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GENERAL INTRODUCTION common chemical structures or properties. Such com-

The pollution of the environment with manmade organic
compounds has become such an evident issue that it needs
no further introduction. Microorganisms play a major role in
the breakdown and mineralization of these pollutants (5);
however, the kinetics of the biodegradation process may be
much slower than desired from public health or environmen-
tal considerations. Numerous field tests and laboratory
experiments have identified many harmful organic com-
pounds which are slowly biodegradable. These include ha-
logenated aromatics (such as benzenes, biphenyls, and
anilines), halogenated aliphatics, and several pesticides (6,
94,125, 135, 221, 249, 265). The slow biodegradation of these
compounds in the natural environment may be caused by
unfavorable physicochemical conditions (such as tempera-
ture, pH, redox potential, salinity, oxygen concentration) or
may be affected by the availability of other nutrients, the
accessibility of the substrates (solubility, dissociation from
adsorbed materials, etc.), or predation (6, 70, 113, 183, 231).
On the other hand, the low biodegradability may be due to
the incapacity of microorganisms present in the natural
environment to effectively metabolize pollutants with un-
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pounds, which are alien to existing enzyme systems, are
called xenobiotics. Nevertheless, microbial communities
exposed to xenobiotic compounds could often adapt to these
chemicals, and microorganisms that metabolize them com-
pletely and at considerable rates have been isolated. Little is
known about the molecular events that lead to adaptation of
microbial communities. Increased knowledge about these
events may provide a better insight into the metabolic
capacities of microorganisms to use xenobiotics as novel
growth substrates and may reveal the underlying principles
of metabolic diversification in bacteria in general.

The term ““adaptation”” used in biodegradation literature is
confusing since it refers to phenomena which can be encoun-
tered both in mixed microbial communities and in individual
microbial lineages. In a typical adaptive response to organic
compounds, virtually no biodegradation occurs immediately
after the first exposure of the microbial community to the
compound. However, after a period ranging from hours to
months, mineralization starts. Adaptive acquisition of deg-
radative abilities for some organic compounds or of resis-
tance to heavy metals has been demonstrated for bacteria in
laboratory ecosystems (2, 12, 94, 135, 215, 221, 231, 249).
Different molecular and biochemical processes may cause
such an adaptive response. (i) The first is induction of
specific enzymes in members of the community, resulting in
an increase of the observed degradative capacity of the total



678 vAN DER MEER ET AL.

community (215, 221). (ii) Another process is growth of a
specific subpopulation of a microbial community able to take
up and metabolize the substrate. This was supposed to be
the likely explanation for the adaptation of aquatic bacteria
to p-nitrophenol (2) or to Hg®* resistance (10-12). (iii)
Adaptation can also involve the selection of mutants which
acquired altered enzymatic specificities or novel metabolic
activities and which were not present at the onset of expo-
sure of the community to the introduced compounds (12,
221). Such a selective process may require longer adaptation
times than the other two processes (i.e., induction and
growth). It may well be responsible for the adaptation
observed in mineralization of recalcitrant xenobiotics, such
as halogenated aromatics (2, 71, 94, 191, 208, 220, 221, 249).

In this review, the possible genetic mechanisms which
may contribute to the adaptive response of bacteria to
xenobiotic compounds are discussed. Unfortunately, it is
almost impossible to study these mechanisms directly, since
current knowledge does not allow us to predict adaptive
events in time and space. Thus, we cannot search for them in
a single microorganism at a given time. However, mecha-
nisms for the evolution of metabolic pathways can be
deduced to some extent from the comparison of related
catabolic enzymes and homologies between catabolic genes.
In the following discussion, the organization of different
genes encoding aromatic degradation pathways in bacteria is
first reviewed. The aromatic degradation pathways have
been studied most extensively and form a good model for the
genetics of xenobiotics degradation. The second part deals
with different genetic mechanisms operating in microorgan-
isms (i.e., gene transfer, mutation, recombination, and trans-
position), which contribute to metabolic adaptation. The last
part of this review briefly discusses the available information
on genetic processes occurring under natural conditions in
the environment and the molecular tools which are nowa-
days available to study these processes.

ORGANIZATION OF AROMATIC DEGRADATION
PATHWAY GENES

An important class of xenobiotics comprises aromatic
compounds carrying different chemical substituents (e.g.,
halogen atoms, nitro groups). These substituents often de-
crease the biodegradability of the compounds. The close
structural resemblance of these compounds to nonxenobi-
otic analogs makes them very suitable for use in studies of
metabolic adaptation. Although aerobic mineralization pro-
cesses are certainly not the only important biodegradation
processes in the natural environment, genetic studies have
focused mainly on aerobic pathways, and many details of
these metabolic routes have been described in excellent
reviews (30-32, 35, 68, 179, 181). A general comparison of
the major pathways for catabolism of aromatic compounds
in bacteria has revealed that the initial conversion steps are
carried out by different enzymes but that the compounds are
transformed to a limited number of central intermediates,
such as protocatechuate and (substituted) catechols (30-32,
35, 49, 68, 179, 181). These dihydroxylated intermediates are
channeled into one of two possible pathways, either a meta
cleavage-type pathway or an ortho cleavage-type pathway
(Fig. 1) (80). Both types of pathways lead to intermediates of
central metabolic routes, such as the tricarboxylic acid
cycle. This generalized scheme of catabolic pathways for
aromatic compounds suggests that microorganisms have
extended their substrate range by developing peripheral
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FIG. 1. Extradiol and intradiol dioxygenase enzymes. Catechol
2,3-dioxygenases XylE, NahH (80), and DmpB (14) catalyze meta
cleavage of catechol as indicated by the arrow. The superfamily of
extradiol enzymes also includes TodE (274), NahC (80), BphC (60,
232), and CbpC (107). The preferential substrates and the sites of
cleavage are indicated. ortho cleavage is catalyzed by intradiol
dioxygenases. The superfamily of intradiol dioxygenases includes
protocatechuate 3,4-dioxygenases (PcaGH) (42, 86, 157, 276, 277),
catechol 1,2-dioxygenase (CatA) (150), and chlorocatechol 1,2-
dioxygenases (TcbC, TfdC, and CIcA) (54, 66, 247). The catechol
1,2-dioxygenase activity which converts 3-methyl-6-chlorocatechol
was detected in a mutant of Pseudomonas sp. strain JS6 (72).

enzymes, which are able to transform initial substrates into
one of the central intermediates.

