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TH 4 [ A% 18 F LW-10(Accession number: SRR15082184) iE 17 [ i@ 52 6. I GC-MS W58 T LW-10 X J5 il
HOR TR AR R e S PR e, SR FH U0 = 4 M A A ) I i 1 2R v () TR i 28 4. IR qPCR 52 AR X 8 ol AN ) 2
3 I8 W g 0 G SR R R E AT A . 25 SRR, TRk B R 5000 mg- L' (19 i K B2 Bl LW-10 B 17 d,
of S HH s A3 R 22 B0 55 IR 2 43 1) I 7 553 S0 R 96.7% T 28.4%. 1A 2R HH %) I it 81 ek ke 8 5 1 O P T ke
A2l B 1.0} 10° efurmL™ 3 /i1 2 2.1x10° cfu-mL™" 1 8.3x10° cfu-mL™". K& A4 3 Fifr fr i1 42 e £ ) il 22k I
W, BRI A R N alkB2 ¥ LA 1.06x10° copy-mL™ 7% 2y 2.84x10° copy-mL™; I 4 XN 4 M 5 [
Ahd H 1.06x10° copy mL ™" FEARE 1.65%107 copy mL™; bR JRHEH PA4513 1 4.09%10° copy-mL™" 3 il
WA ZE 9.26x10% copy-mL". 24 52 W R fif B A LW-10 X 5 i K b B e i 241 4y AT sl b e 1, b &
W5 IR AL 53 (1 R A BE 1 95 2% . LW-10 76 R A A0 T A2 B v il 3ok [l Ak 7 FH & 2R 3658, R [ 44308 1 g A sk
RS H MBI RERRN Z M fF ML R,
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Removal efficiencies of different components of crude oil by
bioaugmentation

XING Yue WU Manli ™ LIU Zeliang DUAN Xuhong YINing  XIAO Heyue

(Shaanxi Key Laboratory of Environmental Engineering, Key Laboratory of Northwest Water Resource, Environment and
Ecology, MOE, School of Environment and Municipal Engineering, Xi 'an University of Architecture and Technology, Xi' an,
710055, China)

Abstract The aim of this study is to investigate the biodegradation efficiencies of different
components of crude oil and functional gene shift by inoculating petroleum degrading flora LW-10
(Accession number: SRR15082184) in the oily aqueous phase. The bacterial numbers in the
degradation systems were detected by flow cytometry. The copy numbers of functional genes were
determined by using real-time polymerase chain reaction (qPCR). Results showed that petroleum-
degrading flora LW-10 isolated from the petroleum-contaminated soil was composed by
Acinetobacter, Pseudomonas, Pandoraea, Achromobacter, Olivibacter, Rhodococcus, and
Leucobacter. After 17 d of inoculation, the numbers of the total bacteria and highly active bacteria in

the systems increased from 1.0x10® cfu-mL™ to 2.1x10° cfu'mL™ and 8.3x10® cfu-mL™", respectively.
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The degradation rates of alkanes and polycyclic aromatic hydrocarbons (PAHs) were 96.7% and
28.4%, respectively. For hydrocarbon degradation functional genes detected, the copy numbers of
alkane monooxygenase genes AkB2 changed from 1.06x10° copy'mL™" to 2.84x10° copy'mL™';
aromatics dioxygenase genes Ahd decreased from 1.06x10° copy'mL™" to 1.65x107 copy-mL™"; the
oxidoreductase gene PA4513 increased from 4.09x10° copy'mL'to 9.26x10® copy'mL™". Results
suggested that flora LW-10 had high degradation capacity towards alkane components in the aqueous
phase, but its degradation ability towards PAHs is poor. Also, the flora LW-10 proliferated in the
process of degrading petroleum hydrocarbons. There is a positive correlation between the
degradation effects of different components and the function genes that encode the enzymes
controlling hydrocarbon biodegradation.

Keywords oily wastewater, petroleum-degrading flora, degradation gene, real-time PCR,

degradation bacteria number.

