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Genetic engineering is a powerful means of accelerating the evolution of new biological
activities and has considerable potential for constructing microorganisms that can
degrade environmental pollutants. Critical enzymes from five different catabolic
pathways of three distinct soil bacteria have been combined in patchwork fashion into
a functional ortho cleavage route for the degradation of methylphenols and methyl-
benzoates. The new bacterium thereby evolved was able to degrade and grow on
mixtures of chloro- and methylaromatics that were toxic even for the bacteria that
could degrade the individual components of the mixtures. Except for one enzymatic
step, the pathway was fully regulated and its component enzymes were only synthe-
sized in response to the presence of pathway substrates.

( : HLORINATED AROMATIC  COM-
pounds are major environmental
pollutants (1). Although some com-

pounds can only be degraded slowly by soil

microbes, if at all, others are metabolized
relatively rapidly. However, a readily metab-
olized compound may not be degraded
when accompanied by other chemicals that
are toxic or that cause misrouting of path-
way intermediates from productive into
nonproductive pathways. For example,
methylaromatics, such as toluene, xylenes,
or cresols, are often present in mixtures
along with chloroaromatics, such as chloro-
benzenes or chlorophenols. Aromatics in
aerobic environments are generally trans-
formed to dihydroxy derivatives, such as
catechols, which serve as substrates for oxy-

genolytic cleavage of the aromatic ring (2).

Chlorocatechols are metabolized by ortho

cleavage pathways, whereas methylcatechols

generally follow a meta cleavage route (Fig.

1). Ortho cleavage pathways can partially

metabolize methylaromatics and meta path-

ways can cometabolize chloroaromatics, al-
though dead-end products or reactive inter-
mediates that constitute suicide substrates
for the next enzyme in the pathway (such as
3-chlorocatechol for the meta cleavage en-
zyme) are generally formed (3, 4). Soil
bacteria frequently possess both types of
pathways, although normally only one type
is active at any given time in a particular
organism. When such bacteria are confront-
ed with mixtures of chloro- and methylaro-
matics, however, both pathways are induced
and unproductive misrouting of the catechol
derivatives ensues (Fig. 1), thereby disrupt-
ing bacterial growth. Misrouting of substi-
tuted catechols could be circumvented by
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the experimental evolution of an organism
able to degrade both chloro- and methylaro-
matics exclusively through a single type of
aromatic ring cleavage pathway.

One general strategy for laboratory evolu-
tion of pathways for the degradation of
poorly biodegraded compounds is the ratio-
nal restructuring of existing pathways; this
approach was recently used to construct a
bacterium able to degrade 4-ethylbenzoate
(5). An alternate, more versatile strategy
involves the patchwork assembly of new
pathways by the judicious combination of
enzymes recruited from different pathways
and different organisms. We describe the use
of this approach to construct an ortho cleav-
age pathway for the degradation of methyl-
aromatic compounds that consists of five
discrete segments, namely the oxidation of
methylbenzoates and methylphenols to
methylcatechols, the conversion of methyl-
catechols to methyllactones, the transforma-
tion of 4-methyl-2-enelactone to 3-methyl-
2-enelactone, and the conversion of 3-meth-
yl-2-enelactone to Krebs cycle intermedi-
ates. The presence of this pathway in a
Pseudomonas species, strain B13 (Pseudomo-
nas sp. B13 or B13), enables the engineered
bacterium to grow well on mixtures of 3-
chlorobenzoate (3CB), 4-chlorobenzoate
(4CB), and 4-methylbenzoate (4MB) and of
4-chlorophenol (4CP) and 4-methylphenol
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(4MP) without nonproductive misrouting
of intermediates.

