Journal of Environmental Biotechnology
BRIEANA K+ T 7 7 0o —aik)
Vol. 12, No. 1, 47-57, 2012

R Z#Hm X @FHX)

HNBHEONBENAAF T AL T—2 a3 ~DFA

Isolation of Oil-Degrading Bacteria and Their Application to Bioaugmentation

min L e Boly wadk Fime, 4th BT

KUNIAKI TAKAMATSU, ATSUSHI YAMATSU, KENJI MIYAKITA and TADAYUKI IMANAKA

UL SRR AR TR T 525-8577 W R FEHT TG OR 1-1-1
PHAEAET A 7 A v T 525-8577 WRERFEENERR 1-1-1 @fiKYT 2 o av T v s 22445
SRR S BT T 545-8555 KB P65 B AL IR AT 2-2-2
* TEL/FAX: 077-561-5811
* E-mail: imanaka@sk.ritsumei.ac.jp
I Department of Biotechnology, College of Life Sciences, Ritsumeikan University,

1-1-1 Noji-higashi, Kusatsu, Shiga 525-8577, Japan
2 IIB Inc., 1-1-1 Noji-higashi, Kusatsu, Shiga 525-8577, Japan
3 Okumura Corporation, 2-2-2 Matsuzaki-cho, Abeno-ku, Osaka 545-8555, Japan

RSz F 20124F2 3 22 H BRRSZEE 2012 4F5 )3 7 H)

We have isolated three alkane-utilizing bacteria, strains No. 2, No. 5 and No. 10, from oil-contaminated soil. Enrichment

cultures were performed in media containing fuel oil as the major carbon source. These strains could grow on alkanes as the

sole carbon source and the chain-length of alkane that utilized by the strains were different from each other. The sequences

of the 16S ribosomal RNA gene of strains No. 2, No. 5 and No. 10 indicated phylogenetic positions of the strains within the

genus Novosphingobium, Pseudomonas and Rhodococcus, respectively. Strains No. 2, No. 5 and No. 10 were therefore

designated Novosphingobium sp. No. 2, Pseudomonas sp. No. 5 and Rhodococcus sp. No. 10, respectively. For specific

identification of the strains, oligonucleotide primers based on 16S-23S intergenic spacer region were designed. The strains

could also be determined quantitatively by PCR with the specific primers and most probable number (MPN) method. Labo-

ratory test of bioremediation revealed that strains No. 2, No. 5 and No. 10 could decrease total petroleum hydrocarbons

contained in soil and terminal restriction fragment length polymorphism (T-RFLP) analysis was effective for monitoring of

microbes in soil. Strains No. 2, No. 5 and No. 10 were applied to bioremediation of oil-contaminated field and purification

was successfully completed.
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RFLP (Terminal Restriction Fragment Length Polymor-
phism) T DNERNCTH D Z & MR L Tco HAKHIITRE
HREEAR I OBREAD»D [MEMC I B340 F L 2
T4 T—va VRS wEA LicidEmch s b
DHER % 2 e tg, EEOMH L LA L
8 r A0 FM T — 2 #3C 2 h b 3kl & 17 - 72,

1. EBRAE
L1. TEEHOREE
2R OMBGRAHE S1 (WHEL, PEIMGE) KX
OS2 CRetEL, WG4 XEAOF Y Vv 22y
NP3 X O X D IS L7,

1.2. WEMOREE
EAOMMADIMES HEXIUG L, MY BER &
L7z HEIEECHELEE O 72 b OB 34X CHAL A 5T

FIRA4Y Y —2xv2— (JCM) XA LT,

1.3. BB IUEELAE

WS RBEY DA 27 V) — = v Z TR B, b
R (Na,HPO, * 12H,O 15 g/1, KH,PO, 3 g/1, NaCl
5g/1, NH.Cl1g/l, MgSO,40.12g/l, CaCl 0.011 g/1) 1=
A Fh % 10 g/1 T L 7 S B YR By B 3 % X OF Luria-
Bertani (LB) %% K 5% #i (trypton 10 g/l, yeast extract
5g/l, NaCl 1g/l, agar 15¢g/) & U7c, SEREIEENES
AT 30°C, BHRIOERERIE 2RI ) X Lctg, LB
FEREEM 1T 30°C CRE#®R L 2 n =— %Rt L7Tc,

Y o 2B RIE OB BERT T glucose 1 g/,
yeast extract 1g/l, tryptone 1 g/l %% 7= GYT
Biitha A To, B pH %8112 I N NaOH B X O°
I N HCl % 7o, EBFWE ORI 30°C TlRiE £ %
7, — R TR OWE (ODsgo) ZHIE L7,

7 AR O OB OREEE, EEE GYT 5
Hix oo HEBRE O T ORI, SRR
octadecane 1 g/1, yeast extract 0.5 g/l Z¥n L 7o E5Hh %
A, WITFhoBE S 30°C TR E 21T - 1,

+EER O WA B OBE T, LT ORE LA T
WA BOP R B o, REERURHI B B K TR A
UL 7=t, B5Hic @i L C 30°C T4 HRERSE L, W3
Licaw=—HnbEwB AR L, —&MEA
R (yeast extract 1 g/1, glucose 1 g/1, K:HPO, 0.3 g/1,
KH,PO, 0.2 g/l, MgSO, * 7H,O 0.12 g/1, agar 15 g/1),
I & B O %5 Hb (peptone 10 g/, yeast extract 5 g/,
beef extract 2 g/, NaCl 5 g/l, cystein-HCI 0.3 g/I, agar
15¢/D, % B 8 55 # (humic acid 1 g/1, Na,HPO,
0.5 g/l, KCl 1.7 g/, MgSO, * 7TH,O 0.05 g/l, FeSO, *
7H,O 0.01 g/1, CaCOs; 0.02 g/1, thiamine-HCI 0.5 mg/1,

riboflavin 0.5 mg/l, nicotinic acid 0.5 mg/l, pyridoxine-
HCI 0.5 mg/1, pantothenate-Ca 0.5 mg/1, inositol 0.5 mg/1,
p-amino-benzoic acid 0.5 mg/l, biotin 0.25 mg/l, cyclo-
heximide 50 mg/l, agar 15g/1, pH 7.2), FE AR
(KH,PO, 1 g/1, MgSOy * TH,O 0.5 g/1, peptone 5 g/],
glucose 10 g/1, rose bengal 33 mg/1, streptomycin 30 mg/I,
agar 15 g/ ¥,

