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Synergy Between Fungi and Bacteria in Fungi-Bacteria Augmented Remediation of

Petroleum-Contaminated Soil

HAN Hui-long, TANG Jing, JIANG Hao» ZHANG Min-lian, LIU Zheng
(Department of Chemical Engineering, Tsinghua University, Beijing 100084, China)

Abstract: A new bioaugmentation technique for petroleum contaminated soil utilizing the synergistic function between bacteria and fungi in both
growth and metabolism of petroleum was proposed and investigated using E. cloacae and Cun. echinulatas> both of which were isolated from
Zhongyuan Oil Field, Henan, China. The maximum biomass of E. cloacae and Cun. echinulata obtained in the mixed slurry culture were 3-
and 20-fold as much as their respective counterpart obtained in the pure cultures. The decrease of cell activity was considerably postponed, as
compared to the pure cultures. The removal of total petroleum hydrocarbon (TPH) by the mixture was higher than the sum of the individual
removal obtained in the pure culture, which could be further enhanced by repeated inoculation of fresh fungal and bacterial inocula. The
optimal parameters of the in situ bioremediation of crude oil-contaminated soil sampled in Zhongyuan Oil Field were determined as follows:
25% (m/m) soil humidity, 6% Cm/m) of wood scraps, 2.5 x 10* CFU/g of E. cloacae and 2.5 x 107 CFU/g dry soil of Cun. echinulata . Tt
was demonstrated that the growth behavior of the inocula and the degradation of TPH were not inhibited by the indigenous microorganisms. The
in situ remediation via inoculating the fungal-bacterial consortia removed 65% of TPH in 40 days while the control experiment with the
indigenous microorganisms removed 16% .

Key words: bioaugmentation; bioremediation; petroleum contaminated soil; Cun. echinulatas E. cloacae; synergistic biodegradation
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Table 1 Characteristics of experimental soil

~ 3 i A5 bL; by +- 3
7 — st — YSTYIR R e s et
Wi/ % kL % Hiki/ % /g*kg /mg*kg /mg*kg OKApsEbE 5:1)
il 18.7 70.7 10.6 2.56 0.940 36.7 154 7.43

AR SR AM I 1) A 7= i R v = AR B R AR
ARG, RRLEE A 1~ 3 mm.

LB Higfdk: MK 10.0 g B EBFKY 5.0 g5 NaCl
10.0 g, 287K 1 000 mL, pH 7.0, 121°C KB 15 min,
TRAE £ H . o 07 20 350G 15 97 2% KH,PO, 1.0 g,
MgS0,*7H,0 0.5 g, FHH K 5.0 g, #i % K% 10.0 g, &
BIHI41 0.033 g, BAIE 20 g, 2818 7K1 000 mL, pH 6.8,
121°C KB 15 min, ¥ E1 22 45°C I, TN BE S 2 30
pg/ml. ToALEE RS 75 KL (MSMD: KH, PO, 1.0 g, K, HPO,
1.0 g» NH,NO, 1.0 g» MgS0, 0.5 g, CaCl, 0.01 g,
FeS0,*7H,0 0. 1g, Z£1#7K 1000 mL, pH 7.0, 121°C K
B 15 min, TRAFEH
1.1.2 kIR

N TR] T 905 S v Ji vty P A e v e 3 v i B 19 )
Ay B i A W BVA T TR CE L cloacae ) R 46
AN RE B C Cun . echinulata ) » 2 BE1# ¥ 0] £E LA
TR DAy W — T R P R R ARG L 2 R B R A
K 1 Fi7n . E. cloacae W) 3 S4B AE AL g 22
GBI /N B AN I, S8 A T, 3 g BH A, et
IR, R RN 2K . Cun. echinulata W) E 22421

GRS AN W TPEA NE SRS ] ) S s
IR T . AR 2 T BEAE R 250 (5 ~ 10
pm) s A7 I A R 0 A8 AR 1 22 . A ST ) L
R IRBTEA R, 2 REOE BT ERE, AR
PEHAE10 ~ 15) ~ (30 ~ 40) pms 2 AE W FE FAR(T ~
10.5) ~ (20 ~ 28) pm, JG ¥, 18 % G €, A4t 7 92
TC B (A, HAC ) Hof s L7208, v ol
JEEER AL, HAR 9 ~ 13 pms WS (0407 JE 35 4 BR B
B ERTE , BT S 48 1, AT 9 ~ 13 ym.
1.1.3  FEE

