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Degradation Kinetics of Naphthalene by Anaerobic Sludge and Analysis of the

Bacterial Biodiversity
CAO Xin-kai, YANG Qi, HAO Chun-bo

(School of Water Resources and Environment, China University of Geosciences, Beijing 100083, China)

Abstract . For efficient biological treatment of naphthalene in the industrial wastewater, activated anaerobic sludge was collected from a
wastewater treatment plant of petroleum industry, and domesticated with naphthalene, naphthalene and lactate as electron donors,
respectively. When the removal efficiency of naphthalene reached more than 90% in a domestication cycle, degradation kinetics were
investigated in batch reactions with naphthalene, naphthalene and lactate as electron donors, respectively. Meanwhile, the microbial
DNA was extracted from the sludge with high naphthalene removal efficiency, the 16S rDNA clone library was built up, and the
bacterial community was analyzed. The results indicated that the degradation rate of naphthalene in reaction with naphthalene as the
sole electron donor was much lower than that with naphthalene and lactate as electron donors. In both domestication modes, the
naphthalene concentration and the time followed the first order reaction kinetics model and the kinetic constant K were 3.5 x 10> h™'
and 16 x 10> h™" respectively. In addition, phylogenetic analysis indicated that the bacterial communities in naphthalene and lactate
co-metabolism sludge were mainly composed of Deltaproteobacteria, Thermotogae, Bacteroidetes, Chloroflexi and Unclassified bacteria.
Deltaproteobacteria was the main phylum in the sludge. In mature anaerobic activated sludge, Desulfobulbus sp. and Kosmotoga
accounted for 24.2% and 21. 0% , respectively. Smithella, Syntrophobacter and Levilinea were also found in the bioreactor. The study
of the bacteria diversity in the anaerobic sludge is conducive to the optimization of reaction conditions for efficient removal of
naphthalene.

Key words : anaerobic sludge; naphthalene removal ; degradation kinetics; clone library; phylogenetic analysis
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REIRE 80% LA I MR FAEDT M A5 Y 4
AYEHT 1 MRIMOBRTE N-1, R Rk 5] 94. 7% ; 5K
F A TG KAL) BT 15 VS e P A S 1
PR AT LA R i 25 i b [B] 45 AT P NAP_A;
STV ST T IR BA SR N7 7K Fp 28 0 B A 4 P B G
W a7 (VAR 25551 95. 66% ) .

ZRIEAR 2 RN« G, Hg +20H,0 —10C0, +
48H* +48e M. [ FE" X YRR R IR T
AN TR 50T 25 A 0 ok e R M A T 8 4 i I 5 T
FEGRIRER IR SR 25 14 T HE MR 2R AR AR £

AR5 00 375 P4 5 108 B Ak 38 9 2 7K ) DR
T, FEBR IR EIA JE AR T 2R S 28 ML sh it
TSR IR BTG PETS e L BRZE AR INH] 90% LA 1
A, AFF 5 B — 3 o R AR U 3R A 1 T IR TS T X
RIS Bl 12, %ok L T FOAS ) DA ASE 5 ) R 22
5, N RSB T BRI R s 1 IR AT
TR 2 DNA, #2E 16S rDNA Ji (K] Fr B v j S
JE AT BT AN B AR 7 285 A8, o DR S M Vs e v A0 B 2 R
PRI RO SO 254, AT B o R0 B 5
ZRIEK.

1 #MREFZE

1.1 ME
1L1.1 FEEAUER

Agilent B CRORH @IJE%, PCR ﬁ((jg% [ Bio-rad) ,
EERE LA (£ Bio-rad) , BS.OHL, fHIR KB, 5
FEK B, KA (dbmis—) ) S TAEG BT
K.

L1.2 FEEHF

158 55 FE . FLER EM (70% ) 0. 35 ¢, NH,CI 0. 1
g, CaCl, 0.01 g, K,HPO, 0.05 g, Na,SO, 0.05 g,
MgSO, -7H,0 0.267 g, ICE 1 mL,FeSO, i,
7K1 000 mL,pH 7.0 ~7. 2.

25 A6t 55 FOKS 20 4k 22 S A7 BR > | i ™= 19 23
gl [ IAZE INZE K CBCE R T 2 J8) e il B (30
mg-Lfl ).

STE 2% i : 1 mol-L~" Tris-HCI(pH 8.0) 2.5
mL,0.5 mol-L™" EDTA 0.5 mL,5 mol-L~" NaCl 5
mL, 7K & 250 mL.

