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Biodegradation of petroleum hydrocarbons by bacteria with surfactant
producing capability and cell surface hydrophobicity

Sun-Lul Kwon and Hong-Gyu Song™

Department of Biological Sciences, Kangwon National University, Chuncheon 24341, Republic of Korea
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Some bacteria with different mechanisms for hydrocarbon
degradation were isolated from oil-contaminated soils in
Korea. Isolate Acinetobacter calcoaceticus SL1 showed
biosurfactant- producing activity in oil-spreading test, and it
exhibited a good emulsifying activity of 43.6 and 54.5% for
diesel oil and n-hexane, respectively. It also has high cell
surface hydrophobicity which can make it easily attaches to
hydrocarbons and degrade them. It degraded 100% of 1,000
mg/L of n-octadecane and naphthalene, respectively in 3 days,
72.3% of 1,000 mg/L diesel oil in 7 days and 78.0% of 10,000
mg/L diesel oil in oil-contaminated soil during 28 days. Isolated
strains Bacillus amyloliquefaciens S10 and B. subtilis GO9 can
produce biosurfactant and formed 6.34 and 2.5 cm diameter of
clear zones, respectively in oil-spreading test. Surface tension
of their culture supernatant reduced from 74.6 to 34.4 and 33.3
mN/m, respectively during incubation, and critical micelle
concentrations of culture supernatants were 2.0 and 5.9%,
respectively. Consortium of 4. calcoaceticus SL1 and B.
amyloliquefaciens S10 degraded 77.8% of 10,000 mg/L diesel
oil in 3 days, which indicated more efficient oil degradation
than that by 4. calcoaceticus SL1 alone. If these bacteria were
applied together as a consortium to oil-contaminated sites, they
may show a high removal rate of petroleum hydrocarbons.

*For correspondence. E-mail: hgsong@kangwon.ac.kr;
Tel.: +82-33-250-8545; Fax: +82-33-259-5665

Keywords: biodegradation, biosurfactant, cell surface hydro-
phobicity, emulsification, petroleum hydrocarbons
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THCohen, 2002).

Shpare T 2/ S 2 Eof| tieh 88 =7 i
11 octanol/water ¥-Hl| A7} o EoFol -4 =W AR} EH
o Al F2E o] el vdEEel ol & EEH R &
3|5} 3-5}7)] ErhEdwards et al., 1991). 0|28 A E71-8-4
o) 34 EAE A7) YA AU 2L o] =
S 72 BARZ 1AL Eofl thie Bl S S7HIA B
A Zafin|dEo] o] & o8 4= A FHrhDean er al.,

2001; Wick ef al., 2002). ©]% FstA dASA 1= At &
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ol glom SAUS 2ETHA L3S Wl &5 4o £
trapping 2] 3 bypassing 502 18l =4 B 957} Yo
4= QJth(Laha and Luthy, 1991; Strand et al., 2003). ¥4 A4
AHE A= of 2] mESo] st A5z thef
Aol A Hafpa o oot AR sl o] f-8-5krhal HarE gl
tHLaha and Luthy, 1992; Chang ef al., 2004; Bordas et al.,
2005).
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A gretaled Bl Al RIS $j) 23709 F44
o] 450 AR AT #5 RelE 98] ARt A
2] 41 9325(0.85% NaCl)= 1:1 H|-&(wiv)R &lo] 22715
(Recipro shaker RS-1, Jeio Tech) 2 2183}03(300 stroke/min,
308) EoF WEOLS itk o] Eof AEl2 2% A4 E
= mineral 0il©] 3 7}%] mineral salt medium (MSM) (Tam et
al., 2002)°] = AN HFg & SUZF viFsaL30°C,
150 rpm) B FH & -2 28 o] vl 7] o] 53] Achu e 5H3
t}. 78, n-hexadecane T+=phenanthrene©]| 1% 7} MSM
R uf R of] W FE oS <5 3] A Ske] et 5, 30°Cof| A
48A1Z vtk whe ek ehe Astel A6 1%
A 71gt MSM ghxlulj 2] o 4] <=

