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Abstract 

Genetic construction of recombinant strains with expanded degradative abilities may be useful for bioremedation of 
recalcitrant compounds, such as polychlorinated biphenyls (PCBs). Some degradative genes have been found either 
on conjugative plasmids or on transposons, which would facilitate their genetic transfer. The catabolic pathway for 
the total degradation of PCBs is encoded by two different sets of genes that are not normally found in the same 
organism. The bphABCD genes normally reside on the chromosome and encode for the four enzymes involved in 
the production of benzoate and chlorobenzoates from the respective catabolism of biphenyl and chlorobiphenyls. 
The genes encoding for chlorobenzoate catabolism have been found on both plasmids and the chromosome, 
often in association with transposable elements. Ring fission of chlorobiphenyls and chlorobenzoates involves 
the meta-fission pathway (3-phenylcatechol 2,3-dioxygenase) and the ortho-fission pathway (chlorocatechol 1,2- 
dioxygenase), respectively. As the catecholic intermediates of both pathways are frequently inhibitory to each 
other, incompatibilities result. Presently, all hybrid strains constructed by in vivo matings metabolize simple 
chlorobiphenyls through complementary pathways by comprising the bph, benzoate, and chlorocatechol genes of 
parental strains. No strains have yet been verified which are able to utilize PCBs having at least one chlorine on 
each ring as ~owth substrates. The possible incompatibilities of hybrid pathways are evaluated with respect to 
product toxicity, and the efficiency of both in vivo and in vitro genetic methods for the construction of recombinant 
strains able to degrade PCBs is discussed. 

Introduction 

Environmental pollution from xenobiotic compounds, 
i.e. substrates of a nonbiological origin, has become 
an increasing public issue. Polychlorinated biphenyls 
(PCBs) comprise a group of especially persistent com- 
pounds that continue to be a maj or environmental prob- 
lem, despite laws banning or curtailing their use and 
production. The biphenyl ring may be chlorinated at 
any or all of ten available sites varying in the number 
and position of the attached chlorines. The individual 
isomers and homologs are referred to as congeners. 
Their persistence in the environment is due to extreme 
chemical inertness, which is enhanced with increased 
chlorine substitution. 

The complete destruction of extremely recalcitrant 
compounds, such as PCBs is brought about not by 

single microbial species, but by the action of consortia. 
Thus, it seems that bacteria able to utilize PCBs as sole 
carbon sources for growth do not exist in nature. Many 
of the earlier claims attesting to the isolation of PCB- 
utilizing microorganisms must be viewed as equivocal 
in light of the inability to meet all of the five criteria 
raised in a review by Focht (1993): 

• the culture must be available, 
• the growth media must be adequately described, 
• utilization of the substrate must be verified beyond 

that of an exogenous substrate (e.g. yeast extract), 
• mineralization (chloride release or ~4CO2 produc- 

tion) must be demonstrated, and 
• composition of PCBs must be known (e.g. biphenyl 

is an occasional contaminant). 

Natural isolates which grow on monochlorobiphenyls 
generally do not produce chloride as they utilize 



360 

GROWTH COMETABOLISM 

via 
catechot 
pathway 

R R' 

O2"~ R R' 

l o g o .  l o . o .  
R R' 

o .o .  o. o. 

R R' 

¢11-5 " 

COOH CH2 C11 COOH cg' 

~H 2 CHR" 
l t, ~ , c=o : ~  c=o, 

COOH COOH 
CO 2 HCOOH 

TCA CYCLE 

Fig. 1. Bacterial metabolism of biphenyl and cometabolism of PCBs. For brevity, the C11-5 designation refers to any number of  chlorines that 
can be substituted on the ring not attacked by a dioxygenase. The ring being attacked by the dioxygenase is presumed to occur only where free 
2- and 3- positions occur. R,R ~,R" = H or C1. Redrawn from Focht (1987). 

the carbon in the unsubstituted ring and produce 
chlorobenzoates as final products (Ahmed & Focht 
1973). The exception to this rule has been report- 
ed by Barton & Crawford (1988) with Pseudomonas 
sp. strain MB86 that was isolated on 4-chlorobenzoate 
and that grew poorly on 4-chlorobiphenyl. However, 
4-chloroacetophenone, which is formed as an inter- 

mediate from 4-chlorobiphenyl, was shown to be tox- 
ic. Other products generated from the degradation of 
PCBs are presumably chlorinated unsaturated aliphatic 
acids (Fig.l), based on analogy to the biphenyl path- 
way (Catelani et al. 1971; Omori et ai. 1986). As these 
compounds have not been characterized, their fate is 



unknown. Thus, complete catabolism of PCBs involves 
the action of pathways from three types of bacteria: 

• biphenyl-utilizers, which cometabolize PCBs to 
chlorobenzoates and 5-C chloroaliphatic acids, 

• chlorobenzoate-utilizers, 
• those that dehalogenate 5-C chloroaliphatic acids. 

Dechlorination of highly chlorinated congeners to less- 
er chlorinated products by anaerobic bacteria has been 
recently documented (Brown et al. 1989; Morris et 
al. 1992; Nies & Vogel 1990; Quensen et al. 1988; 
Quensen et al. 1990; van Dort & Bedard 1991). As 
these lesser chlorinated products are substrates for aer- 
obic bacteria, the potential for complete mineraliza- 
tion of PCBs by sequential anaerobic-aerobic condi- 
tions is a possibility that has been reviewed by oth- 
ers (Abramowicz 1990; Boyle et al. 1992 & Focht 
1993). In the review herein, we focus on genet- 
ic approaches leading to the construction of aero- 
bic recombinant bacteria which can utilize chloro- 
biphenyls and their metabolic products (chtoroben- 
zoates and chloroaliphatics) as sole carbon sources. 

Construction of  novel catabolic pathways 

The construction of a new catabolic pathway 
involves: 

• the combination of complementary pathways, 
• changes in regulation, activity, or specificity of 

critical enzymes, and 
• inactivation of unproductive branches in the new 

complementary pathway. 
Aside from the first criterion, the precise nature of 
events leading to the creation of a new genotype is dif- 
ficult to determine, particularly for pathways involv- 
ing as many enzymatic steps as in PCB degradation 
(Fig. 1). The advantages of construction of complemen- 
tary catabolic pathways into a single strain, as opposed 
to microbial consortium, may be sununarized by four 
points: 

• no cosubstrate analog (e.g.biphenyl) is required for 
growth and enzyme induction, 

• there is no competition for the growth substrate 
because indigenous bacteria cannot grow on PCBs, 

• availability of cometabolic products (chloroben- 
zoates, chloroaliphatic acids) is not limited by dif- 
fusion, and 

• growth of a consortium is more difficult to control 
than the growth of a single strain (Focht 1988). 

