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Abstract

The organisation and nucleotide sequences coding for the catabolism of benzene, toluene (and xylenes), naphthalene
and biphenyl via catechol and the extradiol (meta) cleavage pathway in Pseudomonas are reviewed and the various
factors which may have played a part in their evolution are considered. The data suggests that the complete
pathways have evolved in a modular way probably from at least three elements. The common meta pathway
operons, downstream from the ferredoxin-like protein adjacent to the gene for catechol 2,3-dioxygenase, are highly
homologous and clearly share a common ancestry. This common module may have become fused to a gene or
genes the product(s) of which could convert a stable chemical (benzoate, salicylate, toluene, benzene, phenol) to
catechol, thus forming the lower pathway operons found in modern strains. The upper pathway operons might then
have been acquired as a third module at a later stage thus increasing the catabolic versatility of the host strains.

Introduction

In recent years there has been a quantum leap in the
information published about the catabolism of natu-
ral and xenobiotic aromatic compounds by bacteria.
At present the most detailed investigations have been
carried out on a relatively few metabolic pathways,
which include those for the catabolism of the aromat-
ic hydrocarbons, toluene and the xylenes, naphthalene
and biphenyl, in a relatively limited range of bacteria
mostly of the genus Pseudomonas. Molecular biologi-
cal analysis of these systems has progressed sufficient-
ly to enable their interrelationships to be assessed and,
as a consequence, it is possible to speculate about the
events which might have occurred during their evolu-
tion. Some of this ground has been covered elsewhere
(Harayama & Timmis 1992; Harayama et al. 1992).

General principles of pathways for aerobic
aromatic catabolism

The pathways in bacteria for the aerobic dissimila-
tion of aromatic substrates can all be considered as
consisting of three parts (Fig. 1; Dagley 1986; Haraya-
ma & Timmis 1992). In the first stage the substrate
undergoes changes in its substituent groups, particu-
larly through the introduction of hydroxyl groups by
mono- or di-oxygenases, to produce a dihydroxyaro-
matic metabolite. Dihydroxybenzenes, usually cat-
echols (1,2-dihydroxybenzenes), are metabolites in
the aerobic catabolism of virtually all aromatic sub-
strates.

The catechols are substrates for the second stage
of the catabolism, the opening of the ring. This
occurs by the action of dioxygenases which break
one of the carbon-carbon bonds of the ring by the
addition of molecular oxygen, producing an unsatu-
rated aliphatic acid. There are two families of ring-
cleavage enzymes, the intradiol (or ortho) dioxyge-
nases which are Fe** enzymes and produce cis,cis-
muconic acid (or a derivative) and the extradiol (or
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Fig. 1. General principle of aerobic aromatic catabolism in bacteria. The three stages are as described in the text: (1) The conversion of the
growth substrate to catechol (or substituted catechol), (2) ring cleavage and (3) metabolism of the ring-cleavage product to central metabolites

by either the ortho or meta pathways.

meta) dioxygenases which are Fe’t enzymes and
which produce 2-hydroxymuconic semialdehyde (or
a derivative). The archetypal intradiol dioxygenase
is catechol 1,2-dioxygenase (or pyrocatechase) (EC
1.13.11.1) and the archetype extradiol dioxygenase is
catechol 2,3-dioxygenase (or metapyrocatechase) (EC
1.13.11.2).

After ring cleavage, the third stage of the
catabolism consists of the conversion of the ring cleav-
age product to small aliphatic compounds which can
directly enter central metabolism. Ring cleavage plus
the subsequent metabolic steps for intradiol cleavage
are often referred to as the -ketoadipate (or ortho)
pathway and for extradiol cleavage as the meta path-
way. The biochemistry of these two reaction sequences
appears to be conserved in all genera of eubacteria in
which they are found. In broad outline therefore aero-
bic aromatic catabolism consists of a variety of path-
ways which converge on a limited number of common
intermediates (dihydroxybenzenes) which are then fur-

ther assimilated by a small number of common path-
ways.

Aromatic hydrocarbon catabolism in
Pseudomonas

The commonest routes for catabolism of toluene, naph-
thalene and biphenyl in Pseudomonas converge on
catechol which is further metabolised by extradiol
ring cleavage and the meta pathway. Although four
routes for toluene catabolism have been described, only
two have been the subject of any degree of genetic
analysis. In the fod pathway, the toluene molecule
undergoes successive dihydroxylation and dehydro-
genation to produce 3-methylcatechol (Fig. 2a): ben-
zene can also be utilised by this pathway and is con-
verted directly to catechol (Gibson et al. 1968, 1990).
In the xy! pathway, toluene is metabolised to cate-
chol by way of sequential oxidations of the methyl
group, through benzyl alcohol and benzaldehyde to
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Fig. 2. The pathways for conversion of the aromatic hydrocarbons to catechol(s) (a) TOD pathway for toluene and benzene (b) XYL pathway
for toluene and various alkyl substituted toluenes (c) BPH pathway for biphenyl and (d) NAH pathway for naphthalene (Eaton & Chapman
1993). The gene(s) encoding the various enzymatic steps are below each conversion,
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benzoate; this is then converted to catechol in two
steps, a dihydroxylation followed by a dehydrogena-
tion/decarboxylation (Fig. 2b). This pathway has a
broad substrate range and is also able to dissimilate
various alkyl derivatives of toluene, m-xylene (1,3-
dimethylbenzene), p-xylene (1,4-dimethylbenzene), 3-
ethyltoluene and 1,24-trimethylbenzene (Worsey &
Williams 1975; Kunz & Chapman 1981).

Bipheny! and naphthalene, with two aromat-
ic rings, present an additional biochemical prob-
lem. This is solved by initial reactions analogous
to the first two steps of the tod pathway producing
1,2-dihydroxybipheny! and 1,2-dihydroxynaphthalene
respectively (Figs 2c, d). The catechol ring of each of
these undergoes cleavage by an extradiol dioxygenase
to produce a single ring aromatic product with an unsat-
urated side chain, which is subsequently removed pro-
ducing benzoate and salicylate respectively (Catelani
et al. 1971; Eaton & Chapman 1992). In naphthalene
catabolism, salicylate is converted to catechol directly
by the action of a single monooxygenase (salicylate
hydroxylase) whereas in biphenyl catabolism the ben-
zoate is converted to catechol by the same sequence of
reactions described above for the xyl pathway.

The four catabolic pathways share an identical
sequence of reactions from catechol downwards (Table
1), but each has a unique series of reactions for the con-
version of the aromatic hydrocarbon to catechol. Naph-
thalene and biphenyl catabolism each contain two ring
cleavage steps with identical chemistry which might
therefore be expected to have related enzymes. One
other pathway which shares this pattern and which has
been particularly well characterised genetically is the
dmp pathway for phenols described in another review
in this volume (Shingler 1993); the initial reaction is
the monohydroxylation of phenol to catechol which is
then assimilated by the meta pathway (Shingler et al.
1992).

An additional feature common to many of these
pathways, certainly in Pseudomonas hosts, is their
genetic location upon large plasmids.

