at p < 0.05, among different
periods after planting according to
Duncan’s multiple range test

100

Cadmium content (pg plant!)

cannabina plant did not enhance petroleum hydrocarbon deg-
radation (Magbool et al. 2012). In addition, immobilization of
cells protects microorganisms against an unfavorable environ-
ment (Dzionek et al. 2016). The optimum environmental con-
ditions for the re-growth and activation of immobilized bacte-
rial cells and use of protective agents to preserve cell viability
should be further studied.

In addition, the cadmium contents in the roots and above-
ground parts of C. laxum treated with chitosan alone were not
significantly different from the uninoculated control (p < 0.05)
(Table 3). Our results indicated the absence of a synergistic effect
between the bacterial cells and chitosan on cadmium
phytoextraction due to the low amount of chitosan applied to
the soil. In contrast to the results of Wang et al. (2007), chitosan
application improved zinc, lead, and cadmium accumulation in
the shoots of E. splendens, but not of copper, and chitosan ex-
hibited a synergistic effect in mycorrhizal fungi and Penicillium
spp. for zinc, lead, and cadmium phytoextraction. Several factors
might have affected the plant uptake and accumulation of heavy
metals, including different rhizobacteria, plant species, soil char-
acteristics, and climatic conditions (Chunilall et al. 2005).

OCH Arthrobacter sp.

0 CH-Arthrobacter sp. @ CH-Micrococcus sp.

Plantation period (week)

Phytoremediation performance of C. laxum

The phytoextraction coefficient (PEC), bioaccumulation fac-
tor (BAF), and translocation factor (TF) were used to evaluate
the performance of C. laxum on cadmium phytoremediation.
The experimental results in Table 4 demonstrate that the PEC,
BAF, and TF values of C. laxum inoculated with free cells or
immobilized cells were significantly higher than those of the
uninoculated control at all times after planting. The PEC
values of C. laxum were low (no more than 0.33) and slightly
increased with time. The PEC values of C. laxum inoculated
with free cells or immobilized cells of either cadmium-
resistant bacterium were not significantly different
(p < 0.05), except the PEC of C. laxum inoculated with
Micrococcus sp. and CH-Micrococcus sp. at 6 weeks after
planting. Similar to the results for the PEC, the BAF values
increased with time, but the BAF of C. laxum inoculated with
Arthrobacter sp. free cells was higher than that of C. laxum
inoculated with CH-Arthrobacter sp., except at 9 weeks. At
9 weeks after planting, C. laxum inoculated with Arthrobacter
sp. free cells or CH-Arthrobacter sp. had a higher BAF than

Table 4 PEC, BAF, and TF of C. laxum cultivated in the cadmium-contaminated soil for 3, 6, and 9 weeks in the different treatments

Treatment PEC BAF TF
3 weeks 6 weeks 9 week 3 weeks 6 weeks 9 week 3 weeks 6 weeks 9 week
ucC 0.14 £ 0.02*  0.15£0.01* 0.19 £ 0.03* 0.54 = 0.04* 0.61 +0.05° 0.76 £ 0.07° 0.45 + 0.05* 0.57 = 0.01* 0.61 + 0.04*
CH 0.13 £ 0.04* 0.17 £ 0.01* 021 +0.03* 0.46 = 0.06* 0.60 + 0.08° 0.86 + 0.04* 0.42 + 0.02° 0.56 + 0.04* 0.64 + 0.07*
Arthrobacter sp. 027 £0.05° 033 +0.03° 033 +0.05° 1.03+003° 128+0.12¢ 137+0.07° 0.56+0.05 0.66 =006 091 +0.09°
b
Micrococcus sp. 0.23 £0.01°  0.29 £0.02° 0.27 £ 0.04° 0.85+0.07° 1.18 £0.04° 1.12+£0.10° 0.51 £0.06° 0.69 +0.11> 0.82 + 0.07>
CH-Arthrobacter 0.24 + 0.02% 0.32 + 0.04° 0.33 + 0.06° 0.86 + 0.07° 1.18 + 0.07° 1.28 + 0.09° 0.55 = 0.09° 0.64 = 0.04> 0.81 + 0.04°
sp.
CH-Micrococcus 020 + 0.02°  0.23 +0.03° 0.26 + 0.03° 0.75 = 0.08" 0.92 + 0.05° 1.14 + 0.06° 0.62 + 0.11° 0.66 + 0.09° 0.77 + 0.03°
sp.

Mean values and SE (n = 3) followed by a different lowercase letter within the same column denote a significant difference at p < 0.05 among different

treatments according to Duncan’s multiple range test
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the uninoculated control by 1.8- and 1.7-fold, respectively.
These results corresponded to the results for the cadmium
content of an entire C. laxum. Our results indicated that
C. laxum is not a cadmium hyperaccumulating plant com-
pared to C. comosum, which has been shown to be a cadmium
hyperaccumulating plant (Wang et al. 2012).