Two strategies have been used for the construction 
of catabolic pathways by means of genetic manipu- 
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lation in vitro. The first is based on the recruitment 
of isofunctional enzymes from other pathways to ho- 
rizontally expand the substrate profile of an existing 
pathway (Lehrbach et al. 1984) or on the mutation- 
al alteration of the substrate specificities of existing 
key enzymes (Ramos et al. 1987). Recent work by 
Furukawa et al (1993) suggests that substrate specifici- 
ty may be horizontally expanded by replacing only one 
subunit of a multi-enzyme complex. When the gene 
for the large subunit (bphA1) of biphenyl dioxygenase 
(bphAIA2A3A4) in Pseudomonas pseudoalcaligenes 
KF707 was replaced by the complementary gene from 
toluene dioxygenase (todC1 from Pseudomonas puti- 
da F1), the resultant recombinant enzyme was able to 
attack toluene. Furthermore, this one discrete alteration 
conferred upon strain KF707 the ability to metabolize 
and grow on toluene. It is conceivable that a simi- 
lar approach could be used to expand pathway speci- 
ficities to include chlorinated substrates. The second 
strategy involves the vertical expansion of the pathway 
by incorporating genes coding for additional enzymes 
(Timmis et al. 1985). Once a catabolic pathway for 
a xenobiotic compound can be assembled, based on 
knowledge of related pathways or of the catabolic steps 
effected by all strains, the corresponding enzymes can 
be conceptually recruited into a single bacterium. This 
can be accomplished in some cases by simple mating 
(Reineke and Knackmuss 1979) or by cloning of the 
structural and regulatory genes for their insertion into 
the appropriate host organism (Timmis et al. 1988). 

Catabolic plasmids and their stability 

Conjugative catabolic ptasmids have been isolated 
from a wide variety of environments, although the 
principal source has been soil (Sayler et a1.1990). The 
process and effect of plasmid transfer is regulated by 
several factors: 

• the frequency of transmissibility between two 
species, 

• its stability and the maintenance in a new host, 
• the expression level of genes introduced on a for- 

eign plasmid into a new host, and 
• the fitness of the host as a result of the new plasmid. 

The frequency of plasmid transfer is generally higher 
on solid surfaces than in liquids, and more likely to 
occur between closely related isolates. The host range 
of catabolic plasmids is dependent upon their incom- 
patibility group. Thus, plasrnid pJP4, coding genes 
for the degradation of 2,4-dichlorophenoxyacetic acid, 
belongs to group Inc P-1 and can be transferred into 
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a large number of Gram-negative bacteria, includ- 
ing Pseudomonas, Acinetobacter, Enterobacteriaceae, 
and even into some Gram-positive bacteria (Thomas & 
Smith t987). In contrast, catabolic plasmids belonging 
to groups Inc P-7 or Inc P-9 have a narrow host range 
and reside mainly in Pseudomonas (Jacoby 1986). 

Plasmid stability and maintenance depends on the 
factors affecting plasmid replication and segregation 
(Nordstrom 1983). The regulation of plasmid parti- 
tioning provided by par loci was first identified by 
Meacock and Cohen (1980), and its importance for 
the stability of catabolic plasmids was emphasized by 
Keshavarz et al. (1985). The stability of catabolic plas- 
mids was addressed by Enstey (1985) and Boronin 
et al. (1985), who concluded that plasmids would be 
a burden for the host cell unless they encoded envi- 
ronmentally advantageous functions. In some cases, 
mutational changes, gene rearrangements, and dele- 
tions in catabolic plasmids are observed in response 
to changed environmental conditions, such as growth 
substrates (Chatterjee & Chakrabarty 1982, Wyndham 
et al. 1988, Brenner et al. 1993). Mutations are often 
necessary when transconjugants contain incompatibil- 
ities between the complementary catabolic pathways 
contributed by the two parental strains (Jeenes et al. 
1982, Reineke et al. 1982, Hartmann et al. 1989, Hay- 
el & Reineke 1991). This point is discussed in more 
detail later. 

The development of novel transposon and plasmid- 
based broad-host-range expression systems has facil- 
itated analysis of gene products and construction of 
new activities in Gram-negative bacteria (de Lorenzo 
et al. 1993). Moreover, a large number of cloning vec- 
tors, derived mainly from broad-host-range plasmids 
belonging to incompatibility groups P-1 (RK2, RP1, 
R68), Q (RSF1010, R1162), and W (pSa), have been 
constructed (Bagdasarian & Timmis 1982, Friedmann 
et al. 1982, Mermod et al. 1986, Itoh & Haas 1985, 
Barry 1988, Rothmel et al. 1991). In vitro construc- 
tion of new hybrid pathways has some advantages over 
conventional mating methods. First, specific and well- 
characterized cloned DNA fragments are used, which 
enables the investigator to assess the contribution of 
individual genes, or combinations of genes. Second, 
genetic changes for which there is no obvious selec- 
tion procedure can be effected in a single step. Third, 
the application of sophisticated expression vectors with 
regulated strong promoters may enhance the produc- 
tion of desired enzymes by degradative bacteria. 

Standard mating procedures 

The combination of conjugation and spontaneous 
mutation on agar plates has been used by Reineke 
& Knackmuss (t979, 1980) to prepare strains uti- 
lizing various chlorobenzoates for growth. The TOL 
plasmid from Pseudomonas putida rot-2 was trans- 
ferred into a 3-chlorobenzoate degrader, Pseudomonas 
sp. B13, which acquired the ability to utilize 4- 
chlorobenzoate and 3,5-dichlorobenzoate. The initial 
oxidation of the chlorinated benzoates via the chlorodi- 
hydrodihydroxybenzoate to chlorocatechol intermedi- 
ates was effected by enzymes encoded by the TOL 
plasmid, whereas total degradation was accomplished 
by the clc genes encoding chlorocatechol metabolism 
in strain B13 (Reineke et al. 1982, Jeenes et al. 
1982). In addition, exconjugants were observed, in 
which P putida mt-2 acquired the genes coding for 
the enzymes of chlorocatechol metabolism. Ramos 
et al. (1986) suggested that the substrate specificity 
of the positive regulatory gene xyIS from the plas- 
mid pWWO was responsible for the inability of 4- 
chlorobenzoate utilizer Pseudomonas sp. WR216 to 
use 3,5-dichlorobenzoate. 3,5-Dichlorobenzoate was 
unable to activate the non-mutated xylS gene, and thus 
did not induce synthesis of the TOL plasmid-encoded 
toluate 1,2-dioxygenase. The authors were able to con- 
firm their theory by introducing the mutated xy/$352 
allele with altered effector specificity by conjugation 
with strain WR216. Thus, all transconjugants carrying 
plasmid pERD352 with the mutant aline were able to 
grow on 3,5-dichlorobenzoate. 

The introduction of plasmid-encoded catabolic 
pathways by conjugation has become a favored method 
in the construction of pathways for the catabolism of 
many other chlorinated aromatic compounds, such as 
chlorophenols (Schwien & Schmidt 1982), chloroani- 
lines (Latorre et al. 1984), chlorobenzenes (Oltmanns 
et al. 1988), chloronaphthalenes (Weightmann et al. 
1984), chlorotoluenes (Brinkmann & Reineke 1992), 
and chlorobiphenyls (Mokross et al. 1990, Havel & 
Reineke 1991). 

In another study, Springael et al. (1993a) used 
intraspecific conjugation in Alcaligenes eutrophus for 
the construction of hybrids which degraded various 
PCB congeners in the presence of heavy metals. This 
topic is further discussed in another chapter of this 
issue (Springael et al. 1994). 



