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Culture-Independent Methods of Microbial Community
Structure Analysis and Microbial Diversity in Contaminated Groundwater
with Major Pollutants

Jaisoo Kim*

Department of iznvironmental Science and Engineering, Ewha Womans University

ABSTRACT

This review inquired the recently applied molecular biological and biochemical methods analyzing the microbial
community structure of groundwater and, as a result, summarized the functional or taxonomic groups of active
microorganisms with major contaminants in groundwater. The development of gene amplification through PCR has been
possible to figure out microbial population and identification. Active microbial community structures have been analyzed
using a variety of fingerprinting techniques such as DGGE, SSCP, RISA, and microarray and fatty acid analyses such as
PLFA and FAME, and the activity of a specific strain has been examined using FISH. Also, this review included the
dominant microflora in groundwater contaminated with fuel components such as n-alkanes, BTEX, MTBE, and ethanol
and chlorinated compounds such as TCE, PCE, PCB, CE, carbon tetrachloride, and chlorobenzene.
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Table 1. Terminal electron accepting processes for toluene oxidation

Microbial process Degradation reactions for toluene (C;Hg)*
) Aerobic degradation C,Hg+90, = 7CO,+4H,0
.ﬁ Denitrification 5C;Hg+36NO; +H = 35HCO; +3H,0 + 18N,
g Manganese (IV) reduction C;Hs+ 18MnO,+ 29H" = 7HCO; + 18Mn*" + 15H,0
ED Fe (II1) reduction CsHg+ 36FeO0H + 65H+ —> 7HCO; + 36Fe* + 51H,0
§ Sulphate reduction 2C,Hs+ 980+ 6H,0 = 14HCO; + SH,S +4HS™
a2 v

Methanogenesis

2C7H8 +10H,0 = 5CO,+ 9CH4

* : Electron acceptors are shown in bold.

10% A=2 FHFHAman et al, 1995). Z32E A
BAQA Ao o3 A2 ASELE vETRe] AAA
Q1 THQAE SR Bt o] ERMIESte] W
92 Ao £2]9) vifo] o o) FaskA oA =AU
I 1 Z7EA]e) AEAQ] R Qs dE eR/RE
=Y F A =0 H2o BAESH HER D)
Al Y 83, 2) Al &, 3) EH B
i Ee dRe ArNg B4 R3S AR

Aslrolle Tt vlAdEe] Aal glevt EelEEH
S0t 28984 FR wet sk vAESol
ORFSHA vehdt). B3] 22 e @EHolgie A&
A o187l o3l ZA He3h=dl A7 A7t 54
o EAlsk= 7% i) AR FE Sl we} $5F0]
ZAEK(Table 1). ©]efdt B} Hals Tl
e B AAR Ee|lEE edEddE a8
Z 9oz BA3lE AR Rk o) JbE
3l o7 7RA] 712 AEE IS 5 AT ¢ o}
7P A LG8 olEtE T3 AEEE Az V]
o Zolt}.

£ A7 BiFe vt Aol Malshs vl
Eo] ey 248 8 He) EARESH = A
M JREES Avle 2 VIES] RS AAlsaL
SEAEAE F8 AR PBEES NFeE o] Eopil
T Ie ATARNA =S F= Aot

2.2 B

2.1. BEAIR0 HiXoz glo| MO|E FufYgy
(culture-independent) 2+
I Bt BEY uRAEY v AR Rl Adlshe

UAE F I8 IR v AL Bletio] HEA )

Fhel o3l FAgo] moto] HoAZFATHAman et al,
1995) FARIESHE 7oy ARy To UEE
HjFed g wuA] AR AP AV @ellA ] uljde]
NEE PSS F33 vAE F3e) F2EHo] 7}
S3HA =i

IANERRE Y DNAZ &3l ndE 28+
X5 BN F Ue BARETH 7PEde A F 7t
A fgo2 Utk A HAlE FE DNA 97IMEEY
©2 PCRI| &gt o= B R f{xizt @rMES
=Zzla] ZARBRE Woal, £ WAl A3 DNA @)
g BApPio g 2% DNAQ AA FAHRE o)%
st} EMee FAMIESHE WAolth(Ranjard et al,

8 @7E EAHle PCRE BF 7 97
gl cloning ¥l RFLP(restriction fragment length poly-
morphism)?} F7IXE B4 dAlsle EAHEoEA
oBEEES] 44} oF FE Y TR 5L 7
okt 83 WRelx, B shhks FA} fingerprint
PRoz e PR F0H 2o AL et
Wit A 228 @7 gore Baeest
T 7 A719%59] 718 APt AgEed shiube 971
Ae) Zle) o8l F wsie @rMRe] Aole] ol
e @7ge) 27)2 BASHs WSS ARDRA
(amplified ribosomal DNA restriction analysis), T-RFLP
(terminal RFLP), RISA(ribosomal intergenic spacer analysis)
Z12]31 RAPD(random amplified polymorphic DNA)7}
A FZIAEE] Zololl 7 FAYHA= DGGE
(denaturing gradient gel electrophoresis)®} TGGE(tempe-
rature gradient gel electrophoresis) 1231 SSCP(single-

strand conformation polymorphism)7} $It}.
ARDRAE AFEAE AHE3K) PCRAIM FZH 168
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DNAZS AW3t & agaroset} polyacrylamide gel “3ol]
A Ze Ause) Fes B ole @REasIM W
AE FF2e HslE 24 4 Urh(Ranjard et al,
2000). T-RFLPE ARDRAS] WHHFE {32 =F fluoroch-
rome-labelled primerS AME-3l] 16S rDNAS] TThHdH
S BAMEke WReE g /o daAasE I e
e nAESEY] SHE I R-88ITHMarsh,
2000). RISAE= 168 rDNAS} 1GS(intergenic spacer) A}
019 spacers] Zo] FolZ BT T TIE TUS
Y 4 Y AN bands) DML BT
24 U 3 AR ¥R SAE shsan
(Ranjard et al,, 2000). RAPD< short random primer
(¢F 10 bp)=S AM831 genomic DNAS] o8] Xo =2
B o8] 71A] ZHole] PCR JFEES A8 FAYSH
B35 AEE ] Aolgs HEE 4 UthHadrys et
al,, 1992). DGGES} TGGEE ¥YA& primer setS A3}
& PCRES &3l &% HAES Eelsle AL=EH 7]
= Z2AT IHge] tEeE Fel T band 93
£ R9FH. DGGET urea-} formemide$}t 22 3181E
Ao| o2 FesARE, TGGES 2Zulell 2js)
AHHo] Ry Ao] thE=th(Hadrys et al, 1992; Felske
and Akkermans, 1998; Muyzer et al., 1993). SSCP=
PCR ZF ¥ WATRS A 99714 DNA MRS
nondenaturing polyacrylamide geloll A7|9% Al7IH &
1M met EeEn. e O FvKEs Rl
PCR A 719E0] & BEoko = 9 olz&e] Gt
A7) wWF-o]n 7z} band= autoradiograph® F3] 218k
THSunnucks and Wilson, 2000).

