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Construction of highly efficient crude oil degrading bacteria and
synergistic degradation performance on aromatic hydrocarbon
compound naphthalene

ZHANG Hui'?  YANG Ying'? YANG Chen'? CHU Ming'? SHI Hai-Shan'~
LI Wei-Hua'?

1 College of Environmental and Energy Engineering, Anhui Jianzhu University, Hefei, Anhui 230601, China
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Abstract: [Background] As a type of mixed organic compound, crude oil can cause serious harm to humans
and the environment once oil pollution occurs. [Objective] Crude oil degrading bacteria from contaminated
soil in Xinjiang were isolated and screened to provide data support and technical reference for the
bioremediation of crude oil contaminated soil. [Methods] Using crude oil as the sole carbon source, a total of
123 individual strains were isolated from crude oil through enrichment culture and screening. Thirty different
strains were selected according to the morphology of the colonies, and their species were determined by
16S rRNA gene sequencing to construct a phylogenetic tree. Highly efficient crude oil degrading bacteria
were screened out through crude oil degradation experiments, and the naphthalene, a representative
compound of aromatic hydrocarbons, as the sole carbon source to screen high efficient degradation strains.
[Results] Five strains of highly efficient crude oil degrading bacteria were isolated; these strains showed
degradation rates higher than 85%. The strains capable of degrading naphthalene, salicylic acid, and catechol
were obtained and applied for naphthalene degradation at a 1:1:1 inoculation ratio. The degradation rate of
naphthalene increased from 60.74% to 89.40%, thus proving that division of labor cooperation between
strains could improve their degradation efficiency for organic matter. [Conclusion] The strains obtained from
screening enrich the crude oil degrading microbial species bank, and the observed division of labor
cooperation among different microbial strains provides new ideas for the degradation of crude oil pollutants.
The results also offer a reference for further research on crude oil pollution control.

Keywords: Crude oil degrading bacteria, Isolation and identification, 16S rRNA, Biodegradation,
Co-metablism
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(Acinetobacter) . 1& AT & (Ochrobactrum) . .
M35 J& (Pseudomonas) . 21 EK & J& (Rhodococcus)
FHUFT R E (Bacillus) . %85 18 J& (Streptomyces) . 7=
L 8 (Alcaligenes) =51 AyEs | i ve Y HAT WAt
AIMBESI I TERR, P VIR A LI ST
TG YRR TAE M AR R SERRTT S SR A7 T 44y
K%, SRR — U IR RO B o8 R,
WS E RIS TR R H SRR E , BOMER R B
F0 BRI K AT AN SE 2 A, E R AR A
S AT A T TRT PR T i 7ol 1) R AR D (EL: R v B 1 5
TR SN R A B E VR, DA TR AP TR ke 1) e A
fe U SRHRAE K Rhodococcus sp. G2 ELAT |1
kElEREfrRe T, JF HEA —& 5 A s i
Reffe U™, UE—A R A AR M T R R
RIS ERACE YIRS, S mREEReE, ik
IR I R P AR ok 2 e E

A5 38 3 X A I TG e R A T A A
B, 53] 30 PRm SRR E AR, REIES
2EWEE N 16S IRNA FE KP4 3 r il A T W) 20 2
Fe 8 2 7ok 2R A S 7 1 R A5 TR TR AR 5 ST
XI5 B R A B 28 B AL Y —— K IR | 482K
T, A3 O3 AT R AR X R BT I TR R A —
PR, FEKE 3 BRI A S X ZR b TR, il 55 Ah
PECEE L L AR A - TR T (GC-MS) 43 Bt
HREfERE T, RIS 0 4 T HMERT DLk —
ot R AOR 35 B SRR TS e
H fyl16201

1 MBS
1.1 #hl
1.1.1 HIEHES
IR R A BRI H K2 R E R E A
M5 Y3, 4°C 9.
1.1.2 EERXFIFLEE
JREE IR . BEREERY . BilEky . 28, KR .
PRy, BiEE AR BR A 1
DNA $&HUH &, e EURHE A RA A,
TS FRA , il = RS A R A W] 5 58

MR, BEYA ] PCR Y, Bio-Rad A H];
S EATE- TSR, LR AR AH,
1.1.3 $EHE

(1) & 4 0 e FH JC AL £R W IR 15 97 2 (/L) -
Na,HPO, 12H,0 17.90 , NaH,PO42H,O 7.80 ,
(NH,),S04 5.00, KC15.00, 1% (IA&FRL)MEICE
VS SL-4.