Selection in the chemostat 

Although the chemostat has classically been used to 
study the kinetics of bacterial growth and metabolism, 
it has been a very useful tool in isolation of xenobiotic- 
degrading bacteria. In some cases, the selection process 
leads to the establishment of stable consortia (Senior 
et al. 1976; Slater 1985), while in others it may lead 
to the isolation of pure cultures. The latter example is 
characteristic of more biodegradable compounds, and 
presumably forms the basis for the enrichment cul- 
ture procedure by the competitive exclusion principle 
(Focht 1993). If no organism able to utilize a recalci- 
trant compound can be isolated, the chemostat may be 
run initially with a metabolizable analogue, which is 
progressively replaced by the recalcitrant compound, 
in the hope of selecting spontaneous mutants contain- 
ing an enzyme of broader substrate specificity. Hor- 
izontal expansion of a catabolic pathway by use of 
the chemostat was first demonstrated by Dorn et al. 
(1974): the gradual replacement of benzoate, in the 
nutrient influx, by 3-chlorobenzoate led to the even- 
tual selection and isolation of the strain Pseudomonas 
sp. B 13, which utilized 3-chlorobenzoate as a growth 
substrate. 

Another application of the chemostat came about 
by the discovery that catabolic genes were transmis- 
sible. Hartmann et al. (1979) mixed cultures of P. 
putida mt-2, a toluate-degrader, with Pseudomonas 
sp. B13, a 3-chlorobenzoate-degrader, in a chemo- 
stat that was initially fed with 3-chlorobenzoate and 
4-toluate. The concentrations of these two substrates 
were progressively diminished while the concentration 
of 4-chlorobenzoate (during the first 2 months) and 3,5- 
dichlorobenzoate (during the subsequent 3 months) 
was progressively increased. Within 6 months of con- 
tinuous culture, Pseudomonas sp. WR912 was isolated 
and able to utilize 3-chlorobenzoate, 4-chlorobenzoate, 
and 3,5-dichlorobenzoate. The genetic mechanism was 
elucidated in independent studies by Chatterjee et al 
(1981) and Chatterjee & Chakrabarty (1982) in which 
similar variants were obtained from matings with a 3- 
chlorobenzoate utilizer, harboring plasmid pAC25, and 
an undescribed pseudomonad, harboring a TOL plas- 
mid. EcoRI restriction digests revealed that transcon- 
jugants utilizing 4-chlorobenzoate contained plasmid 
pAC27, derived from plasmid pAC25 by a deletion of a 
11 kb. However, the ability to utilize 4-chlorobenzoate 
was due to transposition of part of the TOL plasmid, 
which conferred broader benzoate dioxygenase activi- 
ty, from the donor to the chromosome of the recipient. 
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The possibility that the 1 lkb fragment was associat- 
ed with the transposon and not the structural genes 
was evident upon further enrichment and selection 
of the 4-chlorobenzoate utilizing cells in the pres- 
ence of 3,5-dichlorobenzoate. A variant which grew 
on 3,5-dichlorobenzoate contained plasmid pAC31, 
which was identical in size and EcoRI restriction pro- 
file as plasmid pAC27. The authors suggested that 
plasmid pAC31 had been generated by a homolo- 
gous recombination of the plasmid encoded segment 
coding the modified enzymes dienelactone hydrolase 
and maleylacetate reductase, which are specific only 
for the degradation of 3,5-dichlorobenzoate as neither 
of the two chlorinated metabolites are formed from 
monochlorocatechol degradation. 

A similar conversion to a new phenotype was 
recently reported by continuous subculture of the 
chlorobenzoate-degrader Pseudomonas putida P111 
on progressively lower and higher concentrations of 
3-chlorobenzoate and 3,5-dichlorobenzoate, respec- 
tively (Brenner et al. 1993). The original strain con- 
tained plasmid pPB111, which coded for an ortho- 
chlorobenzoate dioxygenase, while the genes for the 
benzoate and 3-chlorobenzoate pathways were chro- 
mosomally coded. A new phenotypic variant, desig- 
nated P111D, grew on 3,5-dichlorobenzoate as a sole 
carbon source and contained a new plasmid pPH111, 
which was derived from the wild-type plasmid pPB 111 
by a set of rearrangements, including deletion, and 
transposition. However, this organism still retained the 
ability to utilize 3-chlorobenzoate despite the transpo- 
sition of the clc operon from the chromosome of the 
strain P111 to the plasmid pPH111. 

One important aspect of a chemostat is that the 
organism within it represents an evolving system. 
Dykhuizen & Hartl (1983) have summarized the effects 
that such events as periodic selection, wall growth, and 
recombinations between variants have on the evolu- 
tion of chemostat-derived strains. The most important 
implication is that mutation or selection rates can not 
be assumed to be constant for more than the first 100 to 
200 hours of chemostat culture. Thus, the possibility of 
evolutionary divergence among replicate chemostats is 
extremely high, especially if the preadaptation condi- 
tions of strains, before placing them in the chemostat, 
are not identical. 

Continuously amalgamated culture ( CA C) 

As a result of sexual incompatibility or of insufficient 
cell density of the requisite organisms, the frequency 
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of genetic exchange in the chemostat may be too low 
and the selection pressure inadequate to bring about 
the creation of the new progeny in a reasonable time 
period. Levin et al. (1979) found the rates of plas- 
mid transfer in the chemostat to be 100-fold smaller 
than in exponential-phase batch cultures. The isola- 
tion of recombinant strains from the chemostat usually 
requires long time periods (7-13 months), as noted 
in all cases involving the selection of chlorobenzene- 
degraders (Reineke & Knackrnuss 1984, De Bont et 
al. 1986), probably because of the low frequency of 
genetic exchange. Krtckel & Focht (1987) introduced 
an enhanced mating system, in which chlorobenzene- 
degraders were isolated within 3 weeks. The system 
consisted of two chemostats, in which each parental 
strain was grown separately, and where the effluent 
from each was amalgamated onto a column containing 
ceramic beads. The importance of the ceramic beads 
and column is most likely related to the following char- 
acteristics: 

• cell density is increased on surfaces, which increas- 
es the frequency of cell-to-cell contact, 

• washout of parental and recombinant strains is 
decreased, 

• as growth substrate becomes depleted down the 
column selection pressure of recombinants is 
enhanced by introduction of chlorobenzene from 
the bottom of the column. 

During the process of CAC, plasmid and chromosomal 
DNA released from the cells which did not adapt to the 
novel substrate is bound to the surfaces of ceramic 
beads in the column. This DNA is resistant to nucle- 
olytic degradation (Lorenz & Wackernagel, 1987), and 
therefore is available for the transformation of a nat- 
urally competent Gram-negative bacteria (Chamier et 
a1.1993). Thus, the reaction bed column in the CAC 
serves as an enhancer of genetic exchange for conju- 
gation and transformation. 

Genes involved in chlorobenzoate metabolism 

The aerobic catabolism of chlorobenzoates can be 
grouped into three major pathways, which all con- 
verge at some point at the TCA cycle. The most studied 
pathway involves the metabolism of 3-chlorobenzoate, 
which is also relevant to 4-chlorobenzoate and some 
isomers of di- and trichlorobenzoates and proceeds 
through chlorocatechols. The pathway involving the 
hydrolytic dehalogenation of 4-chlorobenzoate to 4- 
hydroxybenzoate is distinctly different from the one 
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Fig.2. Hypothetical metabolic pathway for chlorinated 5-C aliphatic 
acids produced from cometabolism of PCBs (Fig. 1). See text for an 
explanation of the two possibilities regarding the 4-chloroaliphatic 
acid. R,R ~,R" = H or CI 

proceeding through 4-chlorocatechol, and is cov- 
ered in another chapter of this volume (Dunaway- 
Mariano & Babbitt 1994). Finally, the pathway involv- 
ing the dioxygenolytic removal of chlorine from 2- 
chlorobenzoates also shares some commonality with 
the 3-chlorobenzoate pathway. 