1.4, SEEPEFEORH

API 20NE v M % X O"ATB VET + » b (Fti
bioMerieux) % f\~C, A4 0 E P FAEE 3 X O
W BERS M DIRMT 24T > 1o EALME OB i hE, B
Toa—i, HEB, T8 AERLEw, T
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AW 7 A% hhi 3 % Bk, PCI (phenol
50 v/v%, chloroform 48 v/v%, isoamyl alcohol 2 v/v%,
Nacalai Tesque) % H\ 7z,

16S rRNA &z T O i 512 1%, 16Sf1 7 5 1 <= —
(5-CTCAG AACGA ACGCT GGCGG CAT-3) ¥ X O°
16Sr1 77 4 v— (5-GGTTA CCTTG TTACG ACTTC
ACCCC-3") %M\ 7z, 16S-23S intergenic spacer FHIZ D
EiaTIE i, ISFI 75 1 v — (5-ATTAG ATACC
CTGGT AGTCC ACGC-3") ¥ X O'ISR1 ¥ 7 4 < —
(5-TTCGC CTTTC CCTCA CGGTA CT-3) * i\ 7z ¥,
PCR ZE#)i%. Wizard SV Gel and PCR Clean-Up System
(Promega) % M\~ CHEBL L 72,

DNA ODHBEEO LN B 5 & 13 pUCLI8 75 = I N
(Takara) 1< DNA % #l %A %4, Escherichia coli DH5a.
(Toyobo) *M\WT2r7mv—=v 27 1Lt, 75 %3 KOk
#1213 QIAGEN Plasmid Kits (QIAGEN) # i\ ~7z,

AR O NI ix ABI Prism 3100 genetic analyzer
(Applied Biosystems) %\ 7z, RFAE OVERIE, 16S
RNA & (& T O T4 e 7 — &2 ~— 2 X b KR4
DEWCIEEXES A BRE L, THESEE VR,
Bootstrap ?FEAT[EIF L 1,000 [8] & L7z,

1.6. T-RFLP &4

+EA ~EERIRL, ISOIL (= v #vo—v) &
W C - HEr @ total DNA & fili i U 72o fili 4 L 72 total
DNA %7 v 7V —1 L LT, FAM Bk L 72 16Sf1 7 7
1 ~—%&16Srl 77 1 ~—%H\ T 16S rRNA #Ii&F %
PCR #4I% L7z, PCR EEM XK B, HIREER (Haelll,
TOYOBO) TAHLFE L 7z, 1§ & iuic DNA Wi i~ % ABI
Prism 3100 genetic analyzer Z A\~ T + v 5 U —E 54k
BL, f55 % GeneMapper (Applied Biosystems) TfEAT
L7,
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SR RFEL T,

1.8. #nEAVWHEERE - SRR

Sy b EHWERBRTIIESEEREAY No. 2,
No. 5 ¥k3s L OV No. 10 #F) % 1x10% 1x10" 35 L 081 x
10° cells/body o & & T 45 FEME4E 5 #1 > Crl: CD (SD)
F o NCHERE O L, 2 B b —i%IREE,
EHER ABIE LT, 2 BISE# TRCHBREZT VL,
HNFE, NI ER L OMMAAEIZE L, MR i3
AR E FEREO T THRY Ui, REIHER SR A
Bl 2 PN RRE L T,

A XD HACERBECHEIBEERREAY D 1X10°,
1X10° 35 X OV 1 x10° cells/ml D 3 JEE K 35 L ORI IRX &
L COMMBX A 7R, BEDE v 2 X0 KhRFES
B, B A X ALK 10 BB L, ARk S
PERIC X 0 R LI KEKEZHRK E L TRV, R
JE13 23+2°C & LTz, 2 W hHich BB OB, it
B o Ty, SETHr, dMERER A IS Lo, BRI
ST A A IEL LT,

2. ERER
2.1. MEYONEE LURE

i a EoRBW & T 2 EEREmS o2 7 ) —
=V ZIXY, 200 KOBMAEWESHELT., Thb%
FEOMESE MBS TR L, B OAF O X\ 10 £k
A3 L £ No. 1 Bi~No. 10 ¥k & #4107, 16S
RNA B {5 F O REFIFEHNTIC X D No. 1 H~No. 10 ¥
DFERIT, FBEORH M2 FHE Ui, WEMEO
I R R A S e Bk - BEIES (HAMEY ) ©
SNA Fr—7F 4 B -7, IR R E O
720 No. 2 Bk, No. 5 #k3s X 08 No. 10 %o 3 #k & LI
DTSR & Lz, No. 2Kk, No.5#E, No. 10 ¥k %
HF 3 Novosphingobium capsulatum (99%), Pseudomo-
nas citronellolis (99%), Rhodococcus boritolerans (99%)
b M E <, R/FE BT b o OME 2 E
B3 57 522 —fME L7 (Fig 1),

No. 2 ¥k, No. 5 ¥k, No. 10 ¥k o 4= H =2 Pk & API
20NE ¥ v &\ CTENT L7z, %72, ATB VET ¥ »
b A T A B RS W Ot 24T - 7oo FER AT h
Z 3 Table 1 ¥ & O Table 2 IZ/R L 72,