SL-4 il J5 7% : FeSO47H,O 0.002 g/L,
10% (ARFH E) il S L R WS W SL-6,

SL-6 ¢ #l J 7% (g/L) : ZnSO,7H,0 0.10,
MnCl,-4H,0 0.03, H3;BO; 0.30, CoCly-6H,0 0.20,
CuCly2H,0 0.01, NiCl,6H,0 0.02, Na,WO,-2H,0
0.03, pH & 7.840.2,

FAPFLH] 5% (B ARBE) CaCly F1 20% (i
HEARBIE) MgSO4, 2 3MA 0.1% (EBIH) 2 ik
ReFedh ) pH Ky 7.840.2, 1x10° Pa 5 R 281K
30 min,

(2) DR IR I  FETCHLER R AR S R TR A
1% (PTG 5, pH g 7.8+0.2, 1x10° Pa &5 JE 7%
73K B 30 min,

(3) ZEWRIERIESIN: HERRFRAE 2.0 g AR
F 20 mL NE IR EE N 1x10° mg/L HIZEH4
W, RGBT R 23, RN
0.2% (BT AR,

(4)  IKAZ BRI BTSN« 76 TCALER A RS 77 3k
HRS N 0.2% (PRFEL) A 0.2 pm J8 S 8 B R 7K
Wi .

(5) ABRERRIE TSN FETCHLER R A RS SR
FEFPEIN 0.2% (ARG 0.2 pm JEAE T UE BRI
ABIR o

(6) TEHWIA LB RiFE(g/L): B A
10.0, SAk#H 10.0, FEEHRHF 5.0, pH K 7.0+0.2,
1x10° Pa 5 JEZE9% K i 20 min.,

(7) SR LB #5574 7EMAK LB 557
FdERin 15 g/L 35E, pH iy 7.0£0.2, 1x10° Pa i
JEZEVR KA 20 min,

1.2 THIESHMERMNE
- T Y 2R R R AR I R R A
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7 HI 783-2016 LS FPLARYIA HLY 0 3L B0 e i
TRFERGEPY
1.3 JRiHMEA S RN E

JEr T DU 20 43 A o SR PR 2 R (0, e B
B A RIS AT AR UE SY/T 51192016 547 HA]
WA WL BRI R 50 3 B
14 FEHEBENEESS

FREC1 g 2HEMAEA 100 mL K IE A9 B0 5
FRH, A5 PO RS RN R 3 IR R R
30 °C. 150 r/min #7555 7d J5, B3 mL FiHHK
TIAHTHY 100 mL JFMEE TR IE h 4k Sl i 3%, MKk Es
I 4R, BP 28 do BRI | mL ARIKHE B
107*, 107, 107°, 107 %A T LB ARSI 3P4
|t BIE T 30 °C fHESE A G SR, PRIBCRE TR
HeRhE] LB WA= AL G SE, KM 30% (IR
FRELY H VA MR AR TR, B T30 °C vKAR VR AT
I AR 3 Sy P — i V58 114 TG ML VR A 55 7 R 0 o 1
R AT IR DA bR
1.5 [RihPEMREEE

SR 22 R e, TS BN 40 3 45 3] 14 B ik
PATIEA SR, R R ] 135 DNA $REUR ) & 4%
R P10 BH 82 B3 B TR vk Y S A1 4 DNA, A
A 16S rRNA £ [K 38 519 8F (5'-GAGAGTTTG
ATCCTGGCTCAG-3")F1 1492R (5'-TACGGCTACC
TTGTTCTCAG-3")i#4T PCR 44 . PCR X WK £
10xZZ i 5 pL, dNTPs (2.5 mmol/L) 4 uL, Tag
fif(5 U/uL) 0.3 uL, 514 8F F1 1492R (10 pmol/uL)
41 uL, DNA #i 1 uL, ddH,O 37.7 uL. PCR
4 95 °C 5 min; 94 °C 1 min, 55°C45s,
72 °C 1.5 min, 3£ 29 ME#; 72 °C 10 min, 10 °C

