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� Microbes as waste recyclers
For several billion years microbes have been the un-
surpassed recyclers of waste materials. Their combined
ability to consume natural waste products as their
‘foodstuffs’ (growth substrates) and thereby recycle 
them has been a critical factor upon which all life has
depended. During their long evolutionary history
bacteria have evolved novel and often exotic catabolic
pathways for this purpose, very few of which have been
passed on to their eukaryotic descendants.

Since the development of organic chemistry in the
19th century, hundreds of thousands of novel com-
pounds previously unknown to biology (xenobiotics)
have been synthesized. Many have found such uses as
agrochemicals, fuels, dyes, drugs, plasticizers, explosives
or solvents and have been synthesized on industrial
scales. Their deliberate or inadvertent release into the
environment has presented microbes with entirely new
potential growth substrates. Many of these compounds
are toxic to higher organisms, and their removal from the
environment relies on the almost limitless capacity for
biodegradation of the microbial population. Microbes
have risen to the challenge and, within decades, have
fast-tracked evolution to arrive at solutions for degrad-
ing most (but not all) of the introduced xenobiotics. The
mechanism for this rapid evolution is the same as that
which has caused the rise of antibiotic-resistant bacteria
in hospitals, namely the ability of DNA to move between
both replicons and individual bacteria via plasmids and
transposable elements.

� Catabolic plasmids
The first reports of catabolic pathways encoded by
plasmids were made in the early 1970s. These were for
catabolism of camphor, octane, naphthalene, salicylate 
(a metabolite of naphthalene) and toluene and were all

found in strains of the Gram-negative genus Pseudomonas.
None of these particular substrates are truly xenobiotic,
being found naturally in plants or in oil, and the
plasmids therefore probably do not represent the result 
of recent evolution. However, it was not long before 
a plasmid determining the catabolism of a true xeno-
biotic, the herbicide 2,4-dichlorophenoxyacetic acid
(2,4-D), was reported in a Ralstonia strain. Subsequently,
catabolic plasmids in many different genera have been
reported and almost all determine the utilization of
substrates which Escherichia coli microbiologists would
regard as ‘exotic’ and many of which are true xenobiotics:
there are very few examples of plasmid-encoded
catabolism of more ‘conventional’ substrates such as
sugars, amino acids or other common biological
molecules, for which a chromosomal location appears 
the norm. By contrast, for some ‘exotic’ substrates, such
as toluene and naphthalene, many different and diverse
plasmids have been described and a plasmid location 
of the genes appears to be the norm. This suggests 
an evolutionary segregation of catabolic genes into two
groups: (a) ‘housekeeping’ catabolic genes, chromo-
somally located and essential to the cell for regular use;
and (b) ‘peripheral’ catabolic genes, required on a less
frequent basis and which are plasmid-encoded.

The size and diversity of the saprophytic microbial
population and its combined ability to degrade
essentially all natural products, means there is a huge
pool of catabolic genes. The freedom of these genes to
move between hosts on plasmids and thereby become
exposed to rearrangements by means of genetic
recombination can lead to plasticity in the organization
of these genes. Add to this the fact that many catabolic
enzymes have a broad substrate specificity, then DNA
rearrangements giving rise to new combinations in new
genetic contexts can result in novel catabolic phenotypes
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BELOW:
Fig. 1. Diagrammatic
representation of region of TOL
plasmid pWW0 carrying the two xyl
catabolic operons (green). This
shows the difference in G+C
content of the two operons and 
also the high concentration of
transposition-related genes in the
vicinity (yellow). Each gene is
represented by a bar of constant
width, not related to its size.
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surrounding DNA or between different segments of
the catabolic genes (Figs 1, 2). These discontinuities
indicate they have come together from different
origins.

(c) Some of the plasmid-encoded catabolic operons
appear to have been constructed from modules:
subsections of them turn up in operons for other
pathways with the relevant genes sharing the same
gene order and high homologies (Fig. 3).