Soil inoculation with either free cells or chitosan-
immobilized cells of cadmium-resistant bacteria increased
the TF values in C. laxum compared to the uninoculated con-
trol (Table 4), indicating that cadmium-resistant bacteria en-
hanced cadmium translocation from the roots to the above-
ground part of C. laxum. No significant difference (p < 0.05)
was found in the TF values of C. laxum inoculated with free
cells or immobilized cells of either cadmium-resistant bacte-
rium at 3 or 6 weeks. The TF values for all treatments ranged
from 0.61 £0.04 to 0.91 £ 0.09. ATF of less than one implies
a poor ability to translocate cadmium from the roots to the
aboveground parts of C. laxum, which was expected due to
the high cadmium concentration in the soil (50.35 mg kg ").
According to Wang et al. (2012), C. comosum translocated a
high amount of cadmium to the aboveground parts of the plant
in soil with a cadmium concentration less than 50 mg kg .
The plant reduces cadmium translocation to the aboveground
parts when a high cadmium content accumulates in the plant
to protect itself from cadmium toxicity and to ensure normal
plant growth. Interestingly, C. laxum inoculated with the
Arthrobacter sp. free cells had the highest TF at 9 weeks,
suggesting that inoculation with Arthrobacter sp. improved
cadmium translocation in C. laxum. Yoon et al. (2006) stated
that plants with a TF greater than one are desirable for effec-
tive heavy metal phytoextraction. Phytoextraction is consid-
ered to be a promising and alternative method to remediated
heavy metal-polluted soils (Mahar et al. 2016).

Conclusion

This study investigated the effects of the inoculation of
chitosan-immobilized bacteria on cadmium phytoremediation
by C. laxum in the cadmium-polluted soil. The viability of
chitosan-immobilized cadmium-resistant bacteria after stor-
age at 4 °C decreased with time. Chitosan-immobilized bac-
teria survived and significantly increased bioavailable cadmi-
um in a highly cadmium-polluted soil. Cell immobilization
could protect bacterial cells and allow survival under stressful
conditions. The results from the pot experiment indicated that
the inoculation of free cells and immobilized cells of
Arthrobacter sp. and Micrococcus sp. improved cadmium ac-
cumulation in C. laxum planted in a highly cadmium-
contaminated soil. The highest cadmium accumulation in the
roots and aboveground parts was found in C. laxum inoculated
with Arthrobacter sp. free cells, followed by CH-Arthrobacter
sp. and Micrococcus sp. free cells at 6 weeks after planting.

Free cells and immobilized cells of Micrococcus sp. not only
promoted plant growth but also simultaneously accelerated
cadmium uptake and accumulation in the roots and above-
ground parts of C. laxum, leading to the conclusion that the
combined use of chitosan-immobilized bacteria and C. laxum
may improve the efficiency of cadmium phytoextraction.
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Abstract

This study examined the potential of three strains of cadmium-resistant bacteria,
including Micrococcus sp., Pseudomonas sp. and Arthrobacter sp., to promote root
elongation of Glycine max L. seedlings, soil cadmium solubility and cadmium
phytoremediation in G. max L. planted in soil highly polluted with cadmium with and without
nutrient biostimulation. Micrococcus sp. promoted root length in G. max L. seedlings under
toxic cadmium conditions. Soil inoculation with Arthrobacter sp. increased the bioavailable
fraction of soil cadmium, particularly in soil amended with a C:N ratio of 20:1. Pot culture
experiments observed that the highest plant growth was in Micrococcus sp.-inoculated plants
with nutrient biostimulation. Cadmium accumulation in the roots, stems and leaves of G. max
L. was significantly enhanced by Arthrobacter sp. with nutrient biostimulation. A combined
use of G. max L. and Arthrobacter sp. with nutrient biostimulation accelerated cadmium
phytoremediation. In addition, cadmium was retained in roots more than in stems and leaves
and G. max L. had the lowest translocation factor at all growth stages, suggesting that G. max
L. is a phytostabilizing plant. We concluded that biostimulation-assisted bioaugmentation is

an important strategy for improving cadmium phytoremediation efficiency.

Keywords: Cadmium-resistant bacteria; Nutrient addition; Phytoremediation; Glycine max

L.
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1. Introduction

Although the background level of cadmium (Cd) in soil (from 0.5 to 3.0 mg kg™) has
no direct effect on living organisms (Wang et al., 2007), several human activities (e.g.,
mining, industrial waste, smelting of ores, sewage sludge) bring about the spread and
contamination of soil with heavy metals (Mahar et al., 2016). Cadmium pollution in
agricultural areas has become a serious environmental issue and is most frequently detected
in agricultural soil in many countries (e.g., Thailand, South Korea, China) (Simmons et al.,
2003; Kim et al., 2003; Wang et al., 2014a). In particular, the Mae Sot district of Tak
province in northern Thailand is the first reported cadmium-polluted area with nonferrous
mineralization adjacent to rice-based agricultural systems (Simmons et al., 2003).

Physical and chemical remediation technologies can rapidly remediate cadmium-
contaminated soil but are expensive and disturb soil functions and properties. In comparison,
phytoremediation technology has been successfully applied to clean heavy metal-
contaminated soil because it is an environmentally friendly and cost-effective technology that
induces fewer changes to land use patterns (Wan et al., 2016). Heavy metal phytoremediation
requires the growth of a plant that can accumulate heavy metals in their tissues (Ullah et al.,
2015). However, plants that are grown in soil with high concentrations of heavy metals
experience plant stress and irreversible damage due to heavy metal toxicity. Low heavy metal
bioavailability in soil caused by strong binding of heavy metals to soil particles affects heavy
metal phytoremediation (Ali et al., 2013). Therefore, techniques to solve these limitations to
phytoremediation performance should be developed.