A DNA G71MEaPHolli= DNA &2 A4 34
< Z3RE 3 A5 DNAE o2 A59 A cross-
hybridizationg &3 It FAMIS dolEe WY
(Lee and Furhman, 1990)7} UYEL DNAY G+C
o] ThZChe AL ol4 %G+ C BAlo] 71 Ut
2o g ARS-Fth(Ranjard et al., 2000).

2 9jo) DNASH RNAS] 2 H382E 712 probe
= 29 BA vAE IS HAESh= FISH(fluorescence
in situ hybridization) 33, 9 7 e £ 79
FAAE slide glass’doll TGAA . G k= 74004
%3 DNAE ZTFAA FFEAE B9 F, 33
W3S ¥ microarray B o] lth

FRA} ol9je] AslEly AR E48 Bl v
BrFTRE Hlmsk o] AukEAeltt. o] HhY
& AR B, AHE, BollM FEFH QABAME
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(phospholipid fatty acid, PLFA)°|L} X[WAt v Eol ~E]
(fatty acid methyl esters, FAMEYS #2433t vl
FTzet Ot M9 ol F& Brlsketl Al
£5 0] Mt White et al, 1998; Bossioc and Scow,
1998; von Keitz et al, 1999; Peacock et al, 2004;
Cavigelli et al, 1995; Ibekwe and Fennedy, 1988;
Glucksman et al., 2000).

Table 2 215 wjok 2 s PHEEALESH

9 el 2] FEe vlmsle] Yepiic.

2.1.1. AERE P B0l H8d EAMESH 7Y

ARG o)8et EAAEE e Aial Aol &
sk 54 VB MAS Feteledl AEE =
2 A= o)A thPurohit et al, 2003; Eyers et al,
2004). ]2 EAPH 168 rDNAS|Y reductase gene®} -
A} 22 S o183l ARE LFd el &
fAAFe ANPE FerabAkKleikemper et al,
2002), PCEY} TCEEHE] ethene7}A] A3 AESHY
Ba)7} o]FoH=AE BV $8F Dehalococcoides] 7Y
A-g Febsh=dl vhf -8-31cH(Smidt and de Vos,
2004). F3F 757} &3 16S rRNAY functional gene
sequencesd] EAIFE A & Sl HHH HARE PCR
(quantitative real-time PCR) WH# o2 MTBE 3l Al
PM1(Smith et al., 2005)°]-} TCE 3 AT Methylo-
cystis(Kikuchi et al., 2002) 52} 7HAFE Al o AH&
o] gitt.

DNA fingerprinting ¥'#3} clone library construction
wpo. 217 (natural attenuation)2t dE AEF37]
Z7(enhanced bioremediation)®] Z-83g F<te] v|AE
TS vEbdth Amplified rDNA 222
DGGE & ti5e] A8ty S0 $3sk=
ARgAe] B4 ol wE wAE 29 /23S Ve

=) AFEEtH(Haack et al., 2004). &3 DGGE ¥4
& G7IME 47 Balte] nAE Y] ATEAEE

RS A3k AMSEth d24 BTEXE 299 A
Bl5>(Cavalca et al,, 2004), BTEX$} MTBEZ 8% A

Bl (Feris et al, 2004) e vj@zA] AE25F2 299
A3} (Roling et al., 2001) 59 FHTEY AolHS 1t
k&t 4= 9lr}. SSCP EAMPHLE chlorinated benzene® &
249 Aalere] BB (biostimulationy?} PSP
(bioaugmentation)®] EE BI3}F7| 9] AREHAL
(Wenderoth et al, 2003), PCR-DNA clone library2}
Halsle] BTEXE SHE EiA vl fdxe) ok
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Table 2. Advantages and disadvantages of methods to study microbial diversity

Method Advantage Disadvantage

— fast in process

Plate count . .
- inexpensive

—not detectable for unculturable microorganisms

— fast in process
Sole carbon utilization = — relatively inexpensive
— differentiable between microbial communities

—not detectable for organisms not capable of using
avaliable carbon sources

PLFA/FAME —c1:11ture fr_ee . v - Influence by external factors
—direct extraction from samples :

~ detectable for even rare members in a communi . ..
ty —requirement of large DNA quantities

G + C content —to provide community structure and relative .
—low level of taxon resolution
abundance
Nucleic acid reassociation — able to examine total DNA —lack of sensitivity
and hybridization —able to study in situ — requirement of sequences with high copy number

. . . —time-consuming and cumbersome
—to allow a fine identification of uncultured bacteria &

PCR/RFLP/sequencing informative for diversity, richness and evenness T Very expensive equip ment (sequeqcer)
— bias due to PCR work :
— fast analysis of thousands of genes - expensive to perform '
DNA microarray — comprehensive —unknown significance of RNA
— flexible to any gene —uncertain quality control
—sensitive by sample handling
— analysis of a large number of samples — possible more than one stable form of ssDNA
—to provide community structure and relative — detectable for only most abundant species
abundance — not able to separate amplicons harboring different
— informative for the structure of active bacterial sequences
DGGE & TGGE populations through RT-PCR — formation of chimaeric sequences
— possible for taxonomic identification — differential PCR
—easy to perform —not efficient separation beyond 500 base pairs
— less time-consuming — to migrate at the same position with two different
sequences
—able to detect structural changes in microbial — choice of suitable restriction enzymes
community —not always possible to make good resolution for
ARDRA — convenience (no more development) high molecular fragments
—easy to perform — formation of chimaeric sequences
— less time-consuming — differential PCR

—able to detect only the terminal fragments
T-RFLP —easy to perform
—less time-consuming

— formation of chimaeric sequences
— differential PCR

—not enough information on IGS sequence databank

—to provide a finer taxonomic identification —not always possible to make good resolution for
RISA —easy to perform high molecular fragments
— less time-consuming — formation of chimaeric sequences

— differential PCR

— rapid and sensitive for revealing differences between — lack of reproducibility

RAPD similar complex genomes —not able to provide phylogenetic information
—easy to perform — formation of chimaeric sequences
— less time-consuming — differential PCR

& gotstet ARS-EATHIunca and Pieper, 2004). Agtate] Aol FEE Aslrlla FghAAT
FISHE F2 $9% 732 345kt AM83 DGGES $AE9) oS Yehlled ARSI (Kleikemper et
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Table 3. Anaerobic bacteria existing in various environments including groundwaters

Phylogenetic Group Species

Methanobacterium thermoautotrophicum"

Methanobrevibacter arboriphilicus"
Methanogens Euryarchaeotes Methanococcus voltaeV

Methanococcus termolithotrophicus”

Methanosarcina barkeri"

Euryarchaeotes Archaeoglobus sp.?