PCR A G AL IR (32 E Promega A ] )

1.1.3  HFhi5ie

SKAE H FAT I Tl % K A 3
1.2 ik
L2.1 5RMAEERESYIME

e
b

PR TS PETS VR TICAE 500 mL J5 A S-S
BTG TR S 0 QR A, s (R B4 Tl e
TG IREANEN B FURZ 5, LR A5 et 3R
W, B T 35°C TH R G 35 40 h B 77, R G PR TS
JeHEK COD 4EF-7E2 000 mg- L' 45 ,pH 7.2 /&
7,496 h #— K (COD % >90% ). BIRA
15 U8 53 R FH LR Ak Ry A i Jo AN 2%k R — L 5T
HEAT IR 72 20 B v 2% i ok B ( AR Y 5 U
ZREBRE > 90% ), %% i 2 YAk ok B2 35 3] 30
mg-L "

1.2.2  ZEUREE

Agilent =0 AR (3% #5145 HPLC-5020,
CFERE R C18 S AHBAE. D MEMIER B B Kk 218
nm, Y S AR A (80% HEE) . B(20% 7K) i K
I mL-min~", #E#E & 20 pL, A 40C, HJE
168 bar, Kl RELE N 1 x 10° UV. & &7k Aok
bRik.

1.2.3  [Eff 2 1200 e

TESE R INE ST, AT 9IRS 245 0 B A sk
TRAF IR AT — M, —IMAZLEREA (1 g- L") 1E
Sy ARSI, P A TCALER 55 R M i T R A
— 7 Y 2R AR RN T 2k B AR R R 30
mg-L™'y 5 — i m A ZEAE S B — Bk R (30
mg- L") FRMATHLEE K FR MR T &, A
ZEGEH 12,24, 48, 72, 96 F1 120 h 4351 % B )
IS IURE 4 HT .

1.2.4 i ZEAPES T

(1) V5 YR i Ak B

PTG U KR ZRARIRF] 90% LA i B
T A T B AT, PA12000 remin ' B0 10
min, 3% _FIE W, INAC K WA #ER K e 2 ~3
K, T STE 22 it i 14—l

(2) 15U 41T 5 DNA $2HL

S5 SCHR[ 10 ] A A 3 A TR 5L D A B B vk .
STE ZZ th I W &7, MABWE 2 WE N S
mg-ml ", 37°CKIEALBE 30 min, SR 5 A K (1 K
ZUE N 3 mg-mL~",SDS BHIE K 2% ,50°C K
AbFE 45 min; FERFRAYSDTIEE 2 Wk, B HIE W W)
WP A3 mol-L™",10% Wy Z 240, Fim A %5
RFU SN EE, - 20°C AR 1 hy 12000 remin ' B
L2 10 min, 55 _FIEW ; DITER 75% W) SEEPEG 1 IR,
H AR T4, B0 05 FH 50wl 118 TC TR 7K V5 i

(3)16S rDNA H:H 4K 1) PCR ¥4

I 4 7% 16S tDNA 3 514 1651 (5'-AGA
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GTT TGA TCM TGG CTC AG-3") Fl1 1682 (5'-TAC
GGY TAC CTT GTT ACG ACT T-3") , IRA TG METS
PEHRHUAY S DNA AR, PCR B RE 5w AR 7 3
K. 50 pL i PCR [ fA % :5 x PCR buffer 10 uL,
25 mmol-L.~" MgCl, 5 pL. 10 mmol-L ™" dNTP 1 pL.
10 ].LmOl'L_lJ—_E}i%I% 2 pL, M 25 ~50 ng. Taq
DNA RAHE SU ., = 1 W ZEK#ME 50 pl. PCR Jx
N AR AR PE 25 R 95°C 5 min, 94°C ZE 1 30
s,54°CiR K 30 s Fl1 72°C ZEAH 2 min, 3£ 35 PMFIF,
HJGAE 72°C FHE{#H 7 min. PCR RV 791 1 10%
T R e FL ARG

(4) H 5y S b S

¥4 18 Peasy T1 Ui S wL L VIKR ,
25°C %45 13 min, 85 P LB KB AT DHS o
SN %A LB(Amp/IPTG/X-Gal) *F4i I,
37CHFE16 h JF4CHE 1 h iR R/ B )5,
BEMLBREC A LB 7%, SR alifb s 3%, W Epralifb iy
FEBY A O EAE A, LL MI3F F1 M13R 514,
DUV R MMM, PCR 9 38 56 UE 46 A R 7 59 K
ZIN i BH A TR

(5)16S rDNA J¥ 51l % Fl & G it Ak 73 A

M 200 A~ BH M e B BEHLERER 80 3% 2 )7, I
JF AR R A YR A IR A F e .
Dotur JPFXT AR 57 50 647 5328, S BR AR [ 51, 9F:
AT 2. K T AS 3 55 A NCBI M35, ] Blast
FEFFIEAT X, N2k MR TR i P 5 E S % 8
A % % H BioEdit ' ClustalW ## ¢ b %t 5, FH
MEGA 4. 0 8 R G kBRI