Several studies have reported the potential of microorganisms to increase the
bioavailability of heavy metals in soil, which results in increased plant uptake abilities
(Prokop et al., 2003; Bolan et al., 2014; Khonsue et al., 2013). Various (rhizo)bacteria have

been successfully implicated in promoting plant growth and decreasing toxicity or stress
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when plants are grown in cadmium-contaminated soils (Glick, 2010; Guo and Chi, 2014;
Sangthong et al., 2016 ). Certain soil bacteria can also transform heavy metals into soluble
and bioavailable forms by altering the chemical properties of heavy metals using binding
compounds such as exopolymers, siderophores, organic acids, and biosurfactants (Prapagdee
etal., 2012; Bolan et al., 2014; Ullah et al., 2015). Therefore, the coupled use of
accumulating plants and bioaugmented bacteria to clean heavy-metal contaminated areas is a
promising technique to improve phytoremediation performance. However, nutrient deficiency
in polluted areas retards the growth of bioaugmenting bacteria. Bacterial activity and
proliferation in contaminated soil can be stimulated by biostimulation with nutrients ( Tyagi et
al., 2011). Biostimulation with nutrients to accelerate the microbial growth and activity has
been widely studied in bioremediation of both organic and heavy metal pollutants (El-
Bestawy and Albrechtsen, 2007; Wang et al., 2014a; Mahbub et al., 2017).

There have been several studies on the use of bioaugmentation assisted by
biostimulation (BAB) technology for heavy metal bioremediation in contaminated soil (Wang
et al., 2014a; Wang et al., 2014b). The study of Mahbub et al. (2017) reported that the
mercury removal was significantly increased in contaminated soil inoculated with
Sphingobium sp. SA2 and nutrient amendment compared to the untreated contaminated soil.
To date, few studies have applied BAB technology to cadmium phytoremediation by crop
plants in real, highly cadmium-polluted soil. Soybean (Glycine max L.), an annual crop that is
commonly grown in cadmium-polluted areas in Tak province, Thailand was used in this
study. The effects of biostimulation with nutrients (carbon and nitrogen) in cadmium -
contaminated soil on the growth of three strains of cadmium-resistant bacteria and their
performance on increasing soil cadmium bioavailability were studied. The effects of soil

inoculation with cadmium-resistant bacteria on plant growth and cadmium accumulation by
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G. max L. planted in cadmium-contaminated soil under non-biostimulation and

biostimulation conditions were also investigated.

2. Materials and Methods
2.1 Strains of cadmium-resistant bacteria and preparation of bacterial inocula

The three strains of cadmium-resistant bacteria used as bioaugmenting bacteria were
indole-3-acetic acid (IAA)-producing Micrococcus sp. TISTR2221 (formerly strain MU1)
(Prapagdee et al., 2013), siderophore-producing Pseudomonas sp. PM2 (Sangthong et al.,
2015) and exopolymer-producing Arthrobacter sp. TISTR2219 (formerly strain TM6)
(Prapagdee et al., 2012). These strains were isolated from rhizosphere soil and plant roots
collected from cadmium-polluted areas. Cell suspensions of these cadmium-resistant bacteria
were grown in Luria-Bertani (LB) broth (Criterion, USA) as previously described by
Prapagdee et al. (2013). The cell turbidity of each bacterial suspension was adjusted to OD g
~0.2 for further experiments. The approximate number of viable cells of Micrococcus sp.,
Pseudomonas sp. and Arthrobacter sp. were 1.4 x 10%, 1.1 x 10% and 1.5 x 10® CFU mL",

respectively.

2.2 Cadmium-contaminated soil preparation and analysis

Soil was collected in a highly cadmium-contaminated agricultural field at
Mae Tao subcatchment, Mae Sot district, Tak province, Thailand. The soil was air-dried,
ground, and passed through a 2-mm sieve before analysis of physical and chemical
properties, which are presented in Table 1. Each soil sample was divided into two
subsamples. The first was extracted with a mixture of 1:3 (by volume) concentrated nitric
acid (HNO3) (Merck, Germany) and concentrated hydrochloric acid (HCI) (Merck, Germany)

for analysis of total cadmium. The second subsample was extracted with diethylenetriamine



125  pentaacetic acid (DTPA) (Ajax, Australia) for analysis of bioavailable cadmium or DTPA-
126  extractable cadmium (Faust and Christians, 2000). Prokop et al. (2003) reported that the

127  DTPA-extractable fraction is suitable for measuring bioavailable cadmium in contaminated
128  soil. Concentrations of total and bioavailable cadmium were analyzed using flame atomic
129  absorption spectrophotometry (FAAS) (Varian spectra model AA240FS, USA). The

130  quantification detection limit of cadmium by FAAS was 0.01 mg kg™'. The organic matter
131  and total nitrogen were analyzed by the wet oxidation method of Walkley and Black (1947)
132 and the Kjeldahl method, respectively. The available phosphorus was measured using the
133 Bray Il extraction method and the extractable potassium, extractable calcium and extractable
134  magnesium were determined after leaching the soils with ammonium acetate (Carter and
135  Gregorich 2008).