(Tanase et al., 2012) 5 0|83 2%
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E2] 3}% T} Drop assay
S #1s MSM
Alof] ZelatE =kl viA] Fodo] s
=7 5 ufstod(30°C, 48417 7 Al A
2ol Al AT

Areeleea 2ol Alat ) S8 el o Bl Y S ()AL
Tof] 16S rRNA #7314} A7 4 & £41& 2 =St AT 24
A F714E-S v]=2] National Center for Biotechnology
Information &5 w52] 4714 D3} v]aLsto] Adg-do] 714
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g, API 20NE2} API 50CHB kit (bioMérieux) S A}8-3}0] 2+

F5 HFSL g & 71 o] BIE ARSI

Ealdre AHEY 2 7aied

] EAHE/Y5-S £AF6E7] 918) Luria Bertani (LB)
H X](Difco Lab)ol] 48 17+ vljslal ¥14182](4,500 x g, 15

)
o
ol

2L
o

g il-spreading
0ml SF4-2 WL 1 9o
S5 s 947 sk
2 9l EnlE vl A5 10 WS A7k A
o 472 2R,

FE7 AL AR o) §EA S
9130 Emtiazi 52009)2] & o] G515k, o A5
A G Er sk a5 HH(kerosene), n-hexane] 2} 1:1 (v/v)2 A&
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FoFZ/(E2s %) = (1215-9] wol/ZdA &ol) x 100

ahel wjoF A5 ole] EugEl S SRt A5 oe
242 3451 W22 Du Nouy ring method & o]-&

3 Z4stn Ay

3* A A =9} critical micelle
concentration (CMC)<&

tH(Fernandes et al., 2007).

L oX
o}
o (% qlo

BN
32

A

0] W A4S A T LB X048 h WjF
BATH (bacterial adherence to hydrocarbon) buffer 2 2 3] Af| %]
313 10" CFU/mIZ 7§ A4S 93==(Pruthi and Cameotra,
1997) th 4l ZHASHA| 3-3 = A& ©]-8-3l ODgpox 1 2 57
sl 75 dErl 1.2 mlT} A G884 0.2 mi 1.5 ml
tubeo]] gL AUH25°C, 1042) F- 227t wrbsar 1527F 4
2of Fo] Afetstpart Be| = =5 5tal ODgoe 5745}
o X 1 EeHEe) S ) ATt thee] FAoR
ATk

BATH (%) = (2% &395/27] T5%) x 100

Sa[@ze| NREEA Hifs

el T2 LB v A|oflA] vl Fslan48 413k, 30°C, 150 rpm),



A2 deE 7 I AIA F0Dgoe | 2 HAsto] FE=2 0§
31Tk WA Tl Elsleao] AJBs| =42 25} n-octadecane,
naphthalene ¥} phenanthrene-& Z}Z} acetone]] 591 % 25 ml
MSM Hfj 2] of] Z7}5}oq iE% 275tk 5h 5Qt -2l
A acetoneZ SHAIY] F 75 HFSHL T vt
(30°C, 150 rpm) {Pv%k—% =25} e} A-G(diesel oil) 2] AE
3f}+=25 ml MSM H]| %] 9]| 5= 1,000} 10,000 mg/L S 2 &7}
S 5 A% 37U et lon, 2h4e] AL 40 ml
MSM H}j %] o] 10,000 mg/L o] ¥ =5 7}kl o5 3 E35t
of 1827k Mjoket 7 15 RS Z4elolch the Sl
Bal IS 71 5 7P @R ol 2ol HEE) gt
shops Bali5-S 2AKE7] 918] 25 ml MSM Al of) 745
10,000 mg/L A 718} ZF #3221 x 10° CFU/mIZ 243 5
7HA 5 11 2 E9)sho] FESkaL u skRIth30°C, 150
rpm).