Desulfoarculus sp.?
Desulfobacter sp.”)
Desulfobacterium sp.?
Desulfobotulus sp.?
Desulfobulbus sp.>®
Desulfocapsa sp.?
Desulfococcus sp.>¥
Desulfomicrobium sp.?
Desulfomonile sp.?
Desulfonema sp.®
Desulforhopalus sp.”
Desulfosarcina sp.>¥
Desulfotomaculum sp.”
Desulfovibrio sp.9

Sulfate-reducers 6-Protizobacteria

Thermodesulfobacteria Thermodesulfobacterium sp.¥

Crenarchaeota Sulfolobus acidocaldarius®

Bacillus sp.>
Firmicutes Clostridium sp.®

Staphylococcus aureus”

Rhodoferax ferrireducens”
B-Proteobacteria Thiobacillus ferrooxidans®
Thiobacillus thiooxidans®

Acinetobacter calcoaceticus”
Fe(1IT)-reducers Acinetobacter johnsonii®
y-Protzobacteria Pseudomonas fluorescens”
Pseudomonas sp.>¥

Shewanella putrefaciens™®

Desulfuromonas acetoxidans”
Desulfovibrio sp.%

&-Proteobacteria Desulfovibrio vulgaris®
Geobacter metallireducans®?
Geobacter sp.+®

Bacillus sp.>

Firmicutes
Staphylococcus aureus®

Acinetobacter calcoaceticus®

Acinetobacter johnsonii®

y-Proteobacteria Pseudomonas fluorescens®
Pseudomonas sp.>®

Shewanella putrefaciens™®

Mn(IV)-reducers

Desulfuromonas acetoxidans™®

d-Proteobacteria Geobacter metallireducans™®
Geobacter sp?

Corynebacterium diphtheriae®
Corynebacterium efficiens®
Corynebacterium glutamicum®
Actinobacteria Mycobacterium bovis”
Mycobacterium tuberculosis®
Rubrobacter xylanophilus®
Streptomyces coelicolor®
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Table 3. continued

Aeropyrum pernix®

Crenarchaeotes .
Pyrogaculum aerophilum®

Euryarchaeotes Haloarcula marismoritui®

Bacillus anthracis®
Bacillus cereus®
Bacillus licheniformis®
Bacillus stearothermophilus®
Bacillus subtilis®

Firmicutes Geobacillus stearothermophilus®
Lactobacillus plantarum®
Selenomonas ruminantium®
Staphylococcus aureus®
Staphylococcus carnosus®
Staphylococcus epidermidis®

)

Azospirillum brasilense®
Bradyrhizoium japonicum®
Brucella suis®

Brucella melitensis®
Magnetospirillum magnetotacticum®
Paracoccus denitrificans®
Rhodobacter sphaeroides®
Sinorhizobium meliloti®

a-Proteobacteria

Azoarcus sp.?

Bordetella bronchiseptica®
Bordetella parapertussis®
Burkholderia cepacia®
Burkhoderia fungorum®
Burkholderia pseudomallei®
Chromobacterium violaceum®
Ralstonia metallisurans®
Ralstonia solanacearum®
Wautersia eutropha®

Nitrate-reducers B-Proteobacteria

)

Actinobacillus actinocydetemcomitans®

Escherichia coli®
Haemophilus ducreyi®
Haemophilus influenzae®
Halomonas halodenitrificans®
Pasteurella multocida®
Photobacterium profundum®
y-Proteobacteria Pseudomonas aeruginosa®
Pseudomonas fluorescens®
Psychrobacter sp.¥
Salmonella enterica®
Salmonella typhi®
Salmonella typhimurium
Shewanella oneidensis®
Shigella flexneri®

3-Proteobacteria Geobacter metallireducans

8

8

Campylobacter jejuni®
Helicobacter hepticus®
Sulfurospirillum barnesii®
Wolinella succinogenes®

g-Proteobacteria

Thermus Thermus thermophilus®

eferences: ein and Schnorr, ; “Roling et al., ; VKnittel et al., ; iddel and Hansen, ; Nealson and Saftarini, ;
Ref YKlein and Schnorr, 1984; ?Roli 1., 2000; YKnittel et al., 2003; YWiddel and H 1991; ¥Neal d Saffarini, 1994
9Lovely, 1993; "Eriksson et al., 2005; ®Philippot, 2005.
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al, 2002; Zang et al, 2005), SSCPU RISA S#H%
AEsle] ARREATH Wenderoth et al., 2003; Zang et al.,
2005). ITS(intemal transcribed spacer) DNA fingerprin-
ting QEEA2] QI (plume)E WA WBE TR
Zz9] Wsls uwalr] sl|(Feris e: al, 2004) 1811
RISA GA] AslAE] ¥hg719] AETA vldE 23
B4 AgHArk(Zang et al, 2005). AL E
microarrayH & Bol AMEEIAE @AY, PAHS
BTEXE 249 X359 vldE 39 545 wekst
£ 23HRhee et al., 2004).

2.12. A3l vAEY 2o 288 AsehE 1Y

PLFA EAHPHE H{=2 248 AslgoiM s &
A1z H3s ASded AME-HASH(Fang and
Barcelona, 1998; MacNaughton et zl., 1999), EAU=
g EANE Hotshe Hle AMSIITHRooney-Varga
et al, 1999). 22 Y ATEL EAIETE 7IHA
BE3) v)9E T39) 54 Wehzr) AHgsIgithvon
Keitz et al, 1999; MacNaughton et al, 1999; Stephen
et al, 1999; Pombo et al., 2002). 53] FHol= v
2 FATES QAT v BYEE sels 1ok
HAM S HYAE Bo] A8k (Pombo et al., 2002;
Boschker et al, 2001; Boschker et al, 1998; Radajew-
ski et al, 2000; Manefield et al., 2002; Pombo et
al,, 2005). FAME 42 2|3l5e] A S
9 BEAS ZABH7] $9&(Glucksman et al, 2000),
pentachlorophenol(PCP) #3d&S 27] #13ll(Schmidt
et al., 1999), 18I Aeromonas sp.oll &3z THERH
752 Ws)7] Ssl(Huys et al., 1995) ARSI o9k
7o} AMPAL EAPHET RNAU DNA9 vRERZHAIRE 5
A% biomarker A #2418 3l 931 =2
AAE Ysledl F83iEk(Pombo et al, 2002; Pombo
et al, 2005). PLFAS} RNAE AZEE lol= A
2 4 o] A& (turnover rate)°] METHManefield et
al., 2002).