136

137 2.3 Plant-root elongation assay

138 To evaluate the capability of cadmium-resistant bacteria to promote root elongation of
139  G. max L. under toxic cadmium conditions, an in vivo root elongation assay of G. max L. was
140  carried out according to the method of Prapagdee et al. (2013). Surface-sterilized seeds of G.
141  max L. were placed on filter paper soaked with various cadmium ion concentrations in the
142 form of cadmium nitrate, including 0, 25, 50 and 75 mg L respectively. Each strain of

143  Dbacterial suspension was overlaid on the surface of G. max L. seeds. The root length of the
144  seedlings was measured after incubation at room temperature in the dark for 5 d. The root
145  lengths of seedlings were averaged from at least 20 replicates.

146

147 2.4 Effects of biostimulation with nutrients on bacterial growth and cadmium bioavailability

148  in cadmium-contaminated soil
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Various concentrations of carbon in the form of glucose (C¢H;,0¢) and nitrogen in
form of ammonium sulfate ((NH4),SO4) were added to sterilized cadmium-contaminated soil
to reach C:N ratios of 5:1, 10:1 and 20:1. Soil with nutrient addition was randomly collected
to analyze and calculate actual C:N ratios. Each strain of bacterial inocula was individually
inoculated into sterilized contaminated soil with and without biostimulation and incubated at
30 °C with continuous shaking at 180 rpm. In addition, 50 mM phosphate buffer (pH 7.0) was
added into sterilized contaminated soil as an axenic control treatment. To determine bacterial
viability in sterilized contaminated soil, soil samples were collected at 1, 3, 5, 10, 15 and 20
d, and viable cell numbers of inoculated bacteria were counted using the standard plate count
method. To measure soil cadmium solubility, soil samples were collected after incubation for
10 d and separated into two parts for analysis of total cadmium (Acid-digested) and
bioavailable cadmium (DTPA-extractable) according to the methods described above. DTPA
is applied to estimate the metal concentration for plant uptake (Quevauviller et al., 1998). It
uses to extract heavy metals as a potential indicator of plant-bioavailable heavy metals from
soils (Prokop et al., 2003). Soil cadmium concentration was presented in terms of
bioavailable and non-bioavailable forms. The concentration of non-bioavailable forms was
calculated by subtracting DTPA-extractable cadmium from the concentration of total

cadmium.

2.5 Greenhouse study of bioaugmentation and biostimulation experiments
2.5.1 Preparation of G. max L. seedlings

G. max L. seeds were purchased from local agriculturalists at the contaminated area,
Tak province, Thailand. G. max L. seedlings were prepared by planting in garden soil without

cadmium contamination for two weeks. Two-week-old G. max L. seedlings at an
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approximate height of 20 cm were individually transplanted to plastic pots filled with 3 kg of

cadmium-contaminated soil.

2.5.2 Experimental setup

Two sets of pot experiments of G. max L. were established, including non-
biostimulation and biostimulation experiments. Each set was divided into four treatments as
follows: i) G. max L. (the uninoculated control); ii) G. max L. + Micrococcus sp.; iii) G. max
L. + Pseudomonas sp.; and iv) G. max L. + Arthrobacter sp. The soil was amended with
carbon and nitrogen sources for biostimulation experiments. A suspension of bacterial
inoculum was inoculated into the non-sterilized cadmium-contaminated soil and manually
mixed well to reach an inoculum size of approximately 10° CFU g before transplantation
(Liu et al., 2015). A total of eight treatments of G. max L. transplanted to cadmium-
contaminated soil were prepared in 25-cm-diameter round plastic pots. All pots were placed
at random in the greenhouse with natural light and watered daily with the same volume of
deionized water in the morning for three months. An average temperature and relative

humidity in the greenhouse were 32.4 + 0.8 °C and of 71.3 + 6.3 %.

2.5.3 Plant and soil sample collection and analysis

Plant and soil samples were collected every month to represent each stage of plant
growth after transplantation for one month (before the flowering stage), two months (the
beginning pods stage) and three months (the full seed stage), respectively. Plants were
harvested from soil and rinsed several times with deionized water to remove cadmium bound
to the root surface. Root length, stem height, and plant dry weight were measured. For
cadmium content determination, dry plant samples (root, stem and leaf) were ground and

acid-digested with a mixture of 2:1 (by volume) concentrated HNOj; and concentrated
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perchloric acid (HClO4) (Merck, Germany) before analyzing with FAAS. Cadmium content
in plants was calculated on a dry weight basis. Concentrations of total cadmium (acid-
digested) and bioavailable cadmium in soil were extracted and analyzed using the methods

described above.