w2 EOWW—J i *“—v—OH%é 4= Flell et
Tl A 7
o] AxFF Ev—(WHC)
WHC9] 70%= Z& 35}t E]'/\]J]"\ O 7 EQFS pHE 7.5
2 BASFa NHyNOs; 2} KoHPOs 2 C:N:P H]-82 100:10:1
2 24319} 492 10,000 mg/L7} 5w 2 W71l m 45
56 x10° CFU/go] =|7] HZ3o] w3t Hrh30°C). Eokel
olal 39tc} =ope R 49ln SETFE
WHC®] 70%E G2 5He 2 319tk

919 waked o) A8 A BT BS50E S
ol5) &4 77k v o3t A & 2 1 E] methylene chloride S 81
2 3lo] 2E2%7](300 spm, 30 min)E- ©|-&35}o] = Q}
A4S FE3L 5% S flame ionization detector”} A2}
%l gas chromatograph (Model YL6500, Younglin)E- ©]-8-3}¢]
Aokl o] E4-2 Aazoln A Y2 HP-1 (2] 30 m; 4]
73 0.32 mm; 77 1 um)S ARE-SFITE 4] 21 T ©Ha}
a0 F9 FUF} HE71 9] 2= BF280°C0] L, 27|
Q2B 25 180°C, 28 8] 3 160°C7}IA] 15°C/mino. & %
£, 220°C7}A] 4°C/min %2, 300°C7}A] 20°C/min /o\—?_-zf— 10
AN AG B 2708 2T 25 250°C, 127
25 310°C, L8 2= 27] 50°C, 38 %], 300°C7}A]
8°C/min= 52 3 327 -FAI A ZiTh 4] 202 et
W=k £3] 1010659590000 (Korea University, 2011) 2] B2
EE =S

BE AY

10
A FFE&

2 triplicate 2 A A3} 21 ZAx}= Student’s
 EECFEENTEES

23| SL1w+57} Acinetobacter
calcoaceticus B9 (GenBank accession No. JQ579640)2} 99%
Ol AFEA)S- H S 0m GO92}S10 w-F= 242} Bacillus subtilis
A32 (DQ631809)%} Bacillus amyloliquefaciens UASWS BA2
(KU060802)2}99% 2] A5 B t) APIkitE o] &3t B
759 A Askeha 544 Table 10 YeERH LS

©]= API web (https://apiweb.biomerieux.com)2 E-3f H] 0Lt
AT 7074 Q714D BN L B 55 Antel A stol
FHEH o7 ZVZ} Acinetobacter calcoaceticus SL1, Bacillus

subtilis GO9%} B. amyloliquefaciens S10 0.2 " H 3} T}

Hajgzo| gt Qatey
AEAHE A= EHESS UE =R AR
SR E 55kA A AEEE B2 Lo]al7) TH=CKSifour ef
al.,2007). 57+ AYakst= A=A HE/d A o] &S S5t
(o= A= o
AN

7] $13l oil spreading testE =333}

&=
l‘]l‘

=u)| 4. calcoaceticus
SL1, B. subtilis GO9 12|11 B. amyloliquefaciens S102] v}joF
AFEol0] 17E 7 15,2.5916.5 cm ] £2hE B Aeto] 4
EAHZA O] BAS UERH S H(Fig. 1), ©]+= 2173 1.4 em
A7 o] =S A3t Gallaecimonas pentaromativorans
0155t} 53] -r—’,\—é‘ 1 tH(Hassanshahian, 2014). 2]+
7H AR B Aol Sfet 318 2 s
n-hexane®l] W3J4. calcoaceticus SL1, B. subtilis GO9L} B.
amyloliquefaciens S100] Z}Z}54.5, 54.01} 56.0%2] 5-312H43
(E24%0)& LERJ=1] Sifour 5(2007)2] Pseudomonas aeruginosa
Rb282] 51.85% K} =2 A& & 4= 9Jth n-Hexaned} &
2] keroseneo]| S| A= B. subtilis GO9 0] 55% = 52%2] S10
P P LS