Genetic organisation of pathway genes

The xyl genes of TOL plasmids

The xyl genes for toluene/xylene catabolism appear to
be almost always encoded by large plasmids collec-

tively called the TOL plasmids: their structures and
properties have been reviewed (Assinder & Williams

1990). The archetype TOL plasmid pWWQ from P
putida mt-2 is a 117 kbp conjugative plasmid which
has been the subject of extensive analysis while two
other plasmids, pWW353 and pDK1, have been inves-
tigated to a lesser extent.

The organisation of the catabolic genes on pWWO
demonstrates a common pattern found with the other
pathways being considered. There are two operons, the
first of which encodes the conversion of the growth sub-
strate to acompound which is the last chemically stable
metabolite of the pathway. A second operon then con-
verts this compound through a sequence of chemically
unstable metabolites to link with central metabolism.
The first of the two xy! operons is the ‘upper pathway’
operon, xyl{CMABN, and encodes the enzymes for the
conversion of toluene (and its alkyl derivatives) to ben-
zoate (and the alkylbenzoates) (Harayama et al. 1989).
The ‘lower pathway’ operon (also called the meta path-
way operon), xyIXYZLTEGFJQKIH, codes for the fur-
ther metabolism of the benzoates to central metabolites
through catechol and the meta pathway (Harayama &
Rekik 1990). Two positive regulator proteins, the prod-
ucts of xyIR and xylS, are responsible for the induction
of both operons (Ramos et al. 1987; Inouye et al. 1987,
Holtel et al. 1990; Abril et al. 1991).

TOL plasmids pWW53 and pDK1 share the same
operon structure with pWWO. However the relative
locations and orientations of their operons differ from
pWWO and both carry duplications of xyl genes.
pWWS53 has a single xyl]CMABN operon but has two
xyIXYZILTEGFJQKIH operons which are homologous
but not identical (Osborne et al. 1988). It carries a
single xyIR gene but has three regions homologous to
xylS. Two of these, xyISI and xyIS3, encode function-
al regulators (Assinder et al. 1993) but xyiS2 is only
the residue of a third homologue which has been dis-
rupted by an insertion event (Assinder et al. 1992).
Like pWWO, pDK1 has only single copies of the two
operons of catabolic genes but has two regions homol-
ogous to xylS, one of which is functional and the other
is identical to the interrupted xyIS2 region of pWW53
(Assinder et al. 1993). The significance of these will
be discussed below.

The tod genes of P. putida F1

The genes for toluene catabolism in P. putida F1 appear
to be in a single chromosomal operon. The first enzyme
of the pathway is the multicomponent toluene dioxyge-
nase which converts toluene to cis toluene dihydrodi-
ol. Its genes (todC1C2BA) are located in between two
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Table 1. Protein and gene designations for the meta pathway genes for catechol catabolism in pathways for toluene/xylene (XYL), biphenyl
(BPH), phenol (DMP), naphthalene (NAH) and toluene (TOD}) catabolism.

Ferredoxin-like protein (FLP)

Catechol 2,3-oxygenase (C230)

2-Hydroxymuccnic semialdehyde dehydrogenase (HMSD)

2-Hydroxymuconic semialdehyde hydrolase (HMSH)

2-oxopent-4-enoate hydratase {OPH)
Acetaldehyde dehydrogenase {ADA)

4-Hydroxy—-2-oxovalerate aldolase (HOA)

4~-Oxalocrotonate decarboxylase (40D)

4~0Oxalocrotonate isomerase (401)

Protein TOL BPH

FLP xylT bphT
€230 XylE bphE
HMSD xylG bphG
HMSH xXylF bphF
OEH xyl1J bphJ
ADA xyl0 bphQ
HOA xylK bphK
40D xylTl bphI
40T xylH bphH

Genes
DMP NAH TOD
dmpQ nahT NI
dmpB nahH todE
dmpC nahl todG
dmpD nahN todF
dmpE nahlL NI
dmpF naho NI
dmpG nahM NI
dmpH nahk NI
dmpI nahJt NI

NI, not investigated.

genes for the subsequent transformations in the order
todFCIC2BADEJ (Zylstra & Gibson 1989). However
the locations of the other meta pathway genes have not
been reported nor is the regulation known. Five con-
tiguous genes (hnzABCDE) encoding the conversion
of benzene to catechol from a P. putida strain have
been sequenced (Irie et al. 1987). These correspond
to todCIC2BAD, are homologous to them and in the
same order and also appear to be chromosomal. The
location of the other genes for subsequent catabolism
of the catechol has not been reported.

The nah genes of naphthalene catabolic plasmids

Like the TOL plasmids, the archetype naphthalene
catabolic plasmid NAH7 from P. putida PpG7 has its
genes organised into two operons (Yen & Gunsalus
1982; Schell & Wender 1986). The first, nahAaAbA-
¢AdBCDEF, codes for the enzymes which convert
naphthalene to salicylate (Yen & Gunsalus 1982;
Simon et al. 1993) and the second, nahGTHINLJKM,
for the conversion of salicylate to central metabolites
via the meta pathway (Yen & Gunsalus 1982; Haraya-
ma et al. 1987). The regulation of the two operons
appears to be less complex than that of the xy/ operons:
a single protein NahR acts as a positive regulator at
both promoters and salicylate is the only effector (Yen
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& Gunsalus 1985; Schell & Wender 1986). The same
two-operon structure is found on a second plasmid
pWW60-1 from P. putida NCIB9816, although their
relative positions and orientations differ from NAH7
{Cane & Williams 1986).

The bph genes for biphenyl catabolism

Most research into biphenyl catabolism has concen-
trated upon the early genes which encode the conver-
sions of bipheny! into benzoate. The reason for this is
that the nonspecificity of many of the enzymes results
in many biphenyl degraders being able to carry out
partial catabolism of some polychlorinated biphenyls
congeners (PCBs) and thus present a possible route
for bioremediation of PCB contamination. The range
of biphenyl-degrading bacteria is much wider than for
toluene and naphthalene and includes Pseudomonas,
Acinetobacter, Achromobacter, Moraxella and Alcali-
genes as well as Gram positives (Furukawaet al. 1989).
The location of the genes also differs, being found in
both plasmid and chromosomes in different strains.

The conversion of biphenyl to benzoate requires
four enzymes which are encoded by a single oper-
on which has been compared in a number of
strains, In most the order of genes is conserved
as bphA1A2A3A4BCD. However in some strains the
genes are interrupted by various insertions. Whereas in
P, putida KF715 the gene order is as described (Hayase
et al. 1990), in both P. pseudoalcaligenes KF707 and
Pseudomonas sp. LB400 there is a short open reading
frame between bphA2 and bphA3 and a long insertion
of about 3.3 kbp between bphC and bphD (Taira et
al. 1992; Erickson & Mondello 1992; Hofer et al.
1993). DNA:DNA hybridisations with probes from
the bphABCD operon from strain KF707 showed that
homologous DNA was present in 6/8 biphenyl-utilising
Pseudomonas strains but in only 2/6 strains from gen-
era other than Pseudomonas (Furukawa et al. 1989).
This shows that there are at least two non-hybridising
classes of bph genes in the bacterial population and
Furukawa et al. (1992) have suggested there are as
many as four different classes. However within the
broad genus Pseudomonas there is a high degree of
conservation of homologous genes.

