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Abstract Two fungi and the phenanthrene-degrading bacterial strain Rhodococcus sp. IC10 were used as inocula for the bio-
remediation of petroleum hydrocarbon-contaminated soil from a manufactured gas plant area. The two fungi, which
were previously isolated from different hydrocarbon-contaminated soil samples, were identified as Aspergillus terreus
and Penicillium sp. In addition, two types of co-cultures which consist of fungal species including A. terreus or Penicil-
lium sp. with Rhodococcus sp. IC10 were applied. After a 10-week incubation period, the concentrations of anthra-
cene, phenanthrene, and pyrene were totally biodegraded by days 68, 54, and 64, for the 16 polycyclic aromatic hy-
drocarbons (PAH’s) tested. The ecotoxicity of the soil after bioremediation did not show any effect on the survival of
Daphnia magna (24 h-old-daphnids). However, the toxicity on seed germination of Brassica alba and the oxidoreduc-
tase activity of Bacillus cereus declined after 5- and 10-weeks of incubation, respectively. Co-cultures of Penicillium
sp. and Rhodococcus sp. IC10 revealed the best efficiency at reducing ecotoxicity. © KSBB
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAH’s) represent a
large group of organic pollutants which have contaminated
the environment through the improper disposal of materials
such as creosote, coal tar, and hydrocarbon fuels [1-3].
PAH’s are ubiquitous pollutants found in soil at wood pres-
ervation plants, gas works, oil refineries, runoff from asphalt
pavements, and combustion processes. Their physicochemi-
cal properties, which include low water solubility and high
adsorption coefficient, make soils and sediments environ-
mental sinkers of PAH’s. PAH’s represent a considerable
environmental concern [4,5] because they are genotoxic and
carcinogenic. Their mutagenicity varies with the number of
aromatic rings and the PAH’s released into the environment
could be removed by many processes including volatiliza-
tion, photo-oxidation, chemical oxidation, bioaccumulation,
and adsorption on soil particles. However, the most success-
ful process for removal and elimination of PAH’s from the
environment is to use the microbial transformation and deg-
radation [6,7].
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In PAH contaminated soil, the microorganisms capable of
degrading and utilizing hydrocarbons would be present and
could be employed for PAH elimination [8]. Potential bio-
degradation microorganisms isolated from hydrocarbon-
contaminated environments have been found as active as or
even more active than those originating from uncontami-
nated soil, since certain bacteria could acclimate themselves
to the contaminated environments [9,10]. Some different
bacterial genera, including species of Pseudomonas, Alcali-
genes, Mycobacterium, Rhodococcus, Burkholderia [1,11-
13], and Cycloclasticus [14,15], are able to degrade PAH’s.
For the bacterial isolates, the majority have enriched their
ability to grow on low molecular weight PAH’s (2- or 3-ring
PAH’s). Nevertheless, some studies have shown that some
bacteria such as Mycobacterium, Rhodococcus, Alcaligenes,
Pseudomonas, and Sphingomonas can grow on the four-ring
PAH’s [16-19]. Moreover, several other lower molecular
weight PAH’s (LMW-PAH’s) facilitate the degradation of
higher molecular weight PAH’s (HMW-PAH’s) when lower
and higher molecular weight PAH’s were co-metabolized
[1,14,15,20]. For fungi, the white rot fungi are able to de-
grade PAH’s [21] and other aromatic compounds through
peroxide enzymes [20,22,23]. Several fungal species have
also been found to degrade PAH’s of both low and high mo-
lecular weight [1].
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As a result, the interaction between different microorgan-
isms under co-culture conditions such as co-metabolism or
antagonism may also be important, and the biodegradation
of toxic organic compounds such as PAH’s by co-culture
could be different from those of a single culture [24]. In ad-
dition, the use of microorganisms isolated from petroleum
hydrocarbon-contaminated soil demonstrate several advan-
tages in the performance of bioremediation [25,26]. Despite
this, few reports illustrate both, fungi and bacteria applied
together for the biodegradation of PAH’s in contaminated
soil [27]. Furthermore, the elimination of pollutants such as
PAH’s from the contaminated soil does not necessarily result
in the reduction in the hazardous characteristics of the con-
taminated soil [28].