LB ul| | of| A vl &F&t B. amyloliquefaciens S103} B. subtilis
GO99| M 5 H2 SFTete] Ao/ HFE e 5
B FUAES A daAy)ed & 357 2 A
%719] 74.6 mN/moj| A 237} 34.49} 33.3 mN/mE 71 4A]

17

0 mlo

I Zpo)7F 2] 3R] ke K(Fig. 2), CMC 5= 247} 2.0
7}5.9% S10 #57F B W& s o A% micelle S g4}
of BUAHS W 5= 9= A0 & YEpylth o]} o] B.

O

amyloliquefaciens S10 -+ =2 A EAHEAGA A5
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Table 1. Biochemical characteristics of isolated bacterial strains in API test (SL1 with API20NE, GO9 and S10 with API SOCHB)

Strain SL1
Gram stain -
Morphologie coccus
Optimum temperature (°C) 30

Potassium nitrate
L-Tryptophane
D-Glucose

L-Arginine

Urea

Esculm ferric citrate
Gelatine(bovine origin)

4-Nitrophenyl-[3D-galactopyranoside

Assimilation

D-Glucose -

L-Arabinase -

D-Mannose -

D-Mannitol -

N-Acetyl-glucosamine -

D-Maltose -

Potassium gluconate -

Capric acid +

Adipic acid +

Matic acid +

Trisodium citrate +

Phenylacetic acid +

Strain S10 Strain S10

Gram stain + Melibiose -
Morphologie rod Sucrose -
Optimum temperature(C) 30 Trehalose +
Control + Inuline -
Glycerool + Melezitose -
Ertythritol - D-Raffinose +
D-Arabinose - Starch +
L-Arabinose + Glycogen +
Ribose + Xylitol -
D-Xylose + 3-Gentiobiose -
L-Xylose - D-Turanose -
Adonitol - D-Lyxose -
[3-Methyl-xylopyranside - D-Tagatose -
Galactose - D-Fucose -
D-Glucose + L-Fucose -
D-Fructose + D-Arabitol -
D-Mannose + L-Arabitol -
L-Sorbose - Gluconate -
Rhamnose - 2-Keto-gluconate -
Dulcitol - 5-Keto-cluconate -
Inositol + 2-Nitrophenyl-(3-D-galactopyranoside -
Mannitol + L-Arginine -
Sorbitol + L-Lysine -
a-Methyl-D-mannopyranside - L-Omithine -
a-Methyl-D-glucoside + Trisodium citrate -
N-Acethyl-glucosamine - Sodium thoisulfate -
Amygdaline + Urea -
Arbutine + L-Tryptophane (TDA) -
Esculine + L-Tryptophane (IND) -
Salicine + Sodium pyruvate +
Cellobiose + Gelatin (bovine origin) +
Maltose + D-Glucose -
Lactose +

&3l A A|S3d Al4%



Fig. 1. Formation of clear zone in oil spreading test with 20 pl of crude oil and 10 pl of culture supematant of A. calcoaceticus SL1 (A), B. subtilis GO9 (B),
and B. amyloliquefaciens S10 (C).
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Fig. 2. Decrease of surface tension in mixture of distilled water and different concentration of culture supematant of B. amyloliquefaciens S10 (A), and B.
subtilis GO9 (B) from LB broth.
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Fig. 3. Decrease of OD value in reaction mixture by cell surface hydrophobicity of B. amyloliquefaciens S10, A. calcoaceticus SL1, and B. subtilis GO9 with
xylene (A) and A. calcoaceticus SL1 with diesel oil (B left) and n-hexadecane (B right). a, before treatment; b, after treatment of BATH with diesel oil,
n-hexadecane and xylene. ***, statistically significant at P < 0.001; *, statistically significant at P < 0.05.