(d) As in real archaeological remains, non-functional
remnants of a previously functional catabolic
sequence are occasionally found. This indicates that a
region of DNA has been removed en bloc and relocated
in a new position (and probably in a new host strain).
Within the new genetic context and in combination
with adjacent genes, its gene(s) are able to confer a
novel phenotype, but the relocation event may have
fortuitously carried with it genes which are no longer
required in the new location. For example, in a num-
ber of strains degrading mono- and dinitrotoluene,
synthetic precursors of the explosive TNT (2,4,6-
trinitrotoluene), the initial enzymic step is by a

ABOVE:
Fig. 2. Structure of 
4-nitrotoluene (ntn) genes. The 
genes are of low G+C content
(red), but embedded within a
sequence with higher G+C content
(blue) more typical of the host
Pseudomonas. Also adjacent to the
ntn operon is a functionless
pseudogene for a transposase
(tnpA*) frequently found in the
vicinity of such catabolic gene
clusters. An asterisk signifies a
pseudogene no longer specifying
an active protein.
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LEFT:
Fig. 3. Modular structure for
catabolic genes. The xyl, dmp and
nah genes are found on plasmids
and code for xylene, phenol and
naphthalene respectively. The early
genes for each operon are unique
to each, but the nine genes for
further metabolism of the common
substrate catechol (in blue) are all
homologous and in the same gene
order. The xyl genes converting
benzoate to catechol (red) are
found in the chromosomal ben
genes of Pseudomonas strains
converting benzoate to catechol in
a different pathway. A subgroup of
three genes (yellow) found within
the catechol ‘module’ (blue) is also
found as a cluster within genes
converting biphenyl. Genes are not
drawn to scale.
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resulting simply from ‘repackaging’ of genes already in
existence.

� Molecular archaeology of catabolic genes
Strong evidence for a gene transfer/recombination
scenario for the evolution of new catabolic traits comes
indirectly from molecular archaeology – the analysis of
sequence data both from the limited number of complete
plasmid sequences available and from large chunks of
catabolic genes sequenced (which may or may not be
plasmid-encoded):
(a) Transposition-related genes are found at a high

frequency in very close proximity to catabolic
sequences (see Fig. 1): this is true even for gene
clusters which have not been definitely shown to be
on plasmids. The TOL (toluene/xylene) plasmid
pWW0 carries 12 transposase-like genes, some of
them still active, and the present structure of the
plasmid appears to have occurred by a series of
sequential recombination/transposition events.

(b) There are often significant and abrupt differences in
base composition between catabolic genes and the
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multicomponent dioxygenase which must have
originated from a naphthalene degradative pathway.
Within the nitrotoluene dioxygenase gene cluster one
or two pseudogenes are intercalated in the same
position. They are clearly related in sequence to two
genes for a salicylate 5-hydroxylase present and func-
tional in the corresponding naphthalene pathway, but
no longer required for nitrotoluene catabolism (Fig.
4). Since nitrotoluenes are true xenobiotics of recent
origin, the presence of the redundant pseudogene(s)
must result from a recent rearrangement/relocation 
of the DNA and may, given time and selection,
ultimately be completely eliminated.

At a time when whole bacterial genomes are being
sequenced at a phenomenal rate, it seems ironic that
relatively little attention is being paid to sequencing
plasmids of environmental, as distinct from medical,
significance and especially of catabolic plasmids. The
detailed analysis of a large number of such replicons
would provide arguably the best evidence available for
how bacteria can evolve with extraordinary rapidity to
cope with the complex challenges thrown at them by
industrial society.
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RIGHT:
Fig. 4. Relationship between
dioxygenase gene clusters for
naphthalene (nag) catabolism 
and for 2-nitrotoluene (ntd) 
and 2,4-dinitrotoluene (dnt)
catabolism. Functionless residues
of the nagGH genes encoding a
salicylate 5-hydroxylase required
for catabolism of naphthalene, but
not nitrotoluenes, are found in the
dnt and ntd cluster, showing their
evolution from a nag-like ancestor.
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