Accordingly, this work pertains to the isolation of fungi
from diverse hydrocarbon-polluted soils, which were con-
taminated with petroleum hydrocarbons in oil refinery fields,
and examines the single and combined (fungal-bacterial)
PAH-degradation potential of the isolated fungal species
combined with a phenanthrene-degrading bacterium Rhodo-
coccus sp. IC10. The ecotoxicity of the polluted soil was also
determined on three living bio-indicators.

MATERIALS AND METHODS
Soil Samples

Several surface soil samples (0~5 cm depth) were col-
lected from petroleum refinery sites in Incheon, Korea. Im-
mediately after collection, sub-samples were used to enrich
and isolate fungal cultures. The remaining samples were
freeze-dried, ground to a powder, filtered through a 2-mm
sieve, and analyzed for concentrations of total PAH’s, while
16 individual PAH compounds described by United States
Environmental Protection Agency were tested. The soil was
kept at 4°C in the dark until used in the experiment.

Bacterium

The bacterial culture of Rhodococcus sp. IC10 was iso-
lated from petroleum refinery sites by our laboratory [25]
and was maintained on malt extract agar slants. The bacterial
seed culture was prepared in mineral basal salt medium
(MBSM) [25] with 0.05 g/L of yeast extract, which was in-
cubated at 30°C for 24 h.

Isolation and Identification of Fungi

Fungi were isolated from the different hydrocarbon pol-
luted soil samples according to the method of Ross et al.
[29]. Next, the soil samples were air-dried, passed through a
2-mm sieve, and homogenized. Following this, 10 g of dry
soil was added to 200 mL of sterile 0.05% agar in deionized
water in a 500 mL-Erlenmeyer flask, which was shaken at
150 rpm for 30 min on a reciprocation shaker. After the solid
particles were allowed to settle for 1 h, serial dilutions were
prepared and 100 pL aliquots of each dilution were spread

homogeneously on the surface of three replicates of Rose
Bengal medium plates, which were incubated at 28°C for
3~5 days. The hyphal tips of representative isolates were
transferred onto potato dextrose agar (PDA) media with no
PAH’s added.

Colonies were replated until pure cultures were obtained.
Several isolated fungi from hydrocarbon-contaminated soil
samples were selected based on their growth ability in
MBSM [25] containing 50 mg/L of phenanthrene. In addi-
tion, the growth ability at several pH’s including 5.0, 5.5, 6.0,
and 6.5 were tested as a means for primary selection because
Rhodococcus sp. IC10 showed the highest activity on PAH
degradation at pH 5~6 in a previous study [24]. The identifi-
cation of fungal strains was carried out according to the gen-
eral principles of fungal classification as described previ-
ously [30-34] using a PDA and Biolog FF MicroPlate™
(Biolog Catalog #1006; Biolog Inc., Hayward, CA, USA).
Moreover, the fungal strains were examined macroscopically
and microscopically (40 x and 100 x with cotton blue).

Preparation of Bacterial and Fungal Inocula

Mineral basal salt-modified medium, used to grow
Rhodococcus sp. IC10, contained 2.0 g of glucose, 2.0 g of
polypeptone, 1.0 g of (NH4),SO,, 0.1 g of CaCl,-2H,0, 0.8 g
of K,HPO,, 0.2 g of KH,PO,, 0.2 g of MgSO,7H,0, 12 mg
of FeSO47H,0, 3 mg of MnSO,7H,0, 3 mg of ZnSOy4
7H,0, 1 mg of CoSO,7H,0, and 1 mg of (NHy)sM0;0,4
4H,0 per liter. A bacterial suspension was prepared by re-
suspending a previously seeded culture of Rhodococcus sp.
IC10 in 5 mL of the described medium. This suspension was
added to 250 mL of mineral basal salt-modified medium in
500 mL-Erlenmeyer flasks. The flasks were shaken at 150
rpm for 2 days and the cells were harvested by centrifugation
at 10,000 x g for 20 min at 4°C. In addition the cells were
resuspended in the mineral basal salt-modified medium for
further use as an inoculum.