2.6 Data and statistical analysis

The cadmium content in plant tissue and soil was used to calculate the phytoextraction
coefficient (PEC), the bioaccumulation factor (BAF) and the translocation factor (TF)
according to the previously mentioned equations used by Kumar et al. (1995), Khaokaew and
Landrot (2015), and Mattina et al. (2003), respectively. The PEC is calculated by dividing
cadmium concentration in the whole plant with that in the soil surrounding the plant roots.
The BAF is estimated by calculating the ratio of cadmium concentration in the whole plant to
the bioavailable metal concentration in the soil surrounding the plant roots. The TF is the
ratio of cadmium concentration in above-ground plant tissues (shoots) to that in underground
plant tissues (roots). All analytical results were expressed as means and standard errors from
data collected at least in triplicate. Analysis of variance (ANOVA) was used to compare the
means of different treatments at 95% confidence, and DMRT was performed to determine the
statistical significance at a significance level of 0.05 for the plant root elongation and

greenhouse experimental data using the SPSS 17 software.

3. Results and Discussion
3.1 Promotion of root lengths of G. max L. by cadmium-resistant bacteria under toxic
cadmium conditions

Seeds of G. max L. were soaked in a cell suspension of each cadmium-resistant

bacterium in the presence and absence of cadmium. Fig. 1 showed that the root lengths of G.
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max L. seedlings in the absence of cadmium were higher than those in the presence of
cadmium both with and without bacterial inoculation. Increased cadmium concentrations
decreased the root length of G. max L due to the toxic effects of cadmium. Significant percent
increases in the root length of inoculated G. max L. seedlings at cadmium concentrations of 0,
25,50 and 75 mg L™ compared to the uninoculated control seedlings were found only for G.
max L. seedlings inoculated with Micrococcus sp. (by 31.9, 26.2, 22.6, and 21.7%,
respectively). Only Micrococcus sp. had a positive effect on root elongation of G. max L.; no
significant effect was found for Pseudomonas sp. and Arthrobacter sp. Our previous studies
reported that Micrococcus sp. is a high producer of IAA, up to 402 + 13 mg L™, and promote
the root elongation of Helianthus annuus L. (Prapagdee et al., 2013) and Zea mays L.

(Sangthong et al., 2016) seedlings under toxic cadmium conditions.

3.2 Survival of cadmium-resistant bacteria in cadmium-contaminated soil with and without
nutrient biostimulation

The growth of cadmium-resistant bacteria was monitored in sterilized cadmium-
contaminated soil at cadmium concentrations of 50.35 + 2.87 mg kg™ and biostimulated with
nutrients at C:N ratios of 5:1, 10:1 and 20:1, compared to control treatment without
biostimulation (initial C:N ratio of 11.7:1). The highest growth among all strains was
observed five days after inoculation and slightly decreased until 20 days of incubation (Fig.
2). Plants grew well in sterilized cadmium-contaminated soil due to cadmium-resistant
capabilities. Our previous study reported that these three strains of cadmium-resistant bacteria
were resistant up to a cadmium concentration of 1000 mg L™ (Prapagdee et al., 2012;
Prapagdee et al., 2013; Sangthong et al., 2015). Some bacterial strains isolated from
contaminated sites possess the excellent metal-scavenging capability and high resistance to

heavy metals (Malik, 2004).
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The numbers of viable cells of Pseudomonas sp. (Fig. 2b) and Arthrobacter sp. (Fig.
2¢) in sterilized cadmium-contaminated soil amended with all C:N ratios did not significantly
differ. However, the highest amounts of viable cells of Pseudomonas sp. and Arthrobacter sp.
were found at five days of incubation in sterilized cadmium-contaminated soil amended with
a C:N ratio of 20:1 by 8.78 and 8.38 log,o CFU g' of soil, respectively. In addition, the
numbers of Micrococcus sp. after inoculation in sterilized cadmium-contaminated soil
amended with C:N ratio of 20:1 for five days significantly differed from those with other C:N
ratios and from the control treatment (Fig. 2a).

Our findings suggest that the addition of carbon is required for biostimulation of
bacterial growth in cadmium-contaminated soil, particular soil with low organic carbon
content and less bioavailable nutrients. Metal pollutants cannot provide carbon sources for
bacterial growth and therefore, the addition of carbon to metal-polluted soils for bacterial
growth biostimulation is recommended. In biostimulation for bioremediation of organic
pollutants (e.g., polycyclic aromatic hydrocarbons) microorganisms use organic pollutants as
sources of carbon and energy for growth and multiplication. Therefore, inorganic
macronutrients such as nitrogen and phosphorous are supplied to give a final C:N:P ratio of
100:10:1 (Leys et al., 2005; Xu and Lu, 2010). However, biostimulation of soil
microorganisms with nitrogen and phosphorous had less effect on diesel oil biodegradation

because of nutrient bioavailability limitation in the soil (Bento et al., 2005).

3.3 Increasing bioavailability of soil cadmium using cadmium-resistant bacteria with nutrient
biostimulation

Soil inoculation with cadmium-resistant bacteria in both non-biostimulation and
biostimulation conditions increased concentrations of bioavailable cadmium compared to the

uninoculated control, except for soil with Pseudomonas sp. inoculation at a C:N ratio of 5:1



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

2901

292

293

294

295

296

297

12

(Fig. 3a). Among the different C:N ratios, the highest concentrations of bioavailable
cadmium in soil were found at a C:N ratio of 20:1 with bacterial inoculation. Soil with
Arthrobacter sp. inoculation at a C:N ratio of 20:1 had the highest concentration of
bioavailable cadmium; 29.4 and 38.2% higher than uninoculated soil with and without
nutrient biostimulation, respectively. Nutrient addition at a C:N ratio of 20:1 indirectly
facilitated an increase in cadmium solubility. In addition, no significant difference in the
concentration of non-bioavailable forms was observed because of the high levels of total
cadmium concentration in contaminated soil (Fig. 3b).