meta Cleavage Pathway Genes

TOL plasmids are self-transmissible and contain two or
more operons which encode enzymes required for the deg-
radation of methylbenzenes, such as toluene, xylenes, and
1,2,4-trimethylbenzene, via methylbenzoates (9, 22, 43, 51,
53, 80, 81, 84, 96, 146, 162, 190, 263, 264). On the TOL
plasmid pWWO0, one operon (xy/CMABN) codes for the
‘“‘upper-pathway”’ enzymes, which oxidize methylbenzenes
to methylbenzoates (78, 85) while the “lower-pathway’” or
meta operon is composed of 13 genes that encode enzymes
for the conversion of methylbenzoates to pyruvate, acetal-
dehyde, and acetate via (methyl)catechols (51, 52, 77, 81).
The meta cleavage pathway enzymes in stricter sense are
encoded by the genes xylE, xylG, xylF, xylJ, xylQ, xylK,
xyll, and xylH, in that order, which are part of the meta
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operon (Fig. 2). The catabolic genes of plasmid NAH7,
which encode the enzymes required for the degradation of
naphthalene via salicylate (269), are clustered in two oper-
ons, the nah and sal operons (199, 269) (Fig. 2). The sal
operon contains similar meta cleavage pathway genes to
those present on pWWO0, and DNA sequences of these parts
of both operons (e.g., xyl[EGFJ and nahHINL) are homolo-
gous. This has been shown by Southern hybridizations (8,
126), by genetic mapping experiments, and in more detail by
DNA sequence comparisons (80, 84). Genes related to xylF
and xylJ were also found in the toluene degradation pathway
encoded by the fod operon, although these genes, todF and
todJ, are separated in this operon by the genes encoding an
aromatic ring dioxygenase and 3-methyl 2,3-dioxygenase
(92). Another meta cleavage pathway was characterized in
Pseudomonas sp. strain CF600, which uses phenol, cresols,
and 3,4-dimethylphenol as the sole carbon and energy source
(156, 216). This meta cleavage pathway is encoded by the
dmpQBCDEFGHI genes present on plasmid pVI150 and was
shown by biochemical analysis, polypeptide analysis, and
nucleotide sequence determination to be very closely related
to the xyl-encoded meta cleavage pathway (216). The meta
cleavage pathway genes of plasmid pVI150 form one operon
with the dmpKLMNOP genes, encoding phenol hydroxylase
(Fig. 2).

Extradiol dioxygenases. Catechol 2,3-dioxygenases en-
coded by TOL and NAH plasmids not only are similar to
each other but also show sequence similarities to other
extradiol ring cleavage enzymes, such as 1,2-dihydroxy-
naphthalene dioxygenase encoded by the nahC gene in the
nah operon of plasmid NAH?7 (80) (Fig. 2), 2,3-dihydroxybi-
phenyl 1,2-dioxygenases encoded by the bphC genes from
Pseudomonas pseudoalcaligenes KF707 (60) and from P.
paucimobilis Q1 (232), and 3-methylcatechol 2,3-dioxygen-
ase encoded by todE from P. putida F1 (274). 2,3-Dihydroxy-
biphenyl 1,2-dioxygenase (cbpC) from P. putida (107) and
1,2-dihydroxynaphthalene dioxygenase from a bacterium
that degrades naphthalenesulfonic acid (119) may also be
members of the catechol 2,3-dioxygenase family. Other
extradiol dioxygenases which are not related to the above-
mentioned catechol 2,3-dioxygenase family have also been
found, including catechol 2,3-dioxygenase from Alcaligenes
eutrophus (102) and protocatechuate 4,5-dioxygenase from
P. paucimobilis (154).

ortho Cleavage Pathway Genes

ortho cleavage pathways are involved in the degradation
of catechol and protocatechuate. These compounds are
transformed to a common intermediate, 3-oxoadipate enol-
lactone, which is further converted to succinate and acetyl
coenzyme A (Fig. 3). The genes encoding ortho cleavage
pathway enzymes are located on the chromosome (4, 42, 93,
153, 276, 277). The organizations of the cat genes encoding
catechol degradation and the pca genes for protocatechuate
degradation of different species show interesting variations
in gene order and operonic clustering (42, 93, 153, 160). For
example, in some microorganisms, such as Acinetobacter
calcoaceticus, two sets of equivalent enzymes exist for the
degradation of 3-oxoadipate enol-lactone (encoded by catEFD
and pcaDEF), while in P. putida, only one set of enzymes is
encoded by apparently unlinked genes (160).

Genes of the modified ortho cleavage pathways. The isola-
tion and characterization of a number of bacterial strains
capable of degrading chlorinated aromatics such as chlori-
nated benzenes (71, 208, 220, 247, 249, 250), chlorinated
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benzoates (27-29, 54, 66, 67, 259), and 2,4-dichlorophenoxy-
acetic acid (38, 39, 165) demonstrated the presence of
another set of ortho cleavage pathway enzymes. Most of
these strains convert chlorinated aromatic compounds via a
chloro-substituted catechol, which is always ortho cleaved
by a chlorocatechol 1,2-dioxygenase (Fig. 4). The enzymes
involved in the mineralization of chlorocatechols have wider
substrate specificities than the ordinary ortho cleavage path-
way enzymes do. Therefore, the chlorocatechol degradative
pathway is also called the modified ortho cleavage pathway.
In Pseudomonas sp. strain B13 (40, 41, 179, 181, 204, 205,
212), in Alcaligenes eutrophus JMP134 (39, 118, 165, 171,
172, 201, 203, 229), and in other bacteria which metabolize
chlorinated benzenes (71, 159, 168, 191, 208, 220, 250), these
pathways have well been characterized. In contrast to the
ordinary ortho cleavage pathway genes, the genes for the
modified ortho cleavage pathways are generally located on
catabolic plasmids (27, 28, 38, 39, 54, 250, 259, 267), and
their organization into operon structures differs substantially
from that of the chromosomally encoded cat and pca genes
(Fig. 2). Modified ortho cleavage pathway genes from three
bacteria have been extensively characterized: (i) the clcABD
operon of P. putida(pAC27) (27-29, 54, 66, 67), (ii) the
tfdCDEF operon of Alcaligenes eutrophus JMP134(pJP4)
(39, 66, 104, 165), and (iii) the 2cbCDEF operon of Pseudo-
monas sp. strain P51(pP51) (247, 250). In these three organ-
isms, the chlorocatechol 1,2-dioxygenase genes appeared to
be linked to genes for the rest of the pathway in a single
operon. The chlorocatechol 1,2-dioxygenase genes and the
chlorocycloisomerase genes of these operons are signifi-
cantly homologous to the counterparts of the ordinary ortho
cleavage pathway genes (Fig. 2) (53, 165, 247). Although no
clear function has been attributed to the TfdF and TcbF
proteins of the modified ortho cleavage pathway, the amino
acid sequences predicted from the nucleotide sequence show
30% identity with those of iron-containing alcohol dehydro-
genases (246). This suggests that the two enzymes require
NADH for their functioning, which would make them a
likely candidate for the NADH-consuming activity which
cocatalyzed the conversion of chloromaleylacetate in cell
extracts of Alcaligenes eutrophus JMP134 (202).