The B13 strain has a well-characterized
ortho cleavage route for the degradation of
3CB and 4CP (Fig. 2A) and lacks detectable
meta cleavage activity (6). The narrow spec-
trum of chloroaromatics degraded by B13
can be expanded by judicious recruitment of
additional enzymes and gene regulators with
relaxed substrate-effector specificities. For
example, the recruitment of the TOL plas-
mid-encoded enzymes toluate dioxygenase
and dihydroxycyclohexadiene carboxylate
dehydrogenase, which transform methyl-
benzoates to methylcatechols (Fig. 2), per-
mitted B13 to metabolize 4CB, and the
recruitment of the NAH plasmid-encoded
salicylate hydroxylase, which transforms
chlorosalicylates to chlorocatechols, enabled
B13 to catabolize all isomers of monochlor-
osalicylate (7, 8). The former hybrid bacteri-
um could transform methylcatechols to 4-
carboxymethyl-methylbut-2-ene-1,4-olides
(methyl-2-enelactones) (9). However, the
newly acquired catabolic phenotypes were
unstable in all types of hybrid bacteria con-
structed (10). The strategy we adopted to
construct a stable B13 derivative able to
degrade chloro- and methylaromatics exclu-
sively through ortho cleavage routes (Fig. 2)
was as follows: (i) cloning and insertion into
the B13 chromosome of genes of the above
mentioned TOL enzymes to enable B13 to
degrade 3CB and 4CB and to transform
methylbenzoates first to methylcatechols
and then to methyl-2-enelactones; (ii) re-
cruitment of enzymes that transform meth-
yl-2-enelactones to Krebs cycle intermedi-
ates, thus completing an ortho pathway for
the degradation of methylbenzoates; and
(iii) recruitment of a broad substrate speci-
ficity phenol hydroxylase, able to transform
chloro- and methylphenols (cresols) to cate-
chols, to permit degradation of substituted
phenols via the constructed ortho route.

Toluate dioxygenase and dihydroxycyclo-
hexadiene carboxylate dehydrogenase are
encoded by the cistrons xyIXYZ and xylL,
respectively, of TOL plasmid pWWO0 (11),
which specifies a meta cleavage pathway for
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Fig. 1. Unproductive misrouting of
substituted catechols by ortho and
meta cleavage enzymes.
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the degradation of benzoate and alkylben-
zoates (12). These four cistrons are the first
in an operon whose promoter Pm is posi-
tively controlled by the XylS regulatory pro-
tein, which is itself activated by pathway
substrates (13-15). A B13 derivative that
stably expressed the TOL plasmid enzymes
was constructed by inserting the genes for
these enzymes and their promoter Pm and
the xyIS gene into transposon Tn5; the
hybrid transposon was then transposed into
the chromosome of B13 (16-19). One B13
derivative that carried the hybrid transposon
was selected for further study and designat-
ed FR1 (Fig. 2B). This derivative not only
completely degraded 3CB and 4CB, but also
transformed 3- and 4- methylbenzoate (3MB
and 4MB, respectively) to 4-carboxymethyl-
2-methylbut-2-enc-1,4-olide (2-methyl-2-
enelactone) and 4-carboxymethyl-4-methyl-
but-2-ene-1,4-olide (4-methyl-2-enelac-
tone), respectively, and like B13 grew on 4-
carboxymethyl-3-methylbut-2-ene-1,4-olide
(3-methyl-2-enelactone) but not on the 2-

and 4-methyl isomers as a sole source of
carbon and energy. Moreover, it stably
maintained the 4CB catabolic phenotype,
since no loss of this activity was observed
after 50 generations of growth on complete
medium in the absence of selective pressure.
An ortho pathway for the degradation of
4-methylcatechol has been characterized in
Alcaligenes  eutrophus strain  JMP134, in
which 4-methyl-2-enelactone is formed and
subsequently isomerized to 3-methyl-2-ene-
lactone, which is in turn transformed to 4-
methyl-3-oxoadipic acid and then to Krebs
cycle intermediates (20). Since B13 can me-
tabolize 3-methyl-2-enelactone, the degra-
dation of 4MB by B13 derivative FR1 in
principle requires recruitiment only of the
isomerase that converts 4-methyl-2-enelac-
tone to 3-methyl-2-enelactone. Sau-3AI-
cleaved total DNA of A. entrophus JMP134
was cloned in the cosmid vector pLAFR3 to
produce a gene bank in Escherichia coli
HB101 (21). The bank of hybrid plasmids
was mass transferred by conjugation into
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FR1, and transconjugant clones were select-
ed that were resistant to tetracycline (the
selection marker of the vector) and able to
grow solely on 4MB. A number of such
clones were isolated and the hybrid cosmid
present in one of them, designated
pFRC20P (Fig. 2B), was studied further. It
contained a 26-kb DNA fragment from the
A. eutrophm chromosome and, when re-
transferred into cosmid-free FR1 bacteria,
again conferred the ability to grow on 4MB.
Deletion and subcloning analysis of the in-
serted A. eutrophus DNA, with the vector
pRK2501 (19), localized the region that
encoded the 4-methyl-2-enelactone isomer-
ase to'a segment 3 kb in length. A pRK2501
hybrid with this segment was designated
pFRC32P. Cell-free extracts of strains
FR1(pFRC20P) and FRI1(pFRC32P) ex-
hibited enzymatic activities that were lack-
ing from FR1 and that converted purified 4-
methyl-2-enelactone to 3-methyl-2-enelac-
tone (Table 1). High levels of activity were
measured both in 4MB-grown cells and in
acetate-grown  cells of strain  FRI-
(pFRC20P), although the highest levels
were obtained in 4MB-grown cells. This
indicates that expression of the isomerase is
specifically regulated in this strain, but that
its basal level of synthesis is relatively high.

