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We isolated a potent phenanthrene-degrading bacterium from oil-contaminated soils of Suzhou, China,
and assessed the potential use of these bacteria for bioremediation of soils contaminated by polycyclic
aromatic hydrocarbons (PAHs) in a microcosm. Based on 16S rDNA sequencing, we identified this
bacteria as Sphigobacterium sp. SW-09. By PCR amplification, we also identified catechol 2,3-dioxyge-
nase genes (nahH genes) mediating PAH degradation. Staphylococcus sp. KW-07, which has been iden-
tified in our previous study, showed potential for use in bioremediation of oil-contaminated soils. In
this experiment, we compared the rate of phenanthrene-degradation between Staphylococcus sp. KW-07
and Sphingobacterium sp. SW-09 in a microcosm condition. Newly isolated Sphingobacterium sp. SW-09
showed a higher phenanthrene-degradation rate than that of Staphylococcus sp. KW-07 in soil
microcosms. Together, our results suggest that the Sphingobacterim sp. SW-09 strain isolated from the
Suzhou area may also be useful in bioremediation of PAH-contaminated soils.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are presented

in high concentrations in industrial sites including gas sta-

tions, petroleum refinery fields, wood preservation plants,

and automobile exhaust fumes [1,2,3] (Fig. 1). PAHs are gen-

erally formed by two cases, one is natural sources, such as

forest fires, volcanic eruptions, and oil seeps, and the other

is anthropogenically from fossil fuel burning, oil spills, and

accidents in oil transportation [7].

Trace amounts of PAHs can cause cancer, hypoplasia, and

hypersensitivity responses in humans [2,6,13]. Accidents

such as the Exxon Valdez oil spill (1989), the Sea Prince oil

spill (1995), and the West Sea oil spill (2007) have increased

public awareness of PAHs as significant environmental

pollutants. The US Environmental Protection Agency (EPA)

has classified 16 PAHs as “priority pollutants”, thereby in-

creasing the attention devoted to controlling the release of

such compounds [19]. However, no effective method for re-

moval of existing PAH pollution has yet been established.

One way to eliminate PAHs from contaminated area is

to inoculate into the site with microorganism, which de-

grades PAHs. Currently so many reports described the iso-

lation and characterization of microorganisms that can de-

grade PAHs [11,17,21]. Most such microorganisms are in the

Pseudomonas genus, but some others are in the Alkaligenes,

Mycobacterium, Rhodococcus, Staphylococcus or Bacillus genera,

and some are fungi [4,9,10,11,15,16,18,22,23].

In an aims to eliminate PAHs from the contaminated soils,

we tried to isolate and characterize microorganisms that ef-

fectively degrades PAHs from China. Suzhou area of China

is one of the industrial sites suffering from significant PAH

pollution, so we attempted to isolate the effective micro-

organisms from Suzhou. As a result, we isolated

Sphingobacterium sp. SW-09 as a candidate for bioremediation

of PAHs-contaminated soils of Suzhou area and this strain

shows higher phenanthrene-degradable activity than

Staphylococcus sp. KW-07 [4], which has been isolated from

an army station of South Korea.

Materials and Methods

Materials

Phenanthrene (Lot# 162-00582) was obtained from Wako

Chemicals (Osaka, Japan). All reagents for growth media



1512 생명과학회지 2011, Vol. 21. No. 11

Fig. 1. Chemical structures of various PAHs. PAHs are compounds comprised of two or more benzene rings with no hetero-atoms

or substituent groups.

were obtained from Gibco-BRL (California, USA). Organic

solvents for HPLC were purchased from Sigma-Aldrich (St.

Louis, MO, USA). DNA isolation kits and polymerase chain

reaction (PCR) kits were purchased from Core Biosystems

(Seoul, Korea) and Takara (Shiga, Japan).

Samplings

Six sites of oil-polluted soil samples were obtained 10 cm

below the surface from Suzhou industrial area. Each sample

was packed with vinyl pack and stored at 4
o
C until analysis.