AhgE ek . Z3I7ke . DL BT A IR LR AR IR S . A i IR | R SR A
R A Y BRSO — S B Y S, X LA Il 2T G B LR L i LA T AN A ik S5
AAFAE TR AU, 2R AN 22 0 BB HERL, 2206 Mk B - EAF RS o ilim 4. H AR T 85 ih%
KA AL B SR TR L . AWK BT B R R AL SRR, S R W R A L A R R
18 A ) A B B R A AR B, AR, AN 577 A RS Y A I A, S — P PR B A S B ) AR B R,

A W b B S R P (A 0 0 R A 23 it B K A AL A BESE TR R (s Ak ) | i), OF
W I AL Ry R e T W) BT — b T Gl A B 7 kB A R AR W A B A2 K I, B A U S X B
W e A2 Ptk H AT VR A D RE TR 7 1% B 5 73 Y S . — LB T AR 4o e Ak o i AL A
PSR AT THRAE Y. d T AR R S 2 PR IR AR 5 P, 28U 00 T, S8 — A A= Wy i AR AR
MESE B S8 A R A 5 AN R R B O R I AT AL, M A ARUE | TIRET I I R AU E W R R, RTL
YRAME R PR R 5 ATV LA AR, A BN AR IR A S IR K B A RO SR T, TEREREALEIR T
7 THT, AR X 1T 52 24k G AR P 25 T b 14 TR 20 Zh RE AR TR AR B4 40 20,

AR PSR D RE B R 18 TR W77 A B0 A il R LA R o IR AR AT T 0 T 2 ) 6 T, i o) T
SERBEATINAE , P T 23 M (R A 0 A s ) A O R g 0 341 ) R R R AE T, ot e B S il 5 T
alkB2 F 22 3535 7 Ja AR i RUNN AR5 [N A J2 (A= W0 A il AN ) 2 73 Y T 2 16 2 4 o B AT ARG
A U A B S R DR DAY A il e 2 ) e 5 ) T AR A

ARICLIR A B3t DX AR AR TE PR A 5 % S D A il e e T DL, S o S 15 3R A A il R e i
R AE LW-10, 8o ) g v B2 25 K b M B TR RE LW-10 TSR ALAL 3], $R5 T A e AN Rl 7319
AW S R | AR TR 2 B K v 0 A R B0 A R A T s e DG B ) e R IR 1 AR AL A RS AT Oy
PROTR A7 i B AR ) 5 B R S B PR Al (7] I ] Ay e b e gk o R AL 5 BRI o Dt 42 At
RIZHE.

1 #MRL5 7 (Materials and methods)

11 A T e foe o T A

A1 IR AR A T T TR SR L B A PHEL (JE 4 36°47'44.97", 52 108°28'24.65") il 37 X A7 43 5 e
(R 40 1, T A 5 TR R 26633 mg-kg . I AR BN A2 7 vk S (A AR A B YU T E
FILFR 108,
1.2 A VTR e fe 1 1 7 26 o 5

DA 3R A SV A A i R R i TR TR, DAKTRTRY L9 VR & G 9 5, SR I AR B SR ik i A i e e
Ff TR ARE . K AR AT I B2 A DR RE VA T PBS G2 R, 001 PR B I G 2% FE (B ODgo=1.0 £ HH, A ik k%
R R C A LW-10( Accession number: SRR15082184). TEZH 1% 55 4 35 35 J7 12 WL SCHk [18].
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Table 1 Basic physical and chemical properties of the soil

HhR 2 W Ty
Index Content Assay method
EIKE Y% 4.5+0.3 TR
pH 7.69+0.05 pHHLH
A SR LA /mV 137+5 CERIAZS
A/ (mgkg™) 13.02+0.41 BEmp g
A/ (mg-kg™") 0.45+0.03 MO
LA/ (gkg) 0.61+0.10 TCESIHTL
Ak (mg-kg ") 26633+325 i

PEARAF B LW-10 B #2612 il A T A9 T8 ey A BR 2 5] (www.sangon.com) , & H Illumina
MiSeq #1718 &2 0 . 00 I 45 45 5 R ] QIIME., Mothur #F 47 77 41 i € A & 1K 5 B . A
Usearch % 14 4 85 97% 4 AH 8L BE # 77 OTU( Operational taxonomic unit) 4325, 7 python H F] i ete3
package 21l LW-10 B 72 A% Atk 1.