3-Methylbenzoate and 3-methylphenol
(3MP) are not substrates for FR1
(pFRC20DP), since they are mainly cometabo-
lized to 2-methyl-2-enelactone (22), which is

30 1 2 3
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3CB (mM)

Fig. 3. Effect of chlorobenzoates on the growth of
bacteria that degrade methylbenzoates. Bacteria
were grown in minimal medium containing 4MB
(5 mM) as sole source of carbon and energy.
When the cultures reached an absorbance of
Aggo = 0.5, they were diluted tenfold with fresh
medium containing both 4MB and either (A)
3CB or (B) 4CB at the indicated concentrations;
the incubation was continued 20 hours. The final
Aggo was measured and plotted against the con-
centration of 3CB and 4CB initially present in the
fresh medium. The strains used were: Psexudomo-
nas putida KT2440(TOL) (O; possesses TOL
plasmid meta pathway for degradation of methyl-
benzoates); Pseudomonas sp. strain B13(TOL)
(A; possesses TOL plasmid meta pathway and an
ortho pathway for 3CB); and B13 derivatives
FR1(pFRC20P) and FR1(pFRC32P) (A and B,

respectively; lack meta pathways but possess or-
tho pathways for degradation of chloro- and
methylbenzoates).
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not further metabolized by B13 enzymes nor
by the 4-methyl-2-enelactone isomerase
cloned from A. eutrophus. However, deriva-
tives of A. eutrophus have been isolated that
grow on 2-methyl-2-enelactone (10). Recruit-
ment into FR1(pFRC20P) of enzymes that
transform 2-methyl-2-enclactone to Krebs cy-
cle intermediates should enable metabolism of
3-methylsubstituted phenol and benzoate via
the ortho cleavage pathway.

Pseudowmonas sp. B13 can grow on phenol
and, after adaptation, 4CP as sole sources of
carbon and energy; catabolism is via an
ortho cleavage route with catechol or 4-
chlorocatechol as intermediates (22). In cell-
free extracts, the B13 phenol hydroxylase
also transformed 3MPs and 4MPs to the
corresponding methylcatechols (22). Thus,
derivative FR1(pFRC20P), which can min-
eralize 4-methylcatechol, should possess all
of the enzymes necessary to grow on 4MP as
sole source of carbon and energy. However,
although phenol is a growth substrate for
FR1(pFRC20P), 4MP is not. Spontaneous
mutants of FR1(pFRC20P), such as
FR1(pFRC20P)-1 and -2, could neverthe-
less be selected (frequency 1077 to 107%)

that grew on 4MP. Since synthesis of the
phenol hydroxylase of B13 is inducible by
phenol, the inability of FR1(pFRC20P) to
grow on 4MP may be due to a lack of
induction of this enzyme by 4MP; thus
mutants that could grow with 4MP were
presumed either to be constitutive for syn-
thesis of this enzyme or to exhibit altered
regulation of synthesis of the enzyme that
resulted in production of the enzyme in
response to 4MP. Measurement of phenol
hydroxylase levels in FR1(pFRC20P) bacte-
ria and mutant bacteria grown either in
succinate, phenol, or 4MP revealed little or
no enzyme in 4MP or succinate-grown cells
and high activities in both parental and
mutant bacteria grown on phenol and in
mutant bacteria grown on 4MP. Enzyme
synthesis is thus specifically regulated.

