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Abstract:  Polycyclic Aromatic Hydrocarbons (PAHs) are a group of compounds that pose many health threats to 
human and animal life.  They occur in nature as a result of incomplete combustion of organic matter, as well as 
from many anthropogenic sources including cigarette smoke and automobile exhaust.  PAHs have been reported 
to cause liver damage, red blood cell damage and a variety of cancers.  Because of this, methods to reduce the 
amount of PAHs in the environment are continuously being sought.  The purpose of this study was to find soil 
bacteria capable of degrading high molecular weight PAHs, such as pyrene (Pyr) and benzo[a]pyrene (BaP), 
which contain more than three benzene rings and so persist in the environment.  Bacillus subtilis, identified by 
fatty acid methyl ester (FAME) analysis, was isolated from PAH contaminated soil. Because it grew in the 
presence of 33μg/ml each of pyrene, 1-AP and 1-HP, its biodegradation capabilities were assessed.  It was found 
that after a four-day incubation period at 30oC in 20μg/ml pyrene or benzo[a]pyrene, B. subtilis was able to 
transform approximately 40% and 50% pyrene and benzo[a]pyrene, respectively.  This is the first report 
implicating B. subtilis in PAH degradation.  Whether or not the intermediates resulting from the transformation 
are more toxic than their parent compounds, and whether B. subtilis is capable of mineralizing pyrene or 
benzo[a]pyrene to carbon dioxide and water, remains to be evaluated. 
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Introduction 

 
Polycyclic Aromatic Hydrocarbons (PAHs) are a class of 

compounds composed of two or more fused benzene rings 
[1, 2].  They occur naturally, resulting from the incomplete 
combustion of organic matter, volcanic eruptions and forest 
fires.  They are also distributed into the environment due to 
such human activities as cigarette smoking, automobile 
exhaust, and the processing, production and spillage of 
petroleum [3, 4]. Many of these compounds have been found 
to have toxic, mutagenic and/or carcinogenic properties [5-7]. 
PAHs are photocytotoxic to both plants and animals [8, 9]. 
They are found in soil and water, and therefore are able to 
enter vegetation and aquatic organisms that humans will 
ultimately consume. Their fused benzene ring structure 
makes PAHs very hydrophobic and therefore, highly stable. 
These properties make them persist in the environment as 
recalcitrant pollutants for very long periods of time.  For 
these reasons, the removal of PAHs from the environment is 
important and necessary. 

Biological systems have been widely used in various 
aspects of the remediation of the environment.  Plants, 
fungi and microorganisms have been used as very 
effective tools in the removal of toxic metals and harmful 
organic xenobiotics from the environment. Microbial 
activity is the most significant cause of PAH removal 
from the environment, and the ability of bacteria to 
degrade PAHs has been well documented [10]. This 
documentation, however, is mainly limited to low 
molecular weight (LMW) PAHs, which contain fewer 
than four benzene rings.  High-molecular weight (HMW) 
PAHs, containing four or more benzene rings, are more 
difficult to degrade because they are extremely 
hydrophobic [11, 12].  Few bacteria strains have been 
reported with the ability to degrade HMW-PAHs.  The 
focus of this research is finding soil bacteria that are 
capable of degrading HMW-PAHs, such as Pyrene (Pyr) 
and Benzo[a]pyrene (BaP).  In this study, we hypothesize 
that soil bacteria capable of degrading HMW-PAH will be 
isolated from PAH-contaminated soil. 
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Materials and Methods 
 

Chemicals and Reagents 
 
Tryptone, bacto-agar, sodium chloride (NaCl), yeast 

extract, K2HPO4, KH2PO4, (NH4)2SO4, sodium citrate•2H2O, 
MgSO4•7H2O, Ca(NO3)2, MnCl2, FeSO4, glucose, pyrene 
(Pyr), 1-aminopyrene (1-AP), 1-hydroxypyrene (1-HP), 
benzo[a]pyrene (BaP), N, N-dimethylformamide, acetonitrile 
and HPLC grade hexane were purchased from Sigma- 
Aldrich Chemical Co., (St. Louis, Missouri).  Contaminated 
soil sample taken from a site in Southern Maryland was 
provided by Dr. Huey-Min Hwang. 