z o] B AgAo] & Ao g 7FEHH(Xue et al., 2015).
A A F110] &2 -olsHA sto] BEE SRIAA 5 Xyleneo|| ti3§ A B. amyloliquefaciens S102} B. subtilis GO9

Q1L Ao 7 oakE) O] Y ApAL =4] kO L) -8, n-hexadecaneX} xylene©]|
3t A. calcoaceticus SL1 2] HH A48 ook vl x] 9] 54

Edldrel HH A4y =7} 7k} al(Fig. 3) o) ZRE] AAkE BATHY} 21242.9, 8.83)
HEH AhpAo] 2 AHlato] AgA] AfEsleio] o3| 4.2%= XYt} Serratia marcescens MTCC 86, Pseudomonas
Hzlo] golslo] AR f-2| 4= e, EH L2404 = aeruginosa MTCC 2297, Bacillus pumilus MTCC 2296, B.
A A] AAAFOA| A AT} A 7)o Wo] dal B o o laterosporous MTCC 22983} A. calcoaceticus MTCC 2409 2]
A AFO] FF 7} ol A A BATH (%) Zho] WolR| 2 &2 A3t n-hexadecaneof| o3+ 3 LA o] Zh2F 13, 12, 181 16%91
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20 2 1 1% Q=1|(Pruthi and Cameotra, 1997), 0]52]
Fof| A= AR A 4=71 10" cells/ml 2 2 AEo] AHR]4=3.5 % 10°
cells/ml Rt} G F 22 AIE AF 0 2 H|uwsl7] oy
AHE 2 Ao A & TR A7 F ol e EAtslal aa/d 713
S wol &t T A aE AR (Fig. 3) 4.
calcoaceticus SL12] T A o] A =2 Ao 2 ot
ok 3 A. calcoaceticus SL1 o= AW &5l 49]
n-hexadecane 2 T} WeFE Bt5la=4 Q] xyleneo] T3l =2
#H 2pdS et =T, olZlo] Alete] 3 29k 4
o QT AMETHIE Belh S Rofe] A5Ag o

o] whQlx) H ZARe L a7} get.

FaldFe| MRESIeA Folis

A. calcoaceticus SL1-2 1,000 mg/L 2] n-octadecanei}
naphthalene-g& 25 3 A Ao 100% E3l|5}92 1 o]=Liu 5
(2010) 9] Alcanivorax sp. 2B7} 500 mg/L n-octadecane= 4 4
Aol 100% 23l 3F A oL} Xu 5(2014) 2] Streptomyces sp.
QWE-57} 100 mg/L naphthalene2- 6 2 & o] 100% 33+ Z
I} Bl asto] 2t hslepaze] thal] el s B w3tk B. subtilis
GO9+= 10 mg/L 2] phenanthrene2- 7 A A o] 73.3% 33}
=g)| o]+= Haritash?} Kaushik (2016)2] Micrococcus luteus
Z=7} phenanthrene 1 mg/Loj| t3}] 15Y & 62.9% £33 A K
o} $aioie,

Hgekalgolis

3 B3 A pkelesSol e el Ero) Bk AES 2
A3}AT) A. calcoaceticus SL1S 735 1,000 mg/LS& 747

120
100

60
40
20

Residual hydrocarbons (%)

(=]

0 2 4 6 8 10 12 14 16 18
Time (days)

Fig. 4. Degradation of 10,000 mg/L of crude oil by A. calcoaceticus SL1 in
MSM medium. Symbols: 4, SL1; B, uninoculated control.