The addition of a chloroaromatic such as
3CB to bacteria such as Pseudomonas putida
strain KT2440(TOL) or Pseudomonas sp.
B13(TOL), which actively degrade a meth-
ylbenzoate through a meta ring-fission path-
way, resulted in inhibition of cell growth as
a consequence of misrouting of 3CB into
the meta pathway and irreversible inactiva-

Table 1. 4-Methyl-2-enelactone isomerase activity in cell-free extracts of FR1 bacteria harboring
plasmids pFRC20P or pFRC32P. Exponentionally growing bacteria in 100-ml cultures were collected
by centrifugation, resuspended in 2 ml of 100 ma/ tris (hydroxymethyl) aminomethane tris-HCl, pH
7.5, and disrupted in a French pressure cell. The particulate fraction was eliminated by ultracentrifuga-
tion, and 4-methyl-2-enelactone isomerase activity in the soluble fraction was assayed by monitoring the
disappearance of 4-methyl-2-enelactone (4ML) and appearance of 3-methyl-2-enelactone in a reaction
mixture with 0.5 ml of cell extract, 0.2 ml of 4ML (50 mA4), and 4.3 ml of phosphate buffer, pH 6.5,
that was incubated at 30°C. Samples were taken at different times, acidified to pH 2 with H;PO,, and
analyzed by high-performance liquid chromatography. The activity of 4ML isomerase is shown for
strain B13 derivative FR1 grown on 4MB (5 ma{), 4CB (5 ma{), 3CB (5 maM), or acetate (Ac, 10 mA)
as carbon sources. The activity for Alcaligenes eutvophus strain JMP134 grown in either 4ML (fully
induced activity) or in fructose (Fr, not induced) is shown for comparison. Values are averages for two
to three independently prepared cultures. Standard errors were less than 10% of the reported mean.

Growth substrate (micromoles converted

Bacterial per minute per milligram of protein)
strain
4MB 4CB 3CB Ac 4ML Fr
FR1(pFRC20D) 0.580 0.140 0.185 0.375
FR1(pFRC32P) 0.095 0.075 0.090 0.160
JMP134 0.600 0.010

Table 2. Simultancous degradation of chloro- and methylbenzoate by FR1(pFRC20P). Strain
FR1(pFRC20P) was grown to exponential phase in minimal medium that contained either 4MB (5
mM) or 4CB (5 mM) as the sole carbon source. The bacteria were harvested and resuspended in 100
mM tris-HC, pH 7.0, to give a suspension with an absorbance As4¢ of 2. Either 4MB, 4CB, or 3CB
(final concentration, 2 mM) or a mixture of 4MB and 3CB or of 4MB and 4CB (final concentration, 1
mM each) was then added to the cells, and the kinetics of degradation of the substrates were followed by
HPLC analysis of samples of supernatant fluid of the cell suspensions. In the case of 4MB and 3CB, and
of 4MB and 4CB, the first value of the pair refers to 4MB, whereas the second refers to 3CB or 4CB.
Values are averages for two to three independently prepared cultures. Standard errors were less than
20% of the reported mean.

Substrate added (micromoles converted per minute per milligram of protein)

Growth

substrate 4MB 4CB 3CB 4MB + 3CB 4MB + 4CB
4MB 0.140 0.155 0.140 0.065, 0.075 0.095, 0.050
4CB 0.012 0.185 0.195 0.095, 0.120 0.130, 0.100
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tion of the key enzyme of the pathway,
catechol-2,3-dioxygenase (3), by the ring
fission product of 3-chlorocatechol, a highly
reactive acyl halide (Fig. 3). Addition of
4CB to such cells had a less severe impact on
growth because the dead-end product that
forms as a result of misrouting of 4CB into
the meta pathway is less reactive (Figs. 1 and
3). Addition of 3CB or 4CB to the con-
structed B13 derivatives FR1(pFRC20P)
and FR1(pFRC32P) growing on 4MB had no
inhibitory effect, and in fact promoted fur-
ther growth of the cultures (Fig. 3). The B13
derivatives simultaneously degraded the chloro-
and methylbenzoates in the mixtures of 4MB
and 4CB and of 4MB and 3CB (Table 2).

The newly evolved catabolic pathway was
stably expressed and all of the pathway
segments appeared to be specifically regulat-
ed, although a high basal activity of one
step, that of methyllactone isomerization,
was observed.