Growth media

Minimal salt medium (MSM), with phenanthrene as the

sole carbon source, was employed. First, 5X M9 minimal me-

dium (42.5 g Na2HPO4
.
2H2O, 15 g KH2PO4, 2.5 g NaCl, 5

g NH4Cl, and 2.5 g MgSO4
.
7H2O per liter of H2O) was pre-

pared and autoclaved. Next, mineral elements (73.5 mg

CaCl2, 2 mg CuSO4, 20 mg MnSO4
.
H2O, 20 mg ZnSO4

.
7H2O,

and 10 mg FeCl3
.6H2O) were added to this medium [12].

When solid medium, was required, 1.5% (w/v) Bacto-agar

was added.

Phenanthrene (0.1%, w/v) was added to liquid medium

as a sole carbon source. When we grew the isolates with

0.01, 0.1, 0.5, 1.0, 2.0, or 3.0% (all w/v) phenanthrene in

MSM, all had similar growth patterns, suggesting that the

concentration of phenanthrene had no effect on bacterial

growth. We subsequently cultured all bacteria in MSM with

0.1% (w/v) phenanthrene as sole carbon source.

To prepare phenanthrene-containing solid medium, 1%

(w/v) phenanthrene solution dissolved in acetone was

sprayed onto solid MSM agar plates, which were next dried

for 20 min at room temperature. Luria-Bertani broth (LB)

was used as complete medium (10 g tryptone, 5 g yeast ex-

tract, and 5 g NaCl per liter of H2O).

Isolation of phenanthrene-degrading bacteria

One gram of each soil sample was suspended in 10 ml

MSM (with 0.1%, w/v, phenanthrene). The suspended sol-

ution served as an enrichment culture, and was incubated

with shaking (150 rpm) at 25oC for 14 days. Next, 0.2 ml

of the supernatant was spread on a solid MSM agar plate

and incubated at 25
o
C. One week later, colonies that formed

a clear zone on the spray-coated agar plate were transferred

to new MSM agar plates. This process was repeated three

times, and pure isolation was successfully done on the phe-

nanthrene layer of the MSM agar plate. From the 20 isolates,

a yellow strain showing the largest hollow on a spray-coated

phenanthrene agar was selected as a candidate strain. As a

negative control, we spread Escherichia coli on an MSM agar

plate. Bacterial strains propagated from single colonies were

stored in 50% (v/v) glycerol solution at -70
o
C until use.

Identification of phenanthrene-degrading bacteria

Identification of phenanthrene-degrading bacteria was
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done by 16S rDNA sequence analysis. We obtained the 16S

rDNA sequences of phenanthrene-degrading bacteria. The

primer pair 518F (5’-CCA GCA GCC GCG GTA ATA CG-3’)

and 800R (5’-TAC CAG GGT ATC TAA TCC-3’) were used

for PCR amplification and resulting sequences were ana-

lyzed by BLAST (blast.ncbi.nlm.nih.gov).

Optimal temperature and pH of growth of

phenanthrene degrading bacteria

The optimal temperature and pH for growth of phenan-

threne-degrading bacteria were determined by culturing

bacteria in MSM with 0.1% (w/v) phenanthrene as the sole

carbon source. Two milliliter aliquots of dense bacterial cul-

ture were added to 100 ml fresh MSM with 0.1% (w/v) phe-

nanthrene, and cultured with shaking (150 rpm) at 15
o
C,

20
o
C, 25

o
C, 30

o
C, 35

o
C, or 40

o
C for 5 days. Aliquots (1 ml)

were analyzed spectrophotometrically at 600 nm (SmartSpec

3000, Bio-Rad). An analogous method was used to determine

the pH optimum, employing pH-adjusted MSM containing

0.1% (w/v) phenanthrene.

Identification of phenanthrene-degrading genes

The phenanthrene-degrading gene, nahH, which encodes

catechol 2,3-dioxygenase, was amplified from different

strains by PCR, using chromosomal DNA as the template.

Amplified DNA was resolved on a 1% (w/v) agarose gel

and DNA fragments of about 900 bp were collected and

re-amplified using same primers as employed in initial PCR.

