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Polycyclic aromatic compounds are a group of highly recalcitrant organic pollutants. The initial steps in
the degradation of polycyclic aromatic hydrocarbon (PAHSs) involve the dihydroxylation of the aromatic
ring, a step catalysed by dioxygenase enzymes. The degradation of many xenobiotic and hydrocarbon
compounds is known to be mediated by plasmid encoded enzymes. In this review, an insight is given
into the role of plasmid in degradation of PAHs, acquisition of degradative ability by these organisms
via horizontal transfer and clustering, resulting from tranposon-mediated recombination. There is
preponderance of information showing high level of plasmid involvement in the degradation of
naphthalene and other 2- and 3-ring PAHs. Information on higher molecular weight PAHs is however
scanty. Recent studies suggest possible involvement of plasmid in HMWPAH degradation than was
previously thought. Many plasmids involved in PAH-degradation are megaplasmids, of linear
configuration, encoding part or the whole genes for the complete pathways. In recent times, validation
of propositions on degradative gene acquisition by horizontal gene transfer (HGT) has been obtained
from field studies. HGT and transposition seems to be more chronologically linked and less fortuitously
directed than previously thought. Improvement on the methods used in isolation of degraders and
study of these is important, towards making a significant stride in elucidating plasmid involvement in

PAH degradation.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are compounds
containing carbon and hydrogen, with the carbon atoms
arranged in series of adjoining six-membered benzene
rings (Figure 1). Polycyclic aromatic hydrocarbons are
present as natural constituents of fossil fuels. They are
part of the thousands of components in petroleum
products. They are also formed as a result of incomplete
combustion of organic materials through pyrolysis and
pyrosynthesis (Mastral and Callen, 2000) and are
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Abbreviations: PAH, polycyclic aromatic hydrocarbon; HGT,
horizontal gene transfer; HMW, higher molecular weight; NAH,
naphthalene plasmid; DNA, deoxyribonucleic acid.

therefore present in relatively high concentration in
products of fossil fuel combustion (Cerniglia, 1992;
Kanaly and Harayama, 2000). These in combination with
global transport phenomenon and increasing industrial
development, result in their worldwide distribution
(Jimenez and Bartha, 1996; Kanaly and Harayama, 2000;
Kanaly and Harayama, 2010).

Interest in the biodegradation mechanism and environ-
mental fate of PAHs is prompted by their ubiquitous
distribution and their potentially deleterious effects on
human health (Kanaly and Harayama, 2000). The chemi-
cal properties, and hence the environmental fate of PAH
molecules are determined in part by both molecular size,
that is, the number of aromatic rings and molecular
topology or the pattern of ring linkage. PAHs are
hydrophobic compounds and their persistence within the
ecosystem is due largely to their hydrophobicity and low
water solubility (Table 1). There is a positive correlation
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Figure 1. Structures of some selected PAHs.

Table 1. Physico-chemical properties of some PAHSs.

benzo[a]lpyrene benzolelpyrene

PAH Mass (Da) Vapour pressure (Pa) Log Kow Solubility Carcinogenicty
Naphthalene 128.18 12.0 3.58 30 -
Acenaphthene 154.20 4.02 3.92 3.6 -
Acenaphthylene 155.20 3.87 3.90 3.88 -
Fluorene 166.23 0.13 4.18 2.00 -
Phenanthrene 178.24 0.0161 4.46-4.63 1-2 -
Anthracene 178.24 0.001 4.45 0.015 -
Fluoranthene 202.26 0.001 5.22 0.25 -
Pyrene 202.26 0.0006 5.88-6.7 0.12-0.18 -
Benz[a]anthracene 228.30 2.0x10° 5.99 0.01 +
Chrysene 228.30 6.08x10” 5.01-7.10 0.0015-0.004 +
Benzo[a]pyrene 252.32 7.0x10” 5.78-6.5 0.001-0.006 +

Kow — octanol-water coefficient; Source: Cerniglia and Shuttleworth, 2002.

between increase in size of PAH molecules and their
angularities and electrochemical stability.

PAHs are often bound to fine particles in aquatic
environments, where they sediment because of their
hydrophobicity. =~ Whereas PAHs may undergo
volatilization, chemical oxidation, photodecomposition
and microbial degradation in water, decomposition in
sediments is mainly by microbial degradation (Cerniglia,
1992). The biochemical persistence of PAHs arises from
dense clouds of m-electrons on both sides of the ring
structure, making them resistant to nucleophilic attack
(Johnsen et al., 2005). Lower molecular weight PAHs
such as naphthalene and phenanthrene are degraded
rapidly in sediments, but higher molecular weight (HMW)
PAHs such as pyrene, chrysene, benzo(a)anthracene

and benzo(a)pyrene are more recalcitrant (Mrozik et al.,
2003).

A wide array of microorganisms including fungi, algae
and bacteria are known to degrade PAHs. However,
bacteria play by far the most important role in complete
mineralization. Fungi on the other hand mainly
biotransform PAHs, namely, detoxification to less or non-
toxic metabolites which can then be acted upon by other
organisms (Cerniglia, 1992). Most of the bacteria known
to degrade high molecular weight PAHs are
actinomycetes, belonging to the genera Mycobacterium,
Rhodococcus and Gordonia (Krivobok et al., 2003). The
initial step in the aerobic catabolism of an aromatic
molecule by bacteria, occurs via oxidation of the PAH to
a dihydrodiol by a multicomponent enzyme system. This
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Figure 2. Pathways of microbial degradation of PAHs.

hydroxylated intermediate may then be processed to a
central intermediate catechol or protocatechuate, which is
cleaved through the ortho or meta cleavage type of
pathways (Figure 2). In polynuclear aromatic compounds
like PAHs, there is sequential cleavage of the rings via
dihydroxylation and cleavage Ileading to more
intermediates and ultimate conversion to intermediates of
the tricarboxylic acid cycle (van Der Meer et al., 1992;
Kanaly and Harayama, 2000).