2.2. WHEEFRBRORE
No. 2 £, No.5#k, No. 10 %% pH4, 5, 6, 7, 8, 9,

10 IR Ui Bs b e L (20°0), ABFHEEIT- 12
(Fig. 2), *7210, 20, 30, 37, 40, 50°C OIRE T Tk

No.2
100
Novosphingobium capsulatum (NR_025838)
Novosphingobium aromaticivorans (AB025012)

Novosphingobium subterraneum (AB025014)
4

Novosphingobium indicum (EF549586)

i &

42

o0 Novosphingobium mathurensis (EF424403)

Novosphingobium subarcticum (AY151394)
Novosphingobium stygium (AB025013)
4' 77
Novosphingobium yangbajingensns (EU118985)

{7—]\lovosphingobium taihuense (AY500142)

40

Novosphingobium hassiacum (NR_028962)
0.01

Pseudomonas thermaerum (AB088116)
100

Pseudomonas aeruginosa (EU170480)
Pseudomonas otitidis (AY953147)

Pseud. stutzeri (AJ295681)
Pseudomonas alcaligenes (DQ115541)
No.5
Pseudomonas citronellolis (AM088480)
— Pseudomonas acephalitica (AM407893)
Pseudomonas multiresinivorans (X96787)

L415’seuaiomonas nitroreducens (AM088473)

- Pseudomonas azelaica (AM088475)

0.01

C Rhodococcus boritolerans (AB288064)
67
Rhodococcus baikonurensis (GU391496)
100 No.10
—1 100 Rhodococcus erythropolis (EU070938)
Rhodococcus fascians (AJ576249)

100

76 Rhodococcus globerulus (EU004416)
Rhodococcus triatomae (AJ854056)
Rhodococcus marinonascens (NR_026183)

Rhodococcus opacus (AB178564)
Rhodococcus koreensis (AF124343)

Rhodococcus maanshanensis (NR_025109)

Fig. 1. Phylogenetic trees of Novosphingobium species (A),
Pseudomonas species (B) and Rhodococcus species (C) based
on the 16S rRNA sequences. Segments corresponding to an
evolutionary distance of 0.01 are shown with the bar.

#L (pH7), ABMEHEIT -7 (Fig. 3), No. 2 Fkix
30°C~40°C, pH6~7 "4 B ik # TH », 20°C~
40°C, pH 5~7 0MEBILIFHE BRI TH - 2o No. 5
1% 30°C~40°C, pH 6~7 DNAEBICIRKBETH Y, 20°C~
40°C, pH 5~7 MEH I if# I BiiE T H - 72, No. 10
FR1% 30°C, pH6~7 Mg TH Y, 20°C~30°C, pH S
~8 WEBICIFHE RS TH - 72,
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Table 1. Results of API 20NE tests on strains Table 2. Results of ATB VET tests on strains
No. 2, No. 5 and No. 10. No. 2, No. 5 and No. 10.
Test No.2 No.5 No. 10 Test No.2 No.5 No. 10
Oxidase + + - Erythromycin + + -
Catalase + + + Lincomycin + + +
Reduction of nitrate to nitrites - + - Pristinamycin + + -
Reduction of nitrate to nitrogen + No test + Tylosin + + -
Indole production - - - Colistin - - +
Acidification of glucose - + - Cotrimoxazole + + +
Arginine dihydrolase - + - Sulfamethizole + + +
Urease - - + Flumequine + + +
Hydrolysis of esculin + - + Oxolinic acid + + +
Hydrolysis of gelatin - - - Enrofloxacin + - -
B-Galactosidase + - - Nitrofurantoin + + +
Assimilation of: Fusidic acid + + -
Glucose + + + Rifampin + + -
L-Arabinose + - + Metronidazole + + +
D-Mannose + - Penicillin + + +
D-Mannitol - - + Amoxicillin + + -
N-Acetyl-D-glucosamine + - + Amoxicillin+clavulanic acid + + -
Maltose + - - Oxacillin + + +
Gluconate + + + Cephalothin + + -
n-Capric acid - + - Cefoperazone + - +
Adipic acid + - + Streptomycin + - +
DpL-Malic acid + + + Spectinomycin + - -
Citrate - - + Kanamycin - - +
Phenylacetate - + + Gentamicin - - -
+ Positive, — negative Apramycin - - -
Chloramphenicol + + +
Tetracycline + + +
Doxycycline + + -

2.3. B{tMoRst

No. 2 ¥k, No. 5 #k, No. 10 ¥k D &AL D #F # 17 -
7= (Table 3), HECHEREOILH DM, HiMOs) R
DAL o, AMCE TR A TEeln b xig s
L7 No 100k 7 = 7 — &AL T B LA 3 bR &
L BRHEAE BT AN TE e ote, —
3BEE L T v v Ak L KERL, FRIC No. 10 BRIXIA W
WO 7 s vEENT S ENTE I, No. 2/ &
No. 5 #kix No. 10 SkDNE L TE I\ IRFEF 30031 O 7
Ah v ERELT A ENTE I,

24. BEWHTSAI—DRBLUREH

No. 2 #k, No. 5 # ¥ X 0% No. 10 £ © 16S-23S inter-
genic spacer FIIEIEALTI D R G & L €, R E
TENEZN ORI TH 5H Novosphingobium capsu-
latum (JCM 7452), Novosphingobium taihuense (JCM
12465), Novosphingobium resinovorum (JCM 12332),
Pseudomonas citronellolis (JCM 21587), Pseudomonas
nitroreducens (JCM 2782), Pseudomonas stutzeri (JCM
5965), Rhodococcus erythropolis (JCM 3201), Rhodococ-
cus baikonurensis (JCM 11411), Rhodococcus globerulus
(JCM 7472) # AF L, PCRIZ L H Z b D 16S-23S
intergenic spacer fHi5{® DNA %472, DNA (37 0 —=
v 7 LIt & x OWEIEELH A T L7z, No. 28k & N.
capsulatum, N. taihuense ¥ X O° N. resinovorum D5
BLFI IS 2> B No. 2 BRICER SR P g A BSR L, #H A