4 PCR F=4: 1% N MEE IS L kR 5, 2%
Z LRSI ST ThoOAT BRA BN, W45
R E GenBank H#8)% , R BLAST f2J¥ 17
FEALYE 2 B, 36 BOAE LB fe R 907 40, A
ClustalX . MEGA {4, R 4FHEL (neighbor-
joining method)Z il RGL K B

1.6 [RAPEREERINE

403 245 B 0 R Al B TR A A LB [
RiFRHFM 30 °C 164k, PR LB ks 7R 3K
EHATHFR, RISF T, BUERAEX BN R+
WTF 4 °C. 5000 r/min Z.0> 10 min, FJCHLERE:
FRIEVEWE 3 R, R LM EE TR 600 nm
PR TR . RARERN RIS A 2% A
—BRIE R TCHLER IR, TR AR FE IR 3 ODgoo
29709 0.10, B E AR IR IR AN IR

14 d JFBUBFRRINA 30%IAKFRA IE & bk f 7
ZHL, GC-MS ST S i R A % . i 451
Agilent HP-5AS (30 mx0.25 mm) (& i} ; IR FT
} 40 °C fHi% 10 min, 5 °C/min JHEZ 295 °C, 1&
it 29 min; AN 2.5 mL/min; JEFEE
1 pL, HEREIREE N 295 °C, MM 29:1; 1
WA R VORAT BT, FUgsch: EL &, 2R
TRAE 230 °C, PURAFIRAE 150 °C, El i TREH
69.9 eV, i 40-550 m/z.
1.7 Z. KFER. 4P ZEpPE AR R PR RV I IZ

RS AR RRE, B TFREH
AEPFERE R 2R I R b 27 AR A F A
I ANEA A, RRARILRE AR, DRI P i i A 2%
I Y B RR 0 2500 8 F A= K
P FNAR IR 1, 43 T WME B AR 24 T R A EAR
7 P A P TR BRI A B 2R A TR AR v, R[] 5
BCZE 1) R i o

FEXTIX 30 #RAHBE MR RAR , FIHIZE L KR |
LRI 1 Ay E R 5 A 15 1 B R RE T Y R
FERT TR MR BB EE, {1 ODgoo 18 LL
111 X 2RI TR
1.8 %, KFER. 4PE_ERPEREERINE

(1) ZEFEMERAMIE : # 30 PREAFIFHZE-TOHL
EIEFRHIEFRE 7 d e, BOGFRIEINA 30% A IE
CEHE TAEHL, GC-MS 2l 2 JELh i iR .
T4 Agilent HP-5AS (30 mx0.25 mm) At ;
IREFELF N 60 °C {HIR 1 min, 10 °C/min FHEZE
220 °C, fH & 15 min; ZAEMAFLH N 2.5 mL/min;
RN 1 L, FEREIRE S 240 °C, 20t ol 29:1;
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KA R PORAT BT, FigacfFh BT, &K
AL 230 °C, PUATIREE 150 °C, EI JiHFhgs
69.9 eV, LRIl 40-550 m/z.