For PCR amplification, the forward primer was 5'-ATG GAA

TTC ATG AAA AAA GGC GTA ATG CGC-3' and the re-

verse primer 5'-ATG CTC GAG TTA GGT CAG AAC GGT

CAT GAA-3'. The primers contain the initiation and termi-

nation regions (the start and stop codons are shown in bold)

of catechol 2,3-dioxygenase (nahH), which the NCBI database

indicates are highly conserved. The underlined regions

(GAATTC and CTCGAG) are recognition sites for EcoRI and

XhoI, respectively.

Phenanthrene degradation assay

Bacterial phenanthrene degradation rate was determined

by HPLC. Two milliliter amounts of dense bacterial culture

were added to 100 ml fresh MSM containing 0.1% (w/v)

phenanthrene, and each culture was shaken at 150 rpm for

2 weeks at 25
o
C. Each day, three aliquots, each of 2 ml, of

culture medium were mixed with same volume of acetone

by vigorous vortexing. After brief centrifugation, the super-

natant (acetone layer) was subjected to HPLC.

Phenanthrene degradation in soil was also determined.

In this microcosm assay, cells from 100 ml aliquots of dense

cultures of each of Staphylococcus sp. KW-07 and

Sphingobacterium sp. SW-09 were harvested by centrifugation

and washed twice with phosphate-buffered saline. Cells

were suspended in 5 ml of phosphate-buffered saline to a

density of 1011 cells/5 ml. Each bacterial suspension (5 ml)

was next inoculated into 100 g of autoclaved soil containing

0.1% phenanthrene as a carbon source and incubated at 25
o
C

for 30 days (final density of bacteria was 1×10
11

cells/ 100

g soil). Each week, 1 g of soil was removed and suspended

in 1 ml acetone. After vigorous shaking and centrifugation,

the supernatant was analyzed by HPLC to measure phenan-

threne concentration. A control experiment was performed

by inoculation of E. coli into MSM containing 0.1% (w/v)

phenanthrene or into soil containing 0.1% (w/v)

phenanthrene. Twenty microliter aliquots of organic super-

natants were injected into a C-18 column (150 mm × 4.6 mm;

Phenomex, California, USA). Solvent (methanol:water =

85:15) flow was 1 ml/min at room temperature. The phenan-

threne degradation rate was estimated by examining the

HPLC profile of isolated phenanthrene at 254 nm (Waters

2487, Milford, MA, USA).

Results and discussion

Isolation of phenanthrene-degrading bacteria

We isolated 20 strains of phenanthrene-degrading bacteria

using MSM with 0.1% (w/v) phenanthrene as the sole car-

bon source. Colonies that formed on solid MSM differed in

morphology and color. Among them, a potent phenan-

threne-degrading strain, judged by the size of clear zone on

the phenanthrene-coated plates, was selected as a target

strain for further experiment. The selected strain yielded as

dark-yellow colonies on a plate.

Identification of phenanthrene-degrading bacteria

For identification of the phenanthrene-degrading bacteria,

we performed 16S rDNA sequence analysis. Generally, 16S

rDNA sequence analysis is the preferred method for identi-

fication of bacteria [14]. Our sequence analysis identified the

phenanthrene-degrading isolate as Sphingobacterium genus

(GenBank accession number: JN685591), so we named it as

Sphingobacterium sp. SW-09. Analysis of the 16S rRNA se-

quence of our Sphingobacterium sp. SW-09 indicated 100% ho-
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Fig. 2. Phylogenetic tree of Sphingobacterium sp. SW-09 and Staphylococcus sp. KW-07. Phylogenetic and molecular evolutionary analy-

ses were conducted using MEGA version 5.

mology to several Sphingobacterium species including

Sphingobacterium sp. MG2 (AY556417), and 99% homology

to Sphingobacterium multivorum (NR040953) (Fig. 2).

Optimal temperature and optimal pH for growth

The optimal growth was done at 25
o
C and pH 7.0 (data

not shown), consistent with the characteristics of many other

soil-dwelling bacteria. When we grew the isolates with 0.1,

0.5, 1.0, 2.0, or 3.0% (all w/v) phenanthrene in MSM, all

had similar growth patterns (data not shown), suggesting

that the concentration of phenanthrene had no effect on bac-

terial growth. So we decided to culture the bacteria in MSM

or soil with 0.1% (w/v) phenanthrene as sole carbon source.