DEGRADATIVE PLASMIDS OF PAH DEGRADERS

A bacterium needs the appropriate catabolic genes in
order to be a degrader of a compound. Many of the
genes involved in the degradation of PAHs are often
located on plasmids (Johnsen et al., 2005). These extra-
chromosomal elements first came to reckoning with the
discovery of their involvement in the spread of bacteria
resistance to antibiotics (Foster, 1983). Plasmids that
carry structural genes that code for the degradation of
many naturally occurring organic compounds and
xenobiotics, are referred to as degradative or catabolic
plasmids. The first plasmids that were discovered were
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predominantly circular plasmids (Hardy, 1981; Day, 1982)
but reports abound today of plasmids with linear
configuration and a number of these have been reported
in degraders of xenobiotics and other recalcitrant
pollutants (Shimizu et al., 2001; Stecker et al., 20083;
Broker et al., 2004).

The role of plasmids in the evolution of bacteria popula-
tions in the environment cannot be overemphasized. The
presence of PAH-degradative genes on mobile genetic
elements has been fingered as an indication of easy
spreading of PAH-catabolic abilities among bacteria in
polluted soil, as a result of conjugative transfer (Johnsen
et al., 2005). This is further buttressed by the fact of
sequence identity of genes among strains (Wackett and
Hershberger, 2001). A plasmid may encode a complete
degradative pathway or partial degradative step. Some
other plasmids code for enzymes that have specificity for
several substrates. For example, the genes encoding the
upper and lower pathways of naphthalene in the NAH
plasmids of several pseudomonads have broad
specificities, allowing the host to grow on several two and
three -ring PAHs, as sole carbon and energy sources
(Foght and Westlake, 1996). Some of the best reported
plasmid-bearing PAH degraders are listed in Table 2.
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Table 2. Selected PAH degrading bacterial plasmids and their hosts.

Strain Plasmid Substrate References
Pseudomonas putida strains NAH7 Naphthalene Dunn, 1973
Pseudomonas putida NCIB9816 pDTGH1 Naphthalene Kurkela et al., 1988
Pseudomonas strain C18 puUCi8 ELbenzothlophene naphthalene, Denome et al., 1993
enanthrene
Pseudomonas sp. strain 112 Naphthalene Fuenmayor et al., 1998
Burkholderia strain R0O07 Naphthalene, phenanthrene Laurie and Lhoyd-Jones, 1999
Sphingomonas aromaticivorans F199 pNL Phenanthrene Romine et al., 1999
Sphingomonas strain KS14 pKS14 Phenanthrene Cho and Kim, 2001
Staphylococcus sp. PN/Y pPNY Phenanthrene Mallick et al., 2007
Terrabacter sp. DBF63 pDBF1 Fluorene Habe et al., 2005
Sphingomonas sp. HS362 p4 Phenanthrene Hwa et al., 2005
Mycobacterium sp. KMS Pyrene Miller et al., 2007
Mycobacterium sp MC Pyrene Miller et al., 2007
Mycobacterium sp. PYR-GCK Pyrene Miller et al., 2007
Pseudomonas sp. ARP26 Phenanthrene Coral and Karagol, 2005
Pseudomonas sp. ARP28 Phenanthrene Coral and Karagol, 2005
Pseudomonas sp. Anthracene Kumar et al., 2010
Beijerinkia sp. pKG2 Phenanthrene Kiyohara et al., 1983
Pseudomonas fluorescens strain LP6a  pLP6a Naphthalene anthracene, phenanthrene  Foght and Westlake, 1996

Table 3. Genes borne on the NAH7 plasmid and enzymes encoded by them.

Substrate Gene Encoded protein or function
nahAa Reductase
nahAb Ferredoxin
nahAc Iron sulfur protein large subunit
nahAd Iron sulfur protein small submit
Naphthalene (upper pathway) nahB cis-Napthalene dihydrodiol dehydrogenase
nahF salicyaldehyde dehydrogenase
nahC 1,2-Dihydroxynaphthalene oxygenase
nahE 2-Hydroxybenzalpyruvate aldolase
nahD 2-Hydroxychromene-2-carboxylate isomerase
nahG Salicylate hydroxylase
nahT Chloroplast-type ferredoxin
nahH Catechol oxygenase
nahl 2-Hydroxymuconic semialdehyde dehydrogenase
. nahN 2-Hydroxymuconic semialdehyde dehydrogenase
Salicylate (lower pathway) nahL 2-Oxo0-4-pentenoate hydratase
nahO 4-Hydroxy-2-oxovalerate aldolase
nahM Acetaldehyde dehydrogenase
nahK 4-Oxalocrotonate decarboxylase
nahd 2-Hydroxymuconate tautomerase
Regulator for both operons nahR Induced by salicyylate

DEGRADATIVE PLASMIDS

NAPHTHALENE DEGRADATION

ENCODING and the best-studied among the PAHs. The association

of plasmids with the degradation of naphthalene by
bacteria has been well reported in the literature and was