CEM MARS™ T fb 2% T AF 3l ; B3 6010 48 4
GGG EETE s By 10A SAHEE
1.2 SERT7VE
1.2.1  EORAE MR IR

¥ E. cloacae M 1% 100 mL LB W AKKE 77
FE1 300 mL =S, 75 30°C 170 v/mindE 7E20 h,
Y WS 509% I JC T H K S BOR A, TN - 20°C
UKFERAT

BRI, #2H 100 L HMAREW E. cloacae
WE] 100 mL LB FiFF 2, £ 30°C 170 v/min 55 57
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Fig.1 Morphology of two petroleum-degrading microorganisms

20 h, K5 BV 7E4 000 r/min N 250 10 min, F %R &L
TR AR MPC0.2 mol/L pH 7.0) YR BT
VE 2 i, AR A B B 10° CFU/mL, 1 R M i
TN 4°C VKA RAT .

1.2.2  HERRAE IR

¥ Cun. echinulata FEFPAE Jo N H7 21 B JR 1% 77 5
b BB E I BUBN SRR, AE 28°C R R TR 5
~T7 dJETRN 4°COKFERAT- .

)t 3 e K AR R P R, R R AE Cun.
echinulata W NP EENREF 23 EVI T emx 1 em
KN TRT 22 A Ay $i A

) 3R R BRI, P B IR A - R A
L MC0.2 mol/L pH 7.0)WE% Cun. echinulata
Ak E T, TR R R IR N 10°
CFU/ml, VE R MBI 4°CUKARTRAE .

1.2.3  Alyg g e i il %

FREL— & A TR, e mis t s 5in
ANIBHEA 30 ~ 60°C A il 1k 78 73 B A . K v A7 i 1)
AR - R A YA, BT I R P AR A
fi e A5 S B RON VKA T AE 4°C T ARAT . 3t
F7SEIGHT, 58 C:N:P: K HeBIh 100:10:1:2 175
+3E NOPLK IS
1.2.4 205 FECHR (172

) BRI B B (1 T ORI W RS RO B0
0.2% SRR AN WO 1 LA, B A5 IR 5
HEAT AT 4
1.2.5 HIER A MIECTPHD e Ty %

KH EPA 3546 #EFF 77 200 5E b A7 il e
BRI o T RN CEM A HUHE, A 25
mL 1F CVGE R0 A (7R B (1 s 1, AR R D J5 470 B

A BT CEM #A4E S 500 %1200 W, THi 5 min
2 120°C > PRI 30 min. FEAHIE] 40 °C 5, B BEAA
W AR I8, BT OARE M = M, BN T
JAJE 25 ARG 2 18 I, R S % R AT
HErR ) TPH & 12 .

JIT 3 S 36 A R AE I S B 3 ASSPATHE S kAT 23 A
KL, SCrb 2 B SEATRE S AS DU P 348, 45 R AH
X 22 545 5% LAWY

2 ZR5E

2.1 BUTR NN B A K

7E 4 4~ 500 mL =M 23BN 50 g JR 44
MR 1.5% P4 s 4 H 3R 200 mL G HL
EREE TR K PR A T, T 121°C PR HCK B 15
min. W, KEE G 5% A MRS S0 A .
FEW R 2 TR AESS = M 43 3R E. cloacae TN
Cun . echinulata » A H F P4 1.25 mL, B P&
M1 emx 1 em K/NEB 2244, oo I 4 R B2 0T
FITAED K = SE T 30°C, 160 r/minH ik 3 PR
HEESR 12 d, 8 I EURE, W2 55 97 1R 5 o 4 B R 2T
B AR B AR ARG E T 4 MMAR T TPH 1

4E.
F2 BRFERDPEERNY
Table 2 Inoculum in different slurry cultures
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& T 4o T AT 3% R Wy W S5 47 J A1 o) - 8 v LR (1 AR
P9 200y B TR -4 B ) A K A AT AT, AR
FEHEE T HEMAM W AR SR g R A K
RN T 2 45 T AN B Al R SR R R ORN B AN R A
WFRIE AP, E. cloacae HIEK M2k .