The fungal inoculum was prepared by growing each fun-
gus on PDA plates at 30°C for 3 days. The inoculum was
then transferred to each flask containing MBSM medium at
a 55% moisture composition, a temperature of 30°C, and
daily aeration with sterile air for about 5 min every day dur-
ing the 10 days. The fungi culture broth was filtered through
filter paper No. 4 (Whatman Inc., Clifton, NJ, USA) at ster-
ile conditions and a 1.0 g per wet weight of mycelia as an
inoculum.

PAH Degradation in Soil

The experimental study was carried out for 10 weeks. The
experimental setup is shown in Table 1. Erlenmeyer flasks
(500 mL) were filled with 25 g of soil and two isolates were
selected for their ability to degrade PAH’s. Before inocula-
tion, a suspension of Aspergillus terreus/Penicillium sp.
spores was prepared by a 7-day-old Petri dish culture of each
isolate on a PDA plate with 5 mL of sterile deionized water.
The fragments of mycelia were removed from the spore sus-
pension by filtration through sterile glass wool. Furthermore,
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the spore suspension was estimated using a hemocytometer.
To evaluate the effect of fungal inoculum on the degradation
of PAH’s in soil, a volume of spore suspension was added to
yield a final concentration of 1 x 10* spores per gram of soil.
A solution of glucose and sucrose (5 mg per gram of soil for
each) was added to the sample as the carbon source. The
bacterial culture of Rhodococcus sp. IC10 (5 mL) was inocu-
lated repeatedly at 5 week intervals. Every inoculation had a
cell concentration of 1 x 107 cfu/mL. Moreover, the humid-
ity of the soil was adjusted to 70% of its maximum water
holding capacity and maintained by the regular addition of
sterilized water throughout the experiment. Each treatment
had three replicates and after inoculation, the flasks were
incubated in the dark at room temperature for 10 weeks.

Extraction and Analysis of the PAH’s

After 10 weeks of incubation, the PAH-contaminated soil
samples, with or without inocula, were homogenized and
dried with sodium sulfate (analytical grade; Merck, Dam-
stadt, Germany). The homogenized mixtures were subjected
to a Soxhlet extraction using acetone-hexane (1:3, v/v) mix-
ture for 12 h. The extracted content was evaporated by a
Rotary Evaporator (N-1000, EYELA, Tokyo, Japan), redis-
solved in acetonitrile and analyzed by HPLC (1090, Hew-
lett-Packard, Palo Alto, CA, USA) equipped with a Hewlett-
Packard photo-diode array model 1040A detector at 254 nm.
The compounds were eluted using a linear gradient of 40 to
95% methanol/water over 40 min at 1 mL/min with a 4.6 x
250 mm 5 pum Cgg Inertsil ODS-3 column (Meta-Chem
Technologies, Torrance, CA, USA). Ultraviolet (UV) ab-
sorbance spectra were acquired over the internet (http://
www.intute.ac.uk/sciences/cgi-bin/search.pl?). The solvents
for extraction were of analytical grade and purchased from
Merck, Darmstadt, Germany. The standards of the individual
PAH’s were obtained from Sigma (St. Louis, MO, USA).

Ecotoxicity Test

The ecotoxicity of the PAH-contaminated soil samples
was determined at inoculation (O week) as well as at the
middle (5 weeks) and the end (10 weeks) of the bioremedia-
tion using three bioassays including (a) survival of Daphnia
magna, (b) inhibition of Brassica alba seed germination, and
(c) a decrease in oxidoreductase activity in Bacillus cereus.
The survival of D. magna and seed germination of B. alba,
were tested with water elutriates. The elutriates obtained
from the control and treated soil samples with microorgan-
isms were prepared by adding 50 mL of deionized water to
each replicate, which was shaken at 50 rpm for 24 h. Next,
the soil-slurry was centrifuged at 5,000 x g for 10 min and
the supernatant was collected as an elutriate.

The acute ecotoxicity tests were performed according to
the Organization for Economic Cooperation and Develop-

ment (OECD) standard protocol [35]. The toxicity tests on D.

magna were carried out in 100 mL polystyrene vessels, with
50 mL water elutriates, by observing the immobility of 24 h-
old-daphnids. Twenty neonates aged less than 24 h were

transferred to vessels containing different water elutriate
concentrations, and the vessels were closed with a polyethyl-
ene cap. The inhibition of mustard seed germination was
determined on Whatman filter paper No.l which was mois-
tened with 5 mL of elutriates. The method for seed germina-
tion testing followed the study by Petukhov ef al. [36], and
the toxicity tests on B. cereus were performed according to
Ronnpagel ez al. [37].