 
Preparation of Media 

 
Luria Bertani (LB) broth contained 5.0g tryptone, 5.0g 

NaCl and 2.5g yeast extract per liter of distilled water.  
Minimum Medium (MM) was prepared by dissolving 
13.9g K2HPO4, 6.0g KH2PO4, 2.0g (NH4)SO4, 1.9 g 
Sodium Citrate • 2H2O, 0.2g MgSO4 • 7H2O, 0.1ml 1M 
Ca(NO3)2, 1.0ml of 0.1M MnCl2 and 0.1ml of 0.01M 
FeSO4 in 1L of distilled water. Glucose stock solutions 
(10%) were prepared. All solid media contained 1.8% 
agar along with the other appropriate constituents. Stock 
solutions (1.0mg/ml) of pyrene (Pyr), 1-aminopyrene (1-
AP) and 1-hydroxypyrene (1-HP) and benzo[a]pyrene 
(BaP) were prepared in N, N-dimethylformamide (DMF). 

 
Isolation of Bacteria from PAH-Contaminated Soil 

 
One gram of PAH-contaminated soil was re-

suspended in 100ml of sterile dH2O with vigorous stirring 
for 10 minutes.  This suspension was then allowed to 
settle at room temperature for 30 minutes. A 100μl sample 
of the supernatant was spread onto a LB agar plate and 
incubated at 30oC.  Colonies from the LB plate were then 
spread onto Minimum Medium plus 1% glucose (MG) 
plates and incubated at 30oC.  These spread and transfer 
processes were repeated several times on MG, MM, and 
finally, MM+PAH (1μg/ml each Pyr, 1-AP, 1-HP and 
BaP).  Eleven (11) distinct isolates were obtained. One 
colony of each of the eleven isolates was used to inoculate 
5ml of MG and incubated at 30oC in an orbital shaker at a 
speed of 150 rpm.  The cultures were then stored in 10% 
glycerol at 4oC and labeled Tgr1-11. A 200μl aliquot of 
each isolate from frozen stock was used to inoculate 10 ml 
of MM+PAH and incubated at 30oC in an orbital shaker at 
a speed of 150 rpm for 24hr. Over a four week period, the 
PAH concentration was increased from 10, 15, 20, 25 to 
~33μg/ml.  The isolates that survived were subsequently 
sent to Dr. Veronica Acosta at the USDA in Lubbock, TX 
for identification by Fatty Acid Methyl Ester (FAME) 
analysis.   
 
Growth of Tgr3 in Various Media 
 

Five milliliters of MM were inoculated with 100μl of 
Tgr3. Cultures were incubated in an orbital shaker whose 
cover was wrapped with aluminium foil to exclude light. 
Temperature was set for 30oC and shaker speed was 150 rpm 
for 24 hours.  From the 24 hour culture, a subculture was 
grown in MM until it reached midlog phase (12-14 hours).  A 

500μl sample of the midlog culture was used to inoculate 
25ml of MM, MG and MM supplemented with 20μg/ml 
pyrene or benzo[a]pyrene.  Turbidity measurements were 
taken using a Klett Colorimeter from the time of inoculation 
(to) until measurements remained constant. 

 
Tgr3 Viability in the Presence of Different PAH 

 
Five milliliters of MM were inoculated with 100μl of 

Tgr3.  Cultures were incubated in an orbital shaker whose 
cover was wrapped with aluminum foil to exclude light. 
Temperature was set for 30oC and shaker speed was 150 
rpm for 24 hours. From the 24 hour culture, a subculture 
was grown in MM until it reached midlog phase.  A 100μl 
sample of the midlog culture was used to inoculate 5ml of 
MM, MG and MM supplemented with Pyr or BaP, to a 
final concentration of 20μg/ml.  The cultures were 
incubated at 30oC for 4 days, with shaking.  Every 24 
hours, serial dilutions of the cultures were made and 
spread onto a MM plate.  Plates were incubated until 
colonies appeared (~48 hours) and then counted. 