2 HR5iITE

2.1 [EfRsh)is

FESBR SE T, S Wt o] DUR IS 4n NO;y |
SO;™ S 1E R P2 R BCRE R AR T K Ab B
TR A R BELL SOL ™ R HL P32 44 RIS N 76 Bt iR
IR RS HEA T, 58 4 RN B 28 5 L A2 AR B G
B2 25/ BRI AR = 1: 6, PR L 3 b S B B I A
K TR RS ELSE N 3 5L L, RIS AR E
SEA AL ZE T Y T L I L TS AR TR 23 Rk
SN BRI PR 2

Rk figt s 2 S 36 v T 8 9 0 R 280 15 241 30
mg- L~ (FEMMAZERY 4] 30 min 2] 1 h PN, % JEE]
15 VX 25 11 W BT AN RURE ARG ) | AR R S 56 T 52
FE ZRAE NI 220 B R B, 459 B AE — AN 7K T 4% BE 1]
(5 d) TSI R rh R A 25 B BT ] 19 28 AL A A

P 1 D PRAEHE P15 TR e fifp 25 (1 SE B 45 SR A0

35

% —o— DLELBE Y IR
—a O BRI
Br

20

c/mg-L!

0 20 40 60 80 100 120 140

Bl1 ZFRETHHLE
Fig. 1 Concentration change curve of naphthalene
A T S 0 A B LU o3 A, R R AT S
BB 8l Iy 2 UL, ARG — GO N Bl 15 dS/de =
- KSX(SJRMIWIE | X MR IE | K 3h 122580 |
B R PRAEGHE M5 YR e B A 1 T A LAZ O B — i
TR FERRZR 09 —In(S/S, ) - M2k, 45 R 2.

25

& DLFLERANAE Ay 3Lk R A

b0 L A& A BRI

; y=0.016x+0.106 4
R2=09718

~In (S/Sp)

y=0.003 5x +0.072 2

R?2=08627
0.5
A
et
(IpY 1 1
0 50 100 150

B2 ZEEMERH -In(S/S,) -t EIFEZ
Fig. 2 Regression curve of —1In(S/S,)-t

of naphthalene degradation

F Il 2 AT UL, PR AR 75 IR X 25 (1 A — In (S/S,)
Y ¢ Z [AIRPEAH OGB4, i a6 b £ AT 2k
PERIG, SR A 4575 U Xof 255 IR 4 o ik 1 % 1 50 K TR
KRB 1, = (In2) /K, G5 R 1.
F1 BRMEREY. BERMREEH

Table 1  Degradation rate constant, correlation coefficient
and half-life of naphthalene
i T BRIE J5 5 118
BRI %11 LIt B — Bl
Kx1073/h"! 16 3.5
LIPSES ¢ 0.97 0. 86
3/ h 36. 67 177. 41

L Lo A Al A, RS [ AL T3 3 94 H Al B
TG VRS ZE BB AT & — SR N 8l Ty o7 FE AL
AT T 2R R BR AR AR AR T 25 0 B — e I
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A A OO0 , 78 3 BT 25 T 5 — 2B 1 2= A 1Y
AR TR R ¢ =26.97e "7 25 Ay B — B U5 [ i
BF, DR AT VR RE MR 25 55 S G — 28 1 2= 0 T
PR e =27.91e "% FEAL I TR AR AN ZE by B — itk
TR R A R P RS [R50 T, DA 3 238 5 80 K (1Y
FK/INAT DL L3 H R T 45 14 1 15 e B il 2% e ) 179 52
55, AT LA HOIm A AR5 56 5T 1) IR 48005 T 0 T 28 1Y
Kok ik e 1 B,
2.2 AR IR S BT
2.2.1 & DNA 42H(&E

WL IR Bl 5 2% 3 ) 9 Ak /9 ¥ U B A TR R
DNA, 41 5 DNA $2EUES R NE 3 fiizn AL, A2 R
SPATHE. 4 DNA F BoR/NSh 23k, HEWT 2 345
R SERE LRI 4 DNA.

3 16S rDNA £ 1%
Fig. 3 Amplified full-length 16S rDNA

2.2.2 16S tDNA 4 # 55

X540 TR B DNA 28 PCR ¥714 )5, 45 31 500
bp K/NEY H A F BE, A0 4, CK M BAHEXTIR 1 (25
ng) . 1.2(30 ng) . 1.5(37.5 ng) . 2(50 ng) H4EHL
() DNA #i B 2 A [a] ok B2 A PCR & R ¥ 34 1)
ghEIR.