+ Resistant, — sensitive

TIA = —DEME B T T A v — R BEEEE LT,
[, No. 5 ¥k & P. citronellolis, P. nitroreducens, P.
stutzeri O H#E 5 X OV No. 10 ¥k & R. erythropolis, R.
baikonurensis, R. globerulus ® lEH~5 No. 5 Fkts L O°
No. 10 BRI Dl 7 7 1 ~ — e BEBEEGT U, (EH
754 = — D Y AZIZIE No. 2 ¥k, No. 5%, No. 10
it X O HBSH R Dy 2 A DNA %7 v 7 L — b
i L7z PCR 1T\, 7Hu—A¥X VERSUKENC X - T
NY ROFMER X OB LMD, &I No. 2 #k
B 75 14 ~—& LT No.2-F2 (5-CGCCT TTGAG
CCTTT GGGTT C-3) % X O No.2-Rl (5-TGAAC
GACGA CCGTA ATCGT CA-3"), No. 5 Bkt 75 1
~ — & L T No.5-F2 (5-GAATG TTCGG TGGTT
GAATG AAC-3") ¥ X Y No. 5-R1 (5-CCTAG GTTAT
CCTAG GTGGG-3"), No. 10 i 751 =—4& 1L T
No. 10-1F1 (5-GAGCA TTCTC CAATC CAATA-3) ¥
X O No. 10-4R1 (5-CCAGA CCACT TCCAC TAACC
CTG-3) D% 774 v—%HE P L1, No. 2 A~
5 4 <= —%M\ 7 PCR Ti¥, No.2#D DNA #5 v 7
V=1t E LB BEDATHI N 514 bp DALE IS v
FRRBR, ZOMOWMAEND DNA %7 v 7Fv—1 &
LB H i s v ik R bhies - 7o, [AERIC No. 5 Bk
754 ~—TlINo.SHkODNAZT v 7L —1h &L
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Strain No. 2

—— pH4
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—A&— pH 6
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—-— pH 10
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-0- pH 5
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OD660
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—— pH8

- pH9

—— pH 10

Time (hr)
C . Strain No. 10
) —— pH4
0.9 -0- pHS5
% 0.7 (/i(/‘ y’ —4— pH6
© 05 F&y{ -o—- pH7

Time (hr)

Fig. 2. Effect of initial pH on cell growth of strains No. 2 (A),
No. 5 (B) and No. 10 (C). Cell growth at pH 4 (black dia-
monds), 5 (white squares), 6 (black triangles), 7 (white circles),
8 (white diamonds), 9 (black squares) and 10 (white triangles).

7B E D& 355 bp 12, No. 10 ¥k 75 4 = —"Tl% No. 10
BEODNAZT v 7 v —1b & LEEEDHR282bp I8
VERRLRN, LOMAEHDO DNA T v FLr—1 L L
THATR A Y PR bR eh -7 (Fig 4),

2.5. TERTO®RHIEDR

No. 2 ¥k, No. 5 #k3s X U8 No. 10 Bk a EEE D hi5 41
B, ThrthoBBaiiic, WEL T on
+B, WhEORL S 2EHEOMGY L S1 B L OvS2
Conb3EERENHI 10 cells/g b L7 b X 51
HL, L<KRA LK, 3HERMLEEESI SL O
S2 & 1g FORIL, FhZh il E B AkEKoml
M CHER, BELLOD, 0100 ul Rl BEIC
B U 7o 5 ml O f AR R Bl 2 iR n L e
30°C T4 HEHREREL, A2F Lt or r o %
Bl U7c, Wil L7cr 2 2% 5 v 7 v —hr &L, No. 2
Pk, No. 5 Fk¥s X 0° No. 10 I DR 7 5 1 < —
AT PCR 1T - 7o, HHEH G & LT, 3FRATM

A - Strain No. 2

. A j b

—-370C

—4-10°C

—&-200C

OD660

0.5

03 -0 40 °C

0.1 -4 500C

Time (hr)

B Strain No. 5

—-100C

—&-200C

—4—300C

OD660

—-370C

-0-40°C

—&—-500C

0 5 10 15 20 25
Time (hr)

C Strain No. 10

—-10°C

—.—20 OC

—A—300C

OD660

—-370C

-0-40°C

=50 0C

Time (hr)

Fig. 3. Effect of temperature on cell growth of strains No. 2 (A),
No. 5 (B) and No. 10 (C). Cell growth at 10°C (black dia-
monds), 20°C (black squares), 30°C (black triangles), 37°C
(white diamonds), 40°C (white squares) and 50°C (white trian-
gles).

L7anwTHESI L OS2 THABEDEIELRIT 1. 7
N — AP VRSB OREER, 3A ML 78 S1
¥ X UVS2 2Bk No. 2 Bk, No. 5 ¥k¥s X 0F No. 10 %k D
BHZRT Ny FOAFREIRMECHR, 3HETRm
LcWtESISIO S22 v FixEnizsro-
(Fig. 5)o

2.6. PCR-MPN ZEICK2MEMDEE

WHE LT 188 ST No. 2 ¥k, No. S Hk L o
No. 10 ¥k % 10°~10°cells/g & 72 % X 5 @M L 72,
No. 2 ¥k, No. 5 #% X 0¥ No. 10 ¥ki% LB FER K5 i
WAL, 30°C C2HMEELOBHEH Lcae =—
A A CTHRIN U7 A 1848 L 72, No. 2 ¥k, No. 5 ¥k
F LU No. 10 kETEIM L7z SI 2 1 g BRILL, WE
PR IK T 10 f%, 100 fi5 - L1052 10 5% T
BYEANC AR IN U720 106505 107 5 % T 7 B O TN
Wk, thZxn3ARD 5 ml LD HEEMIZ 100 pl 3
OIRIL, IRERE L, 4 HREoREOK, HETH
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Table 3. Growth of strains No. 2, No. 5 and No. 10 on various substrates.