Naphthalene is the simplest, the most easily degraded the subject of a remarkable review by Yen and Serdar



(1988). All the genes involved in the degradation of
naphthalene by Pseudomonas putida PpG7 are now
known to be plasmid borne (Table 3). Dunn and
Gunsalus (1973) reported for the first time, the involve-
ment of plasmids in the degradation of PAHs. The genes
for the initial step in the oxidation of the naphthalene
were localized on the NAH plasmid in Pseudomonas
PpG7. This gene was found to be transmissible. The
authors suggested that plasmids might play an important
role in the evolution of metabolic diversity among
pseudomonads. Dunn et al. (1980) isolated and
characterized two catabolic plasmids coding for the
degradation of naphthalene in P. putida strains. The
plasmids were transmissible, belonged to the p7 incom-
patibility group and coded for naphthalene degradation
via salicyclate and catechol, then, by the catechol meta-
cleavage pathway. Enzymes for the meta-cleavage of
catechol were found to be constitutive, in mutant carrying
the plasmid NAH, pND140 and pND160. The enzymes
involved in the conversion of naphthalene to catechol
were found to be inducible during growth on salicyclate.
Thus, the authors concluded that these enzymes
belonged to separate operon or operons (Austen and
Dunn, 1980).

Yen and Gunsalus (1982) demonstrated that the genes
encoding the enzymes of the first 11 steps of the
naphthalene oxidation pathway are located on the NAH7
plasmid. In plasmid NAH7, the naphthalene catabolic
genes are organized into two operons; nah and sal. The
naphthalene oxidation genes are organized in two
operons. The first operon includes genes nahABCDEF,
coding for the conversion of naphthalene to salicylate,
and the second operon includes genes nahGHIJK,
coding for the oxidation of salicylate via the catechol
meta-cleavage pathway. Further progress was made in
unraveling the nature and functions of the genes encoded
on this degradative plasmid when Yen and Gunsalus
(1985) characterized a series of clustered NAH7 plasmid
mutations, which defined the regulatory gene nahR. The
authors showed conclusively that the two catabolic
operons in NAH7 are controlled by a positive regulator
gene, nahR, that is located immediately upstream of the
nahG gene. Induction of the operons is controlled not by
naphthalene but by its metabolite, salicylate. Schell and
Wender (1986) identified the nahR gene product and
nucleotide sequence required for the activation of the sal
operon of NAH7. You et al. (1991) sequenced the
intergenic region spanning genes nahG and nahH. The
NahR-nahG regulatory gene function was later
demonstrated to be highly conserved (Park et al., 2002).
Apart from the NAH plasmids, several other plasmids
were equally reported early enough. Zuniga et al. (1981)
demonstrated that the ability of P. putida PMD-1 to utilize
naphthalene and salicylic acid as sole carbon sources
was due to the presence of plasmid pMWD-1 of 110
megadaltons and that the pathway was meta-cleavage. It
was shown that, the plasmid was required for the
degradation of salicyclate while conversion of naphthalene
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to salicylate was chromosomally borne.

Using a rapid method, Connors and Barnsley (1982)
showed that, three naphthalene degraders of
Pseudomonas strain, NCIB 9816, Pseudomonas strain
PG and ATCC 17483 each harbor more than one
plasmid. The largest of the plasmids NAH2 and NAHS3 in
NCIB 9816 and PG were found to hybridize with NAH,
although quite different. Later, plasmid deoxyribonucleic
acid (DNA) from P. putida NC1B 9816 was cloned in
Escherichia coli and the transformant was used to
transform naphthalene to salicycaldehyde, salicyclic acid
and an unknown product (Cane and William, 1982).
Schell (1983) demonstrated that the genes for the
enzymes responsible for conversion of naphthalene to 2-
hydroxymuconic acid (nahA through nahl) are contained
on a 25-kb EcoRI fragment of an 85 kb NAH plasmid of
P. putida. A set of naphthalene degradation genes on the
Pseudomonas plasmid NAH7 was shown to be part of a
defective transposon which becomes mobile in the
presence of a Tn4653 transposase (Tsuda and lino,
1990). Foght and Westlake (1996) localized the gene for
PAH degradation by Pseudomonas fluorescence LP6a
which utilized naphthalene, phenanthrene anthracene
and methylnaphthalene as sole carbon and energy
sources on a 63 kb plasmid (pLP6a). The plasmid was
hybridized to the NAH7 and pWW&60 but had different
restriction endonuclease patterns. This plasmid exhibited
reproducible spontaneous deletion of a 38 kb region
containing the degradative genes.

THE NAH GENES ARE HIGHLY VERSATILE

The naphthalene dioxygenase enzyme encoded by the
NAH7 genes is known today to be a highly versatile
enzyme system, encoding a wide range of reactions
(Ensley et al., 1983; Parales et al., 2002). The NAH7
plasmid belongs to the IncP-9 incompatibility group. It is
one of the three completely sequenced IncP-9 plasmids
alongside pWWO (Wiliams and Murray, 1974) and
pDTG1 (Kurkela et al., 1988). The plasmids in this group
are mainly large self-transmissible plasmids, associated
with degradation, and antibiotic and toxic metal
resistance markers. The first evidence of the versatility of
the NAH plasmid encoded genes was provided
independently by two research groups (Menn et al., 1993;
Sanseverino et al.,, 1993). This led Sanseverino et al.
(1993) to conclude that maintaining and monitoring one
catabolic bacterial population may be sufficient for
degradation of a significant fraction of PAHs in
contaminated soil. Kiyohara and Nagao (1978) and
Barnsley (1983) had proposed that enzymes other than
NahA catalysed dioxygenation in phenanthrene
metabolism but findings by Sanseverino et al. (1993)
confirmed that the enzymes were indeed NahA and were
borne on NAH7- like plasmid.