2 WO, AR Al IR A R IR B AR B A 25
h G TFUE N B, BUAN e N T30, 28 12 d (R R T
YN RJE LA 3.0 x 10° CFU/mL. 110 7E 40 B - 2L 3
GRiFRER T A8 WA IR FERF 2 BT, dl i AR K
FRENE HE; 48 h o 40 B B T 46 T B, 272 hfE 2
3.1x 10°CFU/mL, 512 dFf % 6.4 x 10" CFU/mL, 115 %1
TH B TRAR R, B 40 B 3 T E B A AE A O T
BEHEIR , 40 B ()35 T A6 25 A2 K B X v - 40 B 5 %
R MEBE TR AR E R FRIKZRT, E. coacae
(s = BE A3 A 4.1 x 10°F1 1.3 x 10° CFU/mL, ¥t
T B IGATAE A TR A RS IR AR 2 b 4 TR 1 9 R I
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Fig.2  Growth behavior of E. cloacae in bacterial pure

culture and mixed culture
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A B IR Z T LB 1A VR BOUAS T BT 12 d A R
P ECTR R VR 20 LA 207 300 CFU/mLL. {6 VR & 35 957 1k
FR R LT S v R v Y LA AR R AR R B R
(48 1,400 CFU/mL)T 20 1% . JLAh, TR A B 744k &=
HILK SR EAR N 1~ 2 mm W5 2Bk, 76 BRI 4l 85 97
WA A T 28R A TR AR 1 AR v B e vk

X L2 BRI R E R AT E , S 2 IR
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Fig.3  Growth behavior of Cun. echinulata in fungal pure

culture and mixed culture
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— R AR 2 L 2 AT 3 TR IR
ERE IR AR T AR MR TR 2R AT O R] BUR L, AE
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A A T R R A K A AR T S A 4w
B A4 o A S 40 o R AR BT 7 A ) v o R B R R
ZAR U v TR 7= g A B RS 4 R B I R R 4%
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X AR A A0 TR e A 0 P T AR A B B, Ak B
o A B A S R ) TR 3 A, 4 R RI L R 4 P
firke &2 AF F LA R AR AR 0 03 1R 4 Al ] e 3

LA R0 TR VR B R R R ook 4% A AR K ek
2.2 YR IR Z P A B R LB A T 1 B A

XF 2.1 I S (9 A g R A A DL HEAT % 5%,
iR 3 s .

H13 3 Wl A0, R AR RrP LR 9 12 d 5 R
R AT B AMBECTPH 0 2B E N 25.7%
J2 G B Al R 7 R B B Al B IR A R P oA i R B A e
R 2 4% 5 2, FLRERI N B 1 E R A AR B
TEE 2 R 3 B s (1 AR Ky T, AR BAE R A e
o] 5 7y aTi

#*3 REFRZFTPHEE

Table 3 TPH content in different slurry cultures

Sk F TPH B4/ % TPH R %
0d 12d /%

X 1.13 1.04 8.4

MW E. cloacae 2iH5TF 1.13 1.02 9.7

B Cun. echinulata 253557 1.13 1.10 3.1

E. cloacae 1 Cun. echinulata 13 0.84 5.7

R TR

ZEBRE R T EAE 3 d 5N
W, BB AL 48 h JE 3 AP A K ), A BT
T 2 REEM TR J7 2, 28255 5% 77 A0 [ 1 A
AR BARERAE N, BRI 4 d ¥ &SI R R
K Ja BRI R, 7E 30°C 5 160 r/minfH L1 PR 1
PIEEF% 12 d, WE &R R f TPH % & 121k, 45 53
Wi 4 Prow . 3 4 a7 50, SCR -4 TR G B IRk &
[FI6) TPH B AR 2N 36.0% » i1 T — IR EEFP 1) 245 3,
i) B A0 VT 4 T 5 7 R L Al B SR AR R I AT

R4 REWET TPH 2 B (L UFIETR)

Table 4 TPH content in different slurry cultures Crepeated inoculation)

. TPH RS540/ %  TPH MEfiR
0d 12d /%

o 1.36 1.34 1.3

M E. cloacae #iR7 T 1.36 1.25 7.8

H Cun. echinulata 413537 1.36 1.20 12.1

;f:é. A:{ig;; 1 Cun. echinulata 1.36 0.87 6.0

2.3 FAEMBRTESH
FE S E R I AR Y18 R L R, X 35K

T A VAR 0 A R L R - 2 AT Ak A A0 D R 1 4 e
E3NEEW T 2T T HR, £ L 258%
gSG o, LIRS TPH S8R 2.1% (i
S0, S FTE 30°C I E IR FRA kAT
2.3.1 IEESIKE

YT 15%25% F1 35% Ot it 53 £ 3 A [
T /KRS TPH B2 (1) 5210 . 52 56 vh I 8% 31 5 7K
h 25 % (1) S50 A FR BB IR AR KA Dl B A, T K
A 159 FT 359 (19 556 44 7 b L1 11 A2 KA
DU ZE 3R 5 4 T 4L 50 d IR, 3 AN SEIR R R
BRI B NER 5 i LUE H, K=
25 % (1155 B AR 3 TP A TR 25 B R B ey, ml A
34.9% AR IRE A v A P A AR 20 O P AR RO, HL
RAEAE WK S I K i, S Atk S i ) i AR
TN, AR T3 A P A I R s K e
SRR AT 3 A e, AR A R 1 R
VWA 5 38 00 F 7K 5 ] DR UE B AR 0T A 3 ) e
A