Identification of phenanthrene-degrading gene

To identify phenanthrene-degrading genes, we isolated

chromosomal DNA from two strains including

Sphingobacterium sp. SW-09 and Staphylococcus sp. KW-07,

and used this DNA as a template for PCR amplification. As

shown in Fig. 3, we successfully amplified the 924 bp of

nahH (encoding catechol 2,3-dioxygenase) from

Sphingobacterium sp. SW-09 and from Staphylococcus sp.

KW-07, which has been used as control for nahH [4].

Phenanthrene-degrading bacteria exhibit the same degra-

dation pathway under aerobic condition. First, phenanthrene

is transformed to dihydrodiol by PAH dioxygenase; dihy-

drodiol dehydrogenase converts dihydrodiol to catechol;

and, finally, catechol is degraded into aldehydes or acids

by catechol 2,3-dioxygenase (nahH) [4].

To confirm that the amplified DNA fragments contained

A B

Fig. 3. PCR amplification of the nahH gene encoding catechol

2, 3-dioxygenase from Sphingobacterium sp. SW-09 and

Staphylococcus sp. KW-07. (A) Purified chromosomal

DNA. (B) PCR amplification of nahH genes (924 bp) from

each bacterial chromosome.

nahH genes, we cloned the amplified fragment into the

pGEX vector for DNA sequencing. The nahH sequence (924

bp encoding 307 amino acids) of Sphingobacterium sp. SW-09

showed 97% homology with that of Staphylococcus sp. KW-07

(data not shown).

Phenanthrene degradation rate in MSM

The isolated strain and Staphylococcus sp. KW-07 were

each cultured in 100 ml MSM with 0.1% (w/v) phenan-

threne as the sole carbon source. Each day, we measured

optical density at 600 nm to assess bacterial growth, and

calculated degradation of phenanthrene by HPLC. We
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A

Fig. 4. Growth curves and destruction rate of phenanthrene by phenanthrene-degrading bacteria. (A) Growth curves of phenan-

threne-degrading bacteria in minimal medium with 0.1% (w/v) phenanthrene as the sole carbon source. (B) Degradation

of phenanthrene by bacteria. Cells were cultured in minimal medium containing 0.1% (w/v) phenanthrene as a sole carbon

source, shaking at 25
o
C, and culture broth aliquots (1 ml) were extracted in triplicate and mixed with equal amounts of

acetone. After vigorous vortexing, the organic phase (following centrifugation) was analyzed by HPLC.

A B

Fig. 5. Phenanthrene degradation in soil soil microcosms. A total of 10
11

cells of each species were added to 100 g of soil that

contained 0.1% (w/v) phenanthrene as sole carbon source, and incubated for 4 weeks at 25
o
C. At the end of each week,

1 g samples of soil were extracted with 1 ml acetone and the supernatants were analyzed by HPLC. (A) Representative

profiles of HPLC analysis. Two peaks within each box represent acetone (left) and phenanthrene (right), respectively. (B)

Phenanthrene degradation rates of each bacterial strains obtained by HPLC analysis were indicated at every week.

found that Sphingobacterium sp. SW-09 attained the sta-

tionary phase at day 10, whereas Staphylococcus sp. KW-07

reached at day 14 (Fig. 4A). This result indicates that

Sphingobacterium sp. SW-09 rapidly grow to effectively de-

grade phenanthrene.

Our HPLC results indicated that Sphingobacterium sp.

SW-09 degraded more than 90% of phenanthrene (initial

concentration of 0.1%, w/v) in 3 days and degraded almost

all of the material in 7 days. However, our previous clone

Staphylococcus sp. KW-07 showed slightly slower degrada-

tion rate compared to the other two species (80% of phenan-

threne in 3 days) (Fig. 4B).