(2) KAGFRBERRIGIE . K 30 BRETFIHK
MR- TCHLER B 3685 3% 7 d e, BUB IR/t
JEEE I E HAE 304 nm AUWROGE, DUAINGESY)
OB S I Rk

IR A R I A R =} R 2H K A BR e i — 592 B 4 /K
M BR e FE )/ %t BRZH K A R U TS

(3) ABIR R R AN A2 < K 30 AR B A AR
RB- MRS AR 7 d e, BRSO
JEGRETHI E HAE 288 nm FUWOGIE, LI
PR RE IR R B

L S 0 S G R E R S 1 7 e M
ZHARIE YR B )N B L AR TR R
2 BR545h
21 AHEEIIEMESHEE

2 AT BIAS [FIRE S 5 KR TR | i -
FEA 4 SHER 1), R2. PEMTRENE
MR RIIE 4.57%. 12.43%F1 22.96%, FilZ%E
JZibE
22 JRAMAS

M, RPN R AR 35.20%,
TN 44.64%, I 4.63%, Wi R 15.54%,
23 EHMBENIEEE

AMTG g T REE A IR IR AL 4 RE
FRIa, PRIEAE R RAFE R bR, 4> Esaifeis s
123 DMEAEYI TR, AR R IE S WPk

x1 TRAERZSH

Table 1 Different sample parameters

ZH E iz TE
Parameters Surface layer Middle layer Lower layer
kA 3.99 24.35 8.55
Moisture content (%)

T 0.179 1 0.378 0 0.8410
Crude oil weight (g)

fif + 5 3.9153 3.040 1 3.663 6
Fresh soil weight (g)

ERUIES 4.57 12.43 22.96

Crude oil content (%)

30 NREEIE SRR RUE DR (B 1), XX L
PRS- I A T SRR IE S T 2 R e o, A
PCR 5817 16S rRNA JE [F 1Y 5 51 43 b A1 T s 48
TE(F 2),

E1 A LB¥RSBSIMOEREERS
Figure 1 Colony morphology of partial strains isolated
from LB plates

R2 EMHEEREZRFRER

Table 2 Strain identification and Gram microscopy
results

RS = HH LR AR FE2 Y,
Strain  Similar genus Similarity Gram’s stain
No. (%)

Al Lysinibacillus fusiformis 99.6 G
A3 Achromobacter spanius 99.9 G
A4 Pannonibacter phragmitetus ~ 99.6 G
A6 Ochrobactrum anthropi 100 G
A7 Pseudomonas stutzeri 99.9 G
A8 Ochrobactrum anthropi 99.5 G
A9 Dietzia cercidiphylli 99.6 G
All Pseudomonas stutzeri 99.9 G
Al2 Pseudomonas songnenensis 99.8 G
Al3 Ochrobactrum cytisi 90.6 G
AlS Achromobacter denitrificans ~ 96.4 G
Al8 Delftia lacustris 95.5 G
A22 Microbacterium schleiferi 99.7 G
A23 Rhodococcus ruber 100 G
A24 Acinetobacter Iwoffii 99.8 G
A25 Bacillus cereus 100 G
A28 Kocuria rhizophila 99.8 G
A30 Halomonas alkalicola 96.1 G
A3l Mycoplana ramosa 91.0 G
A32 Rhodococcus pyridinivorans ~ 95.6 G
A33 Brevundimonas vesicularis 100 G
A34 Staphylococcus epidermidis 90.3 G
A44 Microbacterium esteraromaticum 95.5 G
A46 Pseudomonas nitritireducens ~ 95.8 G
AS50 Pseudomonas guguanensis 96.5 G
AS52 Pseudomonas guguanensis 99.8 G
AS56 Bacillus proteolyticus 100 G
A58 Pantoea dispersa 99.4 G
A62 Exiguobacterium profundum  99.9 G
A68 Pseudomonas balearica 94.5 G
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Wi 2 B, X 30 BRIATHY 16S rRNA LN %
FEJTEINFAPERSAE 90% LA I o BRIRE A1 MHE/NEEA
F- & & (Lysinibacillus); WPk A3, A15 HITCEFHE
J&(Achromobacter); FIK A4 & Pannonibacter; T
Pk A6, A8 Fll A13 b4 FFF I & (Ochrobactrum);
Btk A7. All. Al2, A46. AS0. AS52 Fl A68 Jy
1B AL TR & (Pseudomonas) ; TEAE A9 At o [ R &
(Dietzia); Wtk A18 HH/RARFEEE (Delftia); kL
A22 . Ad4 FIHHFTH & (Microbacterium); Tk A23
N A32 ML EREEE (Rhodococcus); TEFE A24 A
P & (Acinetobacter) ; TEFE A25. A56 2T
T J& (Bacillus); WL A28 7% e R & (Kocuria) ;
R A30 NERF R (Halomonas); Ttk A31 K
KB i & (Mycoplana) s IRk A34 O % BR R &
(Staphylococcus); HIE A58 NiZ 1 J& (Pantoea);
PR A62 F T/ IMT I & (Exiguobacterium) .