Much less work has been done on the lower path-
way for the further catabolism of the benzoate formed
from biphenyl. However a complete operon encod-
ing benzoate catabolism through the meta pathway
(bphXYZLTEGFJQKIH) has been cloned from a Pseu-
domonas catabolic plasmid pWW110 (Carrington et

al. 1994) and hybridisation using gene-specific probes
have shown a complete linearity with the lower path-
way operon of TOL plasmids. Nothing appears to have
been reported on the regulation of either operon.

The evolution of the catabolic pathways

Two different classes of evidence can be used to piece
together the past history of the pathways. The first is
to use the nucleotide and amino acid sequences of the
individual genes. The second is to consider the physical
organisation of the genes, as they have been outlined
above, and the factors which can influence it.

Sequence homologies of individual genes

One of the advances which amino acid and nucleotide
sequence determination has made possible is the
derivation of relationships between structural genes
and their products which are not apparent from their
specificity or occasionally even from their mechanism
of action. A large databank of DNA and inferred pro-
tein sequences is available and comparisons can be
performed automatically using several different com-
putational algorithms. In the case of two proteins with
related functions but with very limited homology it can
be debatable whether the observed similarity is due to
divergence from a common ancestor or is the result of
selection pressures towards an identical function acting
upon unrelated ancestors and thus imposing constraints
on the protein structure which result in sequence sim-
ilarities (i.e. convergent evolution). Harayama & Tim-
mis (1992) suggest that common ancestries for two
proteins can be assumed if the following criteria are
met:
~They catalyse a similar reaction.
—They have similar subunit molecular weights.

~ Their amino acid sequences can be aligned without
the introduction of multiple gaps.

— Amino acid identity is > 30%.

Hydroxylating oxygenases

In the pathways under consideration the initial
steps of all the operons involve hydroxylation reac-
tions. Dioxygenases acting on biphenyl, naphthalene,
toluene (Tod), and toluates (benzoate) produce cis-
dihydrodiols as products whereas monooxygenases
introduce a single hydroxyl group into salicylate and
xylene (Fig. 2).
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Table 2. Enzymes/genes involved in mono- and di-hydroxylation reactions.

Pathway Hydroxylase Hydroxylase Electron Reductase

a subunit B subunit transport

protein

BPH:Biphenyl 1,2-dioxygenase

bphal bphaA2 bphA3 bphA4 (1)

bphA bphE bphF bphG (2)
TOD:Toluene (benzene) dioxygenase

todC1 todc2 todB todA {(3)

bnzA bnzB bnzC bnzD (4)
NAH:Naphthalene 1,2-dioxygenase

nahac nahAd nahAb nahAa (5)

ndoB ndoC ndoa NI (6)
NAH:Salicylate hydroxylase

——————————————————————— nahG-———==cm— s e (7))
TOL:Xylene monooxygenase

————————— XyIlM————————— —mm— e = XY ] A m = (B)
TOL:Toluate dioxygenase

xylX xyly 0 memmee—ee— XYy lZ——mm————— (9)
BEN:Benzoate 1,2-dioxygenase

benA benB 0z @wee———ee— benC=———==w—== (10)
DMP:Phenol hydroxylase

——————— dmpLMNO——————~—~ et e e e (T O P e e == (1 1)

References: 1. Taira et al. (1992); 2. Erickson & Mondello (1992); 3. Zylstra & Gibson (1989); 4. Irfe et al. (1987); 5. Simon et al. (1993);
6. Kurkela et al. (1988); 7. You et al. (1991); 8. Suzuki et al. (1991); 9. Harayamaet al. (1991); 10. Neidle et al. (1991); 11. Nordlund et al,

(1990), Powlowski & Shingler (1990). (NI) not investigated.

Salicylate hydroxylase (NahG) is the odd member
of this group since it has only a single subunit: the
rest of the hydroxylases are multicomponent {Table 2).
Naphthalene, biphenyl and toluene dioxygenases have
four components (see Mason & Cammack 1992). The
direct oxygenation is catalysed by a protein made up of
two subunits (o and ) each with an iron-sulphur cen-
tre. The other components comprise an electron trans-
port chain of a small redox protein linked to NADH by
a reductase. The toluate (benzoate) dioxygenase has
three components: the oxygenase has two subunits,
only one of which has an iron-sulphur centre, and the
electron transport to NADH is performed by a sin-
gle protein. Xylene monooxygenase requires only two

components, an oxygenase with a single subunit and a
single reductase.

A comparison of the amino acid sequences of
groups of the various components are presented in
Figs 3-6. Each figure presents a clustering relation-
ship derived from the multiple alignment of all the
sequences in the group produced by the GCG program
PILEUP (Devereux et al. 1984). As an alternative
a tablulation of the fractional divergences calculated
from pairwise alignment generated by the programme
CLUSTAL V (Higgins et al. 1992) is presented.

Comparison of the protein sequences and the gene
organisations reveals a patchwork of relationships. The
biphenyl and the toluene(tod)/benzene dioxygenases
are clearly very closely related. The genes are in the



202

BphAl BphA BnzA TodCl NdoB

BphAl 0

BphaA 0.04 O

BnzA 0.40 0.40 ©

TodC1 0.34 0.34 0.08 0O
NdoB 0.67 0.68 0.66 0.65
Nahac 0.67 0.68 0.66 0.65
BenaA 0.77 0.76 0.77 0.75
XylX Q.75 0.75 0.77 0.76
Xy1lM 0.87 0.87 0.87 0.86

NahAc BenA XylX XylM

Fig. 3. Homologies between o subunits of aromatic hydroxylases. The dendrogram was obtained using the GCG program PILEUP (Devereux
et al. 1984) and shows the clustering relationships between the proteins. The protein distances in the Table have been calculated from pairwise
comparisons in the multiple alignment produced by CLUSTALV (Higgins et al. 1992). The value for each pairwise distance is the (percentage
divergence of each pair)/100. The proteins are designated according to their gene designations from Table 1.

same order (ISP large subunit, ISP small subunit, elec-
tron transport protein, reductase) and each gene/protein
is homologous to the corresponding gene/protein in the
other system (Figs 3-6).

The naphthalene dioxygenase components are
more distantly related. Firstly the genes are in a dif-
ferent order (reductase, electron transport protein, ISP
large subunit, ISP small subunit) to the Bph/Tod genes
and the amino acid homology of both of their ISP sub-
units is lower (Figs 3, 4). The small electron transport
proteins of the Bph/Tod and Nah systems are relat-
ed (Fig. 5) and appear to be novel proteins unlike
ferredoxins but with iron-sulphur centres. However the
reductases differ significantly and the NahAa protein
is more closely related to the reductases of 2-, 3- and 5-
component systems such as those of xylene monooxy-

genase (XylA), toluate dioxygenase (XylZ) and phenol
hydroxylase (DmpP) than it is to the Bph/Tod reduc-
tases (Fig. 6).