Intradiol dioxygenases. The family of intradiol dioxygena-
ses includes three subgroups of enzymes: catechol 1,2-
dioxygenase, protocatechuate 3,4-dioxygenase, and chloro-
catechol 1,2-dioxygenase. These enzymes cleave the
aromatic ring between two adjacent hydroxyl groups of
catechol or protocatechuate. The genes encoding catechol
1,2-dioxygenase (cat4) and two different subunits of proto-
catechuate 3,4-dioxygenase (pcaH and pcaG) are tran-
scribed separately from the other genes of the ortho cleavage
pathway (4, 86, 153, 160, 276, 277). These two enzymes have
been found in many bacterial species including P. putida, P.
aeruginosa, P. cepacia, and Acinetobacter calcoaceticus (4,
42, 86, 110, 120, 150, 153, 276, 277) (Fig. 1 and 3). The
three-dimensional structure of protocatechuate 3,4-dioxy-
genase from P. putida has been determined (157), and two
His and two Tyr residues were shown to be involved in the
binding of the catalytic ferric iron (157, 241). These His and
Tyr residues appear to be strongly conserved among all
members of the intradiol dioxygenases (86, 110, 150, 165,
247). The overall amino acid sequence homologies between
the members of catechol 1,2-dioxygenases and the o- and
B-subunits of protocatechuate 3,4-dioxygenase were rela-
tively low (18 to 22%) (86, 150). Chlorocatechol 1,2-dioxy-
genases encoded by clcA, tfdC, and tcbC cleave chlorinated
catechols at a higher rate than the rate of oxidation of the
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Genes for Peripheral Enzymes
Multicomponent aromatic ring dioxygenases. The substrate

specificities of enzymes involved in the initial transformation

la

&
OH
OH
HOOC

FIG. 3. ortho cleavage pathways for benzoate and p-hydroxy-
benzoate degradation (160). Conversion steps catalyzed in a single
by open arrows. Sequential enzymatic steps: p-hydroxybenzoate
hydroxylase (1a) or benzoate dioxygenase and diol dehydrogenase
these enzymes are evolutionary related to each other. One
illustrative example is a group of multicomponent dioxyge-
nases involved in the NADH-dependent incorporation of

(step 1b); protocatechuate 3,4-dioxygenase (step 2a) or catechol
isomerase (step 4b); enol-lactone hydrolase (steps 5a and 5b); and

transferase and thiolase. TCA, tricarboxylic acid cycle.
nonsubstituted catechol (19, 247). These three enzymes are

highly homologous and exhibit between 53.5 and 63.1%
amino acid sequence identity. However, they differ subtly in
substrate range, and this makes them important to the study

of adaptive changes of enzymes to xenobiotic compounds

(19, 165, 247).
of aromatic substrates into central intermediates exhibit a

reaction are represented by closed arrows; others are represented
1,2-dioxygenase (step 2b); muconate cycloisomerase or lactonizing
enzyme (steps 3a and 3b); decarboxylase (step 4a) or muconolactone
greater variety than those of the aromatic ring cleavage
pathways described above. Nevertheless, genes for some of
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FIG. 4. Modified ortho cleavage pathway. This pathway is used
as central metabolic route for the degradation of chlorinated cate-
chols, which arise in the conversion of chlorinated benzenes,
chlorinated benzoates, 2,4-dichlorophenoxyacetic acid, or chlo-
rophenol (30, 35, 181). A variety of peripheral enzymes lead to the
formation of chlorocatechols (step 1). Cleavage of chlorocatechols
proceeds via ortho cleavage by a chlorocatechol 1,2-dioxygenase
(step 2). A chloromuconate cycloisomerase catalyzes the formation
of chlorocarboxymethylenebut-2-en-4-olide after spontaneous re-
lease of one chlorine atom (step 3). This intermediate is further
converted by a dienelactone hydrolase (step 4). Maleylacetate
reductase and an uncharacterized NADH-consuming enzyme pre-
sumably catalyze the last steps, which also lead to a final dechlori-
nation (step 5) and to the formation of 3-oxoadipate (171, 202). TCA,
tricarboxylic acid cycle.

two adjacent hydroxyl groups on the aromatic ring of (chlo-
ro)benzene, toluene, naphthalene, (chloro)biphenyl, and
(chloro)benzoates (Fig. 5) (46, 63, 69, 83, 99, 143, 152, 191,
227, 250, 254). The enzyme complex is generally formed
from three different components, a terminal oxygenase (also
called iron-sulfur-protein or hydroxylase protein) which con-
sists of two different subunits (« and B), a ferredoxin, and an
NADH-ferredoxin reductase (69). The genes for the compo-
nents of toluene dioxygenase from P. putida F1 (69, 274,
275), of benzene dioxygenase from P. putida (99), of biphe-
nyl dioxygenase from P. pseudoalcaligenes (63, 88, 233) and
from Pseudomonas sp. strain LB400 (47, 143), and of
naphthalene dioxygenase from P. putida NCIB9816 (122) are
all clustered, but the orders of equivalent genes can be
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FIG. 5. Schematic representation of the reactions catalyzed by
the three-component dioxygenase and dihydrodiol dehydrogenase
(69). Molecular oxygen is incorporated into the aromatic ring by a
multienzyme complex as electrons are transferred from NADH to
the terminal oxidase. The reduced state of the proteins is indicated
by shadowed type. The terminal oxidase (or hydroxylase), which
contains two subunits, is abbreviated by ISP (iron-sulfur protein). In
the two-component dioxygenases, the ferredoxin and reductase
activities are coupled in one protein (152).

different. Other examples of three-component systems,
which have not yet been characterized on the DNA se-
quence level, include naphthalene dioxygenase from plasmid
NAH?7 (encoded by the nahA locus) (269), biphenyl dioxy-
genase from P. paucimobilis Q1 (232), and chlorobenzene
dioxygenase which was cloned from Pseudomonas sp. strain
P51 (250).