Menn et al. (1993) produced the first report which
provides direct biochemical evidence that the
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naphthalene plasmid degradative enzyme system is
involved in the degradation of higher-molecular-weight
polycyclic aromatic hydrocarbons other than naphtha-
lene. Pseudomonas fluorescens SR, which contained an
NAH7-like plasmid (pKA1), and P. fluorescens 5R mutant
5RL containing a bioluminescent reporter plasmid
(pUTK21) which was constructed by transposon muta-
genesis were used. Polymerase chain reaction (PCR)
mapping confirmed the localization of lux transposon
Tn4431 300 bp downstream from the start of the nahG
gene. 2-hydroxy-3-naphthoic acid and 1-hydroxy-2-
naphthoic acid, were recovered and identified from P.
fluorescens 5RL as biochemical metabolites from the
biotransformation of anthracene and phenanthrene,
respectively.

Plasmids that encode the degradation of naphthalene
have also been found to be involved in the pathways of
dibenzothiophene transformation, and it has been
suggested that all the dibenzothiophene plasmids were
actually naphthalene plasmids which are closely related
to NAH7 (Eaton, 1994). Denome et al. (1993) completely
sequenced the Dox genes in Pseudomonas strain C18
and showed that the same genes are responsible for the
upper pathway of naphthalene degradation. The genes
were found to be on a 75-kb plasmid doxABDFGHIJ. The
authors concluded, therefore, that a single genetic
pathway controls the metabolism of dibenzothiophene,
naphthalene and phenanthrene in strain C18. At about
the same time, Simon et al. (1993) reported that the DNA
sequence for genes of nah (nahAb, nahAc and nahAd)
were namely identical with the doxABD genes. Laurie
and Lloyd-Jones (1999) reported the description of a
divergent set of PAH catabolic genes, the phn genes in
Burkholderia sp. strain RP007 which are isofunctional to
the classical NAH-like genes but show low homology.
The genes encoded the entire upper pathway of
naphthalene and phenanthrene degradation. The gene
nahY which code for the membrane protein that is a
chemoreceptor for naphthalene or naphthalene
metabolite is encoded by the NAH7 plasmid of P. putida
G7 (Grimm and Harwood, 1997, 1999). Samanta and
Jain, (2000) reported that P. putida RKJI possesses an
83-Kb plasmid for naphthalene metabolism through
salicyclate. Nap — Sap+ mutant was chemotactic towards
only salicylate.

Romine et al. (1999) determined the complete 184, 457
bp sequence of aromatic catabolic plasmid pNL1 from
Sphingomonas aromaticivorans F199. This represents
the first report of complete sequence of a conjugative
plasmid that encodes pathways for the complete
catabolism of aromatic organic compounds. Nearly half of
the pNL DNA encoded genes are suspected to be
involved in either catabolism or transport of aromatic
compounds. The remainder of the plasmid appears to
encode functions associated with plasmid replication,
maintenance or transfer. The genes for naphthalene
degradation in S. aromaticivorans F199, a broad-
spectrum xenobiotic degrader, are encoded on a large

plasmid (pNL1) which is circular (Basta et al., 2004).
Dennis and Zylstra (2004) completely sequenced and
constructed the physical map pDTG1 plasmid of P. putida
NCIB 9816. Notwithstanding the seeming ubiquity of
plasmid-borne naphthalene degradation genes, there are
strains in which all the genes necessary for the
catabolism of naphthalene are chromosomally borne,
such as naphthalene degradation in Rhodococcus sp.
strain B2 proceeds through salicyclate and gentisate but
not by plasmid (Grund et al., 1992). Also, in P. putida
0OUS82 (Kiyohara et al., 1994; Takizawa et al., 1994) and
Pseudomonas stutzeri AN10 (Bosch et al., 1999; 2000),
the genes are entirely chromosomally borne. The
presence of the genes for both the upper pathway and
lower pathway of naphthalene degradation in some
bacteria further gives credence to the notion that lateral
gene transfer and genetic recombination may have
played an important role in the development of such
versatile metabolic pathways.

It is also interesting that among strains that carry
plasmids, wide divergence from classic types are
sometimes observed. For instance, Rossello-Mora et al.
(1994) studied 11 naphthalene-degrading P. stutzeri, and
found that only one carried a plasmid encoded pathway.
The genes in this strain were also different from those of
NAH7. Pseudomonas strain U2 carried a plasmid for the
gentisate pathway utilization of naphthalene, instead of
the meta-cleavage pathway of catechol. The gene order
negAa-nagh-nagH-ngAb-nagA-nagAd-nagB-nagF  was
typical for strains that used this pathway (Fuenmayor et
al.,, 1998), quite different from that of NAH7 and its
closely related naphthalene degraders.

Bosch et al. (1999) showed that the entire catabolic
module of P. stutzeri AN10 was recruited from other
microorganisms and a short period of time has elapsed
after its incorporation within the P. stutzeri AN10 genome.
Further investigations gave credence to the notion that,
catabolic modules are recruited by transposition events
and recombination among tnPA-like genes and subse-
quent rearrangement and deletions on non-essential
DNA fragments allowed the formation of actual catabolic
pathways (Bosch et al., 2000).