Although microbes have the capacity to
evolve enzymes capable of attacking most
chemical structures, the evolution of entire
pathways may proceed very slowly, particu-
larly if multiple genetic changes are re-
quired. A major advantage of experimental
evolution of pathways is that laboratory
selection conditions can be custom designed
for each of the individual changes required.
In this way the evolutionary process can be
considerably accelerated.
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Fluvial Perturbance in the Western Amazon Basin:
Regulation by Long-Term Sub-Andean Tectonics

Martti E. RASANEN, JUKKA S. SALO, RisTo J. KALLIOLA

Haffer’s refuge theory proposes that during the arid climatic phases of the late
Pleistocene, tropical lowland forests of Amazonia were reduced to isolated patches
contributing to the high species richness of the present-day forest. The theory was
developed because no obvious historic or modern geomorphic isolation barriers were
recorded in Amazonia. Analyses of radar images combined with stratigraphical data
show that in the basinal forelands of the tectonically active Andes the geological setting
causes long-term fluvial perturbance. This leads to a temporally structured highly
complex mosaic of fossil and present floodplains. These dynamics have been present
with varying activity and geographic range during the Tertiary and Quaternary,
providing site-turnover that has not been recognized by the biogeographic tradition of

the Amazon basin.

HOUGH THE CLIMATIC REFUGE

theory (1) has dominated the recent

biogeography of Amazonia, there
are still no undisputed litho- or biostratigra-
phic or geomorphologic data to show that
the Amazon lowland forest (<500 m above
sea level) has fragmented to isolated patches
during the Pleistocene. The biogeographic
works limiting “refuges” as centers for high
endemism or species diversity (2, 3) fail to
present geologic evidence that these loca-
tions have been separated by savanna vegeta-
tion (4). On the other hand, Liu and Colin-
vaux (5) have shown that during the mid-
Wisconsin interstade, the Mera site (1100 m
above sea level) in the proposed Napo ref-
uge area in Ecuador (3) was not covered by
tropical broad-leaved lowland forest but
rather by Podocarpus-dominated Andean
montane forest. This suggests that during
the full-glacial times of the Pleistocene, the
lowland broad-leaved forest merely de-
creased in area but did not fragment.

M. E. Risinen, Department of Quaternary Geology,
University of Turku, SF-20500 Turku, Finland.
J. S. Salo and R. J. Kalliola, Department of Biology,
University of Turku, SF-20500 Turku, Finland.
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A new approach to species diversity
dynamics, based on the mosaic forest bed
structure and maintained by fluvial pertur-
bance of western Amazonia, has recently
been put forward (6). Campbell and Frailey
alternatively suggested that the whole forest

bed of western Amazonia is formed by
Holocene alluvium, promoting a forest
community “island” in a stage of supersatu-
rated disequilibrium (7). Colinvaux ez al. (8)
have proposed that the high species diversity
of the floodplains of the Napo and Aguarico
rivers is maintained by hydraulic distur-
bance, especially catastrophic floods, which
cause intermediate disturbance in the flood-
plain forests.

We present further evidence that besides
the Tertiary-Quaternary climatic fluctua-
tion, and shifting between marine and conti-
nental phases, western Amazonia has been
subjected to fluvial site-turnover processes
similar to present floodplain dynamics. On
present floodplains, channel migration and
sedimentation maintain high between-habi-
tat (B-type) diversity through packing forest
patches of different age close to each other.
Channel diversions of the aggrading rivers
cause floodplain alterations and subsequent
larger scale areal mosaicism. Finally, larger
geomorphic barriers are formed within the
lowland forest by the foreland basins, sepa-
rated by distinctive upper denudated areas.

Western Amazonia (Fig. 1) forms part of
the foreland molasse basin belt running
along the eastern foothills of the Andes (9,
10) and the Rocky Mountains in North
America. It is located between the positively
epeirogenic Guayanan-Brasilian craton (11,
12) and the Andean mountain range with
postorogenic uplift. The area is subject to
compressive crustal shortening and can be
characterized as a thin-skinned fold and
thrust belt (13-16). Among the most similar
present-day environments is the Indogange-
tic plain with the Bengal basin, drained by
the Ganges and Brahmaputra rivers along
the Himalayas (17).

The present structural system of western
Amazonia includes four major foreland ba-

Fig. 1. The major geological
structures in the western
Amazonia [modified after
©, 11, 12, 14, 18, 19)]. The
molasse basins of Pastaza-
Marafion, Ucayali, Madre
de Dios, and Acre are sepa-
rated by arches. The relative
vertical extent of Tertiary-
Quaternary deposits in the
central parts of the lowland
basins is depicted by the in-
tensity of dotting. The An-
des are characterized by fault
lines (9) and the positions of
the reverse faults on the
eastern side of the anticlines
of the sub-Andean fault sys-
tem are shown (14-16). The
four areas analyzed in Fig. 2
are marked by squares. The
site of Fig. 3 is shown by a
triangle.
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