In order to fully appreciate the nomenclature of 
genes involved in chlorobenzoate catabolism, it is 
necessary to consider for each characterized operon 
the growth substrate on which the respective organ- 
ism was isolated. The clc genes, which code for 
the 3-chlorocatechol pathway, were first described for 
bacteria growing on 3-chlorobenzoate (Chatterjee & 
Chakrabarty 1984). Note that the genes coding for 
conversion of 3-chlorobenzoate to catechol were not 
considered in the initial description. Thus, A, B, C, 
and D refer specifically to the clc genes which code for 
metabolism of 3-chlorocatechol, 2-chloromuconate, 
unidentified function, and carboxymethylenebuteno- 
lide (Fig. 3). In contrast, the tfd genes, which code for 
2,4-D catabolism (Don et al. 1985), were characterized 
with A and B representing the genes coding for the 
ether hydrolase and the 3,5-dichlorophenol monooxy- 
genase, respectively. The genes coding for metabolism 
of 3,5-dichlorocatechol, 2,4-dichloromuconate, and 2- 
chloro-4-carboxymethylene-butenolide were designat- 
ed as C, D, and E, respectively. The tcb genes (van 
der Meer et al. 1991a,b) were characterized from 
Pseudomonas sp. P51, which was grown on 1,2,4- 
trichlorobenzene. Thus, comparison between the clc 
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and tfd (or tcb) genes coding for the three enzymes in 
the catechol pathway would be A vs C, B vs D, and D 
vs E, respectively. 

3- Chlorobenzoate metabolism 

The genes coding for chlorocatechoI degradation (ctc) 
have been cloned by Chatterjee & Chakrabarty (1984) 
from plasmid pAC27 (Pseudomonas putida AC866) 
into a broad host-range vector pLAFRI.  The recom- 
bination of the chlorocatechol degradative genes on 
the chromosome of arec A mutant occurred after the 
introduction of an incompatible plasmid pAC8, which 
suggests that these genes are transposable. Ghosal et al. 
(1985) subcloned the clc genes from plasmid pAC27 
on a 4.2kb fragment, which was homologous to a 10kb 
DNA segment containing clc genes from plasmid pJP4, 
isolated from A. eutrophus. In spite of the detectable 
sequence homology in the structural genes on both 
ptasmids, the regulation of their expression was dif- 
ferent. The clc genes in ptasmid pAC27 were readi- 
ly expressed when transferred to other Pseudomonas 
species, while the same set of genes on pJP4 behaved 
like a cryptic operon that was activated occasional- 
ly through the mechanism of complex sequence rear- 
rangements such as insertion, deletion-fusion, and oth- 
er types of illegitimate recombination. The authors 
suggested that stem-loop structures present on plas- 
mid pJP4 were most likely the starting points for such 
rearrangements. 

Much of the genetic data on 3,5-dichlorobenzoate 
catabolism and its similarity to 3-chlorobenzoate 
catabolism originates from studies on 3,5-dichloro- 
catechol, where both the 2,4-D and 3,5-dichlorobenzoate 
pathways converge. The degradation of 2,4- 
dichlorophenoxyacetic acid (2,4-D) in A. eutrophus 
JMP134 is coded on plasmid pJP4 (Don et al. 1985). 
When a cloned fragment containing the first three 
genes of chlorocatechol degradation (tfdC, o~dD, tfdE) 
was added to a strain cured of plasmid pJP4, growth 
on 3-chlorobenzoate occurred, no growth occurred 
on 2,4-D, and a new smaller plasmid was evident 
as a result of the transfer. Growth of the strain was 
unaffected by the transposon-mediated inactivation of 
the fourth gene (~dF), adjacent to the gene encod- 
ing dienelactone hydrolase (tfdE), as the gene prod- 
uct 2-chloromaleylacetic acid dehydrogenase is irrele- 
vant to 3-chlorocatechol degradation. Presumably, the 
recombinant strain would be unable to mineralize 3,5- 
dichlorocatechol. Genes specifying the utilization of 
3-chlorobenzoate in Pseudomonas sp. strain B 13 WR1 

were cloned on a fragment less than I 1 Kb by Weiss- 
haar et al. (1987). A number of clones were identified 
which enabled both Escherichia coli and A. eutrophus 
to grow on 3-chlorobenzoate, albeit poorer than strain 
WR1. The authors concluded that poor expression of 
genes in the host or the absence of the regulatory region 
on the cloned fragment retarded growth of these recom- 
binants. 

The organization and the complete nucleotide 
sequence of the cIc gene cluster was first reported 
by Frantz & Chakrabarty (1987). They found three 
structural genes and a ribosomal binding site on a 
4.2kb fragment, while the promoter for the structural 
genes was detected on an adjoining 385bp segment. 
The nucleotide sequence of both fragments cloned 
from plasmid pAC27 revealed four major open read- 
ing frames (ORFs). The first ORF revealed a nucleotide 
sequence identical to the total amino acid composition 
of purified chlorocatechol 1,2-dioxygenase (Ngai & 
Ornston 1988), which acts on 3-chlorocatechol. The 
termination codon for the ctcA gene overlapped the 
initiation codon of a second major ORF, which by 
agreement with N-terminal amino acid (AA) sequence 
analysis and the total AA composition of the purified 
protein, was designated as the clcB gene, encoding 
chloromuconate cycloisomerase. A third major ORF 
did not produce a polypeptide in E. coli, nor was any 
enzyme function identified. The N-terminal amino acid 
sequence of the translated fourth ORF matched the N- 
terminal sequence of purified dienelactone hydrolase 
from Pseudomonas sp. B13, and therefore this ORF 
was designated as the clcD gene. 

The regulatory gene clcR is divergently oriented 
on the opposite strand upstream of the clc structural 
genes. The transcription initiation site showed con- 
siderable similarity to promoters of the nah, sal, and 
xyl operons in the region -10 .  The promoter of the 
clcABD cluster was also shown to contain the consen- 
sus proposed for positively regulated operons (Sangod- 
kar et al. 1989). In other studies, Ghosal & You (1988, 
1989) sequenced chlorocatechol genes tfdCDE, origi- 
nating from the 2,4-D degradative plasmid pJP4, and 
showed an overall homology of 63% between proximal 
genes (clcA vs tfdC; clcB vs tfdD) and 50% homology 
between the sequences of the genes clcD vs tfdE. Their 
results were confirmed in a separate study by Perkins 
et al. (1990), who described yet another sequence of 
a fourth gene tfdF, which they postulated as encod- 
ing trans-chlorodienelactone isomerase activity. As 
the cis-chlorodienelactone (Fig. 3) is formed directly 
from 2,4-dichloro-cis, cis-muconate (Schlomann et al. 
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Fig. 3. Generalized scheme for the metabolism of chlorobenzoates by a variation of the benzoate pathway. The dioxygenolytic dehalogenation 
of ortho chlorobenzoates, which spontaneously forms the corresponding cateehol is carried out by a different enzyme than the benzoate 
dioxygenase, which results in the creation of unstable carboxydiols. Chlorocatechol portions of the pathway are redrawn from Reineke (1984). 

1990), it appears more l ikely that t fdFencodes a protein 
with 2-chloromaleylacetic acid reductase activity. 