Toluate dioxygenase from P. putida and benzoate dioxy-
genase from Acinetobacter calcoaceticus have two compo-
nents instead of three. In these two dioxygenases, encoded
by xyIXYZ (81, 83) and benABC (152), respectively, the
electron transport function is fulfilled by a single protein
which possesses a ferredoxin-like structure in its N-terminal
part and an NADH-ferredoxin reductase-like structure in its
C-terminal region (152). A novel two-component dioxygen-
ase, 2-halobenzoate 1,2-dioxygenase, which may be struc-
turally related to toluate dioxygenase was recently isolated
from P. cepacia 2CBS (48). Similarly to 4-chlorophenylace-
tate 3,4-dioxygenase from Pseudomonas sp. strain CBS3
(136, 211), this enzyme shows dehalogenation activity. The
o- and B-subunits of the different terminal oxygenases show
significant deduced amino acid sequence similarity to other
a- and B-subunits (Fig. 2) (122, 152). In all the multicompo-
nent dioxygenase gene clusters, the genes for the dioxygen-
ases are followed by a gene encoding dihydrodiol dehydro-
genase. These enzymes are members of the short-chain
alcohol dehydrogenase family (149).

Monooxygenases. Electron transfer components of some of
the multicomponent dioxygenases have structures similar to
those of some monooxygenases involved in different meta-
bolic functions. Toluene-4-monooxygenase multicomponent
enzyme complex from P. mendocina KR1 catalyzes the
formation of p-cresol from toluene and is encoded by five
genes, tmoABCDE (Fig. 2) (268). The ferredoxin component
of toluene-4-monooxygenase, encoded by the tmoC gene,
shows 32 and 28% amino acid sequence identity with the
ferredoxins of toluene and naphthalene dioxygenases, re-
spectively (268). Other components of toluene-4-monooxy-
genase are not significantly related to proteins of the multi-
component dioxygenases. However, three components of
toluene-4-monooxygenase are related to the components of
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phenol hydroxylase from Pseudomonas sp. strain CF600
(Fig. 2) (155, 268). Phenol hydroxylase is a multicomponent
enzyme complex which transforms phenol into catechol and
is encoded by the dmpKLMNOP genes (Fig. 2) (155). Both
multicomponent monooxygenases contain polypeptides
which are structurally related to components of methane
monooxygenase (223).

Single-component hydroxylases and monooxygenases,
which are found in various pathways, also share conserved
domains. Salicylate hydroxylase NahG, encoded on the
NAH?7 plasmid (269, 270), was shown to be 25% homologous
in amino acid sequence to p-hydroxybenzoate hydroxylase
from P. fluorescens (257). Higher local sequence similarities
occur in specific domains, such as the presumed FAD-
binding region. A lower global sequence similarity of salic-
ylate hydroxylase is found with other hydroxylases, such as
with dichlorophenol hydroxylase encoded by #fdB from
Alcaligenes eutrophus (165) and phenol hydroxylase en-
coded by pheA (111). These single-component monooxyge-
nases, however, are not structurally related to 2,4-dichlo-
rophenoxyacetate monooxygenase, encoded by the #fdA4
gene (229).

Xylene monooxygenase has two components, XylM and
XylA (83). The XylM component was shown to be related to
the alkane hydroxylase component AlkB (230). The XylA
component was proposed to have an N-terminal domain
similar to that in chloroplast-type ferredoxins and a C-ter-
minal sequence similar to that in ferredoxin-NADP* reduc-
tases (230). Although 4-toluene sulfonate methyl monooxy-
genase catalyzes a reaction similar to that catalyzed by
xylene monooxygenase, the biochemical properties of these
two enzymes are very different (131).

Dehalogenases. Three polypeptides with sizes of 57, 30,
and 16 kDa make up the 4-chlorobenzoate dehalogenase
activity in Pseudomonas sp. strain CBS3 (207). This activity
was proposed to be the sum of the individual activities of a
4-chlorobenzoate:coenzyme A ligase, a 4-chlorobenzoate:
coenzyme A dehalogenase existing as a heterodimer of the
57- and 30-kDa components, and a 4-hydroxybenzoate:coen-
zyme A thioesterase (207). A stretch of homology was found
between the 57-kDa polypeptide and several magnesium-
dependent ATPases (207). A dehydrochlorinase activity
which functions in the dehalogenation of y-hexachlorocyclo-
hexane to 1,2,4-trichlorobenzene via y-pentachlorocyclohex-
ene was isolated from P. paucimobilis UT26 (95). The activity
could be attributed to the gene product of the lin4 gene,
encoding a 17-kDa polypeptide which has no significant
similarity with other protein sequences (95). Hydrolytic de-
halogenases are also key enzymes in transformation reactions
of halogenated aliphatic compounds. Two categories are
generally distinguished: haloalkane dehalogenases and 2-ha-
loacid dehalogenases. The 2-haloacid dehalogenase from
Xanthobacter autotrophicus GJ10M50, the gene product of
the dhiB gene, was recently shown to be 61% similar to the
primary sequences of two haloacid dehalogenases encoded by
dehClI and dehClII from Pseudomonas sp. strain CBS3 (206,
252). The primary sequences of the 2-haloacid dehalogenases
are not significantly similar to those of the product of dhlA,
which encodes the haloalkane dehalogenase in X. autotrophi-
cus (252). Interestingly, the tertiary structure of haloalkane
dehalogenase resembles that of dienelactone hydrolase, al-
though no significant homology between the primary se-
quences of those two proteins is observed (50).
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Regulatory Genes