Carbon source

No.2 No.5 No. 10

Carbon source No.2 No.5 No. 10

Starch
Maltose
Lactose
Sucrose
Raffinose
Trehalose
Glucose
Fructose
Mannose
Galactose
Arabinose
Xylose
Glycerol
Erythritol
Fumarate
Malate
Acetate
Succinate
Citrate
Pyruvate
Glutamate
Benzene
Toluene
Phenol
Aniline
Xylene
Naphthalene
Anthracene
Methanol
Ethanol

+
+

+ 4+ + +

I+ +

—+

+ o+

+

+ o+

+

+ + + +

+ +

Decane (C10) - -
Undecane (C11) - -
Dodecane (C12) - -
Tridecane (C13) - -
Tetradecane (C14) - -
Pentadecane (C15) - +
Hexadecane (C16) - -
Heptadecane (C17) +
Octadecane (C18) +
Nonadecane (C19) +
Icosane (C20) +
Henicosane (C21) +
Docosane (C22) - +

+

+

+

+

+

I+ +

Tricosane (C23) -
Tetracosane (C24) -
Pentacosane (C25) -
Hexacosane (C26)
Heptacosane (C27)
Octacosane (C28)
Nonacosane (C29)
Triacontane (C30)
Hentriacontane (C31)
Dotriacontane (C32)
Tritriacontane (C33)
Tetratriacontane (C34)
Pentatriacontane (C35)

+ o+ o+ o+ o+ o+
|
T T N s T T T T o o o o S S S S S S S SR A s

Cyclohexane

Ethylmercaptan - - _
Dimethyl disulfide - — _
Thiophen - _ _
Pyridine - — _

+ Growth, — no growth

L 04 E O R B in BRERE L & HE L,
HEHORONLRBENOME DOy 7 2 %L, =
huZ7v7r—1F&LTNo2F, NosHk LW
No. 10 BB OB 5819 7 7 4 = — % fl\» T PCR %
To7 PCREDERKE TTFHINLMEIC Y F
AL boxBEEE L, Fhllibriai s el
Too WHERFE (AW HHAWT, BHRBRE RS
FTRENOEM OIS (MPN) % 3Rd7z ', No. 2 7,
No.5H % X O'No. 10k D I FER T = £ 11X
10° cells/g, 4.6x10° cells/g, 2.4x10°cells/g & 75 b, ¥
o & (No. 2 ¥k :1.4x10° cells/g, No. 5 ¥k :3.2x
10° cells/g, No. 10 ¥k : 4.0x10° cells/e) & 1ZIFFFRE D
fEA 547z (Table 4),

2.7. HBERTEARAVWELERE CANDBREBRS &
U'EHERENT)

RAFF =T AV F—v g v~OHMACK - T, FE
BTG g A 7 HAEFE B A 47\, No. 2 #E,
No. 5 #k¥s X O No. 10 Bk O KR 3 X O HEME
WGz BRI,

B LT eW 2 fEOMBERLESI S L 0'S2 &

nNEn10kg %77 2F v 78la v 7 e BFRICEA
U, No.2 ¥k, No. 583 L O No. 10 k% Fniy
10%cells/g 75 X 5¥IMLic, 1o, REYWHELE LT
g7 v =224 12¢g/ke, MYV YLK 0.3 g/kg % [Al
BRZiRin L7z, SR E LTS, S2 &b 3kEmmL
e CREWEIXRINT ) REiETie, chbrEiR
ICEHE L, EI 3 [EIREE O SR TR R X UK ETT -
1oo R OKE S CHEDOKAIMTIRE (Fig. 6), No.2
R, No. 5 ¥k¥ X O° No. 10 Bk (Fig. 7), +#Ek
W oW (Fig. 8) %M E L 7. No.2#, No. 5 #,
No. 10 ¥k D B HRGE 3 & O HEBA ) o B RGN 1 3
FREHRML KO & FE L, + % PCR-MPN %%
X OSER B A I\ T A OGS CHRBIIE A 4T - oo

¥z, AERBAIART I L 0928 HEE DI & T o LA
(L, T-RFLP f##i %17 -7 (Fig. 9), R L#Eho
total DNA 75 16S rRNA #fnFa# B L, 7n—=v
7 Uictk, & x ORI Z B L1, LEMAEw
16S rRNA EfET 7 v — v iz 2 MO HENL D FRFh
50 {1 9°>f3 72, T-RFLP f#T OfER 25, RERBAAETIC
HATHAIN L 72 DNA 28\ O R T & 7o (Fig. 10 &
F1), 16S rRNA EET 7 v — v O ILFFIRT O k5 51
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bp M 1 2 3 4 5
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9416
6557
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6 7 8 9 10 11 12 M
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bp 1 2 3 4 5 6 7 8 9
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6557
4361

2322
2027

10 11 12 M

564

bp 2 3 4 5 6 7 8 9 10 11 12 M

23130
9416
6557
4361

2322
2027

564

Fig. 4. PCR of 16S-23S intergenic spacer regions of strains No. 2,
No. 5, No. 10 and their related species using the specific oli-
gonucleotide primers for strains No. 2 (A), No.5 (B) and
No. 10 (C). PCR was performed with genomic DNA of strain
No. 2 (lane 1), N. capsulatum (lane 2), N. taihuense (lane 3),
N. resinovorum (lane 4), strain No. 5 (lane 5) P. citronellolis
(lane 6), P. nitroreducens (lane 7), P. stutzeri (lane 8), strain
No. 10 (lane 9), R. erythropolis (lane 10), R. globerulus (lane
11) and R. baikonurensis (lane 12) as template. M: molecular
weight marker.