&3l A A|S3d Al4%

82.2% H3l|5} o, -5 10,000 mg/Lo]| T3 A+= 18 A
] 99.5%% a5t $l=tl(Fig. 4) ©]+= Bayat 5(2016)¢]
BHA36 o7} 22 5= 0] UG5 15U A 75.62% Zsfigt A
¥} Rahman -5(2002) 9] Aot Z4A] ¢ 0] 20 A4 o] 78% 3
3 AR} st T ofe ol Behaz e
HR] o ARt LpebLb= Ao ofu 2t 7 10,000 mg/L= &Y
A7) PO 4% S0 84%2 A ASIATHFig. 5). ol
Pseudomonas sp. A|U]|Z-1 w+5Samsung Engineering Co.,
2010)7} 10,000 mg/L 2] -9 %] Eoko||A] 42 71 67% 5.5
g AR =2 Ealsol ek

AEARRGA Aibsol %2 B. subtilis GO9%} B.
amyloliquefaciens S10& EH AAo] =11 AL Ed44
Hall50] 438t 4. calcoaceticus SL13} ZV2} E351510] 7 -f-
10,000 mg/Lof| th3t w52 S5kl =dl, mieF 1949
SL1+S103}SL1 + GO9 E3+d-57F 242+ 46.131 47 4% =2 &
ARRE s B o vl F 3 Aol SL1 + S10 E3+t5=7}

~ 160
S
~ 140 -
g
_81207
s PN
§100E — 4>
S 80
~=
-—g' 60 |
S 40
8
&~ 20
0 : : : ‘
0 1 2 3 4

Time (weeks)

Fig. 5. Degradation of diesel oil by A. calcoaceticus SL1 in soil contami-
nated with 10,000 mg/L of crude oil. Symbols: [, SL1; <, uninoculated
control.

;\;; 120
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Q
=
-a 60
=
= 40
=
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0
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Fig. 6. Degradation of 10,000 mg/L of diesel oil by A. calcoaceticus SL1
and bacterial consortium in MSM medium. Symbols: &, 4. calcoaceticus
SL1; [, 4. calcoaceticus SL1+B. subtilis GO9; , A. calcoaceticus SL1+
B. amyloliquefaciens S10; O, uninoculated control.



77.8%% $}3 P SL1 + GO9 o o4 HafakA] 25t
tHFig. 6). £ Z A A SL1 +S10 &3H#371 SL1 TH=
25T} 55.6% & %OH BER P EET R
*LAEJ"PP Hojt A o= A4 = w, AEAHE/IA A

w52k EA oﬂ HEshals o w2 el
H'E"é‘ EbH o] A Q] Hu1Ed} 8-AFSFITH Oberbremer et
al., 1990; Dean et al., 2001).

A
A

HEF:UHU_&

ol

X o
- -

= EsleA B S 7R o M-S $H-2Y E
11]3} t}. Acinetobacter calcoaceticus SL12 718~
A AHEAA-PAA S-S B o 7

7462} n-hexane
o8l 212443674 54.5%¢] G8RA-S LRI wh
Az 2 2pdS 7HET ol Bkl A F2F
o] 1AL Bag 4= QA ek o] #3F= 1,000 mg/L o)
n-octadecane} naphthalene-2 3 o} 100% £33} 312
1,000 mg/L 8] 7A-G+=74 521 72.3%, 18|37 10,000 mg/LZ2
AN B 425 71 78% S ST T Helas
Bacillus amyloliquefaciens S103} B. subtilis GO9+= &4 H
A AL 200 T ATl 44 6342}
2.5cm2| 70 EWt) = & 4519} vk 2 150] ujok AFS
o gAY 0] 74.6 mN/m O 2 K ¥] 717} 34.42}33.3 mN/m
2 ZIastgd o, vjoF A= 9] critical micelle concent-
rationS Z+z} 2.03} 5.9%0] %tk 4. calcoaceticus SL13} B.
amyloliquefaciens S102] ZAAA]|Y-210,000 mg/L 2] B-4-5 3
Auto] 77.8% E-3l|519 =1 ©|= 4. calcoaceticus SL1 =
S At Rl el B A2
Q Aol 21419102 0] Aelghhel o M kel

AA LS ek 4 *% ol

ALl &

2 AE ARAH Y 7S NEARA(IA S C0331594)
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