Catabolic pathways are controlled by specific regulatory
proteins, which recognize inducer molecules and interact
with promoter-operator regions of the catabolic operons. A
number of regulatory genes of catabolic pathways and their
products have been well characterized. In the TOL-encoded
pathways, XylR and XylS coordinately regulate the full
transcription of the xyl operons (97, 98, 137, 147, 222). XylR
responds to xylenes and (methyl)benzylalcohols and acti-
vates transcription of the upper-pathway genes (xy/CMABN)
and of the xylS gene (91). The transcription is mediated by an
alternative RNA polymerase containing the RpoN sigma
factor (116). In addition, an integration host factor (IHF)-like
protein is required for the expression of the upper operon
(36). XyIS recognizes benzoate and its analogs and activates
transcription of the meta cleavage genes. The hyperexpres-
sion of XylS after the induction of the xylS gene by XyIR also
activates the meta cleavage pathway genes, even in the
absence of the benzoate effector (98, 137). The XylS protein
belongs to the AraC family of bacterial transcriptional acti-
vator proteins (174), whereas the XylR protein is similar to
the regulatory components of two-component systems. The
nah and sal catabolic operons on plasmid NAH?7 are regu-
lated by a single regulator protein, NahR (198, 199). NahR is
a member of the LysR family (89, 199, 200), which comprises
several other regulatory proteins for catabolic genes, such as
those encoded by catR (189), catM (151), tfdS (89), tchR
(248), and cicR (34). All of these regulatory genes have sizes
of approximately 1 kb, are transcribed in the opposite
direction from the target operons, and are separated from
these by approximately 200 bp. Interestingly, most of the
regulatory proteins encode transcriptional activator pro-
teins, except catM, which was shown to code for a repressor
(151). The effector of NahR is salicylate (198, 199) and that of
CatR and CatM is cis,cis-muconate (3, 151, 189), but those of
TfdS, TcbR, and CIcR have not yet been identified. Al-
though the N-terminal parts of the LysR family regulators
contain similar helix-turn-helix motifs (90), presumed to be
involved in DNA binding, C-terminal parts of the proteins
are often very dissimilar (89). This suggests that perhaps
each protein in this family arose by fusion of at least two
different subunits, one of which is shared by all the members
of the LysR family.

MECHANISMS OF GENETIC ADAPTATION

Amino acid similarities of the different aromatic pathway
enzymes and the diverged organization of catabolic gene
clusters discussed above (Fig. 2) suggest that several differ-
ent gene clusters (e.g., modified ortho cleavage pathway
genes, meta cleavage pathway genes, and three- and two-
component aromatic ring dioxygenase and dihydrodiol de-
hydrogenase genes) may be combined as modules, to which
other peripheral genes may be added. Furthermore, it shows
that many DNA rearrangements have occurred during the
evolution of different pathways. The next paragraphs will
deal with the different genetic mechanisms which may be
involved in the evolution of aromatic pathways in general
and in the process of adaptation of microorganisms to
xenobiotic substrates in particular. The different mecha-
nisms will be dealt with in three groups: (i) gene transfer, (ii)
mutational drift, and (iii) genetic recombination and trans-
position. Some of these mechanisms are difficult to prove
experimentally, since we can observe only their final results
(e.g., the existence of homologous genes between different
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organisms). The importance of the different evolutionary
mechanisms will be further clarified by discussing a number
of studies which have tried to establish evolution of catabolic
pathways experimentally.

Gene Transfer

The many examples illustrated above strongly suggest that
common ancestral genes have spread among different micro-
organisms. The divergence of descendants in different or-
ganisms, however, does not necessarily correspond to the
evolutionary distances determined for those organisms by
rRNA lineage. This observation suggests the occurrence of
extensive horizontal gene transfer during evolutionary pro-
cesses. Genetic interactions in microbial communities are
effected by several mechanisms, such as conjugation via
plasmid replicons, transduction (193, 272), and transforma-
tion (133, 134). The occurrence of plasmids in bacteria in the
natural environment is certainly a general phenomenon (55,
56, 101, 115, 184, 210, 261, 264), and an important pool of
genetic information residing on plasmid vehicles may flow
among indigenous microorganisms (57, 58, 114, 219, 253).
Since many examples of self-transmissible plasmids that
carry genes for degradation of aromatic or of other organic
compounds are known (25, 30, 53, 76, 195), their role in
spreading these genes to other microorganisms is undebat-
able. Early studies of TOL, NAH, and SAL plasmids
revealed strong DNA homologies among these plasmids in
regions both inside and outside the catabolic gene clusters
(9, 43, 53, 126). Recently, Burlage et al. (21) have shown that
pIP4, pAC2S, pSS50, and pBRC60, catabolic plasmids car-
rying genes for chloroaromatic degradation, have a strongly
homologous plasmid backbone that determines replication
and transfer functions. The chlorobenzene plasmid pP51 was
also shown to be homologous to pJP4 outside the regions of
the catabolic genes (246). These observations suggest that a
few common self-transmissible ancestor replicons may have
been involved in the acquisition and spread of different
catabolic modules.

The importance of gene transfer for adaptation of host
cells to new compounds has been illustrated in many studies
on experimental evolution of novel metabolic activities (20,
76, 100, 142, 159, 176, 180). Such studies could identify
biochemical blockades in natural pathways which prevented
the degradation of novel substrates and could overcome
these barriers by transferring appropriate genes. Pathways
could be expanded by replacing narrow-specificity enzymes
by broader ones (horizontal expansion) or by providing
peripheral enzymes which could direct substrates into exist-
ing degradative pathways (vertical expansion) (176). For
example, the range of biodegradative capacity of Pseudomo-
nas sp. strain B13 was horizontally expanded from 3-chlo-
robenzoate to 4-chlorobenzoate and 3,5-dichlorobenzoate
by transfer of the TOL plasmid pWWO0 from P. putida
mt-2 (100, 180). This transfer provided strain B13 with the
XylIXYZ toluate dioxygenase of the TOL plasmid, an en-
zyme with a broader substrate range than chlorobenzoate
dioxygenase of strain B13. Various other derivatives of
strain B13 which could degrade chlorosalicylates (127),
chlorobiphenyls (142), chloroanilines (124), and chloronitro-
phenols (20) have been constructed. It should be noted that
transfer of catabolic plasmids can lead to regulatory and/or
metabolic problems for the cell, and therefore additional
mutations in the primary transconjugants are often required
to construct strains with the desired metabolic activities
(100, 180). In strains which carried the meta and ortho
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cleavage pathways simultaneously, catechol 2,3-dioxygen-
ase had to be inactivated for proper growth on chlorinated
aromatics (13, 112, 180, 188). However, bacterial strains,
such as Pseudomonas sp. strain JS6, that induce meta and
ortho pathways enzymes simultaneously without apparent
problems for the cell have been obtained recently (72, 168).