Although growth rate of both Sphingobacterium sp. SW-09

and Staphylococcus sp. KW-07 was still in the latent phase

on day 3, the extent of phenanthrene degradation was over

80% at that time. This might because both strains have

higher enzyme activities or have different metabolic

pathway compared to phenanthrene degrading bacteria has

been described elsewhere [5,8,20]

B
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Phenanthrene degradation in a soil microcosm

We then compared the phenanthrene-degrading ability of

both strains in a soil microcosm. We found that after addi-

tion of 1×10
11

cells of Sphingobacterium sp. SW-09 to 100 g

of soil, the phenanthrene level (0.1%, w/v) was reduced to

less than 40% of the initial amount after 1 week (60% degra-

dation for a week). The corresponding figures for our pre-

vious clone Staphylococcus sp. KW-07 were 50% degradation

(Fig. 5). Our results thus strongly suggest that Sphingobacterium

sp. SW-09 isolated from Suzhou area is more effective than

Staphylococcus sp. KW-07 for use in bioremediation of

PAH-polluted soils. We explored the use of various combi-

nations of bacterial strains, but found no synergistic effect

on PAH removal (data not shown).

References

1. Blumer, M. 1976. Polycyclic aromatic compounds in nature.

Scientific American 234, 35-45.

2. Boonchan, S., M. L. Britz, and G. A. Stanley. 2000.

Degradation and mineralization of high-molecular-weight

polycyclic aromatic hydrocarbons by defined fungal-bacte-

rial cocultures. Appl. Environ. Microbiol. 66, 1007-1019.

3. Bouchez, M., D. Blanchet, and J. P. Vandecasteele. 1995.

Degradation of polycyclic aromatic hydrocarbons by pure

strains and by defined strain associations: inhibition phe-

nomena and cometabolism. Appl. Microbiol. Biotechnol. 43,

156-164.

4. Chang, C. H., J. Y. Lee, B. G. Ko, S. K. Kim, and J. S. Chang.

2011. Staphylococcus sp. KW-07 contains nahH gene encod-

ing catechol 2,3-dioxygenase for phenanthrene degradation

and a test in soil microcosm. Int. Biodeterior. Biodegradation
65, 198-203.

5. Evans, W. C., H. N. Fernley, and E. Griffiths. 1965. Oxidative

metabolism of phenanthrene and anthracene by soil

Pseudomonas. The ring-fission mechanism. Biochem. J. 95,

819-831.

6. Hanzalova, K., P. Rossner Jr, and R. J. Sram. 2010. Oxidative

damage induced by carcinogenic polycyclic aromatic hydro-

carbons and organic extracts from urban air particulate

matter. Mutat. Res. 696, 114-121.

7. Harayama, S. 1997. Polycyclic aromatic hydrocarbon bio-

remediation design. Curr. Opin. Biotechnol. 8, 268-273.

8. Kiyohara, H., S. Torigoe, N. Kaida, T. Asaki, T. Iida, H.

Hayashi, and N. Takizawa. 1994. Cloning and character-

ization of a chromosomal gene cluster, pah, that encodes

the upper pathway for phenanthrene and naphthalene uti-

lization by Pseudomonas putida OUS82. J. Bacteriol. 176,

2439-2443.

9. Lu, X. Y., T. Zhang, and H. H. Fang. 2011. Bacteria-mediated

PAH degradation in soil and sediment. Appl. Microbiol.
Biotechnol. 89, 1357-1371.

10. Macgillivray, A. R. and M. P. Shiaris. 1994. Relative role

of eukaryotic and prokaryotic microorganisms in phenan-

threne transformation in coastal sediments. Appl. Environ.
Microbiol. 60, 1154-1159.

11. Maillacheruvu, K. Y. and I. A. Pathan. 2009. Biodegradation

of naphthalene, phenanthrene, and pyrene under anaerobic

conditions. J. Environ. Sci. Health A Tox. Hazard Subst.
Environ. Eng. 44, 1315-1326.

12. Mallick ,S., S. Chatterjee, and T. K. Dutta. 2007. A novel

degradation pathway in the assimilation of phenanthrene

by Staphylococcus sp. strain PN/Y via meta-cleavage of 2-hy-

droxy-1-naphthoic acid: formation of trans-2,3-di-

oxo-5-(2'-hydroxyphenyl)-pent-4-enoic acid. Microbiol. 153,

2104-2115.