The organization and the nucleotide sequence of  
the chlorocatechol gene cluster tcbCDEF from Pseu- 

domonas sp. P51 has been compared with both cIcABD 
genes from pAC27 and tfdCDEF genes from pJP4 
by van der Meer et al. (1991a, 1991c). They found 
the gene tcbF 55% homologous to the tfdF gene but 



detected no trans-chlorodienelactone isomerase activ- 
ity. The regulatory genes clcR and tcbR were both pos- 
itively regulated and transcribed divergently from the 
operons they control in such a way that the promoters 
overlap (van der Meer et al. 1991b). In contrast, the 
(dCDEFoperon is controlled by a negative regulatory 
gene tfdR, which acts as an activator in the presence 
of inducers such as 2,4-D, 2,4-dichlorophenol, and 4- 
chlorocatechol. 

The transposable nature ofcIc operons has been rec- 
ognized in several independent studies by Chatterjee 
& Chakrabarty (1984), Wyndham et al. (1987), Weis- 
shaar et al. (1987), and Ghosal &You (1989). Nakatsu 
et al. (1991) have shown that genes allowing strain 
Alcaligenes sp. BR60 to grow on 3-chlorobenzoate 
and 4-chlorobenzoate are located on a class II 17kb 
transposon Tn5271 that resides in the plasmid or chro- 
mosome of this strain. The transposon was flanked by 
a directly repeated 3.2kb sequence which was in addi- 
tion flanked by 110bp of inverted repeats. The 3.2kb 
sequence, designated IS1071, was found in multiple 
copies in the genome of Alcaligenes sp. BR60 and 
was shown to be involved in the recombination of the 
catabolic genes into the chromosome of this strain. The 
transfer of the clc operon from the chromosome into 
the ptasmid was also observed during continuous cul- 
ture of variants of P. putida P111, which had different 
abilities for utilization of chlorobenzoate congeners 
(Brenner et al. 1993). 

4- Ch lorobenzoate catabolism 

Metabolism of 4-chlorobenzoate by dioxygenation 
(Fig. 3) to the corresponding dihydrodiol and to 4- 
chlorocatechol is governed by the same genes involved 
in the metabolism of 3-chlorobenzoate. The oth- 
er pathway via the hydrolytic dehalogenation to 4- 
hydroxybenzoate is covered in detail in another chap- 
ter of this issue. However, it is pertinent to note that 
3,4-dichlorobenzoate, which has been identified as a 
cometabolic product of 3,3 ~, 4,4~-tetrachlorobiphenyl 
(Adriaens & Focht 1990); the most carcinogenic 
PCB congener, is hydrolytically dehalogenated in 
two steps by Acinetobacter sp, 4-CB1 to 3-chloro- 
4-hydroxybenzoate and 4-carboxy-l,2-benzoquinone 
(Adriaens et aI 1989, Adriaens & Focht 1991a). 
The organism grows on 4-chlorobenzoate and 3- 
chloro-4-hydroxybenzoate, but can not grow on 3,4- 
dichlorobenzoate because neither it nor its product 
induce for its catalysis (Adriaens & Focht 1991b). The 
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dehalogenase is induced only in the presence of 4- 
chlorobenzoate. 

2-Chlorobenzoate catabolism 

The molecular genetics of 2-chlorobenzoate degraders 
is not clearly understood as the gene involved in the 
initial dioxygenation has not been cloned yet. General- 
ly, the enzyme involved in this reaction preferentially 
attacks 2-substituted benzoates (Fetzner et al. 1989, 
Hartmann et at. 1989, Hickey & Focht 1990, Sylvestre 
et al. 1989, Zaitsev & Karasevich 1984). Fetzner et al. 
(1992) recently isolated a two-component dioxygenase 
which exhibited broad substrate specificity with prefer- 
ence for benzoate analogs with electron-withdrawing 
substituents at the ortho position. Hernandez et al. 
(1991) proposed that P. putida P111 metabolized all 
ortho-chlorobenzoates to the corresponding catechols 
by dioxygenation and spontaneous liberation of CO2 
and HC1 through an unstable chloro-carboxydiol. The 
existence of two separate benzoate dioxygenases in 
strain P111 could be observed by the inhibitory effect 
that 3,5-dichlorobenzoate had upon growing cells and 
resting cells in the presence of ortho-chlorobenzoates: 
in the latter case, cells grown on 2,5-dichlorobenzoate 
metabolized 3,5-dichlorobenzoate to completion prior 
to metabolizing 2,5-dichlorobenzoate. The existence of 
the two separate benzoate dioxygenases was confirmed 
in a later study with mutants (Brenner et al. 1993). The 
benzoate dioxygenase, that converts 3-chlorobenzoate, 
4-chlorobenzoate and benzoate to the corresponding 
catechols via reduction of a dihydrodiol, was shown to 
be chromosomally coded, whereas the chlorobenzoate 
1,2-dioxygenase, that converts ortho-chtorobenzoates 
to the corresponding catechols without the need of a 
functional dioldehydrogenase, was shown to be encod- 
ed on plasmid pPB 111. 

The biphenyi pathway 

The pathway for the oxidative catabolism of biphenyl 
has been well studied (Catelani et al. 1971). Biphenyl 
is converted to benzoate by the action of four enzymes 
encoded by the bphABCD operon. The reaction 
sequence (Fig. 1) proceeds from biphenyl to 1- 
phenyl-2,3-dihydrodiol, 2,3-dihydroxybiphenyl (also 
referred to as 3-phenylcatechot), 2-hydroxy-6-oxo-6- 
phenylhexa-2,4-dienoic acid, and finally to benzoate 
+ 5-C aliphatic acid. (A more detailed account of 
these genes can be found in another chapter of this 
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volume by K. Furukawa 1994). The fate of ben- 
zoate and the aliphatic acid produced through this 
pathway has not been well studied. In related path- 
ways, benzoate is generally converted to catechol, 
which is then oxidized via the ortho or meta fission 
pathways. Acinetobacter sp. strain P6 oxidizes cat- 
echol by meta pyrocatechase, although it also con- 
tains ortho pyrocatechase (Furukawa & Chakrabar- 
ty 1982). Catechol 2,3-dioxygenases, which act on 
catechol, have been characterized and cloned from 
biphenyl-degraders (Selifonov & Starozoitov 1990; 
Chang et al. 1992), but the importance of this enzyme 
to biphenyl/PCB metabolism (i.e. 3-phenylcatechol 
dioxygenase) and to the lower pathway of benzoate 
metabolism is unclear. 

In natural isolates that have been characterized, 
expression of the bph operon requires induction by 
growth on biphenyl. In contrast, most recombinants 
constitutively express the bph operon without the need 
for biphenyl induction (Furukawa & Miyazaki 1986; 
Kimbara et al. 1989; Mondello 1989; Kahn & Walia 
1989). However, recombinant pseudomonads contain- 
ing bph genes from P. testosteroni B-356 that were 
constitutively expressed, showed higher activity with 
4-CBP than in its absence (Ahmad et al. 1990). 

The genetic diversity of biphenyl-degraders 
appears to be comprised of at least two character- 
ized groups, which also have distinct differences with 
respect to preferential oxidation of PCB congeners 
(Yates & Mondello 1989). 