Gene transfer techniques were further applied to construct
a novel metabolic pathway for degradation of chlorinated
benzenes. Until recently, no bacterial strains which could
metabolize chlorinated benzenes completely had been iso-
lated. A complete pathway for chlorobenzene degradation
would require a broad-substrate-specificity benzene dioxy-
genase and a broad-substrate-specificity benzene glycol de-
hydrogenase, together with a modified ortho cleavage path-
way. By mating P. putida F1, a strain that contains the tod
genes (Fig. 2) encoding a broad-substrate-specificity ben-
zene dioxygenase and benzene glycol dehydrogenase, with
Pseudomonas sp. strain B13, which carries a modified ortho
cleavage pathway on a plasmid, Oltmanns et al. (159) were
able to obtain transconjugants which could metabolize 1,4-
dichlorobenzene completely. Similar transconjugant strains
were isolated by using cultures from a chemostat and ce-
ramic bead columns to mate P. putida RS5-3, harboring a
TOL-like plasmid, with P. pseudoalcaligenes C-0, a strain
capable of mineralizing benzoate and 3-chlorobenzoate (24,
117). Interestingly, the transconjugants which showed chlo-
robenzene mineralization were derivatives of strain R5-3 and
carried a chromosomal DNA fragment of strain C-0 on the
TOL-like plasmid (24). Evidence that similar gene transfer
processes in the evolution of the chlorobenzene pathway
may take place in nature came from studies with Pseudomo-
nas sp. strain P51, which was isolated by selective enrich-
ment from Rhine sediment (249). This strain harbors a
catabolic plasmid containing two catabolic operons, one
encoding a modified ortho cleavage pathway (247, 250) and
the other encoding chlorobenzene dioxygenase and chlo-
robenzene glycol dehydrogenase (Fig. 2) (250, 251). The
complete chlorobenzene dioxygenase gene cluster is located
on a transposable element, suggesting that the pP51 plasmid
was formed by the transposition of the chlorobenzene dioxy-
genase transposon onto an ancestral plasmid of pP51 that
contained only the modified ortho cleavage pathway genes
(251).

Point Mutations

Several examples have illustrated that single-site muta-
tions can alter substrate specificities of enzymes or effector
specificities. Clarke, for example, isolated mutants with
altered substrate specificities of the AmiE amidase of P.
aeruginosa, which were provoked by single-base-pair
changes (31, 32). Sequential mutations in the cryptic ebg
genes of Escherichia coli were shown to result in active
enzymes capable of metabolizing lactose and other sugars
(74). The substrate range of catechol 2,3-dioxygenase en-
coded by TOL plasmid pWWO has been extended to 4-eth-
ylcatechol by single substitutions of amino acids (177).
Similarly, the substrate specificity of xylene monooxygen-
ase, encoded by xyIlMA, was extended to p-ethyltoluene,
which is not a natural substrate (1). The specificity of the
XylS regulatory protein was modified by mutagenesis, re-
sulting in recognition of other compounds, such as 4-ethyl-
benzoate, salicylate, and 3,5-, 2,5-, and 2,6-dichloroben-
zoate, as effector molecules (175). Furthermore, XylS
mutants capable of activating the meta cleavage pathway
genes in the absence of its effector were isolated (273).
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Single-site mutations are believed to arise continuously
and at random as a result of errors in DNA replication or
repair. However, some authors have suggested that directed
mutations in response to a selective pressure are possible:
the frequencies of Lac* revertants in E. coli increased in the
presence of lactose (18, 23, 73). Several mechanisms that
account for this observation have been proposed, but
whether some environmental factors can control the direc-
tion of mutations is still debatable (139, 140). However, it is
firmly established that induction of the SOS response in-
creases mutation frequencies via the highly regulated
UmuCD replication pathway (33, 45, 167). It is possible that
a diversity of stress factors including chemical pollutants
(17) stimulate error-prone DNA replication and hence accel-
erate DNA evolution.

Despite the important effects of a single-base-pair muta-
tion on the adaptive process, as has been demonstrated
experimentally, the accumulation of single-base-pair
changes may not be the sole mechanism for the divergence
of properties in contemporary catabolic enzymes. Other
mechanisms which would allow faster divergence of DNA
sequences include gene conversion or slipped-strand mis-
pairing (86, 129, 150, 160). In the model of slipped-strand
mispairing, partially melted DNA duplexes are assumed to
have the possibility of shifting during replication with re-
spect to their original position and of being stabilized in a
heterologous duplex by the presence of repetitive motifs
which can form perfect matching base pairs (75, 161, 234).
Base pairs which mismatch in this heterologous duplex can
then be repaired from either one of the strands as template
(45, 129, 141). Model experiments showed that slipped-
strand mispairing occurs during DNA replication in vitro
(121, 123). The remnants of such a process have been
proposed to be visible in DNA sequences of members of the
intradiol dioxygenase family, encoded by catA4, pcaG, and
clcA (86, 150, 160, 161), and in the diverged sequences of
xylZ and benC (82).

Recombination and Transposition

DNA rearrangements. The orders of the genes encoding
the ortho cleavage pathways of Acinetobacter calcoaceticus
and P. putida differ from one another (160) and from those of
other organisms, suggesting that various DNA rearrange-
ments have occurred (54, 165, 247). Gene rearrangements
are also evident even between the different operons for the
modified ortho pathway enzymes. The cleABD and tcbC
DEF operons contain an extra open reading frame with
53.3% deduced amino acid sequence identity, which has no
apparent function. This open reading frame is missing from
the ¢#fdCDEF operon (Fig. 2), which has only a small region
with nucleotide sequence homology to the boundaries of this
open reading frame, perhaps the remnants of the excision
event (54, 247). Further examples are found in a comparison
of TOL- and NAH-encoded catabolic genes. The gene
orders of part of the meta cleavage operons (xyITEGFJ and
nahTHJNL) are identical (Fig. 2) (81, 84) but are different in
downstream genes. Furthermore, different genes are located
upstream of xyITEGFJ and nahTHJINL (i.e., the xyIXYZL
toluate dioxygenase genes and the nahG salicylate hydroxy-
lase gene). The close relationship of the xylXYZL genes with
benABCD (81, 82, 152) suggests that these genes form a
DNA module which was inserted in different catabolic
operons. The genes for the three-component dioxygenases
(e.g., todCIC2BAD) (274, 275) may have been inserted in an
ancestor of a meta cleavage pathway operon between todF
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and todJ to form a novel toluene degradation pathway (92).
Furthermore, such a DNA module for the three-component
dioxygenases may have inserted into other catabolic operons
as well (e.g., bphABCXD, tcbAB, nahABCFD) (63, 250,
269). Genes for other multicomponent dioxygenases are also
clustered, but their gene orders can be different (e.g.,
ndoABD versus todC1C2BA) (122, 275). The biphenyl dioxy-
genase gene clusters bph41424344 and bphAEFG are very
similar to 20dC1C2BA in gene order and nucleotide sequence
but have an extra small open reading frame between the
genes bphA2 (bphE) and bphA3 (bphF) compared with todC1
and #0odC2 (47, 233). There are as yet no clear indications of
what mechanisms may direct these rearrangements, such as
longer direct or inverted repeats which would allow general
recombination, or the activity of insertion elements.