2.2. 29 & X|5kr0 MAlshs n|MEe] 28 84
nAES B ME e s 7o) B3t
287 AREA, B, ohix|ds) dgrdie
olg 7FsA 2 B4 elm e Esiety S
93] e rh(Madigan et al, 2000; Anderson and
3 #AFE A= v

Lovely, 1997). D8R v|8E
B FATEG BN 75 5 sl 232 nag
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o} sy TR} 7ise dAle QA Ao o
AE THY dgRAE olFfst=d w¢ Fasid
(Boschker et al., 2001; Boschker et al, 1998; Pelz et
al,, 1999). LFH Aslgol] MAlshe T8 PAEELS W
ERIAJ T (methanogens), BT (SO,  -reducers), FHH
TH(Fe(lll)-reducers), BT (Mn(IV)-reducers) 1]
1 A2 (nitrate-reducers) 5°] LGAE Wt Ayt

~

Aoz Jdy] B¥A 29A vz &3] wHE 4
CH(Christensen et al., 2001). Table odd A3t

z B3Rl we} H2E 3 ook
22.1. 7 Ak

28] -7 LEEA] BEille s 5400 9
& ohekalAl VlERdTH Warren et al.,, 2004). A7 ol

S ke BslrasiRtEe @13z Adxgel

o) & Rajsler) d FAFH0IY methane B3E27A
oA WAEICH(Bekins et al, 2001; Cozzarelli et al.,
2001). BTEX(benzene, toluene, ethyl benzene, xylene),
oA, A6 713 Azl 9% AA7E BaEda
(Essaid et al., 2003; Hunkeler et al, 2002) #»-alkanes
o] A% sl vighgzelA driFHes Ralvt
%CH(Townsend et al., 2003). ©]¢} #2o] f7E 24
B Aakpoll e @7 aEed disldely Stsr
(Kleikemper et al, 2002; Langworthy et al, 1998;
Pfiffher et al., 1997; Shi et al., 1999), ,B-proteobacterias’»]-
y-proteobacteria(Feris et al., 2004; MacNaughton et al,
1999; Shi et al, 1999) ~LZ]3l Cytophaga-Flexibacter-
Bacteridetes ~(Feris et al., 2004; Shi et al., 1999)°l
&shs FEo| Yib¥o R 93 S 53] BTEXE
2 Baflghe Rslgollr] A HEE-2 Pseudomonas, Microbac-
terium, Azoarcus, Mycobacterium, Bradyrhizobium =4
&3l TEo|UtHCavalca et al, 2004). 3FH benzene
gakskarol ojal 2 Bali7) o HAN 2EAe] 9
5l 2371 & Erh(Spence et al.,, 2005).

A IR AMS-EE MTBE(methyl tert-butyl ethery=
71Ed FAEA FolA g FA0] Fele] & mikg-
ZF =31 EAjo] 73317 W&ol (Hubbard et al., 1994) ¥
wkzo g BTEXS Bl B Al g o) & &
&7} ¢F Flo] MTBE 2. ¢A)7} BTEX LAY o ¥
7] AU (Wilson et al., 2002). ZL2v} = MTBE
Bl Mgl Methylobium petroleophilum PM12] #7490
2 ulAE H7PHel al(Smith et al,, 2005) B dE

==
K
L.
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= m|RAE )8 (Wilson et al., 2002) MTBE A3}
o} AR Sk, SRR MAFEAR Akt Zito]
T 2 F2 Zat =1 718 Byt dolutizt
= AgHoln FESIAA= b Ihk(Spence et al,
2005; Yeh and Novak, 1994; Suflita and Mormile,
1993; Mormile et al, 1994). T3+ MTBEE ol® %71
&l M= BTEXY ethanol®] 23le]l Q3 77 &t
(Ruiz-Aguilar et al.,, 2002; Da Silva and Alvarez,
2002) FIAE TRTEA o LFHA B Aakret
FAKSICH(Feris et al., 2004). 3}X|9F 55 MTBE=
BTEX2] AEs]E A3l (Salanitro and Wisniewski,
1996). 33 BTEXS] &A= MTBESY] E3)S A3sl
(Church et al, 1999; Koenigsberg et al., 1999; Deeb
et al, 2001) U|AE THFEE 8ER]THFeris et al,
2004), Ao wEtME 8% 4TS FA ged
(Sedran et al., 2002).

FTole a2 MTBEH] 924 Al 37198
S YBIAAFE ethanol?] AMEo] F5311L JTH(Powers
et al, 2001). T FTEL ethanolo] AFHolM E
2 wlge) oa) SdHos BajEy] Bge) Ak @
FFEY] 1S FHlele] BTEXS] AESIE Asfgirta
RT3HDa Silva and Alvarez, 2002; Corseuil et al.,
1998; Hunt et al., 1997).

222 g g g Ask

PCE(tetrachloroethene)®} TCE(trichloroethene)= A3}
Fo] Bol 2dd tBA daA LEEZeth &
o] AlgolA o)5 BAEL #r)H BalE 53 o3
E4Jo] di= DCE(dichloroethene)t HE-21 VC(vinyl
chloride)2] &3-8 o713t Aulenta et al., 2004). ©|Z
S FAS sFe |9 AR nE RS
wgaYsle] HEA0 ethene?tA ®3iA71E 57 Bk
TSR £ $3IA lactates} 7€} FLE-(Major
et al., 2002; Lendvay et al, 2003) == AHEAAR]
Tween 80(Ramsburg et al., 2004)°] AREEAT FUH v
AEZME DehalococcoidesE E3 WIEHAYA (& Eht
(Major et al, 2002; Duba et al, 1996) £ Dehaloco-
ccoides/Desulfuronmonas E81 (Lendvay et al., 2003)°]
AREEIAE. EAA] WA F o2 PCEOIAM etheneZ}
2 QA BE & 5 A= 2 Dehalococcoideseth-
nogenes’} L3 HAulenta et al, 2004). PCE/TCEE
T3 QA SR QEE Agirddle sk, 4t
sk, oplIEA AT, B2 EC] AABIAL 165 rRNA #-3

A AgRAe) 25 o]52 Sproteobacteria, low—G+C
OreAdgroll &3l Desulfitobacterium, Dehalobacter,
Geobacter, Pelobacter, Desulfurromonas S22 B&HTH
(Davis et al, 2002). 2231 PCB(polychlorinated biphenyl)
9} CE(chlorinated etheney= Dehalococcoides spp 2} A}
g Tl os @At Ao (Miller et al.,
2005) Clostridiume PCBS] $d3 =©@isle] Fa3h
oghe k= AoE BuE T LaMontagne et al, 1998).
AFE3 e (carbon tetrachloride)?} nitrate®. 2AE A3}
ol r= -2 Pseudomonas stutzeri ©) E&Z0I
I(Dybas et al., 2002), chlorobenzene® 2 L HH A|3}
= Pseudomonas putida®] F71 28] &Fo2 A
2= 0™ (Wenderoth et al,, 2003), AlE3lekrs &3
M2 Pseudomonas sp.(Dybas et al., 1998) <3l &
a7} EZIEAT. el 7 10N Ast
7Rt} 5712709 WS T e W G S
o] AA7L v= Ao Uck(Beeman and Bleckmann,
2002; Devlin et al., 2004).