PLASMIDS INVOLVED IN THE DEGRADATION OF
PHENANTHRENE AND OTHER THREE-RING PAHS

Reports abound on the involvement of plasmids in
phenanthrene degradation. As far back as 1983, a
Beijerinkia sp. growing on phenanthrene, biphenyl and
other PAHs was found to possess two plasmids: PKG1
and PKG2 (147 and 20.8 KDa, respectively) and the
degradation of phenanthrene and biphenyl was localized
on PKG2 (Kiyohara et al., 1983). Also, it was demon-
strated that a phenanthrene utilizing Flavobacterium
isolated from Chesapeake Bay sediment harbored a 34
MDa plasmid (Okpokwasili et al., 1984). Degradation of
phenanthrene by Mycobacterium strain BG1 was found to



be via meta-cleavage of protocatechuate and plasmid
associated (Guerin and Jones, 1988). The three plasmids
involved were found to be of sizes 21, 58 and 77 MDa.
Degradation of phenanthrene by Alcaligenes faecalis
AFK2 is encoded on plasmid PHK2 (42.5 kb) (Kiyohara et
al., 1990).

Cho and Kim (2001) detected a 500 kb plasmid in
Sphingomonas strain K514 capable of mineralizing
phenanthrene to carbon dioxide. This plasmid was much
larger than the NAH plasmid, that played a major role in
naphthalene degradation. Phenanthrene degradation in
two Pseudomonas strains ARP26 and ARP28 from
polluted soils in Turkey have been reported to be plasmid
mediated, although the plasmids involved are small
plasmids (Coral and Karagoz, 2005). Phenanthrene
degrading bacterium Sphingomonas sp. HS362 was
found to carry five plasmids, and degradative ability was
localized on plasmid P4 (Hwa et al., 2005).

Okoro et al. (2009) isolated five bacteria that were able
to grow on phenanthrene and dibenzothiophene from
produced water. The plasmids (<23.1 kb) were however
determined by curing, not to be involved in the
degradation of these compounds by the isolates, namely
Acinetobacter Iwoffi, Enterobacter sp., Pseudomonas sp.
Corynebacterium, Vibro sp. and Pseudomonas
aeruginosa. Mallick et al. (2007) reported that, the genes
encoding the degradation of phenanthrene in
Staphylococcus sp. strain PN/Y are plasmid-borne. The
plasmid (pPHN) is a large plasmid (112 kb) and encodes
the enzyme for the meta-cleavage of 2 hydroxy-1-
naphthoic acid with the formation of a unique
intermediate trans -2, 3-dioxo-5-(2- hydroxyphenyl) pent-
4-enoic acid. As there had been no previous report of
gene for dioxygenase activity in the data base of the
genes of Staphylococcus, the authors suggested that
horizontal transfer may have been instrumental to the
acquisition of PAH-metabolizing ability by strain PN/Y.

Notwithstanding the plethora of reports on degradation
of phenanthrene by plasmid mediated pathways;
however, a number of reports have also indicated
chromosomally mediated phenanthrene degradation by
bacteria. For instance, it was shown that the genes for
phenanthrene degradation in Commamonas testosteroni
strain are chromosomally borne (Goyal and Zylatra,
1996, 1997). It is also noteworthy that the genes for the
catabolism of phenanthrene by Nocardiodes sp. strain
KP7 were found to be chromosomally borne (Saito et al.,
2000).

A new remarkable vista in the role of plasmid in the
degradation of PAHs was opened when Habe et al.
(2005) localized the genes for catabolism of fluorene in
Terrabacter sp. DBF63 on a linear plasmid (pDBF1). A
70.631 Kb region of the plasmid was found to include B-
keto adipate pathway genes. The significance of this
finding is in the fact that, these genes are usually located
on chromosomes in proteobacteria and actinobacteria
(Harwood and Parales, 1996; lwagami et al., 2000; Konig
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et al., 2004). Furthermore, the authors for the first time
elucidated all catabolic genes for conversion of fluorene
to TCA cycle intermediates and also found separate
pcaD and pcaC genes but not the merged pcal gene
within the pca gene cluster of an actinobacteria species.
The location of the pca gene cluster on the linear plasmid
and the insertion sequences around the pca gene cluster
were interpreted by the authors to suggest that B-keto
adipate pathway genes may be spread widely among
bacterial species via horizontal transfer or transpositional
events. The pathway proposed for fluorene degradation
by Terrabacter sp. DBF63 and encoded on a linear
plasmid (pDBF1) is shown in Figure 3.

Only very few acenaphthene degraders have been
reported in the literature (Komatsu et al., 1993; Selifonov
et al., 1993; Shi et al., 2001; Kouzuma et al., 2006), and
there are no reports yet of plasmid involvement in the
degradation of PAH by these organisms. The
involvement of plasmids in the bacterial degradation of
anthracene has been reported in the literature (llori,
1998; Kumar et al., 2010), but information on the organi-
zation of genes on these plasmids are sparse, except in
the cases of those associated with the Nah genes
(Sanseverino et al., 1993; Menn et al., 1993).