1.3 BESR BRE LW-10 XF 7KRH H L A B2 A 52 56

] 6 1~ 50 mL HEJEIE 40 BN 20 mL L9 55251 0.1 g Ji v (A 4 PRI R 7S T ), ) Herp
3343 53R 1 mL ODggo =1.0C I & JE S 1x10° cfurmL™) 49 LW-10 [H2, P4 3 A 4T3 m 1
R S5 (KB) . i ATB I /K IR % 7% FH7E 30 °C . 150 r-min™ £504 F 3647 17 d AR AR 52156
L4 B B R R4 43 e 0 s i

ST E FEA# 17 d I, 6 1.3 35 A i AR R GRS 2 50 mL 2048, DU Tl BEVE S 26 R
T, I FH R 5 P AL (TY 96-1IN, T B 2 BHE e A7 BRAA 1) HEATHR B, ) FH 58 1 6 BE v D A i
S I RE K Ry 225 nm. FESEATBR A IR 2R 0 22 i B, R v SR B K DS I HRIM ST R, TR
T s A o B, LA HE AR A B O - B (0.8320.02) g-om ' il (15.46+1.23) Yo; 5 i (6.03£0.85) %;
Wi 5 (2.2£0.2) %.

fiJe (C7T—C40) 1 16 PAHs B E FiIH A0 45 RE B2 AT AP DS A Tl 20 25 42 Uk 42 (Allks )
ML 3K 35 %2 (PAHs) . AR 48 35 [ [ K H 45 EPA8270CR"22 Jy k1] FH A M (2 138 - 33 6 AN (22 HE 48
7890B 5977C <, -Jix Bk HIAX ) M 5E | 3R 43 2 o (1 8 J& F 16 A PAHSs 19 1% it . 16 # PAHs 45 #E i
(Accustandard, 2 [ ) ; Bl bnvE S (Sigma, SE[E ).

1.5 BEAFRAAR R B s I vk

PR SRR AT 517 d B, 7€ 8000 r-min ' 258 B0 WS A W it 1R 28 7P A B A4, FH L9 % 37 i 1

ODg=1.0 1Y B 2 YU i B 10000 %5, B 450 uL F 1.5 mL B0 4, il A 10 uL SYBR Green I/PI 4.
it IR AR 15's, T 35 C 1H 4 )& i h#EIEE 20 min, R 74011 Accuri C6 Il &
ek fire AT P 50t R

i i A I S50 R CyFlow-SL %& B #EAT 4. 4 €2 5 6 {5 5 R4 T FL1=500 nm i . % &
A 600 U BE DS EIR T, H R HRTE 500 cell-s™ AR, LA 30 mL-min™" A9 H 8 3547 20 B 355,

1.6 T R e figp 2 DR g o Ty vk

DNA £S5 1) FH 20 55 K 21 DNA #2070 & CRARA LB (b 50) A FRA 7], DP302) #2
I A 2 TP Y DN, ) F AR 235606 8 31 (Nanodrop 2000, 2£ [E Thermo Fisher Scientific 23 ] ) 46 )
DNA VK FE 540

B¢ 5E B PCR N GE AR 48 SCHRHRIE (19 Ahd. PA4513. alkB2. FEPH @ PERG IS 4 (36 2), LASR LY
DNA J#Ai, 7 Mastercycler ep gradient PCR 1% ([, Eppendorf) |- X [/ 5 K #E 47 PCR 9788, LIk Ry
U SN BETT S R SRR 1S qQPCR 514, 2o I T A TR B A PR Bl 475 1 904 B