RESULTS AND DISSCUSSSION
Soil Analysis

The total concentration of PAH’s, which is a more impor-
tant parameter than the concentrations of individual PAH’s
as reported by the USEPA, was found to be 589.3 mg per kg
of dry soil. The concentrations of individual PAH’s are
shown in Table 2. Furthermore, the soil was analyzed for
cyanides (1.2 mg per kg of dry soil), and was characterized
for pH (6.8), total dry mass (80.93%), and maximum water
holding capacity (0.436 g H,O per gram of total dry mass).
Several heavy metals viz., cadmium, copper, mercury, and
lead were contained as < 0.5, 1.4, 0.2, and 39.8 mg/kg, re-
spectively.

Removal of PAH’s by Fungal Strains and by
Fungal-Bacterial Co-cultures

Penicillium sp. ICF117 and A. terreus ICF101 were iso-
lated from PAH-contaminated soil and were tested for their
capability to grow in medium added with 50 mg per kg of
phenanthrene in agar for 7 days. A 58% phenanthrene re-
moval was achieved by Penicillium sp., whereas a 35% re-
moval of phenanthrene was achieved by A. ferreus. The two
other fungi achieved removal to the order of 20% (data not
shown).

Six different combinations (Table 1) of the three micro-
organisms, A. terreus, Penicillium sp., and Rhodococcus sp.
IC10, were tested for their ability to remove PAH’s in soil
originating from PAH-contaminated sites with two nega-
tive controls. PAH removal after 5 weeks of exposure to
fungi, A. terreus and Penicillium sp., and bacterium
Rhodococcus sp. IC10 from PAH-polluted soil is shown in
Fig. 1A. Penicillium sp. alone (setup D in Table 1), which
was co-cultured with Rhodococcus sp. IC10 (setup G in
Table 1) was more efficient in the removal of four PAH’s:
45 and 66.7% in anthracene, 15 and 16% in fluoranthene,
64 and 72.8% in phenanthrene, and 46.5 and 68.4% in
pyrene, respectively (initial concentration = 100% of indi-
vidual PAH in the soil for the experiment). Moreover, the
concentrations of chrysene were also reduced by 11~16%
of the same treatments. Boonchan et al. [38] found that
Penicillium janthinnellum and Stenotrophomonas maltho-
philia, isolated from soil also removed the chrysene. Inter-
estingly, the removal rate of chrysene and fluoranthene in
the latter 5-week period (Fig. 1B) were slower than those
of the two PAH’s in the first 5-week period (Fig. 1A). The
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Table 1. Biodegradation experimental setup

(A) Uninoculated soil control
(B) Soil inoculated with heat-killed inocula of the fungi and
Rhodococcus sp. IC10
) Modified mineral basal salt medium grown Aspergillus terreus
(D) Modified mineral basal salt medium grown Penicillium sp.
) Modified mineral basal salt medium grown Rhodococcus sp.
IC10
(F) Co-culture involving A. terreus and Rhodococcus sp. IC10
(G) Co-culture involving Penicillium sp. and Rhodococcus sp. 1IC10

Table 2. Concentration of PAH’s in initial soil before any treat-

ment
PAH’s mg/kg of dry soil
Acenaphthene 3.8
Acenaphthylene 7.6
Anthracene 121.4
Benzo(a)anthracene 15.2
Benzo(a)pyrene 30.3
Benzo(b)fluoranthene 30.3
Benzo(g,h,i)perylene 1.2
Benzo(k)fluoranthene 11.4
Chrysene 30.3
Dibenzo(a,h)anthracene 75.9
Fluoranthene 38.0
Fluorine 7.6
Indenol(1,2,3-cd)pyrene 7.6
Naphthalene 77
Phenanthrene 106.2
Pyrene 94.8
Total PAH’s 589.3