PLASMIDS INVOLVED IN THE DEGRADATION OF
PYRENE AND OTHER HMW PAHS

Although plasmids have been well reported in
naphthalene and some of the other low molecular weight
PAHs such as fluorene, phenanthrene and anthracene,
similar reports are sparse and far between for the high
molecular weight PAHs such as pyrene, fluoranthene,
benzo(a)pyrene, benzo(a)anthracene and others.
Between 1988 when the first pyrene degrader was
reported and now, most studies have found genes for
pyrene degradation to be localized on chromosomes
(Heitkamp et al., 1988; Khan et al., 2001; Krivobok et al.,
2003; Kim et al., 2007). But in recent years, reports have
focused on this area and there have been some
interesting findings. Sho et al. (2004) isolated a
Mycobacterium sp. strain S65 from a set of fuel
contaminated sit. This isolate, which was able to grow on
pyrene, phenanthrene and fluoranthene, as sole carbon
and energy sources, was found to have a large plasmid.
But further study by hybridization to the nidA gene
indicated that, the plasmid was not associated with
pyrene degradation.

A major breakthrough in the study of plasmids in
pyrene degraders was made when Miller et al. (2007)
demonstrated plasmids in Mycobacterium sp. KMS (150 -
225 kb) Mycobacterium species MC (150-215 kb) and
Mycobacterium sp. PYR-GCK (300 - 350 kb)
Mycobacterium sp. JLS and the well studied
Mycobacterium vanbaaleni PYR-1 possessed no
plasmid. It is noteworthy that these are isolates which
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Figure 3. The pathway of fluorene degradation by Terrabacter sp.
strain DBF63 (represented with bold arrows). Compound
designations: |, fluorene; Il, protocatechuate; Ill, b-carboxy-cis,cis-
muconate; IV, ccarboxymuconolactone; V, catechol; VI, cis,cis-
muconate; VII, muconolactone; VIII, b ketoadipate enol-lactone; IX,
b-ketoadipate. Enzyme designations: PcaHG, protocatechuate 3,4-
dioxygenase; PcaB, b-carboxy-cis, cis-muconate cycloisomerase;
PcaC, ccarboxymuconolactone decarboxylase; PcaD and CatD, b-
ketoadipate  enol-lactone  hydrolase; Pcal, a fused c-
carboxymuconolactone decarboxylase/b-ketoadipate enol-lactone
hydrolase; CatA, catechol 1,2-dioxygenase; CatB, muconate
cycloisomerase; CatC, muconolactone isomerase; PcalJ and CatlJ,
b-ketoadipate succinyl CoA transferase; PcaF and CatF, b-ketoadipyl
CoA thiolase (Habe et al. 2005).



had been previously taken for granted as non-plasmid
bearers. It would thus appear that, the choice of method
is very important in the detection of plasmids, as most
large plasmids are likely to escape detection using
routine techniques used for small plasmids. It is not
unlikely that plasmids are more involved in the
degradation of HMW PAH than previously thought. Lin
and Cai (2008) reported the isolation of plasmid from a
pyrene degrading consortium made up of two strains;
Bacillus cereus Py5 and Bacillus megaterium Py6.
Pyrene degradation was localized on the plasmid, after
plasmid transformed E. coli was shown to degrade
pyrene. However, there are no reports yet on the
involvement of plasmids in the degradation of pyrene by
Pseudomonads. Obayori et al. (2008) could not also
detect plasmids in the three pyrene degrading
Pseudomonas strains isolated from polluted tropical sites
in Lagos, Nigeria in spite of the remarkable versatility of
these isolates.

Benzo(a) pyrene is a highly carcinogenic PAH and is
classified by the United States Environmental Protection
Agency (EPA) as a priority pollutant. Benzo(a)pyrene
biotransformation, cometabolism, mineralization in soil
and degradation by organisms isolated on other PAHSs,
have been well reported (Kanaly and Harayama, 2000;
Moody et al., 2004; Rentz et al., 2005; Rentz et al., 2008;
Schneider et al., 1996) but isolation on this substrate has
only been recently reported. According to Kanaly and
Harayama (2010), benzo(a)pyrene is not known to be
utilized as a sole source of carbon and energy by any
bacteria and significant biodegradation appears to require
bacterial cooperation, although the mechanisms are still
unclear. But a recent report by Lily et al. (2010) showed
that a new isolate, Bacillus subtilis BMT4i could degrade
Benzo(a)pyrene and provided incontrovertible evidence,
that the genes involved are borne on the chromosome
rather than plasmid. This is the only report on research
directed at attempting to link Bap degradation with
plasmids and it does not appear much could be achieved
in this area, until much is known about organisms that
can utilize Bap as a sole source of carbon and energy.

ROLE OF PLASMIDS
DEGRADATIVE ABILITY

IN THE EVOLUTION OF

Plasmids play a very pivotal role in the evolution of
degradative abilities among microorganisms. They allows
bacterial populations to access the horizontal gene pool
for adaptive traits that might be useful for their survival
under local selective pressure, imposed by organic
chemical challenges. Plasmids also promote genetic
variation, act as vehicle for genetic recombination, and
owing to mechanisms such as post-segregational killing
(psk) of plasmid-free cells, stable partitioning (par) of
plasmids into daughter cells and multimer-resolution
systems (MRS) promote stable transfer/inheritance of the
new phenotypic traits (Easter et al., 1998; Gerdes et al.,
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2004; Sorensen et al.,, 2005; Van Melderen, 2002).
Among the mechanisms of genetic adaptation by micro-
organisms to organic pollutants, genetic transfer plays a
prominent role. The importance of horizontal gene
transfer (HGT) in bacterial evolution is corroborated by
the realization that, as much as 24% of the E. coli
genome was acquired through HGT (Lawrence and
Ochman, 2002). More specifically, catabolic plasmids
play a significant role in the horizontal spread of existing
catabolic pathways, as well as in the construction of new
ones (Top and Springael, 2003). These plasmids are self-
transmissible plasmids (Mob+, Tra+) with broad host
range specificities. Furthermore, they are usually flanked
at non-essential sites by insertion sequence (IS) ele-
ments, which not only aid in the recruitment of catabolic
genes by the plasmid but also increase the possibility of
further exchange of the genes between different hosts
and replicons.