All three components of the toluate dioxygenase
(XylXYZ) show strong homology with the isofunc-
tional chromosomal benzoate dioxygenase (BenABC)
from Acinetobacter calcoaceticus. The two hydrox-
ylase components (XylXY) show low and uneven
homology with the corresponding Bph/Tod/Nah sub-
units which is greater at the N-terminal regions of
the o subunits than at the C-terminal regions or
with the 7 subunits (Neidle et al. 1991). The reduc-
tases (XylZ/BenC) appear to be hybrids: their N-
termini resemble chloroplast-type ferredoxins where-
as their C-termini share homology with ferredoxin
reductases. They do not resemble the reductases of
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Fig. 4. Homologies between 3 subunits of hydroxylases. The tree and Table are derived as in Fig. 3. The proteins are designated according to

their gene designations from Table 1.

the Bph/Tod/Nah dioxygenases but do share homolo-
gy throughout their length with the xylene monooxy-
genase reductase (XylA) and with reductase compo-
nents of other monooxygenases such as the multicom-
ponent phenol hydroxylase (DmpP) and the toluene-
4-monooxygenase (TmoF) (Yen & Karl 1992) and the
methane monooxygenase (MmoC) (Stainthorpe et al.
1990).

The xylene monooxygenase enzyme (XylM), the
only one with a single subunit, is the least similar to
either of the subunits of the other aromatic multicom-
ponent hydroxylases (Figs 3, 4). However it does show

much greater homology to the AlkB protein encoded
by the OCT plasmid of P. putida (Suzuki et al. 1991).
AlKB is involved in a very similar catalytic reaction to
XyIM, the monohydroxylation of a methyl groupto a
hydroxymethyl group, but in this case it is the methyl
of a linear alkane. The patchwork nature of all these
enzymes is further illustrated by the XyIM/AIKB com-
parison: whereas the electron transfer between XyIM
and NADH is carried out by a single protein (XylA)
the sequence of which, like that of XyIX, resembles a
hybrid between a ferredoxin-like protein and a ferre-
doxin reductase, the electron transfer between AlkB
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BnzC/TodD
BphA3/BphF

BnzC BphA2Z NahAb NdoC

BnzC/TodD ¢}
BphA2/BphF 0.41 O
NahAb 0.66 0.63 0
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Fig. 5. Homologies between small electron transport proteins of the
4-component hydroxylases. The Table are derived as in Fig. 3. The
proteins are designated according to their gene designations from
Table 1.

and NADH involves two components, a rubredoxin
and a rubredoxin reductase neither of which are simi-
lar to XylA.

Salicylate hydroxylase (NahG) has no similarities
with any of the other hydroxylases under considera-
tion. It is a flavoprotein and the only other protein
in the databanks with which it shows homology is p-
hydroxybenzoate hydroxylase from P putida which
catalyses a similar reaction (You et al. 1991).

Ring cleavage dioxygenases

The extradiol dioxygenases have overlapping substrate
specificities and are able to catalyse the meza cleavage
of catechol, alkylcatechols and polycyclic catechols to
varying degrees. Such enzymes have been described
in a wide variety of Gram negative genera and also
in Gram positives. The sequencing of a large number
of these genes from a wide variety of sources should
provide interesting evidence about the evolution and
spread of nonessential catabolic genes.

At present most of the sequenced genes come from
Pseudomonas strains and, in particular, from the path-
ways being considered here. Several papers have anal-
ysed the relationships between the published sequences
(Harayama & Rekik 1989; Hofer et al. 1993). The

homologies within the Psendomonas enzymes (Fig. 7)
correspond closely to their function as either cleaving
single ring catechols or those with two rings. However
within each of these two main clusters a number of
subgroups can be seen:

o Within the catechol 2,3-dioxygenases those which
are from complete meta pathway operons are very
closely related but there are three which are more
distant (CmpE, TdnC and C230I1). Certainly in the
latter case the gene does not appear to be adjacent
to any other meta pathway enzymes and its function
is not known.

e Within the polycyclic catechol dioxygenases, the
BphC proteins are closely related and surprisingly,
the TodE protein, the natural substrate of which is
catechol or 3-methyl catechol, is also homologous:
this augments the strong homology noted above
between all four hydroxylase components of the
Bph and Tod pathways and suggests a common
ancestry of the bph and tod genes.

¢ A subcluster which is less closely related to the
BphC/TodE enzymes includes the NahC protein
from plasmid NAH7 and a putative BphC from
P, paucimobilis Q1. The overlapping specificities
of extradiol dioxygenases are a potential source
for misinterpreting their function particularly since
many strains, not only those with polycyclic growth
substrates, contain two (or more) different genes
for extradiol ring cleavage dioxygenases (Keil et
al. 1985; Chatfield & Williams 1986; Asturias &
Timmis 1993). Unless a cloned gene is mapped
as part of an operon of known function there is a
danger of wrongly assigning its function. The gene
from P paucimobilis Q1 may be an example of
this (Hofer et al. 1993); Kuhm et al, (1991) have
shown that strain Q1 grows on naphthalene as well
as biphenyl so it is possible that its BphC may
be functional in the catabolism of naphthalene (or
of both naphthalene and biphenyl) and hence its
similarity with NahC might be explained.

The gene for C230II from plasmid pWW135 falls in
between the meta pathway catechol 2,3-dioxygenase
genes and the enzymes cleaving catechols with two
aromatic rings. There is no evidence that it is part of a
meta pathway operon and the sequence gives no more
clues as to its biological role than did the biochemical
studies (Keil et al. 1985).

Two enzymes from another genus are included in
this analysis, metapyrocatechases 1 and 2 from Alcali-
genes eutrophus. These are very distantly related to the
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Fig. 6. Homologies between reductase components of hydroxylases. The tree and Table are derived as in Fig. 3. The proteins are designated

according to their gene designations from Table 1.

Pseudomonas enzymes, although they share a small
number of conserved residues with all of them.

Other proteins

Sequence analysis of other enzymes in the hydrocar-
bon catabolic pathways have been shown to be homol-
ogous to other proteins mostly not involved in aromatic
catabolism. These are listed in Table 3.

Gene organisation

Transposition

Much of our fundamental understanding of transpo-
sition results from study of transposons such as Tnl,
Tn3 and TnS5 carrying antibiotic resistance genes and
originally found on many R plasmids. By analogy with
these, it might be expected that some of the catabolic
plasmids also have associated transposition functions.
Certain catabolic pathways such as those for naph-
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Table 3.

Catabolic protein

Homologous proteins

XylB (Benzyl alcohol dehydrogenase)

XylC (Benzaldehyde dehydrogenase)
XylG,DmpD(2HMS dehydrogenases)

XylL,BphB, TodD, BnzD
{cis-diol dehydrogenases)

XylT,NahT,DmpQ
{(Regeneration of catechol 2,3~
dioxygenase?)