 
Assessment of Degradation Capacity of Tgr3 

 
Five milliliters of MM were inoculated with 100μl of 

Tgr3. Cultures were incubated in an orbital shaker whose 
cover was wrapped with aluminum foil to exclude light. 
Temperature was set for 30oC and shaker speed was 150 
rpm for 24 hours. From the 24 hour culture, a subculture 
was grown in MM until it reached midlog phase.  Half of 
the midlog culture was autoclaved at 121oC/15psi for 15 
minutes.  A 100μl sample of the midlog culture or heat-
killed culture was used to inoculate 5ml of MM 
supplemented with pyrene or benzo[a]pyrene, to a final 
concentration of 20μg/ml.  The cultures were incubated at 
30oC for 4 days, with shaking.  Every 24 hours, the PAH 
was extracted with 2.0 ml of HPLC grade hexane, 1.0ml 
at a time, vortexed at maximum speed for 20 seconds, and 
incubated at -20oC to aid with layer separation. 

 
Analysis of PAH Extracted from Transformation 
Experiment   

 
The PAHs extracted from completed transformation 

experiments were analyzed using Waters HPLC system 
consisting of dual λ absorbance detector and a Supercosil 
LC-PAH (5μm, 25.0cm x 4.6mm ID) column.  Analysis 
was performed in gradient mode from 60% water (solvent 
A) to 100% acetonitrile (solvent B) at a flow rate of 
1.5ml/min.  After isocratic run for 5 minutes in 40% solvent 
B, the mobile phase was changed by a linear gradient over 
25 minutes to solvent B and elution continued for a further 
10 minutes.  The UV light absorption was monitored at 2 
nm wavelength intervals from 210 to 600nm.  The 
wavelength used to integrate peaks was 254 nm. 

 
Results 

 
Isolation of Bacteria from PAH-Contaminated Soil 

 
We spread 100μl aliquots of the supernatant from 

suspension of PAH-contaminated soil in water on LB 
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plates. Successive spread and transfer of bacteria to 
different growth media supplemented with selected PAH, 
allowed us to isolate about a dozen bacteria. Isolates were 
grown in MM for 24 hours prior to initial characterization 
using Gram staining according to the Becton-Dickinson 
Gram stain protocol. As shown in Table 1, 11 distinct 
isolates were obtained. These isolates were further 
characterized using fatty acid methyl ester (FAME) 
analysis. Fatty acids were extracted from pure bacteria 
isolates using the procedure described for pure culture 
isolates by the Microbial Identification System (MIS, 
Microbial ID, Inc., Newark, DE). The fatty acid methyl 
esters (FAME) were extracted and sent to the USDA Plant 
Stress and Water Conservation Laboratory in Lubbock, 
TX where they were analyzed in a 6890 GC Series II 
(Agilent Technologies). FAMEs were identified, and their 
relative peak areas were determined by the MIS Aerobe 
method of the MIDI system (Microbial ID, Inc., Newark, 
DE). The aerobic library for the TSBA 40 method 
(Version 4.10) was used to identify the bacteria. Isolates 3, 
4, (Tgr3 and Tgr4) were identified as Bacillus subtilis and 
Burkholderia cepacia, respectively. Both isolates 7 and 9 
(Tgr7 and Tgr9) were identified as Pseudomonas cepacia.  
 
Table 1: Characteristics of soil bacterial isolates:  
Isolates were grown in MM for 24 hours and Gram 
stained according to the Becton-Dickinson Gram Stain 
Protocol Growth and Viability of Tgr3 

 
To assess the potential of B. subtilis as a PAH 

degrader, several investigations were done.    B. subtilis 
is able to grow in 20μg/ml pyrene and benzo[a]pyrene.  
Growth physiology results suggest that the growth of B. 
subtilis was not affected by 20μg/ml pyrene or 
benzo[a]pyrene because its growth in either PAH was 
almost identical to that in minimum medium alone 
(Figure 1).  Turbidity measurements taken after every 24 
hours of growth also indicated that B. subtilis reached 
exponential phase within the first 24 hours of growth and 
began to decline slowly thereafter in each growth 
medium. Figure 2 shows that B. subtilis achieves 

maximum viability at 48 hours in all media used.  As 
expected, MG is still the best growth medium, with 
virtually no difference between MM, MM+Pyr and 
MM+BaP.  
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Figure 1:  Growth physiology of B. subtilis in MM, 
MG, and MM+PAH.  B. subtilis was grown in each 
medium for 4 consecutive days.  Turbidity 
measurements were taken every 24 hours using a Klett 
colorimeter.  Results represent the mean +/-SD values of 
experiment performed in triplicate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  Viability of B. subtilis in MM, MG and 
MM+PAH.  B. subtilis grown in each medium was 
spread onto MM plates every 24 hours.  Plates were 
incubated at 30oC for 48 hours and colonies were 
counted.  Results represent the mean +/- SD values of 
experiment performed in triplicate. 
 