13. Marston, C. P., C. Pereira, J. Ferguson, K. Fischer, O.

Hedstrom, W. M. Dashwood, and W. M. Baird. 2001. Effect

of a complex environmental mixture from coal tar contain-

ing polycyclic aromatic hydrocarbons (PAH) on the tumor

initiation, PAH-DNA binding and metabolic activation of

carcinogenic PAH in mouse epidermis. Carcinogenesis 22,

1077-1086.

14. Nazaret, S., B. Cournoyer, P. Normand, and P. Simonet.

1991. Phylogenetic relationships among Frankia genomic

species determined by use of amplified 16S rDNA

sequences. J. Bacteriol. 173, 4072-4078.

15. Puntus, I. F., A. E. Filonov, L. I. Akhmetov, A. V. Karpov,

and A. M. Boronin. 2008. Phenanthrene degradation by bac-

teria of the genera Pseudomonas and Burkholderia in model

soil systems. Mikrobiologiia 77, 11-20.

16. Saito, A., T. Iwabuchi, and S. Harayama. 1999.

Characterization of genes for enzymes involved in the phe-

nanthrene degradation in Nocardioides sp. KP7. Chemosphere.
38, 1331-1337.

17. Shuttleworth, K. L. and C. E. Cerniglia. 1995. Environmental

aspects of PAH biodegradation. Appl. Biochem. Biotechnol. 54,

291-302.

18. Taguchi, K., M. Motoyama, T. Iida, and T. Kudo. 2007.

Polychlorinated biphenyl/biphenyl degrading gene clusters

in Rhodococcus sp. K37, HA99, and TA431 are different

from well-known bph gene clusters of Rhodococci. Biosci.
Biotechnol. Biochem. 71, 1136-1144.

19. US-EPA. Test methods for Evaluanting Solid wastes, 1998.

Physica/Chemical Methods (SW-846) on CD-RON, No.8310,

U.S. National Technical Information Service, VA., USA,

200-230.

20. Van Herwijnen, R., P. Wattiau, L. Bastiaens, L. Daal, L.

Jonker, D. Springael, H. A. Govers, and J. R. Parsons. 2003.

Elucidation of the metabolic pathway of fluorene and com-

etabolic pathways of phenanthrene, fluoranthene, an-

thracene and dibenzothiophene by Sphingomonas sp. LB126.

Res. Microbiol. 154, 199-206.

21. Vinas, M., J. Sabate, M. J. Espuny, and A. M. Solanas. 2005.

Bacterial community dynamics and polycyclic aromatic hy-

drocarbon degradation during bioremediation of heavily

creosote-contaminated soil. Appl. Environ. Microbiol. 71,

7008-7018.



Journal of Life Science 2011, Vol. 21. No. 11 1517

초록：Sphingobacterium sp. SW-09에 의한 토양환경에서의 다환 방향족탄화수소인 페난스렌의 분해
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페난스렌은 다환방향족 탄화수소의 일종으로서 미량으로도 인체에 강한 해를 미칠 수 있는 주요 환경오염 물

질이다. 미생물을 이용한 페난스렌 제거 목적으로 중국 쑤저우(Suzhou) 지역의 유류 오염토양에서 페난스렌을

강력하게 분해하는 세균을 분리하였다. 16S rDNA 염기서열 결정에 의하여 이 세균은 Sphingobacterium sp.

SW-09로 동정되었으며 PCR 증폭을 통하여 페난스렌 분해 유전자인 nahH를 가지고 있음이 확인되었다. 이전의

연구에서 포천일대의 군부대에서 분리된 강력한 페난스렌 분해세균인 Staphylococcus sp. KW-07과 이번에 분리된

Sphingobacterium sp. SW-09을 이용하여 이들의 페난스렌 분해능을 비교분석하였다. 그 결과, 쑤저우 지역에서 분

리된 Sphingobacterium sp. SW-09이 최소배지와 실제토양에서 모두 Staphylococcus sp. KW-07보다 강하게 페난스

렌을 분해하는 것으로 나타났다. 결과적으로 이번에 분리된 Sphingobacterium sp. SW-09을 사용하여 유류 오염토

양의 환경정화에 사용할 수 있을 것으로 판단된다.
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