3. d B

oleigt FHld PE THTES Wile e we
2oy nBEe] FHS SAS S & A B
a1, 24 Aslollxe] nEAde] Welg #Esked At
g=lo] gt B 2E9EZS Ealske o R &
At A W3tE Hker DNA fingerprinting
WS ol&ste] o] A3 el WSk nAE T
o wsle} A3lre] Ejstely Sl mE vE
o] s PEA % THTRY Alo] 5= &
obR3ATh T18]31 16 rDNAS} 22 f7Rle] B4R
HMES kR sl riE FH% rhssidleH,
FISHS} 22 7S A5 5YTY] A= wslE &
2Bt #19] HHES o8], A-RE 299 A&k
ANE @AY aFEA Fasidoll FAE, 4
proteobacteria®} y-proteobacteria 123 Cytophaga-Flexi-
bacter-Bacteridetes 7l 43l $E°] gukdoz ¢4 3}
Sl off iR YA Aol 8% A
AT-GAZ F2 Holu & o83l f-FE 38t
gadod AM8E 4 gl FEolth @A FER o
el Aslrolire Faksit, Fatshr, opEAANTE,
Z1, Sproteobacteria, low —G+C IS0 &3h=
TEo] 7 3l%e-S Rasisler olge g ggh
HhE-S dodAY £38 F #EC] tiR-Eelth

Journal of KoSSGE Vol. 11, No. 3, pp. 66~77, 2006



74 2
AL A
B e srledTs A A sk 24
B45ls A% mAE, nla g AEisE H8a o9
52

d A% 54 g7 Il Adez FYEsHh

g1

rat

Amann, R.I., Ludwig, W., and Schleifer, K.-H., 1995, Phyloge-
netic identification and in situ detection of individual microbial
cells without cultivation, Microbiol. Rev., 89, 143-169.

Anderson, R.T. and Lovley, D.R., 1997. Ecology and bio-
geochemistry of in situ groundwater tioremediation, Adv
Microb. Ecol., 15, 289-350.

Aulenta, F., Rossetti, S., Majone, M., and Tandoi, V., 2004,
Detection and quantitative estimation of Dehalococcoieds spp.
in a dechlorinating bioreactor by a combination of fluorescent in
situ hybridization (FISH) and kinetic analysis, Appl. Microbiol.
Biotechnc!l., 64, 206-212.

Beeman, R.E. and Bleckmann, C.A., 200z, Sequential anaero-
bic-aerobic treatment of an aquifer conteminated by haloge-
nated organics: field results, J. Contam. Hydrol., 57, 147-159.

Bekins, B.A., Cozzarelli, .M., Godsy, E.M., Warren, E., Essaid,
H.I., and Tuccillo, M.E., 2001, Progression of natural attenua-
tion processes at a crude oil spill site: I1. Controls on spatial dis-
tribution of microbial populations, J. Contam. Hydrol., 53, 387-
406. i

Boschker, H.T.S., de Graaf, W., Koster, M., Meyer-Reil, L.-A.,
and Cappenberg, T.E., 2001, Bacterial populations and pro-
cesses involved in acetate and propionate consumption in anoxic
brackish sediment. FEMS Microbiol. Ecol., 35, 97-103.

Boschker, H.TS., Nold, S.C., Wellsbury, , Bos, D., de Graaf,
W., Pel, R., Parkes, R.J., and Cappenberg, T.E., 1998, Direct
linking of microbial populations to speci"c biogeochemical pro-

cesses by '*C-labeling of biomarkers, Nature, 392, 801-805.
Bossio, D.A. and Scow, K.M., 1998, Impacts of carbon and
flooding on soil microbial communities: Phospholipid fatty a(:id
profiles and substrate utilization patterns. Microb. Ecol., 35;
265-278. '

Cavalca, L., Della Amico, E., and Andreoai, V., 2094, Intrinsic
bioremediability of an aromatic hydrocarbon-polluted ground-
water: diversity of bacterial population and toluene monoxyge-
nase genes, Appl. Microbiol. Biotechnol., 64, 576-587.
Cavigelli, M.A., quenson, GP, and Klug, M.J., 1995, Fatty
acid methyl ester (FAME) profiles as measures of soil microbial
community structure, Plant Soil, 170, 99-113.

Christensen, T.H., Kjeldsen, P., Bjerg, P.L., Jensen, D.L., Chris-
Journal of KoSSGE Vol. 11, No. 3, pp. 66~77, 2006

2
T

tensen, J.B., Baun, A., Albrechtsen, H.-J., and Heron. G, 2001,
Biochemistry of landfill leachate plumes, Appl Geochem., 16,
695-718.

Church, C.D., Tratnyek, P.J., Pankow, J.F., Landmeyer, J.E.,
Baehr, A.L., Thomas, M.A., and Schirmer, M., 1999, Effects of
environmental conditions on MTBE degradation in model col-
umn aquifers, Proceedings of the Technical Meeting of the
USGS Toxic Substances Hydrology Program, Vol. 3, Charles-
ton, SC, p. 93-101.

Corseuil, H.X., Hunt, C.S., Ferreira dos Santos, R.C., and Alva-
rez, P.J.J., 1998, The influence of the gasoline oxygenate etha-
nol on aerobic and anaerobic BTX biodegradtion. Water Res.,
33, 2065-2072.

Cozzarelli, LM., Bekins, B.A., Baedecker, M.J., Aiken, GR.,
Eganhouse, R.P,, and Tuccillo, M.E., 2001, Progression of natu-
ral attenuation processes at a crude-oil spill site: 1. Geochemical
evolution of the plume, J. Contam. Hydrol., 53, 369-385. '

Da Silva, M.L.B. and Alvarez, P.J.J., 2002, Effects of ethanol
versus MTBE on benzene, toluene, ethylbenzene, and xylene
natural attenuation in aquifer columns, J. Environ. Eng., 128(9),
862-867

Deeb, R.A., Hu, H.-Y., Hanson, J.S., Scow, K.M., and Alvarez-
Cohen, L., 2001, Substrate interactions in BTEX and MTBE
mixtures by an MTBE-degrading isolate, Environ. Sci. Tech-
nol., 35, 312-317.

bé\;lin, JF., Katic, D., and Barker, J.F., 2004, In situ sequenced
bioremediation of mixed contaminants in groundwater, J, Con-
tam. Hydrol., 69, 233-261.