Transformation Experiments 

  
PAH transformation experiments revealed that B. 

subtilis has the ability to transform pyrene and 
benzo[a]pyrene in its growth medium. PAH 
transformation occurred within the first 24 hours of 
growth in 20μg/ml pyrene and benzo[a]pyrene, with 
approximately 15% and 8% of the pyrene and 
benzo[a]pyrene being transformed, respectively (Figure 
3).  B. subtilis reached its peak growth (~ 1.25 x 
1011cells/ml) after 48 hours in pyrene, where it 

Bacterium                                      Characteristics 

 Morphology Gram 
Stain Other Features 

Tgr1 Rod Shaped - Cloudy w/ yellow 
flocculation 

Tgr 2 Rod Shaped - Cloudy white 
Tgr 3 Rod Shaped + Cloudy white 
Tgr 4 Rod Shaped - Cloudy white 
Tgr 5 Rod Shaped - Cloudy white 
Tgr 7 Rod Shaped + Cloudy white 
Tgr 8 Rod Shaped + Cloudy white 
Tgr 9 Rod Shaped - Cloudy white 
Tgr 
10 Rod Shaped + Slightly cloudy 

Tgr 
11 Rod Shaped - Cloudy white 

Tgr 
12 Rod Shaped - Slightly cloudy 
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transformed about 55% of the pyrene in the growth 
medium (Figure 3).  After 48 hours of growth, B. subtilis 
transformed about 50% of the benzo[a]pyrene in its 
growth medium, where it was also at its peak growth (~ 
1.09 x 1011 cells/ml).  Even though the number of viable 
cells significantly decreased after 72 hours of growth in 
benzo[a]pyrene, B. subtilis continued to transform up to 
about 65% of the benzo[a]pyrene present. As far as we 
know, this is the first report suggesting a potential role 
for B. subtilis in the degradation of PAH.  

 

 

Figure 3:  Transformation of benzo[a]pyrene and pyrene 
by B. subtilis.  B. subtilis was grown in MM plus 
20μg/ml BaP or Pyr for 4 consecutive days.  Every 24 
hours, the PAH was extracted with HPLC grade hexane 
and analyzed by HPLC.  Results represent the mean 
values of experiment performed in triplicate. 
 
Discussion 
 
Isolation of Potential HMW-PAH Degrading Bacteria 

 
Soil bacteria are frequently examined for their 

abilities to degrade PAHs because of the prevalence of 
the compounds in soils.  In previous research, bacteria 
have been isolated from contaminated soils in areas such 
as coal gasification sites, creosote-contaminated sites 
and oil fields [1, 13-14]. These sites are usually assumed 
to be contaminated with PAHs because of these 
anthropogenic activities. Since bacteria are present 
virtually everywhere in nature, it is reasonable to expect 
them to be found in PAH-contaminated sites. Those 
bacteria that survive in such sites are likely to be able to 
degrade or metabolize the contaminant.  Few bacteria are 
known that can degrade HMW PAHs.  White rot fungi 
are more often associated with HMW PAH degradation 
than bacteria.  They are believed to produce such 
enzymes as lignin peroxidase and P450 monooxygenases 
for use in PAH degradation [15]. As the search for 
HMW PAH degrading bacterium goes on, more genera 
are being identified as degraders. The Mycobacterium 
genus is the family that is most often associated with 
degradation of HMW PAHs [14, 16, 17].  
Mycobacterium austroafricanum GTI-23 can utilize 

phenanthrene, fluoranthene and pyrene as a sole source 
of carbon and energy, and mineralize 300μg/ml pyrene 
in liquid culture [18]. It can also partially degrade 
300μg/ml fluorene and benzo[a]pyrene.  After 17 days of 
growth, M. austroafricanum completely degraded [4, 5, 
9, 10 14C]Pyrene to 14CO2. 