Genetic recombination of the BP and 
chlorobenzoate pathways 

The starting point for the construction of a PCB- 
degrader is the isolation and characterization of genes 
which can effect transformation of PCB congeners. 
Many biphenyl-degrading isolates can transform PCBs 
(Ahmed & Focht 1973; Furukawa et al. 1978; Bedard 
et al 1986), utilize monochlorobiphenyls as sole car- 
bon sources, yet cannot mineralize chlorobenzoates. 
Cocultures of biphenyl and chlorobenzoate-degraders 
can mineralize some PCB congeners (Adriaens et al. 
1989). Thus, a single organism capable of mineraliz- 
ing PCBs might be constructed by pooling biphenyl 
and chlorobenzoate genes, a concept first advanced 
by Furukawa and Chakrabarty (1982). Presently, the 
in vitro combination of biphenyl and chlorobenzoate 
genes for construction of PCB-utilizing strains has not 
been reported. However, the cloned bphABCD operon 

from P. putida KF715 was placed in a broad-host-range 
vector, introduced into benzoate-utilizers (Hayase et al. 
1990), and the resulting recombinants, P. aeruginosa, 
P. putida, and Achromobacter xerosis, were able to uti- 
lize biphenyl. Thus, the introduction of the bphABCD 
operon into chlorobenzoate-utilizers would be the next 
logical step. There may be reasons, however, why this 
may be problematical, as all chlorobiphenyl-utilizing 
recombinants constructed from mating experiments 
with biphenyl and chlorobenzoate-utilizing parental 
strains, can not utilize biphenyls containing a chlorine 
substituent on both rings. 

Hybrid chlorobiphenyl degraders 

Simple mating procedures between a biphenyl- 
degrader, P. putida BN10, and a 3-chlorobenzoate- 
degrader, Pseudomonas sp. B13, were used to con- 
struct strains growing on 3-chlorobiphenyl and releas- 
ing 90% inorganic chloride (Mokross et al. 1990). 
The direction of genetic transfer was variable as 
some hybrid strains were more closely related to 
the biphenyl-utilizer, while others were more relat- 
ed to the chlorobenzoate-utilizer. Havel & Reineke 
(1991) combined mating on millipore filters with a 
2-chlorobenzoate-utilizer, R eepaeia JH230, and a 
biphenyl-degrader, P. putida JHR to obtain the recom- 
binant strain JHR2 which grew on all monochloroben- 
zoates, and 3- and 4-chlorobiphenyl, yet not on 2- 
chlorobiphenyl. Similarly, the hybrid strain utilized 
2,4- and 3,5-dichlorobenzoate, yet would not grow on 
either 2,4- or 3,5-dichlorobiphenyl. However, growth 
on 4-chlorobipbenyl induced for catabolism of 2- 
chlorobiphenyl as noted by greater cell yields than 
when the latter compound was absent. Moreover, suc- 
cessive transfers into fresh media containing only 2- 
chlorobiphenyl eventually resulted in rapid growth and 
utilization of that substrate and also 2,4- and 3,5- 
dichlorobiphenyl. 

Hickey et al. (1992) reported the mineraliza- 
tion of 2-chlorobiphenyl and 2,5-dichlorobiphenyl 
by Pseudomonas sp. UCR2, which was formed 
(via the CAC apparatus) by transfer of biphenyl 
genes from Arthrobacter sp. B1Barc into the 2,5- 
dichlorobenzoate utilizer Pseudomonas aeruginosa 
JB2. The hybrid strain also cometabolized 2,2/- and 
2,31-dichlorobiphenyl, but the rates were 10% of 
that observed for 2,5-dichlorobiphenyl. The CAC 
apparatus was also used in an intergeneric mating 
between a biphenyl-utilizer Acinetobacter sp. P6 and 
the 3-chlorobenzoate utilizer Pseudomonas sp. HF1 
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to produce a hybrid strain able to mineralize 3- 
chlorobiphenyl (Adams et al. 1992). The hybrid strain 
Pseudomonas sp. CB15 was genetically and pheno- 
typically more similar to the chlorobenzoate-utilizing 
parent and grew on both 3-chlorobenzoate and 3- 
chlorobiphenyl. However, it would not grow on 3,3 ~- 
dichlorobiphenyl. 

Incompatibilities o f  pathways 

The basic problem in the construction of a microorgan- 
ism with the complete chlorobiphenyl pathway is the 
incompatibility of the meta and ortho cleavage path- 
ways, the simultaneous functioning of which usually 
creates suicidal products (Reineke et al. t982). Specif- 
ically, meta-fission of 3-chlorocatechol produces an 
acylchloride, which irreversibly inactivates the cate- 
chol 2,3-dioxygenase ( Bartels et al. 1984). Naturally 
occurring catabolic plasmids which encode for genes 
participating in the degradation of PCBs (Table 1) pos- 
sess either the meta or ortho cleavage part of the path- 
way, but never both. In the case of 3-CBP, there are 
two benzene rings which are ruptured chronological- 
ly by meta cleavage (3-phenylcatechol) and by ortho 
cleavage (chlorobenzoate). Not surprisingly, inhibi- 
tion of both ortho and meta fission reactions was not- 
ed during growth of hybrid strain CB15 on 3-CBP 
(Fig.4). 3-Chlorocatechol inhibited meta fission of 3- 
phenylcatechol, and 3-phenylcatechol inhibited ortho 
fission of 3-chlorocatechol (Adams et al. 1992). More- 
over, the accumulation of 3-chlorocatechol led to the 
formation of black-colored polymeric products. How- 
ever, the stoichiometry of chloride release was 87% 
of the substrate. Other hybrid strains which grow on 
chlorobiphenyls release close to stoichiometric equiv- 
alents of chloride, and simultaneously induce meta and 
ortho cleavage enzymes (Mokross et al. 1991, Havel & 
Reineke 1991, Adams et al. 1992), so it would appear 
primafacie that the possession of both ortho and meta 
fission activity is not problematic. 

The greatest deficiency of knowledge relevant 
to PCB degradation and the construction of PCB- 
degraders is the fate of the 5-carbon chlorinated frag- 
ment that is produced by the conversion of PCBs to 
the corresponding chlorobenzoates. The hypothetical 
pathway of the 5-C fragment (Fig.2) is based on the 
classic meta fission pathway (Dagley et al 1964), which 
may not always be applicable. The only reported case 
of a productive meta fission pathway with a chlorinated 
substrate was reported in Pseudomonas cepacia MB2: 
3-chloro-2-methylbenzoate is converted via the car- 

boxyhydrodiol to 4-chloro-3-methylcatechol, which is 
processed through the meta fission pathway to pyru- 
vate, acetate, and chloroacetaldehyde (Higson & Focht 
1992). The latter compound is apparently converted to 
chloroacetate, which also serves as a growth substrate. 
Thus, the fate of 2-oxo-3-chloropenta-4,5-dienoate 
(Fig. 2) via the meta fission pathway would eventu- 
ally generate chloroacetaldehyde and/or chloropyru- 
vate, depending on the PCB congener. In the case of a 
4-chloropentadienoate (originating from oxidation of 
3,3~-CBP), the instability of two electron withdraw- 
ing groups would cause instantaneous dehalogenation 
to give the hypothetical pentanoic acid shown in Fig. 
2. 

In fact, any 5-C chlorinated acid having a 3- or 5-C1 
substitution would eventually lead to chloroacetate, as 
shown in Fig. 2, and dehalogenation of this compound 
would be essential before entering the TCA cycle or 
fatty acid biosynthesis. Not surprisingly, the only doc- 
umented case of a productive meta fission pathway 
for a chlorocatechol occurs with an organism able to 
utilize chloroacetate as a growth substrate (Higson & 
Focht 1992). Moreover, the ability ofbiphenyl-utilizers 
to utilize chloroacetate is rare (1 in 44 strains, repre- 
senting 11 genera; B. Hernandez, unpublished data) 
in contrast to growth on other chloroaliphatic acids. 
Thus, chloroacetate-degradation may be central to the 
fate of chlorinated meta ring fission products. 