Duba, A.G, Jackson, K.J., Jovanovich, M.C., Knapp, R.B., and
Taylor, R.T., 1996, TCE remediation using in situ, resting-state
bioaugmentation, Environ. Sci. Technol., 30, 1982-1989.

Dybas, M.J., Hyndman, D.W., Heine, R., Tiedje, J., Linning, K.,
Wiggert, D., Voice, T., Zhao, X., Dybas, L., and Criddle, C.S.,
2002, Development, operation, and long-term performance of a
full-scale biocurtain utilizing bioaugmentation, Environ. Sci. Tech-
nol., 36, 3635-3644.

Dybaig, M.]., Barcelona, M., Bezborodnikov, S., Davies, S., For-
ney, L;, Heuer, H., Kawka, O., Mayotte, T, Sepu'lveda-Torres,
L., Smalia, K., Sneathen, M., Tiedje, J., Voice, T., Wiggert, D.C.,
Wwitt, D.C., and Criddle, C.S., 1998, Pilot-scale evaluation of
bicaugmentation for in-situ remediation of carbon tetrachloride-
contaminated aquifer, Environ. Sci. Technol., 32, 3598-3611.

Eriksson, S., Ankner, T., Abrahamsson K., and Hallbeck. L.,
2005, Propylphenols are metabolites in the anaerobic biodegra-
dation of propylbenzene under iron-reducing conditions, Biore-
mediation, 16, 253-263.

Essaid, H.I, Cozzarelli, .M., Eganhouse, R.P., Herkelrath,
W.N,, Bekins, B.A., and Delin, GN., 2003, Inverse modeling of



F2 2PEAT 2FY AFrolA R Tl

BTEX dissolution and biodegradation at the Bemidji, MN
crude-oil spill site, J. Contam. Hydrol., 67, 269-299.

Eyers, L., George, 1., Schuler, L., Stenuit, B., Agathos, S.N., and
Fantroussi, S.E., 2004, Environmental genomics: exploring the
unmined richness of microbes to degrade xenobiotics, Appl.
Microbiol. Biotechnol., 66, 123-130.

Fang, J., and Barcelona, M.J., 1998, Biogeochemical evidence
for microbial community change in a jet fuel hydrocarbon con-
taminated aquifer, Org. Geochem., 29, 899-907.

Felske A. and Akkermans A.D.L., 1998, Spatial homogeneity of
abundant bacterial 16S rRNA molecules in Grassland soils,
Microb. Ecol., 36, 31-36.

Feris, K.P.,, Hristova, K., Grebreyesus, B., Mackay, D., and
Scow, K.M., 2004, A shallow BTEX and MTBE contaminated
aquifer supports a diverse microbial community, Microb. Ecol.,
48, 589-600.

Glucksman, AM., Skipper, H.D., Brigmon, R.L., and Dom-
ingo, J.W., 2000, Use of the MIDI-FAME technique to charac-
terize groundwater communities, J. Appl. Microbiol., 88(4),
711-719.

Haack, S.K., Fogarty, LR., West, T.G, Alm, E.-W., McGuire,
J.T., Long, D.T., Hyndman, D.W., and Forney, L.J., 2004, Spa-
tial and temporal changes in microbial community structure
associated with rechargeinfluenced chemical gradients in a con-
taminated aquifer, Environ. Microbiol., 6, 438-448.

Hadrys, H., Balick, M., and Schierwater, B., 1992, Applications
of random amplified polymorphic DNA (RAPD) in molecular
ecology, Mol. Ecol., 1, 55-63.

Hubbard, C.E., Barker, J.F., O’'Hannesin, S.F., Vandegriendt,
M., and Gillham, R., 1994, Transport and fate of dissolved
methanol, ethyltertiary-butyl-ether, and monoaromatic hydrocar-
bons in a shallow sand aquifer, American Petroleum Institute,
Health & Environmental Sciences Department, Washington, DC,
p. 226.

Hunt, C.S., dos Santos Ferreira, R., Corseuil, H.X., and Alva-
rez, P.J.J., 1997, Effect of ethanol on aerobic BTX degradation,
In Situ and On-site Bioremediation, Leeson A.L., and Alleman,
B.C,, (eds.), Battelle, Columbus, OH, p. 49-54.

Hunkeler, D., Hohener, P.,, and Zeyer, J., 2002, Engineered and
subsequent intrinsic in situ bioremediation of a diesel fuel con-
taminated aquifer, J. Contam. Hydrol. 59, 231-245.

Huys, G, Kersters, 1., Vancanneyt, M., Coopman, R., Janssen, P.,
and Kersters, K., 1995, Diversity of Aeromonas sp. in Flemish
drinking water production plants as determined by gas-liquid
chromatographic analysis of cellular fatty acid methyl esters
(FAMES), J. Appl. Bacteriol., 78(4), 445-455.

Ibekwe, A.M. and Fennedy, A.C., 1988, Phospholipid fatty acid
profiles and carbon utilization patterns for analysis of microbial

2 TREAET w22l g ZAPEY A 75

community structure under field and greenhouse conditions,
FEMS Microbial. Ecol., 26, 151-163.

Junca, H. and Pieper, D.H., 2004, Functional gene diversity
analysis in BTEX contaminated soils by means of PCR-SSCP
DNA fingerprinting: comparative diversity assessment against
bacterial isolates and PCR-DNA clone libraries, Environ. Micro-
biol., 6, 95-110.

Kikuchi, T., Iwasaki, K., Nishihara, H., Takamura, Y., and Yagi,
0., 2002, Quantitative and rapid detection of the trichloroethyl-
enedegrading bacterium Methylocystis sp. M in groundwater by
real-time PCR, Appl. Microbiol. Biotechnol., 59, 731-736.

Kleikemper, J., Schroth, M.H., Sigler, W.V., Schmucki, M., Ber-
nasconi, S.M., and Zeyer, J., 2002, Activity and diversity of sul-
fate-reducing bacteria in a petroleum hydrocarbon-contaminated
aquifer, Appl. Environ. Microbiol., 68, 1516-1523.

Klein, A., and Schnorr. M., 1984, Genome complexity of meth-
anogenic bacteria, J. Bacteriol., 158(2), 628-631.

Knittel, K., Boetius, A., Eilers, A.L.H., Lochte, K., and Linke.
O.PP, 2003, Activity, distribution, and diversity of sulfate
reducers and other bacteria in sediments above gas hydrate (Cas-
cadia Margin, Oregon), Geomicrobiol. J., 20, 269-294.

Koenigsberg, S., Sandefur, C., Mahaffey, W., Deshusses, M.,
and Fortin, N., 1999, Peroxygen mediated bioremediation of
MTBE, In Situ Bioremediation of Petroleum Hydrocarbon and
OtherOrganic Compounds, Vol. 3, Alleman, B.C., and Leeson,
A., (eds.), Battelle Press, Columbus, OH, p. 3-18.