Table 4. Most probable numbers (MPN) of strains No. 2, No. 5
and No. 10 added to oil-contaminated soil.

Numbers of tubes showing positive results of
PCR with the specific primers for:

Strain No. 2 Strain No. 5 Strain No. 10

Dilution

10! 3/3 3/3 3/3
1072 3/3 3/3 3/3
1073 3/3 3/3 3/3
10+ 2/3 3/3 3/3
107 0/3 1/3 0/3
10°¢ 0/3 0/3 0/3
107 0/3 0/3 0/3
MPN (cells/g) 1.1X10° 4.6%10° 2.4%10°
Addition of 1.4 10° 3.2%10° 40%10°

strains (cells/g)

(S1) (S2)
bp M1 23 45 6M1 23 45 6M

23130
9416
6557
4361
2322
2027

564

Fig. 5. Detection of strains No. 2, No. 5 and No. 10 from oil-
contaminated soils S1 and S2 by PCR. PCR was performed
by using specific primers for strains No. 2 (lanes 1 and 2),
No. 5 (lanes 3 and 4) and No. 10 (lanes 5 and 6). Template
DNA was obtained from the soils, which were added with the
strains at a concentration of approximately 10° cells/g each
(lanes 1, 3 and 5) or were not added with the strains (lanes 2,
4 and 6). M: molecular weight marker.

A Soil S1
> p%\mk
~ 80 3
é \\
=60
= —
=
§ 40
172}
& —&— soil with strains No. 2, No. 5 and No. 10
20 —J~ control soil
0 1 1 1
0 10 20 30 40
Time (day)
B .
Soil S2

” th:‘mcu\
80

£ 60 -
=
."3 40
1'-92 —&— soil with strains No. 2, No. 5 and No. 10
20 — control soil
0 1 | 1
0 10 20 30 40

Time (day)

Fig. 6. Residual total petroleum hydrocarbons (TPH) in oil-
contaminated soils S1 (A) and S2 (B) in laboratory test of
bioremediation. Initial TPH concentrations of soils S1 and
S2 were approximately 6,000 mg/kg and 10,000 mg/kg, re-
spectively, and residual TPH were shown at the ratio to initial
values. The soils were added with the strains No. 2, No. 5 and
No. 10 at a concentration of approximately 10° cells/g each
(black diamonds) and control soils were not added with the
strains (White squares).
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235 DNA RO HIBREE R 9 1 b ZFH-X, 390 L 72 DNA
DEIELBELTHNLCHEZHE L, £E¥SI T
BEE SN U 7o E 0k Parvibaculum  lavamentivorans
(HHFM: 95%), Dyella ginsengisoli ((2[R1¥E: 97%), En-
terobacter ludwigii (MM 99%) THbv, |5 S2 TH
Fo i L 7o 41k Solimonas soli (FH R M 97%),
Bacillus thuringiensis (FH[FI?: 99%) TH o7z, WTh
DEED S A F 2 —7TFT 4 L_LiL 1 Thoto,

2.8. REMOER

No. 2 #k, No. 5 ¥k¥ X O° No. 10 ¥k D224V 2 HED D
Bz, @ E TR « SRR EIT o, T v
b A A7 HERE OB SR BRI ST, 2 OB
MR E ORIz B VT H TR R BT, —folkeE, (&
FEHR S L OB TLREIZRAD N -7
(data not shown), & 2 X » &R\ IoKPEERBICE
Wi, 2 BEE oS, JRX E oERITBE S
T, a0 EIIE D b s - 7 (data not
shown) ,

2.9, HBERIBERELIFE=X)>T

EWNOEMB S 4 b gk T No. 2 ¥k, No. 5tk
L O No. 10 k7B L THEL 8 » Aflicirtz - C
Thhite, ®LLB13#3,000m® T, JMiHEHTHKE
AR LcTzd, N KRIEER T N0 S vz, No. 2
Pk, No. 5 Fk¥s X OF No. 10 %k & EBIA TR 2 2 iy
1x10°cells/g & 755 X 5 wsinl, LBEIZRML 7sh-
oo WAL THBEMAHI 258 » H H £ T D No. 2 #%,
No. 5 Fk¥s X OV No. 10 ko (Fig. 10) & 3o
 (Fig. 11) %#~7o, EHULREMN L 1 #15% PCR-
MPN & CHIE L, 5 B 21 T - EE o FY %
Eote, Fh, 6 BME (HE) Tk s BME (hE) T
21 g o VRIS O « YRIEGEE A A L Ao, b TR
BHIATT OGN S, SPIMIEARE 1 X 2 e 4.23,
347 TH o7y, 8 » J B P RE 2.66, T
MG 2.05 & 7eh, BLBEETH % ihEiifE 3, Hhfs
TR 2 A3 ITE R LT\ 72 (data not shown) o

3. # =

AWFE T, BEMAEBEE A2 ) —=v 7 THEL
AT H 200 Bk O AP v B 3 T O W4 RS No. 2 Bk,
No. 5k, No. 10 ¥k e Utc, BHRTEILAS A 4 4 —
rAvT—va v~ O@EAEEIEL T, ERAE - Zekt
AEM LI, Tiebb, S OE—BRE T, i
TORET D ICEZELL, 5 BRECliinBmiic s i
B OWTe W R B Uic, 8 B OB TIiEoN A A
=774 VA2 EORIEECINZ, S —7
T4 UL I I E s AR bR & 2
L, InbEIFICH OEEIRN LI,

16S rRNA JE{=TFf##H7 2> 5 No. 2 ¥k, No. 5 ¥k, No. 10
¥k X = £ 7 Novosphingobium J&, Pseudomonas &,
Rhodococcus JEITIBT HMETHH Z EH LI, &
DFER A1), No. 2k, No. 5 ¥k, No. 10 k& thth
Novosphingobium sp. No. 2, Pseudomonas sp. No. 5,
Rhodococcus sp. No. 10 & s Uiz, AR O 55 fRCE

MPN (cells/g)

w

MPN (cells/g)

Fi

—

g

CFU (cells/g)

CFU (cells/g)

Fig.
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. 7. Most probable numbers (MPN) of strains No. 2 (black dia-

monds), No. 5 (white squares) and No. 10 (black triangles) in
oil-contaminated soils S1 (A) and S2 (B) in laboratory test of
bioremediation.