Top and Springael (2003) highlighted four key findings
emanating from previous studies on the role of HGT in
evolution of degradative abilities among bacteria. Firstly,
bacteria originating from diverse locations encode
evolutionarily related catabolic genes and gene clusters.
Secondly, the phylogeny of the catabolic genes is at
variance with that of the 16S rRNA genes of the
corresponding hosts. Thirdly, catabolic genes encoding
degradation of organic pollutants are often borne on
plasmids and transposons. Lastly, evolutionarily related
catabolic genes and entire gene modules are involved in
the degradation of structurally similar but different
xenobiotic compounds. The observation that slightly
differs from homologous operons, encoding for catabolic
pathways have been found frequently in phylogenetically
distant organisms, and also suggests the occurrence of
extensive HGT (Bosma et al., 2001). For example, exact
copies of the xyl operons, encoding the enzyme for
toluene/xylene degradation, have been detected on
plasmids of different incompatibility groups (Sentchillo et
al., 2000). In addition, the average G+C contents of both
the upper naphthalene degradation pathway, from
pDTG1, and the upper xylene degradation pathway, from
pWWO0, was found to be significantly different from their
respective plasmid G+C contents (53/56%, 49/59%),
indicating that these regions were imported from a
different organism (Dennis and Zylstra, 2004; Harayama,
1994; Greated et al., 2002).

The emergence of class | and class |l transposons,
which often border catabolic plasmids encoding some
phenotypic determinants, has further widened the
catabolic versatility and adaptability of catabolic plasmids.
Class | transposons are composite transposons in which
the catabolic genes are flanked by two copies of very
similar IS elements in direct or inverted orientation. Class
Il transposons are non-composite transposons that carry
short terminal inverted repeats and transpose by the
replicative mode, involving transposases and resolvase
(Top et al., 2002). Insertion sequences have been implicated
in DNA rearrangement, gene transfer, and in activation/
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inactivation of silent genes (Van der Meer et al., 1992).
The recruitment of catabolic genes from different
organisms by the transposons, the modular assembly of
the recruited catabolic gene clusters by transposons into
a promiscuous self-transmissible, broad host range
plasmid, and their mediation of further exchange of the
genes between different hosts and replicons are strong
indications of the significance of transposons in the
evolution of degradative abilities among bacteria. An
overview of various findings from laboratory and field
studies corroborating and illustrating the roles of catabolic
plasmids in the evolution of degradative abilities among
PAHs-degrading bacteria is summarized herein. The role
of plasmids in the adaptation of bacteria to life in polluted,
particularly hydrocarbon impacted matrices, cannot be
overemphasized. This is obviously because, they are
highly mobile genetic elements which can easily be
transferred horizontally within and between populations in
the environment (Atlas, 1981; Leahy and Colwell, 1990).
Early in the study of catabolic plasmids, it was suggested
that genes for catabolic steps in degradative pathways,
might evolve piecemeal in different organisms, followed
by their assemblage in the form of non-transmissible
plasmids by transposition and recombination (Wheelis,
1975; Chakrabarty, 1978). Ferrell (1979) also suggested
that transfer of structural genes occur without
concomitant transfer of their regulatory genes, so that the
genes encoding enzymes for the pathway are regulated
as a single unit.

Several reports have shown that, the meta-cleavage
pathway is highly conserved among aromatic hydrocar-
bon degraders (Cane and Williams, 1982, 1986; Ghosal
and Gunsalus, 1987; Assinder and Williams, 1988;
Harayama et al., 1993). Platt et al. (1995) reported the
complete sequence of the nahOM gene for the
acetaldehyde dehydrogenase (acylating) and the 4-
hydroxy-l-oxovalerate aldolase from the meta-pathway
operon of the naphthalene catabolic plasmid pWW60-22
from Pseudomonas sp. NCIMB9816. The authors
provided incontrovertible evidence that, the nahNLOMK
genes of pWW60-22 are both homologous to and in the
same order as the equivalent dmpDEFGH and xylFJQKI
of the phenol/methylphenol, and toluene plasmids pVII50
and pWWO, respectively. The finding showed that the
genes of the meta pathway share a common ancestry
and that recombination could play a very important role in
the evolution of lower pathway operons in the meta
pathway genes.

Evidences abound that many of the plasmids that are
involved in the degradation of PAHs have common
ancestry. For instance, it was shown by Stuart-Keil et al.
(1998) that the pCg1, a naphthalene catabolic plasmid
carried by P. putida Cg1, is homologous to the archetypal
naphthalene catabolic plasmid, pDTG1, in P. putida NCIB
9816-4. The plasmid was later demonstrated to possess
a special conjugal transfer region with genes enhancing
transfer (Park et al., 2003). Chrysene degrading

organism Sphingomonas sp. Strain CHY-1 possessed
two distinct loci containing clustered catabolic genes with
strong similarities to corresponding genes found in
Novosphingobium aromaticivorans F199 (Demaneche et
al., 2004).