In recognition of possible problems regarding tox- 
icity or inertness of chlorinated aliphatic acids, we 
recently combined the genes of the hybrid strain CB 15 
(a 3-CBP-utilizer) with those from Pseudomonas aci- 
dovorans CCI (formerly described as Alcaligenes sp. 
CC1 by Kohler & Kohler-Staub (1990), which utilizes 
cis- and trans-3-chlorocrotonate. The original ratio- 
nale was based on the premise that this compound was 
the only one commercially available that resembled 
the hypothetical intermediate shown in Fig. 2. The 
resulting recombinant P acidovorans M3GY grew on 
3,4 t -DCBE Hybrid strains cured of the plasmid encod- 
ing for chlorocrotonate degradation were able to uti- 
lize 3,4~-DCBP, and released over 75% as chloride. 
As the mutants were able to utilize chloroacetate but 
not chlorocrotonate, it would appear that the critical 
genes obtained from the CC1 parental strain were those 
encoding for chloroacetate dehalogenation. 

Metabolic interferences to PCB mineralization 

The assumption that the four gene products of the 
biphenyl pathway will fortuitously catalyze the same 
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Table 1. Plasmids relevant to chlorobiphenyl degradation* 

Substrate Plasmid kb Bacterial strain Reference 

2-CB pPB111 75 P. putida Plll  Brenner et al. (1993) 
3-CB pAC25 117 P. putida AC858 Chatterjee & Chakrabarty (1983) 
3-CB pB13 111 Pseudomonas sp. B13 Chatterjee & Chakrabarty (1983) 
3-CB pBR60 85 Alcaligenes sp. BR60 Wyndham et al. (1988) 
3-CB pJP4 78 A. eutrophus JMP134 Don & Pemberton (1987) 
biphenyl pBS241 195 P. putida B S 8 9 3  Kochetkovet ai. (1982) 
4-CBP pKF1 78 Acinetobactersp. P6** Furukawa & Chakrabarty(1982) 
4-CBP pAC21 98 K. pneumoniae Kamp & Chakrabarty (1979) 
4-CBP pSS50 53 Alcaligenes A5 Shields et al. (1985) 
4-CBP pSS60 63 Alcaligenes 1CI Layton et al. (1992) 
4-CBP pSS70 66 Alcaligenes ALP83 Layton et al. (1992) 

* Abbreviations CB and CBP refer to chlorobenzoate and chlorobiphenyl, respectively. 
** Two strains were reported to be isolated as contaminants of Acinetobacter 
sp. strain P6 : ArthrobacterM5 (Furukawa & Chakrabarty 1982) and 
Corynebacteriumsp. strain MB1 (Bedard et al. 1987). Strain P6 has 
recently been reclassified as a Rhodococcus (Asturias & Timmis 1993), 
thus it cannot be excluded that strains P6, M5, and MB 1 are all the same isolate. 

reaction with all chlorinated analogs has limits, and 
must be carefully evaluated with regard to construction 
of  PCB-degrading recombinants. Different metabo- 
lites will arise from respective congeners, and some 
of  them may be inhibitors, be inert to the enzymes 
for the biphenyl pathway, or be acted upon by an 
unknown suite of  enzymes from an unrelated path- 
way. For example, not all PCB congeners that are 
attacked by the biphenyl dioxygenase are converted 
to the corresponding chlorobenzoates. Furukawa et al. 
(1979) noted that many congeners gave rise to chlo- 
rinated dihydrodiols and phenylcatechols, that were 
not metabolized further. The accumulation of  chlo- 
rinated 2,3-dihydroxybiphenyl might lead to inacti- 
vation of  3-phenylcatechol 2,3-dioxygenase, which 
exhibits substrate inhibition in some strains (Adams 
et al. 1992; Eltis et al. 1993) although not in oth- 
ers (Furukawa & Arimura 1987). The accumulation of 
chlorinated metabolites may also lead to unproductive 
and potentially toxic transformations by enzymes unre- 
lated to biphenyl catabolism. Transformation of  chlori- 
nated 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid 
(the ring-fission product) to acidic metabolites such as 
chlorocinnamic acid, has been reported (Ahmad et al. 
1991 b). The production of  these metabolites, originally 
thought to be formed from an alternate biphenyl path- 
way, was mediated by unknown enzymes distinct from 
those encoded by the bph operon. As cinnamic acid 

was found to be a precursor of  acetophenone by Hilton 
& Cain (1990), it is possible that chloroacetophenone 
may be produced from chlorocinnamic acid. 

There is evidence for overlapping substrate speci- 
ficity between biphenyl and catechol degradation 
enzymes which could potentially route metabolites 
along unproductive pathways. Some 3-phenylcatechol 
2,3-dioxygenases attack catechol (Eltis et al. 1993), 
and some catechol 2,3-dioxygenases attack 3- 
phenylcatechol (Selifonov & Starozoitov 1990). The 
production of  trace amounts of  4-chlorobenzoate from 
4-chlorobiphenyl by P. testosteroni B-356 recombi- 
nants (bphABC) lacking the hydrolase gene (bphD) 
might have been the result of  nonspecific action on 2- 
hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid by the 
hydrolase of  the catechol pathway (Ahmad et al. 1990). 
In addition, multiple metabolites may be produced 
from the action of  a single enzyme on a single substrate. 
For example, biphenyl 2,3-dioxygenase from strain B- 
356 attacks either ring of  some PCB congeners (Ahmad 
et al. 1991a) leading to different meta-cleavage prod- 
ucts if the chlorine substitution pattern is different on 
the two rings (Sondossi et al. 1992). In some cases both 
rings were attacked to form tetrahydroxybiphenyls. 

Although most PCB-degraders accumulate chloro- 
benzoates when transforming PCBs, there is evidence 
that some strains can cometabolize chlorobenzoates 
to chlorocatechols and chlorinated ring-cleavage prod- 



ucts (Parsons et al. 1988; Bedard & Haberl 1990; Son- 
dossi et al. 1992). In R testosteroni B-356, chloroben- 
zoates were converted to chlorocatechols and chlori- 
nated muconic semialdehydes, both of which inhibit- 
ed 3-phenylcatechol 2,3-dioxygenase (Sondossi et al. 
1992). However, biphenyl was required to induce the 
oxidation of chlorobenzoates to the inhibitory prod- 
ucts. Whether the conversion of chlorobenzoates to 
dead-end products is mediated by a second suite of 
enzymes (e.g. the benzoate pathway) or by the bph 
genes themselves is unclear. 

When the production of toxic or unproductive 
metabolites by enzymes unrelated to the main degra- 
dation pathway is a barrier to strain construction, the 
genes coding for the undesirable activity might be 
eliminated by mutation. A spontaneous mutation of 
meta pyrocatechase allowed Reineke et al. (1982) to 
construct a productive chlorobenzoate-degrader. More 
direct approaches to gene inactivation include trans- 
poson mutagenesis or in vitro mutagenesis of cloned 
copies and subsequent reinsertion into the chromo- 
some. For example, inactivation of specific bph genes 
on the chromosome was demonstrated in P. alcaligenes 
KF707 (Furukawa et al. 1991). Cloned bph genes were 
mutated by transposon insertion and reintroduced on a 
suicide plasmid back into the parental strain. Double 
crossover homologous recombination led to the elim- 
ination of the functional gene and the establishment 
of the mutated Copy in the chromosome. In this way, 
each of the few genes in the biphenyl pathway could 
be selectively turned off. In another case, the bphC 
gene of Pseudomonas sp. LB400 was placed under the 
control of a tac promoter in a broad host-range expres- 
sion plasmid which also carried laclq (de Lorenzo et 
al. 1993). When placed in various pseudomonads, the 
bphC gene could be conditionally hyper-expressed by 
addition of IPTG. 