Gene duplications. Gene duplications have been consid-
ered an important mechanism for the evolution of microor-
ganisms (15). Once duplicated, the extra gene copy could
essentially be free of selective constraints and thus diverge
much faster by accumulating mutations. These mutations
could eventually lead to full inactivation, rendering this gene
copy silent. Reactivation of the silent gene copy could then
occur through the action of insertion elements (see below).
Duplications of specific genes or gene clusters have been
frequently found. Flavobacterium sp. strain K172 harbors
two isoenzymes of 6-aminohexanoate dimer hydrolase, one
of the enzymes involved in the degradation of nylon oligo-
mers (158). Both enzymes were encoded by plasmid pOAD2
in regions that were proposed to be duplicated. The two
isoenzymes differ 100-fold in their activity toward 6-amino-
hexanoate dimer, despite their amino acid sequence identity
of 88% (148). Studies with various TOL-type plasmids have
shown that upper- and lower-pathway operons, as well as
the xylS and xylR regulatory genes, have sometimes
switched positions, inverted, or increased their copy number
9, 26, 162, 214, 262). A pair of 1.4-kb directly repeated
sequences present on the TOL plasmid has been presumed
to direct several recombinational processes and the insertion
of the TOL catabolic operons in the chromosome (138, 217).
In various other bacterial strains, genes for catechol 2,3-
dioxygenase or catechol 1,2-dioxygenase are duplicated
(106, 144, 209). Plasmid pJP4, which contains the genes for
the degradation of 2,4-dichlorophenoxyacetic acid, appears
to have undergone several gene duplications (39, 165). By
using DNA-DNA hybridization, two copies of the chlorocat-
echol 1,2-dioxygenase gene #fdC (65, 67, 104), of the 2,4-
dichlorophenoxyacetic acid moncoxygenase gene ffdA
(166), and of the putative regulatory genes #fdS and #fdX (89,
90, 248) have been found. The exact DNA sequence of these
duplicated copies is unfortunately not yet available. It was
further shown that pJP4 contains three directly repeated
sequences which were thought to play a role in the formation
of a large duplication accumulating in cells grown under
specific growth conditions (65). The duplicated region ap-
peared to include the catabolic genes for 2,4-dichlorophe-
noxyacetic acid degradation (65). A tandem amplification of
the catabolic region for 3-chlorobenzoate metabolism was
also found in Pseudomonas sp. strain B13 when cultivated
under nonselective conditions (178).

Transposition. Insertion elements have been shown to play
an important role in rearrangement of DNA fragments, in
gene transfer, and in activation or inactivation of silent
genes. For catabolic pathways several examples of insertion
elements are known. The TOL catabolic operons are part of
a large transposable element, Tn4651, that belongs to the
family of Tn3-type transposons (242, 243, 245). This trans-
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poson was later found to be part of an even larger mobile
element, Tn4653 (243). A similar Tn3-type element, Tn4655,
contains the catabolic genes on plasmid NAH7, although it is
defective in its transposase function (244). P. cepacia 249
was shown to carry at least nine different insertion elements,
which were present in 1 to 13 copies in its genome. These IS
elements are thought to be responsible for the extraordinary
adaptability and catabolic potential of this strain (128). One
particular element, IS931, was detected in multiple copies
around the chg gene locus for 2,4,5-trichlorophenoxyacetic
acid degradation (87, 238). IS931 is presumed to have played
a role in the development of the 2,4,5-trichlorophenoxyace-
tic acid pathway, as it could mobilize adjacent DNA frag-
ments (34, 87). Interestingly, this IS element apparently did
not originate from P. cepacia. It was not found in other
strains of this species, which suggested that IS937 and
perhaps (part of) the 2,4,5-trichlorophenoxyacetic acid genes
were acquired from a completely different organism (34,
192). Other mobile and IS elements carrying catabolic genes
include the DEH element, which carries the dehalogenase
genes of P. putida PP3 (235, 236), and Tn5271, which is
present on plasmid pBRC60 and specifies the genes for
3-chlorobenzoate degradation by Alcaligenes sp. strain
BR60 (58, 145, 267). This transposable element is formed by
two copies of a 3.2-kb repeated sequence, IS1071, which
itself is related to the Tn3 family of transposable elements
(145). The chlorobenzene dioxygenase genes of Pseudomo-
nas sp. strain P51 were shown to be flanked by two copies of
iso-insertion elements, IS1066 and IS1067. The composite
element, called Tn5280, consists of 1S1066, the chloroben-
zene dioxygenase genes, and IS1067 and was a functional
transposon capable of inserting at random into the genome
(251). The origin of Tn5280 remained unclear, although
IS1066 and IS1067 resemble IS elements from Bradyrhizo-
bium japonicum (103) and Agrobacterium rhizogenes (218).

Insertional activation. Another important role of IS ele-
ments is the activation or inactivation of (silent) genes (7,
163, 271). One end of an IS element often contains promot-
erlike sequences, which can activate the expression of genes
outside the IS element (64). In P. cepacia, insertion of 1S406
and IS407 could lead to activation of lacZ (213, 266). The IS
elements IS931 and IS932 were also able to activate the
expression of adjacent genes (87). The mechanisms of acti-
vation of genes by insertion elements can be complicated, as
was shown for the insertional activation of the cryptic bgl
operon in E. coli by ISI and IS5 (132, 182). The bgl operon
itself is preceded by a promoter sequence, which, however,
is not active under normal circumstances. It was suggested
that the cyclic AMP-binding protein binds at sites near the
promoter and further upstream, which leads to the formation
of a loop in the DNA structure that prevents transcription
initiation (132). Insertion of an IS element in this region
prevents the formation of this loop and hence activates bgl/
expression.