B PR & (Pseudomonas) W R MR LR R Z ,
JUT 3 35 HH P DL A A B B 23.33% , AL 11
B WAE I &R —FE, TR H B IIREF A
BEX XX 30 MEWERGELER, Lit—%
WE R MR Z ARG OC R . Wt B 2 I RGEK
B REAT LA B3 B 04 TR R AR BE -5 b o TR R AR 47 b
RAE, rEBERTED 1K SRR ]
(Firmicutes) . “ZIE T ] (Proteobacteria) . L F ]
(Actinobacteria); TEZNK-RY T B R SAE AT
N (Bacilli) . y-"£IY FH N (Gammaproteobacteria) . o-
A2 T 2N (Alphaproteobacteria) . B- 7% T W
(Betaproteobacteria) . T F.2M(Actinobacteridae).
24 JRHMERERFIEFIERLER
2.4.1 R iHBEARE AYIFIE

DU A ME—BRIATH 16, 4 30 BRI 7
AT R SR A R B R I A O R
HHEATXT LG, WERE SR A | TR IR FRE o7 2
M4 A, MK 3 AL $55E00, HREET)Z
BEEWEMENG,; B3 14 diE, Al Ee
TRFLAL T HEDK P, B IR BGHR o BRI E R 6

ZURY), TIEREILRASER T,
242 JRHPEREBPERER

FHIE C B A O TR, R GC-MS 73 #
W D i) R A RS, PRSI A R R, X
30 > AR IR OB RE A AR R 22 5+ . 2 14 d
BA S, AN [R] G T 0 R A o B R AN [R] e
Wi 3 5 8 AT 38 90.2%, I MIRA 7.1%, K
TE 50% L FIRARA 12 bR, FEfRRINER 3 Pk,
TEASFHEANR 4 Fron . RS RAF TR 14 d,
¥k M. esteraromaticum iR 80%LL FHTE
¥R 9 #k: A. denitrificans. R. ruber. A. lwolffii.
B. cereus. M. esteraromaticum . P. nitritireducens
P. guguanensis. P. guguanensis. B. proteolyticus,
d TR TR R 30% s FE AR ORI 5 9 T #k b
Pseudomonas W MRECR R 22, RS 18T G KK
4 57%:
243 RHEREBILE

Jir e 2 A 20k SR T FH D e 4 £ 35 Tl T W R %
(B 4), FEAETRIA 0 BB, SH O E
A, AN s BRGNPk S BN R AR B
AR5 b o SEH 4 BRREfRRE T ARTR] L R4 K
RAIEERR, 530002 : WERE P. stutzeri sp. All,
REff R 28.9%; WK L. fusiformis sp. Al, [EfE%R
7.1%; EKR M. esteraromaticum sp. A44, MR
90.2%; HFk P. dispersa sp. A58, [&fi#% 62.5%.
ERRIIA R E ARG, HITER— T
R ff SR AN R
2.5 . KR, PE_EMEMBEREIFIE

L 0.2%ZE . KR . B2 I A E—
W, ¥ 30 BRIGALHLS 73 4 FIF R 5 7 d, R
FEBAE A U0 R, e LR AR, PRk A
REMAE AT R . 07 e 3 HAT ZR IR A BE 0 Y TR
P. nitritireducens sp. A46, FFRFR 60.74%; KGR
K% fi#t B9 ¥k R. pyridinivorans sp. A32, & fift %
58.15%; AFOK W FEFRIERE P. stutzeri sp. A11, [
R 72.22%.,
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100, Rhodococcus ruber sp. A23 (MN252076)
100[ 1 Rhodococcus ruber DSM 43338"(X80625)
Rhodococcus pyridinivorans sp. A32 (MN252082)
100 100'Rhodococcus pyridinovorans PDB9' (AF173005)
I—Dielzia cercidiphylli sp. A9 (MN252069)
100! Dietzia cercidiphylli YIM 65002" (EU375846)