treatment of Penicillium sp. (D in Figs. 1A and 1B) and its
co-culture with Rhodococcus sp. IC10 (G in Figs. 1A and
1B); did not lessen the concentration of the 13 different
PAH’s (except for anthracene, phenanthrene, and pyrene,
which were completely biodegraded by days 68, 54, and 64,
respectively. In the mean time, the remaining percentage of
chrysene and fluoranthene were 81.5 and 76.3%, respec-
tively, with the same treatment. The degradation rates for
PAH’s in soil samples were observed as phenanthrene >
pyrene > anthracene > fluoranthene > chrysene for both
treatments D and G. Achromobacter sp. [39] and Cunning-
hamella echinulata [40] reduced the concentration of PAH’s
by nearly 100% in polluted soil after 8 weeks of incubation.
Ross et al. [29] reported similar results, using indigenous
fungi such as Penicillium and Trichoderma and micro-flora
of soil. Brodkorb and Legge [41,42] also emphasized that it
was important to mention that the use of co-cultures en-
hances the degradation of contaminants and it was possible
to enhance the mineralization of PAH’s by the indigenous
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Fig. 1. Remaining concentration of PAH’s after 5 (A) and 10 (B)
weeks of treatment with fungal and bacterial cultures. A,
Uninoculated soil control; B, Heat killed control; C, As-
pergillus terreus; D, Penicillium sp.; E, Rhodococcus sp.
IC10; F, Co-culture of Aspergillus terreus and Rhodococ-
cus sp. IC10; G, Co-culture of Penicillium sp. and
Rhodococcus sp. IC10.

micro-flora from oil-contaminated soil. The results of the
present study compared the Penicillium sp. fungus, which
was comparable to or better than Rhodococcus sp. 1C10
removing low molecular weight PAH’s when the fungus
was applied by itself or by co-culture with Rhodococcus sp.
IC10.

We observed that the initial population of Penicillium sp.
was 1 x 10* spores/g of soil and propagated to 7.6 x 10°
spores/g of soil after co-culturing for 10 weeks. On the other
hand, the population of Rhodococcus sp. IC10 was increased
to 5.8 x 10® cfu/g of soil. This suggests that the degradation
of PAH in soil is the result of fungal action, and that such
action can be improved by the treatment with PAH-adapted
fungi. The fungus, Penicillium sp., probably oxidizes phe-
nanthrene, thus increasing its solubility in water, and the
bacterium. Rhodococcus sp. IC10, continues the oxidation
steps [43] and further addresses the interaction between the
co-culture and their oxidation products which are required to
understand this synergistic mechanism. The removal effi-
ciency of PAH’s for the both controls, uninoculated soil and
the soil inoculated with heat killed inocula, were detected to
be less than 1%.
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Table 3. Ecotoxicity test results of inhibition of Brassica alba seed germination and reduction in oxidoreductase activity of Bacillus cer-
eus at the end of 5 and 10 weeks of bioremediation in soil

Treatment of

Total 16 PAH’s (mg/kg)®

Inhibition of seed germination of
Brassica alba (%)

Reduction in oxidoreductase
activity of Bacillus cereus (%)

soil samples? Test time (weeks)
5 10 5 10 5 10
(A) 588.11£43 (99.8%) 579.9136 (98.4%) 57.1£0.1 (100.0) 57.3%0.3 (100.0) 52.1+£0.1 (100.0) 57.6%0.1 (100.0)
(B) 584.0+£53 (99.1%) 572.8+34 (97.2%) 56.9+0.2 (99.6)  55.1+0.9 (96.2) 61.7+£0.6 (118.4) 54.2+0.7 (94.1)
©) 540.9144 (91.8%) 457.91+34 (77.7%) 54.8+0.9 (96.0)  52.7+0.7 (92.0) 49.5+0.7 (95.0)  47.4%+0.9 (82.3)
(D) 358.3+18 (60.8%) 295.8+36 (50.2%) 55.1+£1.2 (96.5)  40.1%1.8 (70.0) 50.1£1.3(96.2)  38.1%1.0(66.1)
(E) 450.2+38 (76.4%) 434.9+41 (73.8%) 53.240.4(93.2)  47.1%0.2 (82.2) 424409 (81.4)  43.7+0.9 (75.9)
(F) 508.61£29 (86.2%) 512.1158 (86.7%) 52.9+11.3(92.6) 51.4%0.6 (89.7) 47.1£0.8 (90.4)  46.1%0.1(80.0)
(G) 280.1£18 (48.2%) 218.6138 (37.1%) 43.31£0.3 (75.8)  28.9%0.9 (50.4) 40.2£1.1 (77.2)  25.2%+0.9 (43.8)

(A), (B), (C), (D), (E), (F), and (G) are mentioned in Table 1.
®Values represent mean + standard deviation (% PAH recovery) of three replicates.