MOLECULAR TOOLS TO STUDY GENETIC
ADAPTATION IN THE NATURAL ENVIRONMENT

Although characterization of individual microorganisms
that have been isolated from the natural environment or
constructed in laboratories is important for our understand-
ing of genetic mechanisms that govern adaptational pro-
cesses, it has its limitations for a proper assessment of the
importance of different genetic events in the adaptative
response of bacteria in the natural environment. For the
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understanding of adaptational processes in nature, in situ
genetic interactions among microorganisms and the influ-
ence of environmental parameters on the selection and
dissemination of specific catabolic genes should be studied.
Many recent studies address the possibilities and frequen-
cies of gene transfer under various environmental conditions
(59, 114, 130, 133, 193, 228, 239, 240). In mesocosm exper-
iments, catabolic plasmid pBRC60 encoding 3-chloroben-
zoate degradation of Alcaligenes sp. strain BR60 was trans-
ferred to and expressed in indigenous recipient bacteria (57,
58). The addition of low concentrations of 3-chlorobenzoate,
4-chloroaniline, or 3-chlorobiphenyl to microcosms inocu-
lated with Alcaligenes sp. strain BR60 significantly affected
the population size of microorganisms that finally obtained
Tn5271 (59). To assess the importance of gene flow in nature,
its rate has to be measured under environmental conditions.
For example, the transfer frequencies of conjugation of an
epilithic plasmid encoding mercury resistance (pQM1) were
about 100-fold lower in microcosm studies than in filter-
mating experiments (185, 186).

How widespread are bacterial species capable of degrad-
ing xenobiotic compounds in the natural environment? Many
bacterial species that can degrade biphenyls (62), chlorinated
catechols (21, 27), or naphthalene and xylenes (8, 26, 43,
126) have been isolated from different environments, sug-
gesting that such species are ubiquitous in natural environ-
ments. However, the distribution of bacteria exhibiting
specific genetic traits is difficult to measure since a large
proportion of the bacteria from soil and aquatic environ-
ments are not easily culturable, and some genes may not be
expressed. The DNA-DNA hybridization technique is a
relatively novel experimental approach in microbial ecology
to overcome the problems of culturability or gene expression
(37, 58, 169, 170, 194, 196, 197, 226, 256). With this tech-
nique, the distribution of specific genes in the natural envi-
ronment can be determined by hybridization of DNA from
indigenous soil microorganisms with specific gene probes.
The technique allowed a highly specific detection of bacterial
strains which carried Hg>* resistance genes (187), genes for
resistance to cadmium (37), toluene and naphthalene degra-
dation genes (197), chlorobiphenyl genes (169, 256), or
chlorobenzoate genes (58). Series of related genes could in
principle be detected when mixed probes, such as for the
different chlorocatechol 1,2-dioxygenases (see above), are
applied. Specific DNA sequences could also be detected in
environmental sources by hybridization with probes after
amplification of those sequences by using the polymerase
chain reaction (164, 224, 225, 258). Polymerase chain reac-
tion amplification allowed the detection of specific bacterial
strains at very low levels in samples of various origins (16,
224). Theoretically, the use of conserved DNA sequences in
a gene family as universal primers in polymerase chain
reaction amplification and subsequent cloning of the ampli-
fied fragments would allow the detection and isolation of a
wider variation of genotypes from the environment. Such an
approach was used for the characterization of variations in
16S rRNA genes from microorganisms in natural communi-
ties (258, 260). Also, gene fragments of the ribulose biphos-
phate decarboxylase gene (rbcL) and the nitrogenase gene
(nifH) could be isolated after polymerase chain reaction
amplification of DNA from environmental samples by using
primers for highly conserved regions in these genes (109,
164).
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CONCLUDING REMARKS

The presently available information suggests that micro-
organisms may eventually be able to deal with any kind of
organic compound, provided that the compounds are intrin-
sically degradable. This review has shown that microorgan-
isms possess a range of genetic mechanisms allowing evolu-
tionary changes in existing metabolic pathways. Specialized
enzyme systems and metabolic pathways for the degradation
of manmade compounds such as chlorobiphenyls or chlo-
robenzenes have been found in bacteria from geographically
separated areas of the world. The question whether enzymes
specialized for the degradation of xenobiotics in these bac-
teria evolved from more common isozymes only after the
large-scale introduction of xenobiotic chemicals into the
environment cannot be answered yet. There is virtually no
information concerning the mutation rates in bacteria living
in nature and the response of such rates to the presence of
potential (xenobiotic) substrates or combinations of sub-
strates. Enough evidence is available to conclude that re-
combination, transposition, and gene transfer can accelerate
the evolution of catabolic pathways by recruiting and com-
bining new catabolic activities. Now we need quantitative
data for these processes in the natural environment and for
the effect of environmental parameters on the rate of evolu-
tion.

Many microbial strains have been engineered and
equipped with extra catabolic genes (79, 108, 176, 177, 188,
237). These studies have given much insight into the molec-
ular events and regulatory mechanisms responsible for evo-
lution. It has been suggested that engineered strains be used
for bioremedial purposes. Experiments in soil and wastewa-
ter systems have shown that such organisms can be success-
ful under the selective pressure of a specific substrate or a
toxic chemical (44, 173, 255). However, these organisms will
in general not succeed in a multisubstrate, multiorganism
environment without specific selection pressure. The appli-
cation of genetically modified organisms for bioremediation
without physical containment and the related biosafety as-
pects are much-debated issues. Because of biosafety aspects
and the limited competitiveness, it is questionable whether
laboratory-derived genetically modified microorganisms
should be used in open systems. The current knowledge
summarized in this review clearly evidences the potential of
microorganisms to evolve new and desired pathways them-
selves. In fact, naturally evolved microorganisms tend to be
more competitive since they have already survived natural
selection.

Under natural conditions or during treatment processes,
the degradation of pollutants is controlled most often by a
variety of physical and chemical parameters, such as tem-
perature, pH, and availability of the substrate, and not by
the presence or absence of the appropriate population of
microorganisms. Optimal physical and chemical conditions
will allow eventual evolution and growth of the best-adapted
microbial population. In case adaptation is too slow under
optimal conditions, the addition of a variety of microbial
strains carrying some desired genes and/or parts of neces-
sary pathways may speed up evolution. Such a “‘directed
evolution’” has proven to be successful in many laboratory
experiments and may have considerable potential to increase
the ““infallibility’” of microorganisms in the natural environ-
ment.
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