Xy1R (upper operon regulator)
DmpR (phenol operon regulator)

s i S O S - - - 114 o (o . S o P o o St e o S S S i S

NahR (upper/lower operon regulator)

Zinc-containing long chain
alcohel dehydrogenases (Shaw
et al. 1933)

Aldehyde dehydrogenases

(Nordlund & Shingler, 1990;
Horn et al. 1991)

Short chain alcohol

dehydrogenases (Neidle et al.
1992)

Chloroplast-type ferredoxins
(Harayama et al. 19%91b;
Polissi & Harayama 1993)

Atropinesterase (serine
proteases?) (Horn et al. 1991)

p-hydroxybenzoate hydroxylase
(You et al. 1991)

AraC family of transcriptional
regulators (Gallegos et al.
19893)

NtrC/NifA family of enhancer-

binding transcriptional
activators (Inouye et al.
1988; Shingler et al. 1993)

LysR family of regulatory
proteins (Schell, 19920).

thalene and toluene (by the TOL pathway) seem to
be almost universally encoded on plasmids in Pseu-
domonas, much as is antibiotic resistance in clini-
cal isolates of enteric bacteria. Early work with the
TOL plasmid pWWO demonstrated that it could recom-

bine with various R plasmids to form cointegrate plas-
mids which carried all the genes for toluene/xylene
catabolism (White & Dunn 1977; Nakazawa et al.
1978). Subsequently it was shown that the same genes
could move into the chromosome and be rescued from



the chromosome on another R plasmid (Jeenes &
Williams 1982; Sinclair et al. 1986). However the
experiments of Tsuda & lino (1987, 1988, 1989)
showed that the reported recombinations were due
to the presence of two overlapping transposons on
pWWO, both of which carry the complete complement
of xvl genes: Tn4651 is a 56 kb transposon and Tn4653
is 70 kb and encompasses Tn465/.

A second TOL plasmid pWW353 also forms coin-
tegrates with the R plasmid RP4 and has been shown
to carry a 39 kb transposon Tn4656 (Tsuda 1993).
pWW53 differs from pWWO because it carries two
complete and functional meta pathway operons but
only one upper pathway operon (Osborne et al. 1988).
Tn4656 however carries only one of the meta pathway
operons plus the adjacent upper pathway operon and
one copy of each regulatory gene. It therefore appears
to be functionally identical to the two pWWQO trans-
posons although the relative positions of the operons
on the transposon differ.

Tsuda (1993) has also shown that the naphthalene
plasmid NAH7 carries a defective transposon. All the
functions for transposition apart from a transposase
gene are encoded on the plasmid: when one is provided
in trans Tn4655, a 37.5 kb fragment of NAH7 carrying
the complete nah genes, transposes. This transposon
bears some relationship to the TOL. transposons since
the transposase from Tn4651 will supply the missing
function.

Recently it has been reported that the genes for con-
version of biphenyl to benzoate (bphABCD) from the
chromosome of an Alcaligenes eutrophus strain are on
a 59 kb transposon Tn4371 (Springael et al. 1993). In
our laboratory we have shown that cointegrate plasmids
can be formed between a P. putida biphenyl catabolic
plasmid pWW100 and RP4 which appear to possess a
single contiguous piece of the catabolic plasmid and
carry the genes for the complete catabolism of biphenyl
{(Lloyd-Jones et al. 1994), suggesting the presence of a
transposon.

Catabolic transposons have also been described
for chlorobenzoate (Nakatsu et al. 1991), halogenat-
ed alkanoates {(Thomas et al. 1992}, trichlorophenoxy-
acetate (Haughland et al. 1990) and trichlorobenzene
(van der Meer et al. 1991) and they may well prove to
be fairly widespread in strains capable of biodegrada-
tions.
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Recombination and rearrangements

There are a number of examples from within the
hydrocarbon catabolic genes of where recombinational
events appear to have taken place.

As documented in previous sections, the tod genes
show a remarkable similarity to the bph genes. The
complete sequence of the todCIC2BADE gene cluster
encoding the conversion of toluene to the ring fission
product of 3-methylcatechol bears a striking homology
to the bphAIA2A3A4BC cluster for the conversion of
bipheny! to its first ring fission product (see Figs 3-7;
Zylstra & Gibson 1989). The todC1C2BADE genes are
between todF and todJ which are isofunctional to xylF
and xylJ in the toluene/xylene meta pathway operon
(Men et al. 1991; Horn et al. 1991). However TodF
is considerably more homologous (~ 60%) to the pro-
teins from meta pathway operons (XylF, DmpD) than
to BphD {(~ 30%) from the bph upper operon (Men et
al. 1991). It is therefore likely that the fod gene clus-
ter is the result of insertion of six bph genes (or of a
common ancestor of both) into a meta pathway oper-
on. A second example of a novel gene order which
might have arisen by the insertion of one cassette of
genes adjacent to another has been found in biphenyl
degrader Pseudomonas sp. KKS102 by Kikuchi and
colleagues (personal communication). In this strain
the early genes for biphenyl catabolism are situated
downstream of meta pathway genes equivalent and
homologous to xylJKQ. However the situation is more
complex than could be explained by a single recombi-
nation event because the early genes are in the order
bph{ORF4)A1A2A3BCD(ORFI)A4. This differs from
the order found in P. alcaligenes strain KF707 in three
respects:

— bphA4 is downstream of bphBCD,

— ORF4 is homologous to the ORF found in KF707
between bphA2 and bphA3 but is in a different
position, and

~a novel ORF (ORF1) is present within the cluster.

In order to explain the difference in the order of the
genes in this strain, one has to invoke one or more
rearrangements or insertions in addition to the primary
insertion.

The sequence of reactions by which catechol
is converted to central metabolites is identical in
the catabolism of toluene/xylene, naphthalene and
biphenyl (and many other aromatics). As far as has
been determined the gene order also appears to have
been conserved in Pseudomonas and its plasmids
{Table 1). The evidence for this is:
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e The complete nucleotide sequences for the
catabolism of catechol have been determined on
the TOL plasmid pWWO0 (Nakai et al. 1983; Horn
et al. 1991; Harayama & Rekik 1993), on the phe-
nol plasmid pVI150 (Shingler et al. 1992), on the
TOL plasmid pDK1 (R.J. Benjamin, personal com-
munication).
o The complete gene order for pWW0 and the sizes
of the gene products has been confirmed by sub-
cloning the DNA and determining the sizes of
the gene products by SDS-PAGE electrophoresis
(Harayama & Rekik 1990).
o The restriction sites on both of the meta pathway
operons on TOL plasmid pWWS53 have been shown
to be very similar to those on pWWQ. Most of the
genes have been subcloned and the location of the
majority determined by biochemical assay of the
gene products {Osborne et al. 1988).
+ Hybridisations with subcloned fragments have
been carried out on meta pathway genes from
two naphthalene plasmids, NAH7 (Harayama et
al. 1987) and pWW60-22 (Assinder & Williams
1988) and a biphenyl plasmid pWW110 (Carring-
ton et al. 1994).
This points to a high degree of genetic homolo-
gy between these operons (as also evidenced by the
sequences for the catechol 2,3-dioxygenase genes in
Fig. 7) and an identical gene order. This identity
only starts at the gene upstream of the catechol 2,3-
dioxygenase gene which is xyIT on the TOL plas-
mids; upstream of the initiation codon for this gene
the homology between the xyl, nah and dmp sequences
is lost (Fig. 8). The function of the XylT protein
has not yet been definitively demonstrated but Polis-
si & Harayama (1993) have strong evidence that it
is involved in reactivating catechol 2,3-dioxygenase
molecules which have been inactivated by oxidation of
the essential Fe?t atoms. If so then it would be expect-
ed to be an essential part of the meta pathway genes
and therefore conserved. It has been found upstream of
the gene for catechol 2,3-dioxygenase on all the com-
pleted sequences (xy! genes of pWWO and pDK1, dmp
genes of pVI150, nah genes of NAH7) and we have
found homologous DNA in the bph meta operon using
a specific probe from the dmp pathway (unpublished
results).