[Kocuria rhizophila sp. A28 (MN252079)
100 ' Kocuria rhizophila TA68" (Y16264)

Microbacterium schleiferi sp. A22 (MN252075)
99 T00L Microbacterium schleiferi CIP 102087" (Y17237
100

100

100 Microbacterium esteraromaticum sp. A44 (MN252085)

100L-Microbacterium esteraromaticum DSM8609' (Y17231)
Exiguobacterium profundum 10C" (AY818050)
100'Exiguobacterium profundum sp. A62 (MN252091)
Lysinibacillus fusiformis LMG 9816" (AF169537)
100 100 =Lysinibacillus fusiformis sp. A1 (MN252063)
Staphylococcus epidermidis sp. A34 (MN252084)
100 99 100'Staphylococcus epidermidis ATCC 14990" (D83363)
70 Bacillus cereus sp. A25 (MN252078)
Bacillus cereus ATCC 14579 (AE016877)
1 ‘

9

(=)

00| Bacillus proteolyticus MCCC 1A00365" (KJ812418)
72 Bacillus proteolyticus sp. AS6 (MN252089)
Pannonibacter phragmitetus sp. A4 (MN252065)
100! Pannonibacter phragmitetus C6-19" (AJ400704)
|Brevundimonas vesicularis sp. A33 (MN252083)
100 100! Brevundimonas vesicularis LMG 2350" (AJ227780)
Mycoplana ramosa sp. A31 (MN252081)
99'—Mycoplana ramosa M51"(D13944)

Ochrobactrum anthropi sp. A6 gMN252066g
Ochrobactrum anthropi sp. A8 (MN252068

Ochrobactrum anthropi LMG 33317 (NR_114979)
100| Ochrobactrum cytisi sp. A13 (MN252072)
Ochrobactrum cytisi ESC1T(AY776289)

100 Delftia lacustris sp. A18 (MN252074)
100'Delftia lacustris 332" (EU888308)

700 98 Achromobacter spanius sp. A3 (MN252064)
'Achromobacter spanius LMG 59117 (AY 170848)

100|;Achromobacter denitrificans sp. A15 (MN252073)
70LAchromobacter denitrificans DSM 30026" (AJ278451)
Acinetobacter lwoffii sp. A24 (MN252077)
100" Acinetobacter Iwoffii DSM 2403 (X81665)

4{_—Halomonas alkalicola sp. A30 (MN252080)
100 “*Halomonas alkalicolaCICC 11012s"(KU530128)

92 Pseudomonas nitritireducens sp. A46 (MN252086)
92| pseudomonas guguanensis sp. A50 (MN252087)
76 78] 100 Psendomonas nitritireducens WZBFD3-5A2T (HM246143)

Pseudomonas guguanensis sp. A52 (MN252088)
100'Pseudomonas guguanensis CC-G9A" (JQ864237)
100 Pseudomonas balearica DSM 6083" (U26418)
Pseudomonas balearica sp. A68 (MN252092)
Pseudomonas songnenensis sp. A12 (MN252071)
Pseudomonas songnenensis NEAU-ST5-5 (JQ762269)
9 Pseudomonas stutzeri ATCC 17588" (AF094748)
65 Pseudomonas stutzeri sp. A7 (MN252067)

Pseudomonas stutzeri sp. A11 (MN252070)
_|Pantoea dispersa LMG2603" (DQ504305)

Pantoea dispersa sp. A58 (MN252090)

mEscherichia coli ATCC 11775 (X80725)

—

0.020

59

2 30 #%kEETF 16S rRNA EEFFMEMRFE R E M

Figure 2 Neighbour-Joining phylogenetic tree based on 16S rRNA gene sequencing for thirty strains

TE: 3 30m AR ATE R, BUEMEEIT 100, ol {F RS AR RURRBUEIERS , IR OB FRG R AMIE; FH5 My
5} GenBank J¥ 41 5.