LE+08 Soil S1
o e —

1.E+07
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1.E+00 L L L
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8. Colony forming units (CFU) of aerobes (black diamonds),

anaerobes (white squares), actinomycetes (black triangles) and
fungi (white circles) in oil-contaminated soils S1 (A) and S2 (B)
in laboratory test of bioremediation.



Fig. 9. T-RFLP patterns of microbes in oil-contaminated soils S1 (A) and S2 (B) in laboratory test of bioremediation. 16S rRNA genes ob-
tained by amplification of total DNA from the soils were digested by restriction enzyme Haelll and analyzed by capillary electrophoresis.
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Peaks of increased DNA fragments after 28 days were indicated by arrows.

1.E+07 12,000
1LE+06 10,000
_ )
& 1E+0s & 8000
2
T‘3 t é 6,000
=~ 1E+04 jas] ’
§ — No.2 . &
4,000
1.E+03 O No. 5
LE+02 —A— No. 10 2,000
0 \ | | | | | 0
0 1 2 3 4 5 6 7 8
Time (month)
Fig. 10. Most probable numbers (MPN) of strains No. 2 (black di- Fig. 11.

amonds), No. 5 (white squares) and No. 10 (black triangles) in
soil from oil-contaminated field. The strains were added to the

field at a concentration of approximately 1X 10° cells/g each

for bioremediation.
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Concentration of total petroleum hydrocarbons (TPH)
contained in soil from oil-contaminated field. Values of TPH
are the average of 21 points of the field.

Time (month)
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L Ci%, Novosphingobium J&¥ X ONTi%D Sphingomonas
J&, ¥ 7= Pseudomonas J&, Rhodococcus J&I1Z 3\~ T\
FThi 7 v LR B OS5 REOWRE N B
% 0 AL DR 2B No. 2 Bk, No. 58k Lo
No. 10FRix 7 v vEEALTHZ ERbhote, £
DL T ZIF L A EEILTE ot D 38k
oFME TOEB R CEMTO T L vEIEE L
Tt &E 2 b b, No. 10 BRIZERICIAFH O 7 v
h v EALTE Y, No. 2 Hk$s X U8 No. 5 ¥k No. 10
BB L TE I T b v BB b TE e, REOHBI
WA DB 3 RAIRRICHE 5 & & CRAE VRV, X

DR I AL AR C & B, A E RE OB D
5, No.2FE No.5# ¥ X 8 No. 10 # 1 20°C~30°C
THEBENI N Ebh oo, HBSEMICL EAAEH
A, LEhOEE & KIESRTREE I\ & Bk, L
FRC O R LI A RO & L DMERE T & T,

No. 2 8k, No. 5 ¥k, No. 10 ¥k - EEh ToE % 18
B 5oy —n kLT, 165-23S intergenic spacer fH
W OEHART 2 FIH U R R H < BITE O %
A &7z, No. 2 #k, No. 5k X O No. 10 # © 16S-23S
intergenic spacer FFEIE Y, TR &R - fo iR SLEL Y] A
BFbienb 3RS AH Y, ZhafIfiLi-7 5
1 ~—%FF L PCRZITS5 2 &T, IifgfriEos THR
Wero b onb3kazhii oo e ncEi, E
BroBg iz b 3o lics < o HEEMA Y M
+5%57%%, PCROT v 7 Vv —1r Licsd 15 DNA it
% DWHERED 7 7 2 NEEND LI D, %
T Ebfo TRIETHREM LD B 72, EEED
WHR TS A\ TR OMRE YT > 1o, O, +i5E
OB 2B, HECEEh Do
DN D AR NI s 5 fo o d, BEEARATY
AEGH L E L, BEFECIMMOBMEYDOLE & i
Nz B 1212, No. 2Kk, No. 5#¥k X O No. 10 Hps
FIRcxhoMEwrbE v FIACERVWLEbR D
octadecane x E /e iE & LTz, BBt Ly 2 &
2% No. 2 ¥k, No. 5 #k3 X U8 No. 10 BRLMAF 0 E
Koy s anhich EbEEN TS EELLNRD
N, TNLEMES TRIHT S Z & 7a 3RE R
W52 ENTER,

No. 2 ¥k, No. 5 #k3s X U8 No. 10 £k D% 2 8 H 2N A]
BBICi-> 7D T, ThiaRHEE: (MPN %) SMad
72 PCR-MPN #: T No. 2 ¥k, No. 5 #% X 0¥ No. 10
MaiE®mT 52 Ehilihic, &2 TF 9 AR &kt
RO BRI 2 3 A E 701k 5 Ko 0B o &
L, BOEOEEE MER TEWIEM, © 5 Thkidh
VEBEHE & U TBBIEAE DB B B o 2 BEBUR TSR AR
CHEE T BT TH B, FEEOFHE, No 2#, No.s
Fk¥ X OY No. 10 Bk O ¥ i & PCR-MPN #: TR 7 fE
VIAIREETH Y, PCR-MPN HETOEE =429 v 7 )
WHECH B Z EVHERTE 2, LV HEORENENRD
LR AEEL, BEAROFREREL FIF5 2 &
B ofaied o L TRINTE S B2 bR S,