LaMontagne, M.G, Davenport, GJ., Hou, L.-H., and Duitta,
SK., 1998, Identification and analysis of PCB dechlorinating
anaerobic enrichments by amplification: accuracy of commu-
nity structure based on restriction analysis and partial sequenc-
ing of 16S tRNA genes, J. Appl. Microbiol., 84, 1156-1162.

Langworthy, D.E., Stapleton, R.D., Sayler, GS., and Findlay,
R.H., 1998, Genotypic and phenotypic responses of a riverine
microbial community to polycyclic aromatic hydrocarbon con-
tamination, Appl. Environ. Microbiol., 64, 3422-3428,.

Lee, S. and Furhman, J.A., 1990, DNA hybridization to com-
pare species composition of natural bacterioplankton assem-
blages, Appl. Environ. Microbiol., 56, 739-746.

Lendvay, JM., Loffler, F.E., Dollthopf, M., Aiello, MR,
Daniels, G, Fathepure, B.Z., Gebhard, M., Heine, R., Helton, R.,
and Shi, J, et al., 2003, Bioreactive barriers: a comparison of
bicaugmentation and biostimulation for chlorinated solvent
remediation, Environ. Sci. Technol., 37, 1422-1431.

Lovely, D.R., 1993, Dissimilatory metal reduction, 4nn. Rev
Microbiol., 47, 263-290.

MacNaughton, S.J., Stephen, J.R., Venosa, A.D., Davis, GA,,
Chang, Y.-J.,, and White, D.C., 1999, Microbial population
changes during bioremediation of an experimental oil spill,

Journal of KoSSGE Vol. 11, No. 3, pp. 66~77, 2006



76 . bl

Appl. Environ. Microbiol., 65, 3566-3574.

MacNaughton, S.J., Stephen, J.R., Venosa, A.D., Davis, GA.,
Chang, Y.J., and White, D.C., 1999, Microtial population changes
during bioremediation of an experimental oil spill, Appl. Environ.
Microbiol., 65, 3566-3574.

Madigan, M.T., Martinko, J.M., and Parker, J., Brock Biology of
Microorganisms, Prentice Hall, Upper Sacdle River, NJ (2000).

Major, D.W.,, McMaster, M.L.,, Cox, E.E., Edwards, E.A,,
Dworatzek, S.M., Hendrickson, E.R., Starr, M.G, Payne, J.A.,
and Buonamici, L.W. 2002, Field demonstration of successful
bioaugmentation to achieve dechlorination of tetrachloroethene
to ethene, Environ. Sci. Technol., 36, 5106-5116.

Manefield, M., Whiteley, A.S., Griffiths, R.I., and Bailey, M.J.,
2002, RNA stable isotope probing, a novel means of linking
microbial community function to Phylogeny, Appl Environ.
Microbiol., 68, 5367-5373.

Marsh, T.L., 1999, Terminal restriction fragment length poly-
morphism (T-RFLP): an emerging method for characterizing
diversity among homologous populations of amplification prod-
ucts, Curr. Opin. Microbiol., 2, 323-327.

Miller, GS., Milliken, C.E., and Sowers, K.S., 2005, Reductive
dechlorination of tetrachloroethene to frans-dichloroethene and
cis-dichloroethene by PCB-dechlorinating bacterium DF-1,
Environ. Scie. Technol., 30, 2631-2635.

Mormile, M.R,, Liu, S., and Suflita, J.M., 1994, Anaerobic bio-
degradation of gasoline oxygenate: Extrapolation of informa-
tion to multiple sites and redox conditions, Environ. Sci
Technol., 28, 1727-1732.

Muyzer, G, De Waal, E.C., and Uitterlinden, A.G., 1993. Profil-
ing of complex microbial populations by denaturing gradient gel
electrophoresis analysis of polymerase chain reaction-amplified
genes coding for 16S rRNA, Appl. Enviros. Microbiol. 59, 695-
700.

Nealson, K.H. and Saffarini. D., 1994, Iron and manganese in
anaerobic respiration: environmental significance, physiology,
and regulation, Ann. Rev. Microbiol., 48, 311-343.

Peacock, A.D., Chang, Y.J., Istok, ].D., Kramholz, L., Geyer, R.,
Kinsall, B., Watson, D., Sublette, K.L., and White, D.C., 2004,
Utilization of microbial biofilms as monitors of bioremediation,
Microb. Ecol., 47, 284-292.

Pelz, O., Tesar, M., Wittich, R.-M., Moore, E.R.B., Timmis,
K.N., and Abraham, W.-R., 1999, Towards elucidation of micro-
bial community metabolic pathways: unraveling the network of
carbon sharing in a pollutant-degrading bacterial consortium by
inmunocapture and isotopic ratio mass spectrometry, Environ.
Microbiol., 1, 167-174.

Pfiffner, S., Palumbo, A., Gibson, T., Ringelberg, D., and McCar-
thy, J., 1997, Relating ground water and sediment chemistry to

Journal of KoSSGE Vol. 11, No. 3, pp. 66~77, 2006

microbial characterization at a BTEX-contaminated site, Appl.
Biochem. Biotechnol., 63, 775-788,

Philippot, L., 2005, Tracking nitrate reducers and denitrifiers in
the environment, Biochem. Soc. Trans., 33(1), 200-204.

Powers, S.E., Rice D., Dooher, B., and Alvarez, PJ.J., 2001,
Will ethanol-blended gasoline affect groundwater quality? Using
ethanol instead of MTBE as a asoline oxygenate could be less
harmful to the environment, Environ. Sci. Technol., 35, 24A-30A.

Purohit, H.J., Raje, D.V., Kapley, A., Padmanabhan, P., and
Singh, R.N., 2003, Genomics tools in environmental impact
assessment, Environ. Sci. Technol., 37, 356A-363A.

Radajewski, S., Ineson, P., Parekh, N.R., and Murrell, J.C., 2000,
Stable-isotope probing as a tool in microbial ecology, Nature,
403, 646-649.

Ramsburg, C.A., Abriola, L.M., Pennell, K.D., Loffler, F.E.,
Gamache, M., Amos, B.K., and Petrovskis, E.A., 2004, Stimu-
lated microbial reductive dechlorination following surfactant
treatment at the Bachman road site, Environ. Sci. Technol., 38,
5902-5914.

Ranjard, L., Poly, F., and Nazaret. S., 2000, Monitoring com-
plex bactertal communities using culture-independent molecu-
lar techniques: application to soil environment, Res. Microbiol.,
151, 167-177.

Rhee, SK., Liu, X.D., Wu, L.Y., Chong, S.C., Wan, X.F,, and
Zhou, J.Z., 2004, Detection of genes involved in biodegradation
and biotransformation in microbial communities by using 50-
mer oligonucleotide microarrays, Appl. Environ. Microbiol., 70,
4303-4317.