Note: The number at each branch point represents the credibility, the closer the number is to 100, the higher the credibility; Ruler
represents genetic distance, shorter ruler indicates closer genetic relationship; Numbers in parentheses represent the accession number of

the sequence in GenBank.
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B3 5% 14d BHAEMEBUREK

Figure 3 Degradation effect of different strains after

) GC-MS W& E UK 6 FiR , Ad6 H—RE R 25 %
fi# R 60.74%, 3 BRI “or T PMEFEAR 25 1 B A
RN 89.40%, [RIFERAE T o3 T WM B fift Lo 2 —
Rif St W L AT AR 3

3 [RHEREET S50%HE Kk
Table 3  Statistical table of strains with crude oil
degradation rates greater than 50%

14 d of culture il Rtk HEIER ek fgg 4
i 5 i 5 Similar genus Degradation
2.6 #’bﬂ '_in_ % “ 5’1\ T 'I'j]‘ 'ﬁE » X’j' % E"] B% ﬁg Sample Strain rate (%)
)I%‘A[il‘*% A46\A32 5F[I All ?EH‘?{ ODﬁooﬁj‘j 1:1:1 No. No.
1 Al5 Achromobacter denitrificans ~ 89.2
(9 Ee B 2 B4 0.29% 2% Oy ME— Bl I 1 JC LR 6 A23 Rhodococcus ruber ! 87.5
BEFEHEL ) 30°C, 150 t/min 5 FEEHR 7d, K 7 A24 Acinetobacter Iwolffii 89.6
8 A25 Bacillus cereus 88.3
1% ﬁfﬂ\j 75 X AL . 7 dJE i F%%$ o 2l 27 A44 Microbacterium esteraromaticum 90.2
Bk Ad6 AR E &R, WK 5 . Ad6 37 A46 Pseudomonas nitritireducens ~ 83.4
e S s g 38 A50 Pseudomonas guguanensis 82.5
$¥ F%%%%éﬁ ’ H Tfﬁiﬁﬁfﬁﬁjfﬁ% ’ 2 39 AS52 Pseudomonas iuiuanensis 80.4
YR EI A TR, 3 MREIRSIERZEA, 40 A56 Bacillus proteolyticus 81.4
= 59 A58 Pantoea dispersa 62.5
Pk A32, ALL IR T A ﬁ HINAWEI - AHXE iz 60 A62 Exiguobactel;ium profundum  68.7
BT Ad6 Y, AR SE T X2 RRAR, 28 72 A68 Pseudomonas balearica 52.7
x4 SVERAHEKROESEE
Table 4 Morphological characteristics of highly effective crude oil degrading strains
WkS = g R B B W% FEAR
Strain No. Colour Eminence Transparency Strain margin Shape
AlS FLEe K RNz B [5 7
Milky yellow Uplift Opaque Regular Round
A23 e M R T 5 RH A
Orange red Uplift Opaque Irregular Irregular round
A24 H - ANz NS AHLI 5 T
White Uplift Opaque Irregular Irregular round
A25 L K RNz B e
Yellow Uplift Opaque Regular Round
Add T K RNz B [F 7
Light yellow Uplift Opaque Regular Round
A46 HE I AW B [5 7
White Smooth Opaque Regular Round
A50 FLAfA I Nz NS 5] 1
Milky white Smooth Opaque Irregular Round
A52 W K AW RHEST )7
Yellow Uplift Opaque Irregular Round
A56 -y ik - AN Bt [F 7
Light yellow Smooth Opaque Regular Round
A58 i - 27 B G5 R 1E
Orange yellow Uplift Opaque Regular Round
A62 T K RNz B [F 7
Light yellow Uplift Opaque Regular Round
A68 FLAf I Nz NS 5] 1
Milky white Smooth Opaque Irregular Round
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TIC: P. stutzeri sp. Al1\data.ms

TIC: L. fusiformis sp. Al\data.ms (*)

TIC: M. esteraromaticum sp. A44\data.ms (¥)
TIC: P. dispersa sp. A58\data.ms (*)