Ecotoxicity

The results of the ecotoxicity test are shown in Table 3.
All twenty juvenile crustaceans were motile in each of three
replicates when exposed to water elutriates prepared from
soil samples from 0, 5, and 10 weeks. Among the three tests,
the ecotoxicity test examining the survival rate of D. magna
did not generate significant resultsin terms of the resistance
of D. magna to PAH’s. Although the PAH’s were detected
in soil elutriates, many authors have indicated that PAH wa-
ter elutriates leached from heavily PAH-contaminated soils
had no toxic effect on D. magna [44].

The two other biological indicators (inhibition of mustard
seed germination and reduction in oxidoreductase activity in
B. cereus) resulted in a lower ecotoxicity after the treatments
(Table 3). The significant decreases in toxicity were first
observed in the D and G treatments after 10 weeks of inocu-
lation (compared to the controls, A and B). The inhibitory
effect on mustard seeds decreased from 70.0 to 50.4% by the
10th week of D and G treatment, respectively (Table 3).

In other words, a significant synergistic effect of the co-
culture of the fungus and the bacterium was observed, (in
comparison with the bacterial culture alone, E), which re-
duced the inhibitory effect by only 17.8% after a 10-week
treatment. This result confirms the suggested synergistic
mechanism. Only the fungus Penicillium sp. can degrade the
PAH’s in soil. Moreover, the bacterium Rhodococcus sp.
IC10 utilizes the degraded products by oxidation and thus
enhances the overall biodegradation process. The culture of A.
terreus (C) and its co-culture with Rhodococcus sp. IC10 (F)
did not significantly alter the germination inhibition of mus-
tard seed (no more than 11%). The results obtained from the
oxidoreductase activity test in B. cereus exhibited similar
trends (Table 3) which identifies the co-culture of Penicillium
sp. and Rhodococcus sp. IC10 as the most efficient combina-
tion of organisms which reduces the inhibitory effect on the
enzyme to 43.8% of the negative control after a 10-week
treatment. The pure culture of Penicillium sp. (D) was rela-
tively efficient at reducing the inhibition of oxidoreductase to

66.1% of the control. Of particular note, the percentage of
oxidoreductase activity reduction in B. cereus by the co-
culture (D), 56.2%, is approximately the sum of individual
oxidoreductase activity reduction, 33.9 and 24.1% for Peni-
cillium sp. (D) and Rhodococcus sp. IC10 (E), respectively.

Again, the co-culture of A. terreus and Rhodococcus sp.
IC10 alleviated the inhibition of oxidoreductase only by 20%.
This suggests that there must be several types of interactions
between fungus and bacterium: positive, neutral, and negative.
The co-culturing of the bacterium Rhodococcus sp. IC10 with
the fungus A. ferreus was not stable for PAH degradation.
However, further studies are required to clarify the mecha-
nisms of PAH removal as well as the synergistic mechanisms
of microbial interaction and the ecology of these systems.

CONCLUSION

This study investigated the ability of PAH removal by
fungi and bacteria isolated from petroleum hydrocarbon-
contaminated soil. The co-culture of Penicillium sp. and
Rhodococcus sp. IC10 was found to be the optimal combina-
tion for the removal of different PAH’s from contaminated
soil and for the reduction of soil toxicity, evaluated by mus-
tard seed germination and the oxidoreductase activity of B.
cereus. Despite this, the co-culture of the fungi A. terreus
and Rhodococcus sp. IC10 did not show any synergistic ef-
fect in the degradation efficiency when compared to the ax-
enic culture of the fungi. This suggests that selecting a
proper set of strains for the co-culture is important for the
optimal degradation with synergistic effects. This study
found that the co-culture of two microorganisms, Penicillium
sp. and Rhodococcus sp. IC10, isolated from polluted soils,
could enhance the bioremediation processes in the treatment
of contaminated soils with petroleum from creosote which
contains PAH’s.
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