PEICLE E 5 H 4 FURLAY DNA, SE4T 10 A5 85 B 6 B AR AR A0 B Wk BE A o i, LA S S AS R FH 28 ol e
it PCR X (Bio-Rad iQ5, 3& 11 4 ) #4 B i [ A 5k PRI 0 0 o 1 286 (3% 3 o ). AR IR B A 1 22 v 11
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DNA SR, I AR [F] 4 35 R 77 47 62 b 48 DU 8 s . 938K &Ry SR BCA 20 pL, A4
10 pL 1) FastStart Essential DNA Green Master( 3 [#, Roche A 7)), . FiiF514#4% 0.4 pL(10 umol-L™"),
3.2 uL ddH,0, 6.0 uL DNA 54z, 755 E & DNA BEHAY X IR §7 84 R 7. 95°C FUZE 1% 10 min, 95°C
E 10 s, B JCGRBE DR TR 155, 72 °C JEAf 10 s, 2L 40 DNEER. JE i 227 BL 0.5 °C-s™' i 55 °C It
2 95 C, BN TR 5 s,
£2 EMEPCRYHG|Y
Table 2  Qualitative PCR primers

H AR IYFEHI(5-3) P14 )T /bp B IR E/C S5 30k
Target genes Primer sequence(5°-3’) Amplicon size Annealing temperature  Reference
. - F: AACATTGGCACTGATTACGAT
IR SE BEHE K Ahd 340 54 [24]
R: GTAAACTACCGTCAAGTGCAT
JE—— F: GTGAAGAAAGTCTGGTTCCAGT
FEALIE LR PA44513 58 502 [25]
R: GCCAGTCGAAAACCTTGC
- F: GCGATCTTCTTCCTCGGCCAGT
Sk BN REHE H alkB2 60 334 [25]
R: CGCGCACCTTCGGGTCCATC
®3 A HBSEAbRHERZ A
Table 3 Standard curve formula of h target genes
EIPEAE TR AR & B
Target genes Standard curve formula ’
I RIS B AL K A hd C=—3.462 1gX;+39.395 0.997 945
FAIR TR SE R PA4513 C=—3.838 1gX,+43.436 0.999 82.2
SN N A B R alkB2 C=-3.247 1gX;+35.771 0.996 1032

2 5B 54718 (Results and discussion)

A1 R R A TR R LW-10
DB I Ay — R IR RN BE TR, LA L9 ki S0 e 55 77 3, A FH i AR 15 37 1 A T e 33 v i 0 1 1)
MR R E RE LW-10( Accession number: SRR15082184 ) ZH s an & 1 frs.

2.1

Bacteroidetes Sphingobacteriia Sphingobacteriale _ Sphingobacteriaceae Olivibacter
34.42% 34.24% 34.24% 34.22% 33.42%
Moraxellaceae Acinetobacter
25.09% 25.06%
Pseudomonadales .
Gammaproteobacteria 27 41% I Pseudomonadaceae Pseudomonas
28.55% Xanthomonadales 231% 2.25%
0.81% Xanthomonadaceae Stenotrophomonas
0.78% 0.74%
Burkholderiaceae Pandoraca
Proteobacteria Betaproteobacteria Burkholderiales 14.31% 14.30%
54.65% 23.58% 23.51% Allcaligenaceae Achromobacter
8.68% 8.57%
Alphaproteobacteria Rhizobiales Rhizobiaceae Neorhizobium
2.50% 1.29% 1.01% 0.96%
Nocardiaceae Rhodococcus
Actinobacteria  Actinobacteriaclass  Actinomycetales 6.81% 6.02%
10.83% 10.82% 10.78% Microbacteriaceae Leucobacter
3.49% 2.86%
B 1 il KRR A R LW-10