PCR F=¥) 3% 5% Ak 5 BE LR 80 A 1 €8 5
BESEATIN T , K BT #5977 51 L Dutor #1448 47 43 2591
oA 2 CaniEl 5) SIER AR 751 515 3 16 F
FERRY SCPET Fa TR AL

V13 T 3 PR A 09 7 % i AL RDP X 3, 1)
Classifier F2 7P i R G A B IHE, 45 KR SUF
B SLRE A9 16S DNA 751 43 J& 6 4> 4l B 2 B
(inE 6). T S5 O A T T X5
M, BB RANER 2 iR, 5 B oA AR 3k R
BRI ¥ 50 i A NCBI (3, B BLAST ¥ B A7 )75 H
ClustalX 1. 81 HXF )5, Fi Phylip 3. 65 B {42 R 48

1 500 bp

El4 16S rDNA £
Fig. 4 Amplified full-length 16S rDNA

1
0 10 20 30 40 50 60 70 80

TERER
5 16S rDNA 5E[E3C B (H0 i 2%
Fig. 5 Evolution of representative clones obtained from
the anaerobic sludge (with naphthalene and lactate )

Verrucomicrobia,

Unclassified bacteria, 1.6%

17.7%

Deltaproteobacteria,
32.3%

Bacteroidetes,
14.5%

"hl lexi, 12.99
Thermotogae, Chioroiiess A)

21.0%

BEl6 &IEUE T EFFTALLA)
Fig. 6 Proportion of each phylotype in the clone library

RE B, H TreeView B4 th, K1 7 25T 16S
rDNA P8 AN R SR B
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Table 2 BLAST analysis of 16S rDNA sequences of the bacteria in the sludge
Tk TR % FEPISERE B e rh B R A i e e [Fl WL %

CC-10 4.9 Deltaproteobacteria Bacterium enrichment culture clone R4-63B( GU196225) 99
CC-121 3.2 Deltaproteobacteria Uncultured Deltaproteobacteria bacterium ( CU921479) 99
CC-129 4.9 Bacteroidetes Bacteroidetes bacterium 4F6B( AB623230) 99
CC-140 1.6 Verrucomicrobia Uncultured bacterium clone B1 ( GU322883) 98
CC-142 24.2 Deltaproteobacteria Desulfobulbus sp. RPf35L17 (AY548775) 99
CC-144 11.3 Chloroflexi Uncultured Chloroflexi bacterium( CU917659) 97
CC-145 21.0 Thermotogae Uncultured bacterium gene( AB195919) 99
CC-147 9.7 Bacteroidetes Uncultured bacterium gene( AB195893) 98
CC-154 11.3 Unclassified bacteria Uncultured bacterium clone BB-B50( GQ844339) 93
CC-158 1.6 Chloroflexi Levilinea saccharolytica gene( AB109439) 98
CC-81 6.4 Unclassified bacteria Unidentified eubacterium clone vadinBAO7 (U81641) 98

77 | Levilinea saccharolytica gene (AB109439) 1

100 |:“ 00 ' Uncultured bacterium clone SJA-58 (AJ009468)
CC-158
99 Uncultured bacterium clone DMPU-48 (EF029839) Chloroflexi
Uncultured bacterium gene (AB195873)
100 CC-144
N 60 Uncultured Chloroflexi bacterium clone QEEB3AEOQ1 (CU917659)
LUncuItured bacterium gene (AB195893)
100} Uncultured bacterium UASB_TL54 (AF254396)
Lec1a7
100 Uncultured Bacteroidetes bacterium clone QEDQ3AEO03 (CU923121) | Bacteroidetes
T0o | Uncultured bacterium clone BR20 (GQ461628)
1 M’ CC129
Bacteroidetes bacterium 4F6B (AB623230) i
1001 Uncultured bacterium clone KNR200711-204 (EU881215) 7
100 Uncultured bacterium clone G35 (JF428991) Verrucomicrobi
| - Uncultured bacterium clone B1 (GU322883) errucomicroia
875 CC140 )

95

Uncultured bacterium clone SWADLP3-36 (FJ535536) T

Uncultured bacterium clone BB-B50 (GQ844339)

100
92 CC81
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68 Uncultured Deltaproteobacteria bacterium clone QED81CA07 (CU921479)
| 03)7 }Uncultured bacterium clone Er-LLAYS-88 (EU542530)

99

100 ,CC142
100 ™1 Desulfobulbus sp. RPF3SL17 (AY548775)
Desulfobulbus elongatus strain FP (NR_029305)

95 rCC-10
Bacterium enrichment culture clone R4-63B (GU196225)
100 || Uncultured bacterium clone POME-T37-B04 (HM440282)
89 LUncultured bacterium clone SWADLPS5-17 (FJ535554)

Uncultured bacterium clone LA07Ba42 (AJ009448)
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Fig. 7 Phylogenetic tree of the bacteria based on the 16S rDNA sequences
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