The only piece of evidence which suggests that
a completely conserved gene sequence is not found
in all the Pseudomonas meta pathways is the single
report that the genes for 4-oxalocrotonate tautomerase
(isomerase) and 4-oxalocrotonate dehydrogenase are

in a different order on the NAH7 plasmid to that found
on the other meta pathway operons (Yen & Gunsalus
1982).

However the orientations and relative locations of
the pathway operons (upper and lower pathway) dif-
fer from plasmid to plasmid. On naphthalene plasmids
NAHT7 and pWW®60-1 the two operons are in different
ortentations relative to each other (Yen & Gunsalus
1982; Cane & Williams 1986). A similar situation
exists with the three TOL plasmids which have been
extensively mapped, pWWO, pWW353 and pDK1 (see
Assinder & Williams 1990). The upper and lower path-
way operons could have been acquired by the plasmids
at different times by different recombinational events
or, if they have been acquired by a similar event such
as a transposition, then subsequent rearrangements of
the complete operons have taken place.

Recombination can also occur between genes to
produce fusions or to produce hybrid genes. Asimplied
earlier, some of the reductase proteins (XylZ, XylA)
for the hydroxylases may well have resulted from the
fusion of a ferredoxin gene and a flavin reductase gene
to produce bifunctional protein which performs the
same function as two separate proteins for the other
hydroxylases.

Recombination between homologous genes can
give rise to hybrids. From Fig. 7 it is apparent that
the XylE from plasmid pDK1 is as distant from the
two other XylE proteins as it is from NahH and BphE.
A detailed comparison of the sequence (Benjamin et al.
1991) shows that in its C-terminal region XylE,px1
is closer to XylE,wwo whereas at its N-terminus it is
closer to NahH. This raises the possibility that recombi-
nation between two coexisting homologous nah and xy!
operons may have taken place within the gene for their
catechol 2,3-dioxygenases to give rise to the pDK1
operon.

Comparison of the complete sequences of the meta
pathway operons on TOL plasmid pWWO with the
equivalent genes on the phenol plasmid pVI150 and the
partial sequence available for the nah genes on plasmid
NAH7 also suggests that recombination may have tak-
en place in their past (Harayama & Rekik 1993). The
sequences are consistent with the contemporary xyl-
TEGFJQ cluster being derived from a recombination
product of the ancestral dmpQBCDEF and nahTHINJZ
sequences.

The formation of just such a hybrid meta path-
way operon has been seen to occur in the laboratory.
On TOL plasmid pWW353 spontaneous recombination
occurs between the two homologous copies of its two
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1. DmpB:plasmid pVI150 {Shingler et al. 1982)

2. AylE:plasmid pDKl (Benjamin et al., 1981)

3. XylE:plasmid pwwO. {Nakai et al. 1983)

4, XylE:P.aeruginosa strain JI104 {unpublished sequence,EIMBL no.s0704)
5. BphE:plasmid pWwW1l0 (Carrington et al. 1983}

6. NahH:plasmid NAH7 {Ghosal et al. 1988)

7. TdnC:plasmid pTDN1 {Saint et al.,1990, Genbank no.L1l0655)

8. CmpE:plasmid pSKY4 (unpublished sequence, Genbank no.L10655)

9. C23011:TOL plasmid pwWW15 (unpublished sequence, Genbank no.U01826) (Keil et al. 1985}
10. NahC:plasmid NAH? (Harayama & Rekik, 158%)

11. BphC:P.paucimobilis Q1 ({Taira et al. 1988)

12. BphC:Pseudomonas sp. LB400 (Hofer et al. 19%3)

13. BphC:P.pseudoalcaligenes KF707 (Furukawa et al, 1987)

14. BphC:Pseudomonas sp. KKS102 (Kimbara et 2l. 1389)

15. TodE:P.putida F1 (2Zylstra & Gibson, 1889)

16. Mpc2:Alcaligenes eutrophus (Kabisch & Fortnagel, 1950a)

17. Mpcl:Alcaligenes eutrophus (Kabisch & Fortnagel, 1930b)

Fig. 7. Homologies between extradiol dioxygenases. The tree and Table are derived as in Fig. 3.
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Fig. 8. Region upstream of the postulated start of the DNA sequence common to all Pseudomonas meta pathway at around the start codon for
the gene for the ferredoxin like open reading frame (NahT, XyIT), itself upstream of the gene for catechol 2,3-dioxygenase. The sequence for
the dmp genes is not included as the termination codon (TGA) for the upstream gene (dmpP) is only 9 bases before the ATG start codon for the

homologous gene to xylT (dmpQ).

directly repeated xyIXYZLTEGFQKIH operons which
removes the DNA between (including the xy/CMABN
upper pathway operon) and produces a fully function-
al operon which is a hybrid between the two origi-
nal copies (Osborne et al. 1988). The hybrid operons
on two plasmids which have undergone recombination
have been carefully mapped and the recombinational
crossover between the two parental copies has been
shown to occur in a different place on each.

pDK1 is host to a xy! gene which is clearly a
hybrid between two other genes. Comparison of the
nucleotide sequence of the gene xyISI,px 1, encoding
the regulator of the meta pathway operon, with other
xylS genes shows that its 3° end is highly homologous
to the archetypal xyIS gene from pWWO and to one
of the functional homologues from plasmid pWW353
(eyiSIwwss). However the 300 nucleotides at the
5’ end are 100% identical to the second homologue
from pWW353 (xylS3,wws3) and diverge significantly
from the xylS,wwo and xyISI1,wws; genes (Assinder
et al. 1993). When the overall gene organisations on
pDK1 and pWWS53 are compared, it is possible to ratio-

nalise that pDK1 arose from a pWW53-like plasmid
by recombination between the two xylS homologues on
the latter. This would not only account for the hybrid
nature of the xylS/,px1 gene but would also explain
the difference in the relative arrangement of their xyl
operons (Fig. 9).