The catabolic genes of F199 had an unusual
arrangement, in that the genes predicted to participate in
the degradation of monoaromatic hydrocarbon were
interspersed with genes potentially involved in biphenyl or
PAH catabolism (Romine et al., 1999). Furthermore,
multiple copies of the genes that potentially encoded ring-
hydroxylating dioxygenase terminal components were
identified. Genes that encode enzymes associated with
the degradation of biphenyl, naphthalene, m-xylene and
p-cresol were predicted to be distributed among 15 gene
clusters. But more importantly, several genes associated
with integration and recombination were identified in the
replication region, suggesting therefore that pNL1 is able
to undergo integration and excision events with the
chromosome and/or other portions of the plasmid. It was
later shown that a phenanthrene degrading Sphingobium
strain carry catabolic genes similar to F199 and three
distinct oxygenases has salicyclate hydroxylase activity
(Pinyakong et al., 2003b, 2004). Proteins presumably
involved in transport of aromatic compounds across the
cell via efflux pumps were also identified. It is noteworthy
that Neher and Lueking (2009) that similarly localized the
gene involved in the diffusion of naphthalene into the cell
in P. fluorescence on plasmid. The fact that plasmid such
as the three IncP-9 plasmids, pWWO0, pDTG1 and NAH?7,
exhibit extensive homology in replication, partitioning and
transfer loci seems to point to the common origin of these
plasmids. Sevastsyanovich et al. (2008) suggested that
some IncP-7 plasmids are the products of recombination
between plasmids of different IncP-9 sub-groups, and
that recombination between related plasmids might be
more common than previously assumed for incompatible
replicons. The implication of this for the evolution of
degradative pathways by these organisms in trying to
cope with new substrates which are slightly more
complex than the ones to which they are already adapted
cannot be overemphasized. Herrick et al. (1997)
demonstrated natural horizontal transfer of naphthalene
dioxygenase genes among indigenous bacteria in a coal
tar contaminated site. They thus suggested that
horizontal transfer of biodegradation genes may play a
role in the adaptation of bacterial populations to organic
contaminant compounds. Furthermore, they pointed out
that plasmid modification after transfer is effected by
transposon.

More recent findings relying on genomic resources
from diverse sources have strengthened the conviction
on this score. Ma et al. (2006) showed that large
plasmids played very important role in horizontal gene
transfer among 22 PAH degraders isolated from
Antarctica soils. All these isolates were Pseudomonas
except a strain of Rahnella. The plasmids were found to



be large (60 to 80 kb) and self-transmissible. Some of the
strains contained some small plasmids in addition to the
large ones. The genes for dioxygenation of naphthalene
or phenanthrene in all the isolates were localized on the
plasmid by plasmid curing and southern blotting and
hybridization. The possibility of horizontal gene transfer
among the strains were predicated on lack of phylogenetic
correlation between dioxygenase and its host; the fact
that different species contained very similar and in some
cases, the same naphthalene dioxygenase (NDO) genes.
Likewise, some strains with very similar NDO genes
exhibited highly divergent plasmid structures. Two
separate pyrene degradation gene clusters were found in
strain S65. One of these two loci, the pdo locus also
encoded an 1S3 like transposase upstream of pdoB (Sho
et al, 2004). The homology of these loci with the
naphthalene inducible pyrene dioxygenase gene nidA
from M. vanbaaleni strain PYR-1 and the presence of
transposase, lend further credence to the notion of
involvement of transposons in evolution of PAH catabolic
genes. Wilson et al.,, (2003) showed that a group of
naphthalene degraders from a PAH contaminated hillside
were phenotypically and genotypically distinct from
naphthalene degrading organisms isolated from adjacent,
more highly contaminated seep sediments.

Recently, Christie-Oleza et al. (2008) described an
insertion sequence ISPst9 in P. stutzeri AN10, this
insertion sequence was found to transpose in multiple
copies and capable under pressure of causing mutation
of nahH (catechol 2, 3- dioxygenase encoding gene).
Further studies (Christie-Oleza et al., 2009) showed that,
conjugative interaction plays a crucial role in activating
ISPst9 transposition. It would thus appear that, genetic
exchange by conjugation in this organisms triggers
transposition, thus increasing the possibility of transfer of
such acquired genetic element to the chromosome. This
gives weight to the argument that evolution of pathway is
under the influence of the two closely linked mechanisms
of horizontal transfer and recombination by transposition.

CONCLUSIONS

From the foregoing, certain important conclusions can be
drawn. Firstly, plasmid involvement in the degradation of
PAHSs is widespread, with more report on lower molecular
weight PAHSs, particularly naphthalene. Secondly, many
of the plasmids are megaplasmids with linear confi-
guration and demonstrate great diversity in arrangement
and clustering. Thirdly, horizontal transfer and
subsequent transposon-mediated recombination is the
major route of evolution of degradative ability and PAH-
degraders. Fourthly, even in those strains where genes
for PAH degradation have been localized on
chromosomes, clustering of the genes and flanking by
transposon and sequence homology with plasmid borne
counterparts, suggests acquisiton by HGT and
transposition. Finally, HGT and transposition seems to be
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more chronologically linked and less fortuitously directed
than previously thought.
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