Rling, WFEM., Van Breukelen, B.M., Braster, M., and Van
Verseveld. H.W., 2000, Linking microbial community structure
to pollution: Biolog-substrate utilization in and near a landfill
leachate plume, Water Sci. Technol., 41, 47-53.

Roling, WF.M., van Breukelen, B.M., Braster, M., Lin, B., and
van Verseveld, HW., 2001, Relationships between microbial
community structure and hydrochemistry in a landfill leachate-
polluted aquifer, Appl. Environ. Microbiol., 67, 4619-4629.

Rooney-Varga, J.N., Anderson, R.T.,, Fraga, J.L., Ringelberg,
D.B., and Lovley, D.R., 1999, Microbial communities associ-
ated with anaerobic benzene degradation in a petroleum-con-
taminated aquifer, Appl. Environ. Microbiol., 65, 3056-3063.

Ruiz-Aguilar, GM.L, Fernandez-Sanchez, JM., Kane, S.R,,
Kim, D., and Alvarez, P.J., 2002, Effect of ethanol and methyl-
tert-butyl ether on monoaromatic hydrocarbon biodegradation:
response variability for different aquifer materials under various
electron-accepting conditions, Environ. Toxicol. Chem., 21, 2631-
2639.

Salanitro, J.P., and Wisniewski, H.L., 1996, Observations on the
Biodegradation and Bioremediation Potential of Methyl -Buty!



F2 QPEAR 2 FH AalrolA mAESY Fulks THEATHT vAEel gk 2Ar A 77

Ether, Proceedings of the 17th Annual Meeting of the Society of
Environmental Toxicology and Chemistry, Washington, DC..

Schmidt, L.M., Delfino, J.J., Preston, J.F. 3rd, and St Laurent, G.
3rd, 1999, Biodegradation of low aqueous concentration pen-
tachlorophenol (PCP) contaminated groundwater, Chemosphere,
38(12), 2897-912.

Sedran, M.A., Pruden, A., Wilson, GJ., Suidan, M.T.,, and
Venosa, A.D., 2002, Effect of BTEX on degradation of MTBE
and TBA by mixed bacterial consortium, J Environ. Eng.,
128(9), 830-835.

Shi, Y., Zwolinski, M.D., Schreiber, M.E., Bahr, JM., Sewell,
GW., and Hickey, W.J., 1999, Molecular analysis of microbial
community structures in pristine and contaminated aquifers:
field and laboratory microcosm experiments, Appl. Environ.
Microbiol., 65, 2143-2150.

Smidt, H., and de Vos, W.M., 2004, Anaerobic microbial deha-
logenation, Annu. Rev. Microbiol., 58, 43-73.

Smith, A.E., Hristova, K., Wood, I., Mackay, D.M., Lory, E.,
Lorenzana, D., and Scow, K.M., 2005, Comparison of biostim-
ulation versus bioaugmentation with bacterial strain PM1 for
treatment of groundwater contaminated with bethyl tertiary
butyl ether (MTBE), Environ. Health Perspect., 113, 1-9.

Spence, M.J., Bottrell, S.H., Thomton, S.F., Richnow, H.H., and
Spence, K.H., 2005, Hydrochemical and isotopic effects associ-
ated with petroleum fuel biodegradtion pathways in a chalk
aquifer, J. Contam. Hydrol., 79, 67-88.

Stephen, J.R., Chang, Y.-J., Gan, Y.D., Peacock, A., Pfiffner,
S.M., Barcelona, M.J., White, D.C., and MacNaughton, S.J.,
1999, Microbial characterization of a JP-4 fuel-contaminated
site using a combined lipid biomarker/polymerase chain reac-
tion-denaturing gradient gel electrophoresis (PCR-DGGE)-based
approach, Environ. Microbiol., 1, 231-241.

Suflita, .M., and Mormile, M.R., 1993, The anaerobic biodeg-
radation of known and potential gasoline oxygenates in the ter-
restrial subsurface, Environ. Sci. Technol., 27, 976-978.

Sunnucks, P. and Wilson, A.C.C., Zenger, L.B.K., French, J.,
and Taylor, A.C., 2000, SSCP is not so difficult: the application

and utility of single-stranded conformation polymorphism in
evolutionary biology and molecular ecology, Mol FEcol., 9,
1699-1710.

Townsend, G.T., Prince, R.C., and Suflita, J.M., 2003, Anaero-
bic oxidation of crude oil hydrocarbons by the resident microor-
ganisms of a contaminated anoxic aquifer, Environ. Sci. Technol.,
37, 5213-5218.

Von Keitz, V., Schramm, A., Altendorf, K., and Lipski, A.,
1999, Characterization of microbial communities of biofilters by
phospholipid fatty acid analysis and rRNA targeted oligonucle-
otide probes, Syst. Appl. Microbiol., 22, 626-634.

Warren, E.B.B., Godsy, E., and Smith, V., 2004, Inhibition of
acetoclastic methanogenesis in crude oil- and creosote-contami-
nated groundwater, Bioremediation J., 8, 1-11.

Wenderoth, D.F., Rosenbrock, P., Abraham, W.-R., Pieper, D.H.,
and Hofle, M.G, 2003, Bacterial community dynamics during
biostimulation and bioaugmentation experiments aiming at chlo-
robenzene degradation in groundwater, Microb. Ecol., 46, 161-
176.

White, D.C., Flemming, C.A., Leung, K.T., and MacNaughton,
S.J., 1998, In situmicrobial ecology for quantitative appraisal,
monitoring, and risk assessment of pollution remediation in
soils, the subsurface, the rhizosphere and in biofilms, J Micro-
biol. Methods, 32, 93-105.

Widdel, F., and Hansen, T.A., 1991, The dissimilatory sulfate-
and sulfur-reducing bacteria, The Prokaryotes, 2nd edition, vol.
1, Balows, A., Trper, H.G.,, Dworkin, M., Harder, W., and Schle-
ifer, K.-H. (eds.), Springer-Verlag, New York. p. 583-624.

Wilson, R.D., MacKay, D.M., and Scow, K.M., 2002, In situ
MTBE biodegradation supported by diffusive oxygen release,
Environ. Sci. Technol., 36, 190-199.

Yeh, CK. and Novak, J.T., 1994, Anaerobic biodegradation of
gasoline oxygenates in soils, Water Environ Res., 66, 744-752.

Zang, H., Logan, B.E., Regan, J.M., Achenbach, L.A., and
Bruns, M.A., 2005, Molecular assessment of inoculated and

indigenous bacteria in biofilms from a pilot-scale perchlorate-
reducing bioreactor, Microb. Ecol., 49, 388-398.

Journal of KoSSGE Vol. 11, No. 3, pp. 66~77, 2006