Our previous studies explained possible mechanisms by which Micrococcus sp.
(Prapagdee et al., 2013), Pseudomonas sp. (Sangthong et al., 2015) and Arthrobacter sp.
(Prapagdee et al., 2012) increase cadmium solubility in contaminated soil. Soil inoculation
with some bacteria e.g., siderophore-producing bacteria (Rajkumar et al., 2010) and IAA-
producing bacteria (Prapagdee et al., 2013) increased heavy metal solubility and
bioavailability. In addition, these findings indicate that a high ratio of carbon in contaminated
soil can enhance bacterial growth and activity, in particular increasing bioavailable cadmium
in soil. An increase in bioavailable cadmium in soil promotes plant cadmium uptake and
accumulation. Therefore, nutrient biostimulation at a C:N ratio of 20:1 in contaminated soil

was used to accelerate bacterial performance in cadmium phytoremediation experiments.

3.4 Bioaugmentation and biostimulation strategies enhanced the efficiency of cadmium
phytoremediation by G. max L.
3.4.1 G. max L. growth after cultivation in cadmium-contaminated soil

The root length, stem height and dry biomass of G. max L. with either Micrococcus
sp. or Pseudomonas sp. inoculation were significantly higher than in uninoculated plants

under both non-biostimulation and biostimulation conditions (Table 2). Inoculation with
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Arthrobacter sp. did not increase plant dry biomass compared to the uninoculated control. In
addition, some microorganisms in polluted soil reduce the toxic effects of heavy metals
(Ullah et al., 2015). There were no visual symptoms of cadmium toxicity in G. max L.
planted in cadmium-contaminated soil at cadmium concentrations of 50.35 + 2.87 mg kg .
Cadmium concentrations at 100 mg kg™’ reduced shoot height and dry biomass of G. max L.
(Shute and Macfie, 2006).

Soil at a C:N ratio of 20:1 had no significant increase in plant growth in uninoculated
plants, indicating that non-biostimulated soil had an optimum C:N ratio (11.7:1) for plant
growth. Taiwo et al. (2016) reported that compost with a C:N ratio of 10.1 £ 3.0:1 is suitable
for agricultural growth of Hibiscus cannabinus for metal bioremediation. Therefore, an
increase in C:N ratio in cadmium-contaminated soil did not positively affect plant growth.
Our findings suggest that nutrient biostimulation at a C:N ratio of 20:1 could stimulate
bacterial growth and activity. This further confirms that root length, stem height and dry
biomass of Micrococcus sp.-inoculated G. max L. under nutrient biostimulation were higher
than without nutrient biostimulation. The highest plant growth was found in Micrococcus sp.-
inoculated plants after transplantation for three months with nutrient biostimulation. The root
length, stem height and dry biomass of Micrococcus sp.-inoculated plants with nutrient
biostimulation after transplantation for three months was higher than in uninoculated plants
without biostimulation by 106.6%, 24.3% and 90.3%, respectively.

One explanation for these observations relates to a finding in our previous studies of
H. annuus L. (Prapagdee et al., 2013) and Z. may L. (Sangthong et al., 2016). Micrococcus
sp. has been shown to produce high levels of IAA and promote plant growth under toxic
cadmium conditions (Prapagdee et al., 2013). The use of plant growth promoting
(rhizo)bacteria to improve plant growth in heavy metal-contaminated soil has been well

documented in several publications (Ma et al., 2009; Guo and Chi, 2014; Liu et al., 2015).
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Bacteria with certain characteristics (e.g., production of phytohormones, nutrient
solubilization) can promote plant growth and alleviate metal toxicity to plants (Glick, 2010).
Fast-growing and high biomass-producing plants can be used for phytoremediation because
they can compensate lower cadmium accumulation with much higher biomass ( Phaenark et

al., 2009).

3.4.2 Cadmium uptake and bioaccumulation in G. max L.

Table 3 presents concentrations of cadmium that accumulated in each part of G. max
L. under non-biostimulation and biostimulation conditions. Cadmium content in roots, stems
and leaves of G. max L. with bacterial inoculation were significantly higher than those in the
uninoculated control under both non-biostimulation and biostimulation conditions. The
highest cadmium content in the roots, stems and leaves of G. max L. were found in
Arthrobacter sp.-inoculated plants followed by Micrococcus sp.-inoculated plants under
nutrient biostimulation. The results of the effect of nutrient biostimulation without bacterial
inoculation on cadmium accumulation in plants found that cadmium contents in the roots,
stems and leaves of uninoculated plants under nutrient biostimulation were slightly higher
than in the uninoculated plants. However, cadmium contents in plants with bacterial
inoculation both with and without nutrient biostimulation were higher than in the
uninoculated plants. It could be postulated that nutrient biostimulation might promote the
growth and activity of indigenous soil bacteria, resulting in enhanced soil cadmium solubility
and bioavailability. This was supported by the work of Margesin and Schinner (2001), who
reported that nutrient biostimulation in diesel-oil-contaminated soil increased in the number
of indigenous soil microorganisms and oil degraders.