NRAFdF—27 2w F—v 3 ViZNo. 28, No. stk
X O'No. 10 k& @ H 3 A Hic, 2 EEOMmBE Y5
AWK FEEERE T -7, 3HEHRML eWGE & ik
LT, HmMUICEH QMG EE O 38 <, 3R X

DM SRR RS BT, 3HERIIL WA
B THgEEORDNA L, HECEERIC
X B0 OGERBH ot tELZ DN, T, 2HED
+EOEHLHTL, No. 28, No. 5kik X O No. 10 ¥
EEREBRPHIAE R I RS, R oA b #1IH
DR HEoTc, FOBITERIC L > TEHNRID
2, BRERMENE L THEEOBMD AR SN, WMo
JE DR EIE & < o Tanie, BB DA & ) O
VBB S B LB 2D, FEON A FF— 2
VF— v a VTR INDDT - R A REXELEHIET
I DEEBErE=2) v IR TELEE L DN D,

RAFF—T 2 VT —va v TIEERRLY) vicE ol
BORFEWE & U CAEY L —f i BT A5 00
D, FEWEIC LD HEMEY O REERNR S
WREMERN D By AL DA F V2T 42— 2
VRIRIREH e ot M A A — T x T —v 2 v TEHE
TR THEARBRARD D, KEREONUE %G L 7=
BRI O BEE IR BN AN e~ & &, RIEMEE T
< &b HEEMAEY OFF IS I\ 2 & R Db
ERD D, EIERICE T, 165 rRNA BEZETF O T-
RFLP f#r & 7 v — v RITIC X b, 380 L 7ok o’
BT, WU BEMETXTAA A e—T7F 4 U
Sl DA TH o e, Eiz, EMEY TR
T OWEIESER S T hd, REWECHAK, BIEOR)
RThrEE2LbN, RE LB 2 HEEITHRI
Motre SHUHDOHBERIDAAA A —T 2 VT — g
VOB LEINL LERE D=2 ) v Z7NERTH
5T ERERTE I,

AR\ NTIE, A2 ) —=v 7 OB LIRFEME
WA TR FE oA 2 PR 2 e &, A 0%tk
HILEER LT T v PR IO 2 X w2 A
K717\, No. 28k, No. 5Fk#s X O No. 10 BRI -
TN EERMERT D0 ED—HOEREE RIS,
No. 2 ¥k, No.5#* X O No. 10 RN SN A A+ — 27" 2 v
T—va VICHHATELLE c ARt Th B L v
5 EMNRDBN, FR 2 FICHFEESL S L ORE
BIY THAEWCI DA AAF v 25T s 2—v 2 VFIRE
B wEA LA Th b L OMEREYZ T,

(AT X D54 F V2T 4 =— 2 v FIRIESH
D AHEREZ T, ENOEMBEY 1 Mk,
No. 2 ¥k, No. 5 #k3s X 08 No. 10 BkE H W Fo 8 A o 4 —
A vT—vavIHENE » ATz - Tirbhic,
B THErh D No. 2 ¥k, No. 5 #k% X O No. 10 kOB
¥ No. 2 ¥k 3 X OF No. 10 k2N & ALBHAA 3 » A H it A
BEOI0MRBU EE ML zowext L, No. SHRIL1 »
AR 2 fEARERMIL 2% Wd L T\ 7z, No. 5o
BHHN No. 2 Bk=2 No. 10 ki iz in L 7s > 72 D
VRIS L, MIBES R TR E NG Ty o T T REME:
5B 50N, WA U Tl o, JhEL - JhiEo
BIUTBEZ CHEA TR Y, TR EROEKNNG D
HEkL7ceE2DRD, 8 » HHOKHICK W THLHE
BOIRITEER SN, L THRTET Lo te. SHTH
BADWRAEE Y ERTT — 2 28D, LR IG
(EDFcDdDENE AT 5 Z LR E e H1EA 5,
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4. =E #

RAFF—T AT —v g v ~OHHYHEC AR,
FMAIEE LAz ) —= v 7 %7\ 200 ¥k #%
EmEsEiLic, 205 HLbEMBBTOEFTORX,
BIougEoReEnx»EE L, 3FEEAOMKEY No. 2
Pk, No.5#, No. 10 k%2 L7z, 16S RNA EIET
RN X b No. 2 ¥k No.5Hkk, No. 10¥k#% Fh Fh
Novosphingobium sp. No. 2, Pseudomonas sp. No. 5,
Rhodococcus sp. No. 10 & [FIE LTz, S FEEREMNTIC X
H No. 2 ¥k, No. 5 k¥ X OF No. 10 Mk ik B <
EALTTREE 2 W] 5 Az L1z, No. 2Kk, No. 5 Fkds X
O No. 10 Bk DR R FH « ' ITE L HENL T 5 1o,
16S-23S intergenic spacer FUEK DOIEIEACT A FIH L THpE
W75 4 <—%%itL, PCRIEEICXY 2D 3MEHK
WLt SOHEEE, EBEoLEIRD 3ARML
TS E TOUMOMEN#BR > THHT 5 2 e, R
M 3ka T Ao LN TE e, $h, BERELMA
Ao hHZ LT, EFO D 3ROEENTIHET
BB LMD, EEROMBRAHE % 7o FEEEE
BrA 1T\, No. 28k, No. 5 Fk¥s X O No. 10 ¥k
REE N R L, HEMEH D=2V v 7N TH
5 LMD DT, No. 28k, No. 5 Fk¥s L O No. 10 £k
DEEMCBET BRBE A2 TV, THUEWC X 514 4 v
AT 4 z—va YFIAEE A LMEnTHD &
DHER A% 1z, No. 2 ¥k, No. 5 Fk¥ X 08 No. 10 ki
EEORA A —T A vF—va v THICLBEHAIN,
AL B R L T,

X ik
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