9500 000
9 000 000
8500 0001
8 000 000
7500 000
7000 000
6 500 000
6 000 000
5500 000
5000 0001
4 500 000
4 000 000
3500 000
3000 000
2500 000
2 000 000
1 500 000
1 000 000

500 000

Abundance

10.00 20.00 30.00 40.00 50.00 60.00
t (min)

B4 MiHLEREKERREHMSHEGEIEE
Figure 4 Gas chromatograms of crude oil degraded by
four different bacterial strains

—a— Pure-sp. A46
- —o— Co-culture

SO = D W A L N Q9 0 O O —

Cell density of A46 (x10°CFU/mL)

01 2 3 4 5 6 7 8 910111213
t(d)

B 5 EH A46 IERREMMEEE
Figure S Cell density of naphthalene degraded by strain
A46

3 WikE48

ARSI 38 WA KT R VT FH R 4R 3 1 i i e - s
SYESH 123 MAEYITERE AR R VR T A 2 WS Pk
Ve 30 AN B TETE AN R I3 D i ik

() M. . FTEEESMWESN
4.57%. 12.43%. 22.96%, IS HHEZ I,
JFMAL 3 MRS 35.20% . 5L 44.64% . AERE

3200 000}
3.000 000}

2 800 000}

2 600 000}
2400 000}

g 2200 000f
£ 2 000 000F
2 1800 000}
2 1600 000}
1 400 000}
1200 000f

1 000 000F
800 000F

600 000}

400 000F

200 008 L & B

2.00 3.00 400 5.00 6.00 7.00
¢t (min)

TIC: P. nitritireducens sp. A46\data.ms
TIC: Blank control\data.ms (*)
TIC: Co-culture\data.ms (*)

6 EkS TMERRENEIEE
Figure 6 Chromatograms of naphthalene degradation by
strains

4.63% K Wi T 15.54%, FE S mER, &R
TR, R EE 0 Y IR S X T AR A HE AR
FH ., DA T R AT TR e ) I At

(2) WA FFEME . B2 QYA | 16S
rRNA B[ 541 53 B S5 583X 30 A i R ik 1 114 TR
&, MUPEERTE 90% LA | Hidr, B R EE
(Pseudomonas) W MRE T fc £, i BT 6 1 A A1
TR AR B 23.33%, AR A% DR
JEF—FE, PIREA A EE R ASE X

(3) VA I A ME—R IR A TR L, WS SR
FEe | R K 2R SR AR b T
() AT A AR 22 5, 7 AR W R il A b BT ke 1) 1
ANTR) DTS S5OAN ) P 0 o o A5 R 22 S B ko
RS T 85%II MR 5 k. AlS,
A23. A24, A25 il Ad4, 258 16S rRNA F[H T
GIEEE, Hoor & T I BT 8 (Achromobacter) |
21 3R W J& (Rhodococcus) . AN &l ¥F I
(Acinetobacter) . ZHIA B & (Bacillus) FI T i &
(Microbacterium),

(4) 1A 0 o il ol A v 3 7 A — S B
(L A0 AR A O kA B A A, T i
— ) SRR AR o 3 A R 3 1 R AR R

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



SRS R RIC T R AR R R SR 5 A A B W 2R 0 B IR A M e 1375

KR . AR B R E MR T LS, AR T
VE G T 25l A A R, 3R 1 X7 A e
G/ B Cis &

(5) LGB R I ik AL BRI A, 17
TEDL SR TR BE B AR HLA 5 TR AN TR IS 1V BE
A e SIS F £ R P g e a2,
Hk, WFFE Tt A=Yrafe s ik 5, fifEY)
B 538 AR R AR IR OGP Nk
AWy T RE A AR AT i R 23 B A A2

ET HATMEER, SRRt 3 AT
VE" B RS — 22 RIS, LU S A g £
TSR FERACR s BFPEIIRIRE . pH ., 82
] [ 552 ) T A28 P BE 0 OS2 00 5 WF ST P I R A
PR AR Yo AL B S AR o AT 2 3t A
55 e A Y E S ER AL R A BRAR BT, O
T 0 R A T 25 R AR A 7 PR AR B Ak 4 )
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