Nutrient biostimulation promoted cadmium uptake and accumulation in inoculated

plants. Under the non-biostimulation condition, cadmium contents in the roots, stems and
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leaves of Arthrobacter sp.-inoculated plants after transplantation for three months were
higher than those of the uninoculated control by 65.1%, 62.1% and 33.9%, respectively.
Cadmium contents in the roots, stems and leaves of Arthrobacter sp.-inoculated plants after
transplantation in soil with nutrient biostimulation for three months were higher than those of
the uninoculated control without biostimulation by 71.6%, 96.1% and 43.0%, respectively.
Our results correspond with the study of Mahbub et al. (2017) the mercury removal from
contaminated soil by Sphingobium sp. SA2 was improved when nutrients were added,
suggesting that the lack of nutrients in the soil is a limiting factor to activate indigenous or
inoculated microbial activities. Unfortunately, cadmium concentrations in G. max L pods
with seeds in all treatments (from 16.36 to 22.10 mg kg™') exceeded the standard maximum
allowable level of cadmium (0.2 mg kg™) set by the Codex Alimentarius Commission. Even
at relatively low cadmium concentrations in soil, cadmium content in G. max L. seeds
exhibited levels 3-4-fold higher than the Codex’s standard for cadmium in grains for human
consumption (Shute and Macfie, 2006). Several physiological processes of G. max L. affect
cadmium accumulation in G. max L. seeds, including the rate of cadmium uptake from the
soil, xylem translocation from root to shoot, and phloem movement into seeds during
maturation (Sugiyama et al., 2007).

In addition, cadmium content in the stems and leaves (above-ground tissue) of G. max
L. in all treatments after transplantation for two months were higher than those observed for
other harvesting periods. The growth of G. max L. two months after transplantation enters the
beginning pod (reproductive) stage. At this stage, G. max L. consumes significant nutrients to
promote pod formation and may take up additional metals. This is consistent with the study
of Ishikawa et al. (2005), who reported that G. max L. roots in the reproductive stage take up
significant nutrients from the roots to shoots to maintain pods and coincidently take up

cadmium into plant tissue. However, we found that cadmium accumulated more in roots than
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in stems and leaves at all harvesting periods. Cadmium content accumulated in G. max L.
tissues descending in the order as follows: root > stem > leaf.

In general, plant roots take up heavy metals from the soil by both passive transport of
water-soluble heavy metals through the root and active transport across the plasma membrane
of root epidermal cells. Heavy metals are then transported via the xylem into the shoots for
accumulation (Ghosh and Singh, 2005; Nouri et al., 2011). One possible explanation involves
the limiting translocation of cadmium from roots to shoots when high cadmium content has
already accumulated in the shoots. At high cadmium concentrations, the root cells bind to
cadmium, causing cadmium precipitation and adsorption inside the root cells and resulting in
a low translocation rate of cadmium to the shoots via xylem (Shute and Macfie, 2006). In
addition, cadmium is accumulated in the vacuoles, which are mainly located in plant roots,
and can be stored in dead cells in the root system ( Grant et al., 1998). In addition, bacterial
cells can absorb cadmium ion from a solution; therefore, some cadmium ions in soil solution
might be absorbed by bacterial cells (Prapagdee et al., 2013).

The results of cadmium accumulation in one G. max L. plant shown in Fig. 4
corresponded well with those obtained from Table 3. This table clearly shows that cadmium
accumulation in one bacterially inoculated G. max L. was higher than that in the uninoculated
control under both biostimulation and non-biostimulation conditions (Fig. 4). Interestingly,
cadmium content in the uninoculated plant under biostimulation conditions was slightly
higher than that of the uninoculated plant under non-biostimulation conditions at two and
three months after transplantation by 16.4% and 17.3%, respectively. This indicates the
stimulation effect of nutrient addition on indigenous microorganisms. It was observed that
after transplantation for two months under the biostimulation condition, Arthrobacter sp.- and
Micrococcus sp.-inoculated plants had higher cadmium content than the uninoculated plant,

by 3.36- and 3.22-fold, respectively. The increase in cadmium content in bacterial-inoculated
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plants after two months of harvesting could result in high biomass yield and high
accumulation of cadmium in the stems and leaves of G. max L. compared to other harvesting

periods.

3.4.3 Phytoremediation performance of cadmium in G. max L.

The performance of cadmium phytoremediation by G. max L. was evaluated by the
values of PEC, BAF and TF shown in Table 4. After transplantation for two months, the
inoculated plants demonstrated higher PEC and BAF than uninoculated plants in both
biostimulation and non-biostimulation conditions. The maximum PEC and BAF values were
found in Arthrobacter sp.-inoculated G. max L. with nutrient biostimulation after two
months, followed by Micrococcus sp.-inoculated plants. It is clear that PEC and BAF values
differed among the various G. max L. growth stages in the order of beginning pod stage (2
months) > full seed stage (3 months) > before flowering stage (1 month).