Fig.1 Petroleum-degrading flora LW-10

& it TR R AE T T K Y B4 BN Z8JE 1 1] ( Proteobacteria, 54. 65% ) . $UFT & ] ( Bacteroidetes,
34.42%) M ZE i 1] (Actinobacteria, 10.83%) ; 76 )& /K F b 4H N A3 #i & (Acinetobacter, 25.06%) . 1%
B T 8 ( Pseudomonas, 2.25%) . 1A 75 K & J& ( Pandoraea, 14.3%) . G & ¥ & J& ( Achromobacter,
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8.57%) . M t# J& ( Olivibacter , 33.42%) . £1. Bk I# J& ( Rhodococcus, 6.02%) . H FT i J& ( Leucobacter,
2.86%).
2.2 LW-10 BHEXS Al g A R 273 1 e i 5Ok

I6] 1 W B 35 & K (5000 mg- L) FR4E Rl LW-10 BREZEST 17 d BB S2 56, X 7ACH rb S0 B9 2% BR
FIRF] 89.6%. ANHEATHERD B4R S 5 A KR AR 3 36.6% (5] 2a) . T WU 4 3R A5 (4 7 i A A ik o
FEXT 7K AH Hh T EL A S A R . AR B R LW-10 ISR R A 36.6% M9 A1 i #% 2Bk, Al fE2h T
B J5 T O 4 i RO I gt A FH T 2.

4300 — 2 JoA (TP 1140 b. &I FIE(PAHS)
4000 [ ] TPH}%k i Concentration 1120 4000 - = KB
<3500 - [ | % f@3Degradation rate —_ * LW-10
2 = T
" —I 1100 < 13000 -
2 3000 L 2 P
5 2500 180 8 Kl
ko k5 & 2000
= 2000 + 160 8 g
§ 1500 + 2 §
8 {a0 P 2 1000
1000 - © } i i
120 i
500 F’* Of s ae® * "2 ®a aesa
0 0 1 L1 1 1 L1 1 1 1 1 1 1 L1 1 1
KB LW-10 ><Dmhl~m§mmmmm%<m
i VA RC G PR
EPPEHCERE EEELEL
&
¢. fkt(n-alkanes)
6001 » KB
e LW-10
ASOO—
0
20 400 |
£
- l
5 300} ! } * 1
=] 1
=
§ 200} H
=
3
100 L }{{
0»'-----i.-o.o-'"'Oco.acooaiilillll
e B I T O X S N O PO S T O 00O
QUQ MMMMMMMMMM IO IO CICI O OO O N 00 0N 0N 05 €0 6N €0 0N 6N <t
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B2 LW-10 BREA A7 il AN R 43 i R 28R
Fig.2 The degradation effects of petroleum hydrocarbons by flora LW-10

FIHAEEHT-GC/MS W2 R R H ) C7-C40 IEREIE TN 16 Fh Z 35518120, Zeadk 17 d (0 RFSidk, $2 70 B it
B HE LW-10 AR &, C7-C40 1ELESE N 16 PAHSs () 4 514 164.0 mg-L™' 1 3969.0 pg-L™, 1 2 il
5255 (KB) Hft C7-C40 1ELE 42 A1 16PAHSs Y B 431 h 4958.6 mg-L™" il 5543.2 pg-L™". A [ £ 147 119 14
FZXFIEBERE I 16 PAHs (1922554 513K £ 96.7 % F1 28.4 % (& 2b; & 2¢) , it B A T 1E LW-10 X i
T TE LR A 5 A = VR T, X5 16 Fl PAHs 25 BRAICR AL 2%

AR, T 2 A5 e AR EEF PN, 45 H A 9y mT B A AR e I 4 43, AR S i
AAT 0 W A TR AR LW-10 X5 Sy A9 TR B 21 4 BE AR BUR B B & T2 05 1. TR IR S 2 DI RRiR &
TR, 7 00 LA o bt A 22 B 525 4 Ay B VR s 6 R A 6 AN ) 21 409 EL A R S B A B 0 AR TR AR, I AN T
AN B MR — 5 LU BT o W it T i, 3 a0 A R TR 443 0 25 B SR AR AT TR B TR AR A e e L
2.3 PR R b A AR L