F5 BKEMNDAMEERENITIN %
Table 5 Influence of humidity on the removal of TPH/ %

T KBTS 50 TPH Ffif %
15 27.4
25 34.9
35 28.1

2.3.2 KEHnmnE

ENELE 0 N EA R i3 ST
VE A e PR 1 B0 0 1) 2B, 53— T AR ] 15 3 BN
PR AN 0 3 AT, B v ARG S I RR L I 5%
T AR IA o 5 0 0 S Ay e 25 BRI 52, &5
R 6 P . NER 6 v 50, W IR TS BEf8 i 25 4 =
ARSI AR SR RS I 6% I, B A R
LR, 208 50 d FE S TIA 50.1% .

%6 ABFMEMBAERREBRENHIN %
Table 6  Influence of wood scraps on the removal of TPH/ %

A B I O 590 AT AR R
0 33.6
3 45.3
6 50.1
12 44.2
2.3.3 WAEMER

P TR 10° CFU/mLIY Cun. echinulata 2t
WA B R 10° CFU/mLIY E . cloacae P 1%
1= TR B LG TR & S5 4 ol 1) J A A 018 52 S50 1R &R
b, R 200 0.01,0.0540.1 A1 0.2 ml/g. 3 7 45
th 745 30°C T, &3 50 d HIREAR S, AR F b TPH 1)
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F} 2% 29 &

ZBRF AR 7 W LA Y, e oK, Al i B
My MM E KT 0.05 mL/g, £l i 22 1)
SN AN B 2% LR A P R 0 AR, T
IS A AE )RR B A AT 5E S 0.05 ml/g.

F7 BEMHAERENREREEREOZMN

Table 7 Influence of loading of the inocula on the removal of TPH

A AR R B e g ! AR %
0.01 20.5
0.05 31.5
0.1 40.9
0.2 41.3

2.4 SER=ERPRNAEMBE SR

AW 5T LA il v G 3N AE BT &, BLI
TR0 R A R R R g R TPH S N AR
bR, 5T IR -G E P R B T AR
To g b N BRS04 A
RN 1.92% .3 DI AR R B ARBEMRAK R
K e BRI A IR IR A s A AR RN 2

WIAEAE MR Y 70 ) AR D AR R L SRR 5%
20 30°C TH M, T KR 259% (& 250, K
JEA N A 6% CJ5t 43 50, ok A2 4 il ) 42 b ik
0.05 ml/g. b I &S50 7K 52 v 40 B A0 B0 1 1 2R AT
Nl 4 s

M 4 T LUR H, H AR B AR &R b T 2 R
Y e K g2, HAE 9 d LUE PRFFRSE, 41
(1) 4= 4 o v N B 10° CFU/mLs B £ 36 5 I
A R 300 CFU/mLL. 752 B0 TR - 48 B A 26 40 ) 57
12 MERFR T, T2 AW I AEAE S 5 0] 40 b A 2L
PRI AE AT 52 AS K, e b s 10U E 3 i i
T R B 20 R B R AR ) R K
B AR AR REAE 15 d R A IR, A1 AR
e Al IA 3.9 x 10° CFU/mlL, 25 d J& H BLZE 18 T F%,
7E 40 d J5 PR 29 1.0 x 108 CFU/mLs L 18 (1) 24E 9 f: 4
30 d WIRFFRFEEIG K, mmnf ik 4y 2.7 x 10°
CFU/mL,30 d J5 TR 74 e, 76 SE 50 I N %A T %
A AL glh SN 200 b R] e e e e el R R 1) K
B 2R W BT -0 BRI RE Dy, R L

(b) HEER ALY B RB AR PIAEK

1g(FL R IKEE)

0 10 20 30 40
t/d

B4 AEMERESREUENEEXTREARPHERITA

Fig.4  Growth of bacteria and fungi in in situ bioremediation experiments
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29 65% (1) TPH # [l , e ip A+ 32 A VA 2R
YA SEE AR R TPH 1 L BRE N 66.9% , I 3 T
KW G R ED A S 90 AR R ) 62.8% . 45 RE W H
PRI A1 2 0 T L AR it A R R A 2 2
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Fig.5 Removal of TPH in in situ experiments
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