Cadmium was retained more in roots than shoots at all growth stages, resulting in low
TF values. This indicates that G. max L. limited translocation of cadmium from the root to
shoot. There was no significant difference in TF values between the biostimulation and non-
biostimulation conditions. However, higher TF values compared to uninoculated plants were
found in Arthrobacter sp. and Micrococcus sp.-inoculated plants after transplantation for two
months, which is related to the high cadmium content in the stems and leaves. Aroa et al.
(2003) reported that seeds of the G. max L. cultivar with low cadmium content also had low
cadmium content in the shoots and high cadmium content in the roots, indicating a plant
mechanism that prevents cadmium translocation to the shoots by retaining cadmium in the
roots.

Similar high PEC and low TF values have been reported in cadmium

phytoremediation of Vigna radiata L. by Prapagdee et al. (2014). Plants with PEC or BAF
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values greater than 1.0 indicate high heavy metal accumulation (Taiwo et al., 2016).
However, plants with low TF values are considered to be useful for phytostabilizing plants
(Cui et al., 2007; Prapagdee et al., 2014). Our results indicate that G. max L. is a cadmium-
accumulating plant that is suitable for cadmium phytostabilization. However, different
cultivars of G. max L. differentially accumulated cadmium in the roots and shoots, and their
potential to translocate cadmium to the shoots and seeds depended on the cadmium tolerance
in each plant tissue (Grant et al., 1998; Sugiyama et al., 2007). Our findings suggest that the
two important major factors affecting PEC, BAF and TF values of G. max L. are the cultivar
of G. max L. and the bacterial inoculum. G. max L. is a cadmium-accumulating plant,
suitable for cadmium phytostabilization. In addition, an appropriate solution for the further
economical use of contaminated plant biomass is its application as a source of energy (Mahar
et al., 2016). Therefore, contaminated G. max L. seeds could be used for biodiesel
production, and G. max L. biomass could be used for fuel via direct combustion under control

for air pollution and ash.

4. Conclusions

Arthrobacter sp. facilitated cadmium solubility from the non-bioavailable fraction in
the soil, particularly for the biostimulation condition with a C:N ratio of 20:1. G. max L. at
the beginning pod stage (after transplantation for two months) had the highest level of
cadmium accumulation in stems and leaves. However, cadmium accumulated more in the
roots than in the stems and leaves of G. max L. at all growth stages. Arthrobacter sp.
exhibited the highest ability to enhance cadmium accumulation in G. max L (followed by
Micrococcus sp.) under biostimulation at a C:N ratio of 20:1. Arthrobacter sp. inoculation
and nutrient biostimulation increased the highest PEC and BCF values at the beginning pod

stage. However, TF values were low in all growth stages, suggesting that G. max L. is a
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phytostabilizing plant. We concluded that the combined use of nutrient biostimulation and
bioaugmentation with Arthrobacter sp. and Micrococcus sp. is a practical, successful

technique for improving cadmium phytoremediation.
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Table 1 Physical and chemical properties of cadmium-contaminated soil

Property Value
Particle size distribution

- Sand (%) 57

- Silt (%) 24

- Clay (%) 19
Soil texture Sandy loam
pH (1:1 w/v H,0) 7.50 £0.01
Electrical conductivity (1:5)(dS m™) 0.20 £ 0.02
Cation exchange capacity (cmol kg™) 9.81+0.32
Organic matter (%) 2.02+0.34
Organic carbon (%) 1.17+0.19
Total nitrogen (%) 0.10+0.02
Available phosphorus (mg kg™) 13.19+0.17
Extractable potassium (mg kg™) 88.10 £ 0.61
Extractable calcium (mg kg™) 3893 + 84
Extractable magnesium (mg kg™) 238.8+ 1.6
Total cadmium (mg kg™) 50.35+2.87
Bioavailable cadmium (mg kg™) 9.18+0.54
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Figure Captions

Fig. 1 Root elongation of G. max L. with and without cadmium-resistant bacteria inoculation
under toxic cadmium conditions. Error bars represent SE (n = 20), and a different lowercase
letter above a bar graph of each cadmium concentration denotes a significant difference at p <

0.05 compared with the uninoculated control.

Fig. 2 The numbers of viable cells of (a) Micrococcus sp., (b) Pseudomonas sp. and (c)
Arthrobacter sp. in cadmium-contaminated soil with and without nutrient biostimulation. Error

bars represent SE (n = 3).

Fig. 3 Levels of bioavailable cadmium concentration in contaminated soil inoculated with
cadmium-resistant bacteria with and without nutrient biostimulation. The error bars represent the
SE (n = 3), and a different lowercase letter above a bar graph denotes a significant difference at p
< 0.05 among the different C:N ratios. A different uppercase letter above a bar graph at the same
C:N ratio indicates a significant difference at p < 0.05 of bacterial inoculation compared to the
uninoculated control. An asterisk (*) denotes a non-significant difference at p < 0.05 according

to Duncan’s multiple range test.

Fig. 4 Cadmium concentrations accumulated in a whole G. max L. plant after transplantation to
cadmium-contaminated soil with and without nutrient biostimulation for 3 months. The error
bars represent the SE (n = 3), and a different lowercase letter above a bar graph denotes a

significant difference at p < 0.05 among the different harvesting periods. A different uppercase



23 letter above a bar graph in the same harvesting period indicates a significant difference at p <
24 0.05 of bacterial inoculation compared to the uninoculated control.
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