AR SR FH 30 2K 200 B A T R 25 b 200 BT R 5O AT T A5, 5 SR AN 1R] 3a 1 3b T . A B R A B
HELW-10 B IR 4Rl 1.0x10° cfurmL ™", 2835 17 d AY RS 3%, B R H N 2 2.1x10° cfurmL™", H:
Hh R T T PR B 8.3 10° cfurmL . 4 BA B B AR ) U Rl e Y 21 %, 1R 0 M P A R ) e B A
() 8.3 4%, Y57 B I8 i T 00 L 4 P B ) A, 00 P 2 A %) o8 A T OB oA i A 1 e R v A TR Ak A B A
AR Z i B S TR, A TR T LW-10 78 R T R i B b S A T A T,



572 B78 5% 1t 2 42 %

25 b.
o [ ] M®Total bacteria ~ —J—
'TE‘ 20 U//) i&iLive bacteria
,_g
=15t
L
3
Q
a £ 1o0f
=
8
;ﬁ 0.5t
0 -7/,
0d 17d

B3 Bk R o 2 e
(Ga. AR P, PS5 o BEAR IR 2 b SR s P1 ORI ER b s i M 40 A5 s 3b. ARFE R N4 M A S i 7 2R rp S T e
o i A )
Fig.3 The numbers of petroleum-degrading microorganisms in the degradation systems
(3-a: Flow cytometry scatter diagram, P35 is the number of total cells in the systems, and P1 is the number of highly active cells
in the systems; 3-b: the total number of bacteria and the highly active bacteria in the systems which were calculated according

to the flow cytometers diagram)

2.4 kel D ek R AL

IrAR ] Ahd . PAAS13 . alkB2 FEIN S 55 | 0068 6 gk A 2 i A Sl s o fife D E 2 TR EATY S I 7
PCR 384, AR 3 A W A v T Z6 3T 5015 5] Ahd ., PA4513. alkB2 IR $% DK, 75 8 At 20 3 Rk (R e
AN A R (3R 4) . M e AR v, A AR e 4 S e J I Ak 1000 B AT B TR CalkB2) R AR AR 340 i il R
(PA4513) % DUBA 5 1.06%108, 4.09x10° copy-mL ™" #4111 % 2.84x10° . 9.26x10° copy-mL™", #A T, ¥l
IR TT I LH A WS 1) 55 1 AU 48Ut 6 (K] (A hd) F 1.06% 108 copy mL ™! FEAIKE 1.65%107 copy-mL™'. & Z&
Tt Js B AR DXL P DL 22 T O e U 4Tt 1) B R 5 DL T R figp ok Rt v, e Js B 40t B X (alkB2)
P8 DUBOE N, 5 6 SUI AU 5E D (Ahd) R4 DR 2 070 456 Be R 22 34 05 e s i 3R (141 2b; (4]
2¢) , Vb A T A A T A ) 6 PR SR 155 0 T LA 75 HC XS AR TR 20 e 4 R ik B 3, R i aod R v i PR 9 D
B AR A5 TR XS A [R] 20 23 e ) I i e A K.

R4 iR
Table 4 The changes of petroleum hydrocarbon degradation genes

HEF 2R 0 d# N1 %%/ (copy'mL™) 17 d#% D1 %/ (copy - mL™)
Gene name 0 d Copy number 17 d Copy number
Ahd 1.06x10° 1.65x107
PA4513 4.09x10° 9.26x10°
alkB2 1.06x10° 2.84x10°

3 4518 (Conclusion)

A5 e ST v i 8 1 A H 220D T 2 LAY S A MR RS TR LW-10 T LR A KR o
e v B i, X BE R 2 3 BT e LRI RE D, 0 22 PR 0T R B R A BE ) 2% . LW-10 BRI £ iR i
R PP R A A TR I AL R iR o e P R DR DL AR A A [ AL R A R R SR A A — B, i kR
fifp D REFE A 19 2 K1 000 RT LA 7 O AN [RI 21 238 ) IR gk RE 3 . AR WS 285 SRR WIS [ 21 3 e e e D e ik
F18 R SR ASHI T Ay A s A R R AN TR A I R 8 T R A R R0 B RCRIT AN SR BE R A AR .
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