Cometabolism and constitutive expression of biphenyl 
genes 

A different strategy tbr the construction of recom- 
binants capable of transforming PCBs relies on 
cometabolism, rather than mineralization, and thus cir- 
cumvents completely the requirement for chloroben- 
zoate genes. In this strategy bph genes are introduced 
into a strain which can grow on some unique but 
inexpensive carbon source. Since cloned bph genes 
are expressed constitutively, they will cometabolize 
PCBs while the strain grows on the inexpensive car- 
bon source. This obviates the addition of biphenyl, 
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which is itself a priority pollutant and is utilized by 
indigenous as well as inoculant bacteria. This strat- 
egy was used in a construction where the bphABC 
genes were incorporated from Pseudomonas sp. strain 
ENV307 into P. paucimobilis IlGP4, an isolate which 
can grow on the surfactant Igepal CO-720 (Lajoie et 
al. 1993). Treatment of contaminated soil with the sur- 
factant and the bacteria resulted in significant loss of 
Aroclor 1242 congeners by cometabolism. The recom- 
binant, because of its ability to grow on the surfactant, 
facilitated the expression of the bph genes in a competi- 
tive natural environment where that expression offered 
no selective advantage. In addition, the surfactant may 
have aided in solubilizing PCBs. The stability of the 
recombinant plasmid was not high, but chromosomal 
integration of the bph genes could produce constructs 
stable enough for environmental use. As the authors 
measured only the disappearance of PCBs, it was not 
possible to verify if the cometabotic products were fur- 
ther mineralized by the indigenous soil microflora. 

Gene transfer in the environment 

A number of recent studies have addressed processes 
for gene transfer under environmental conditions (van 
der Meer et al. 1992; Fulthorpe & Wyndharn 1992; 
Hickey et al. 1993; Chamier et al. 1993). From these 
experiments, it is evident that the horizontal transfer 
of genes within a natural system is very frequent, and 
may lead to the creation of novel strains when cou- 
pled with unique selection pressure from a xenobiot- 
ic chemical. There are three possible mechanisms for 
the exchange of genetic material between microorgan- 
isms: transduction, transformation, and conjugation 
via plasmid. Transduction, particularly in lysogenic 
strains, has been recently demonstrated with P. aerugi- 
nosa phages in a freshwater habitat during in situ incu- 
bation (Saye et al. 1990). However, as a mechanism 
of gene dispersal in nature, transduction has not been 
well characterized, and its application for genetic con- 
struction has been limited by a lack of suitable phages. 
The role of transformation in nature was emphasized 
in studies by Romanowski et al. (1991), Lorenz & 
Wackernagel (1992), Stewart et al. (1991), Khanna & 
Stotzky (1992), and Charnier et al. (1993). They sug- 
gest that the direct uptake ofplasmid and chromosomal 
DNA from mineral surfaces is common in nature and 
that extracellular DNA adsorbed to minerals or clay 
particles is highly resistant to nucleolytic degradation. 
Direct uptake of DNA on the surface of ceramic beads 
probably enhanced genetic exchange during continu- 
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ous amalgamated culture developed by Krrckel and 
Focht (1987). 

The catabolic transposon Tn5271, which codes 
for chlorocatechol degradation, played a significant 
role in the degradation of 3-chlorobenzoate and 4- 
chloroaniline in freshwater microcosms (Fulthorpe 
and Wyndham 1992). During community adaptation 
to 4-chloroaniline, insertion sequence IS1071, which 
brackets Tn5271, was mobilized into alternative hosts. 
Organisms other than the donor, Alcaligenes sp. strain 
BR60, mediated these processes of community change, 
thereby emphasizing the key importance of horizon- 
tal genetic transfer. Similarly, Alcaligenes eutrophus 
A5 was able to horizontally transfer a chromosoma- 
lly located biphenyl operon (bph) to other strains of 
A. eutrophus (Springael et al. 1993). The operon was 
found to be located on the transposon Tn4371, which 
was mobilized by plasmid conjugation. 

Conclusion 

Theoretically, it should be possible to construct an 
efficient PCB-utilizer by simply assembling all of 
the genes responsible for the mineralization of these 
compounds. However, the complexity of inhibitory 
effects of diphenolic intermediates on catechol dioxy- 
genases during the mineralization of a simple con- 
gener (3-chlorobiphenyl) by in vivo constructed strain 
Pseudomonas sp. CB15 (Fig.4) suggests that multi- 
ple genetic events have occured during the selection 
of this hybrid. The degradation of highly chlorinat- 
ed congeners results in the production of chlorinat- 
ed benzoates and also chlorinated aliphatic acids, the 
fate of which has not been elucidated. In addition, 
no strains have yet been reported which can utilize 
any chlorobenzoate having a chloro-substitution at the 
2,6- positions, although anaerobic consortia which 
reductively dehalogenate 2,3,6-trichlorobenzoate to 
2,5-dichlorobenzoate have been reported (Gerritse et 
al. 1992). 

Recently, Erickson & Mondello (I 993) have report- 
ed the modification of the PCB congener specificity by 
site-directed mutagenesis of the bphA subunit of the 
biphenyl dioxygenase in P. putida LB400. The intro- 
duction of chlorobenzoate genes into such biphenyl 
degraders or the transfer of biphenyl genes into a ver- 
satile chlorobenzoate utilizer as P. putida P111 may 
result in the construction of an efficient PCB-utilizer 
if  the molecular mechanisms for inhibitory effects 
between chlorobiphenyl and chlorobenzoate pathways 
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are understood. However, the experiments in soil and 
wastewater systems indicated a dependence of geneti- 
cally engineered strains on a specific substrates (Dwyer 
et al. 1988; Pipke et al. 1992; Wagner-Dobler 1992). 
Thus, these organisms in general may not survive in 
a multisubstrate, multicomponent environment with- 
out specific selection pressure. Hickey et al. (1993) 
reported the enhanced mineralization of PCBs in soil 
after inoculation with chlorobenzoate-degrading bac- 
teria and suggested the possibility of genetic exchange 
between the inoculants and the indigenous bacteria. In 
a later study, Searles et al. (1993) demonstrated that 2- 
chlorobenzoate degraders were not indigenous to that 
soil. More significantly, several recombinant strains, 
which contained genes for biphenyl and chloroben- 
zoate utilization, were isolated, as a result of genetic 
exchange between the chlorobenzoate degrading inoc- 
ulant Pseudomonas aeruginosa JB2 and the indigenous 
biphenyl-utilizers. 

Population densities of the requisite parental strains 
of a complementary catabolic pathway are probably 
too low in uninoculated soil to effect genetic exchange. 
Thus, the biodegradation of a recalcitrant compound 
may be significantly enhanced by the addition of a 
nonindigenous microorganism which harbors the miss- 
ing part of a catabolic pathway (e.g. 2-chlorobenzoate 
catabolism). Hence, such 'genetic engineering' per- 
formed in situ by soil bacteria might offer an alter- 
native approach to the construction of novel catabolic 
pathways. 
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