Another Mycobacterium, strain RJGII-135, isolated 
from a coal gasification site, was able to degrade more 
than 45% [14C ]Pyrene, with metabolites such as 
methylated -4-phenanthtrene-carboxylic acid, 
methylated-4,5-Phenanthrene dicarboxylic acid and 4,5-
pyrene-dihydrodiol being produced [14]. Although 
significantly slower, RJGII-135 also degraded 
[14C]benzo[a]pyrene, producing metabolites cis-4-(7-
hydroxypyrene-8-yl)-2-oxobut-3-enoic acid, methylated 
4,5-chrysene-dicarboxylic acid, cis-7,8-dihydrodiol-BaP, 
7,8-dihydro-pyrene-8-carboxylic acid.  This organism 
was also able to degrade benzo[a]anthracene at a rate 
similar to that of pyrene.  Mycobacterium sp. strain AP1 
grew in mineral medium with pyrene as the sole source 
of carbon [16]. After 6 days of growth, the bacterium 
decreased the amount of pyrene in the growth medium 
from 180g/ml to 50g/ml while producing, for the first 
time in literature, metabolite 6,6-dihydroxy-2,2-biphenyl 
dicarboxylic acid. 

Pseudomonas stutzeri strain P16, Pseudomonas 
saccharophila strain P15, Bacillus cereus strain P21 and 
Sphingomonas yanoikuyae strain R1 all play an active 
role in pyrene metabolism when grown in minimum salts 
buffer [19]. Strains P16 and P21 are able to transform 
pyrene into the first intermediate in degradation by 
aerobic organisms, cis-4,5-dihydro-4,5-dihydroxypyrene.  
Strains P15 and R1 were not able to transform pyrene 
into any intermediates, but they were able to further 
metabolize cis-4,5-dihydro-4,5-dihydroxypyrene into 
pyrene-4,5-dione.  

 
Conclusions 

 
Isolates 3, 4, (Tgr3 and Tgr4) were identified as 

Bacillus subtilis and Burkholderia cepacia, respectively. 
Both isolates 7 and 9 (Tgr7 and Tgr9) were identified as 
Pseudomonas cepacia by fatty acid methyl ester 
analysis.  Results of transformation experiments clearly 
suggest that B. subtilis transforms about 40% of pyrene 
and 50% of benzo[a]pyrene in its growth medium. B. 
subtilis has previously been used in the bioremediation 
of selenite, a mutagenic selenium compound that causes 
base-pair substitution in DNA, because of its ability to 
convert selenite to elemental selenium [20]. These 
transformation results are significant because as far as 
we know, this is the first report suggesting a potential 
role for B. subtilis in the degradation of PAH.  This is 
even more fascinating considering the fact that Tgr3 was 
isolated from the same soil sample as Burkholderia 
cepacia, isolate 4 (Tgr4) and Pseudomonas cepacia, 
isolates 7 and 9 (Tgr7 and Tgr9), which have previously 
been reported to degrade HMW-PAH [21-22]. This 
finding warrants further extensive investigation of Tgr3 
isolate. The toxicity of the metabolites produced during 
transformation must be assessed. Mineralization of 
pyrene and benzo[a]pyrene by Tgr3 is yet to be 
determined. If as these results seem to suggest B. subtilis 
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is able to degrade HMW-PAH, its use in the clean-up of 
PAH-contaminated sites will go a long way in improving the 
health of the environment for the benefit of humankind. 
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	Five milliliters of MM were inoculated with 100l of Tgr3. Cultures were incubated in an orbital shaker whose cover was wrapped with aluminum foil to exclude light. Temperature was set for 30oC and shaker speed was 150 rpm for 24 hours. From the 24 hour culture, a subculture was grown in MM until it reached midlog phase.  Half of the midlog culture was autoclaved at 121oC/15psi for 15 minutes.  A 100l sample of the midlog culture or heat-killed culture was used to inoculate 5ml of MM supplemented with pyrene or benzo[a]pyrene, to a final concentration of 20g/ml.  The cultures were incubated at 30oC for 4 days, with shaking.  Every 24 hours, the PAH was extracted with 2.0 ml of HPLC grade hexane, 1.0ml at a time, vortexed at maximum speed for 20 seconds, and incubated at -20oC to aid with layer separation. 
	 
	Analysis of PAH Extracted from Transformation Experiment   