Both pWW53 and pDK1 carry a functionless
homologue of xylS. Their nucleotide sequences reveal
that after about 70% of an open reading frame for a
XylS-like protein the sequence is disrupted by an ORF
which is highly homologous to a family of transpo-
son resolvases (Assinder et al. 1992). The implication
is that a functional xyIS gene was inactivated by the
insertion of a transposon.

Evolution of pathways: a synthesis

From the data presented above it is possible to make
some generalisations. The first is that the homologies
within the proteins with a particular function in any
pathway are greater than between pathways. Thus for
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Fig. 9. Postulated recombination between xyfS homologues leading to formation of pDK1 from a pWW33-like plasmid. The plasmids share
two large areas denoted by the two arrows: the areas beside the two bold arrows are homologous and carry the two upper pathway operons
(xyICMABN) and the two xyIR genes and the areas beside the dashed arrows each carry a meta pathway operon (xyIXYZLTEGFJQKIH). pWW353
has two meta pathway operons, denoted 1 and 2. Meta2 shares all its restrictions with the merg pathway operon on pDK1 whereas meral is
mauch less homologous, The xyISI gene on pDK1 is a hybrid between the xyIS7 and the xyIS3 genes on pWW353 and lies at the junction of the
two areas of homology which pDK1 shares with pWW353. It is proposed that an internal recombination between the two homologues of xyiS on
a plasmid similar to pWWS53 produced the hybrid xylS2 genes of pDK1 and, at the same time, moved the meta operon 2 into the position to the

left of the xyISIR genes.

example the BphC proteins are closer to each other
than they are to the functionally similar NahC pro-
teins or to the various catechol 2,3-dioxygenases (Fig.
7). In this particular example this could be the result
of a divergent evolution in which the NahC proteins
shared a common ancestor more recently than they
shared a common ancestor with the BphC proteins.
However one must be careful in bringing time into the
argument since the selective pressure for catalysis of
different substrates is likely to be an important ele-
ment in determining the rates at which mutations are
fixed and therefore in determining the similarities in
the gene products. Even with this proviso it is difficult
to avoid the conclusion that early genes of the naph-
thalene upper operon have diverged considerably from
the essentially isofunctional genes for biphenyl. The
gene order for the two hydrocarbon dioxygenases is
different, although each order appears to be conserved,
and the comparison of the reductase proteins (Fig. 6)
shows that the naphthalene protein NahAa is very dif-
ferent from the BphA4 proteins and is closer to the
reductases from other hydroxylating enzymes includ-
ing monooxygenases. The picture which the hydrox-
ylase components present suggests a scenario where
they each evolved independently by the recruitment of
genes from a mixed pool: this has resulted in the patch-
work nature of the homologies referred to earlier.

The second major generalisation is the great sim-
ilarity in the genes/proteins of the meta pathway
sequences for all the pathways considered. This
indicates that it evolved from a common ancestral
sequence. Harayama & Rekik (1993) have used a
model which compares the degree of identity of two
genes in the third base of synonomous codons to esti-
mate that the divergence from this common ances-
tor occurred about 50 x 10° years ago. However
when the meta pathway sequences are aligned the
close homology downstream of the xy/T homologues is
lost upstream. In all these lower pathway operons the
upstream gene(s) differs (Table 4): for TOL plasmids
and biphenyl pathways the upstream genes encode the
conversion of benzoates to catechols (xyIXYZL and
bphXYZL), for NAH plasmids it is nahG, for the con-
version of salicylate to catechol, and for the phenol
pathway of pVI150 there are the phenol hydroxylase
components dmpLMNOP. Although the complete TOL
and Bph meta pathway operons appear homologous
over their complete length and are likely to share a
close common ancestry (Carrington et al. 1994) the
upstream genes (and proteins) of the other systems
show no homology. This must mean that these oper-
ons evolved by the fusion into a single regulon of a
common ancestral sequence with a gene or genes from
elsewhere. Thus in the case of the TOL (and presum-
ably the Bph) lower pathway operons, it is clear that
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the xyIXYZL cluster is related to the chromosomal ben-
ABCD cluster. Since (a) benzoate utilization is very
widely spread amongst saprophytic bacterial (and fun-
gal) genera and (b) simple aromatics which could give
rise to benzoate as a metabolite have presumably been
around in the biosphere for a longer period of time
than has toluene, it is likely that these genes origi-
nally evolved for benzoate degradation and were later
acquired as part of the pathway for toluene/xylene or
biphenyl catabolisn.

It is interesting that catechol and all the lat-
er intermediates of the meta pathway up to cen-
tral metabolism are relatively unstable chemicals. A
metabolic sequence for aerobic dissimilation of cat-
echols would be likely to be of little environmental
advantage to an organism unless catechol was being
produced within the same cell or unless the organ-
ism was close to a source producing exogeneous cat-
echols. However the selective advantage of acquir-
ing an enzyme which itself generated catechol from
a compound which could exist stably in the environ-
ment (1.e. benzoate, salicylate, phenol etc.) is obvious.
This might well have been the selective pressure which
caused such fusions and the evolution of the meta path-
way operons as we now see them. These operons could
have been and could still be self-sufficient (e.g. the dmp
operon). However, if they coexisted with a second gene
cluster, the products of which converted another stable
compound found in the environment into the substrate
for the operon (i.e. toluene or biphenyl to benzoate,
naphthalene to salicylate), then the selective advan-
tage would be even greater because the combination
of the two would give any host cell a much augmented
catabolic versatility.

The picture therefore suggests that the catabolic
structural genes for the modern pathways are the result
of accretion of at least three modules:

— the catechol meta pathway genes headed by

—another gene (or set of genes) to form the lower

pathway operon and

— an upper pathway operon acquired subsequently.
Having formed such a unit, presumably there would be
a selective advantage to the host strain if it were regu-
lated rather than constitutive. The difference in mode
of regulation and of the regulatory elements between
the nah and xyl systems suggests that regulation was
imposed after the assembly of the structural genes by
recruitment of elements of other regulatory systems
already present in the host genome (see Table 3).

This scenario fails to answer the fundamental ques-
tion of how the modules themselves evolved. The evo-

lution of the catechol meta pathway genes as a regulon
seems a particularly unlikely event given the probable
low availability of all its chemically unstable inter-
mediates as potential growth substrates in the envi-
ronment. Thus retrograde evolution (Horowitz 1945)
would seem to be excluded as a possibility. Neither is
there any evidence for tandem duplication of the path-
way genes (Horowitz 1963) having played an impor-
tant role. Only two proteins in the meta pathway are
possible contenders for having a common ancestor
(DmpE and DmpH; Shingler et al. 1992) but the low
degree of similarity between them is not convincing.
Even in the case of the biphenyl and naphthalene path-
ways with two extradiol ring cleavage dioxygenases,
the low homology between the genes (Fig. 7) sug-
gests a common but remote ancestry which has proba-
bly not occurred by an internal duplication followed
by a mutational divergence. As the sequence data-
banks increase in size, more ancestral relationships
will be revealed. The genes/proteins of these hydro-
carbon catabolic pathways indicate that many belong
to quite diverse superfamilies (Table 3). At present all
that can be said with certainty is that the modules them-
selves must have evolved by the recruitment of genes
already part of the host genome which for purposes
of coordinate expression became linked into a single
regulon.

Given that modular construction of these path-
ways is an approximate description of their evolution,
detailed examination of the nucleotide sequences indi-
cates that a variety of other phenomena played a part
in moulding the genes and operons into the forms in
which they presently exist. Point mutations are the
most basic evolutionary changes which take place.
However other mechanisms of base pair exchange have
been proposed. Ornston and his colleagues have car-
ried out detailed analyses of the nucleotide sequences
for the chromosomally-encoded genes for benzoate
catabolism in both P putida and Acinetobacter cal-
coaceticus (Neidle et al. 1988; Ornston et al. 1990)
and have suggested that a mechanism of DNA slippage
and strand exchange of short oligonucleotides appears
to play an important role in the evolution of divergent
DNA sequences. Similar analysis of the TOL plasmid
xyIXYZ and the homologous A. calcoaceticus benABC
shows the sequences to be entirely consistent with such
a mechanism (Harayama et al. 1991). Using a differ-
ent analysis of the later genes of the xy! lower pathway
operon Harayama & Rekik (1993) also conclude that
multi-substituting mutations play an important part in
driving protein evolution.
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Table 4. Enzymes/genes forming catechol in meta pathway operons.

Gene Enzyme
XYL xylXYZ Toluate 1,2-dioxygenase
xylL Toluate cis-diol dehydrogenase
NAH nahG Salicylate hydroxylase
BPH bphXYZ Toluate {benzoate) 1,2-dioxygenase
bphL Toluate (benzoate) cis-diol dehydrogenase
TOD todCl1C2BA Toluene dioxygenase
todD cis-Toluene dihydrodiol dehydrogenase
DMP dmpKLMNOP Phenol hydroxylase

The existence of catabolic genes on transposons
and plasmids provides a mobility which must acceler-
ate their evolutionary potential. Different host strains
with a variety of genetic and biochemical environ-
ments together with possible locations on either plas-
mids or chromosomes must increase the selective pres-
sures which are acting upon the genes by comparison
with genes which are obligately chromosomal genes.
If nothing else it at least increases the possibilities for
recombination events. The duplications of xyl genes
on TOL plasmid pWW353 described above could have
resulted from an internal gene duplication or could
have arisen by the acquisition of a second operon dur-
ing the transient coexistence of two different TOL plas-
mids in the host cell. The presence of two copies of
homologous genes within a cell can also lead to new
alleles or hybrid operons by homologous recombina-
tion: several such events appear to have operated in the
past history of the genes described above.

However it does not seem likely that intergeneric
gene transfer is a major force in disseminating these
genes. If genes from genera other than the saprophytic
members of Pseudomonas of RNA group I (Palleroni
1992) are compared, then they are found to be distant-
Iy related. Thus the divergence of the xy/XYZ and the
A. calcoaceticus benABC genes has been estimated as
2 x 108 years which is the same order of magnitude
as the divergence between Pseudomonas and Acineto-
bacter estimated to be 7 x 108 years from 16S rRNA

(Harayama & Rekik 1993). This is also reinforced by
for example

o the very low homology between the two catechol
2,3-dioxygenase genes from Alcaligenes eutrophus
and the various Pseudomonas enzymes in Fig. 7,
and

o the differences in the meta pathway genes between
the strains described in this review and in P, picketti
(Kukor & Olsen 1991): P, pickettii is in RNA group
II and taxonomically far removed from the group I
Pseudomonas (see Palleront 1992).

A scenario of promiscuous catabolic genes fre-
quently transferring between diverse Gram negative
genera and participating in recombination and trans-
position is therefore unrealistic. Probably these genes
have been imprisoned within a very limited taxonomic
range of hosts for a long period of time.

Adaptation to novel xenobiotics: evolution in the
short time scale

The pathways discussed in this review have undoubted-
ly been in existence for a considerable period of evolu-
tionary time. Numerous examples in the literature show
that strains capable of degrading toluene, xylenes,
naphthalene and biphenyl can easily be obtained from
any healthy soil or water samples either directly or by
selective enrichment with little or no lag phase before
the appearance of competent degraders. They appear
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to be ubiquitous and must use the catabolic capabil-
ity frequently otherwise its loss might be selectively
advantageous. However industry is constantly produc-
ing chemicals for deliberate or inadvertent release into
the environment, sometimes in very large quantities.
Evolution is unable to predict the diversity of novel
chemical structures which industrial man is presenting
to the microbial population as potential growth sources.
Remarkably however a large proportion of these com-
pounds prove to be biodegradable. This must mean
that natural evolution (i.e. before the advent of syn-
thetic organic chemistry) has resulted in
—a sufficiently diverse set of protein catalysts with-
in the entire microbial population to enable it to
adapt relatively easily when a xenobiotic is first
introduced into the environment and
—sufficiently flexible genetic systems to enable those
adaptations to occur.

The adaptive mechanisms which occur in the highly
heterogeneous soil population between the first intro-
duction of a novel xenobiotic and the advent of a strain
or a consortium of strains capable of its catabolism are
extremely difficult to monitor experimentally. What
occurs during this adaptation must be no different
in kind from the events which have been described
above, a mixture of mutation, conjugation, transposi-
tion, recombination, changes in regulation and enzyme
recruitment but over a short time scale and involv-
ing changes of a relatively minor nature: given suffi-
cient cells in the population with a sufficient wealth
of catabolic diversity and genetic flexibility, it may not
require much modification to find one route for degrad-
ing any particular xenobiotic. Many laboratory studies
have used relatively simple systems to demonstrate var-
ious aspects of such adaptations (see Clarke & Slater
1986; van der Meer et al. 1992). Studies on strains with
‘newly-evolved’ catabolic phenotypes are rarer. One
that is worthy of note is the analysis of Pseudomonas
sp. strain P51 isolated from Rhine river sediment after
a long selective enrichment on dichlorobenzenes (van
der Meeretal. 1987, 1991a, b, ¢, d}. Theresults suggest
that the pathway for chlorobenzene catabolism arose
by the combination within a single cell of two preexist-
ing gene clusters, each encoding a part of the pathway.
One of these was plasmid-coded and the plasmid sub-
sequently acquired the second on a transposon: this
primary event may then have been followed by minor
mutational changes affecting both the structural and
regulatory genes.

The last three decades have transformed our under-
standing of the remarkable flexibility of organisms in

being able to respond to selective pressures by the dis-
coveries of the molecular mechanisms by which this
occurs. Not all DNA is slowly turning over by the
acquisition of neutral mutations in the same way that
the DNA encoding, for example, essential ‘housekeep-
ing’ proteins such as the cytochromes C. The bacterial
catabolism of xenobiotics is certainly one area where
the rapidity of adaptive response is remarkably short
by normal evolutionary standards. Studies of preex-
isting catabolic pathways and of newly evolved ones
will undoubtedly be an importantelement in our under-
standing of evolutionary processes at the protein and
DNA level.
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