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Pseudomonas sp. strain CB406 was isolated from polychlorinated biphenyl-contaminated soil and harbors a

nontransmissible plasmid, pWW100, of approximately 200 kb which carries the genes required for biphenyl
and 4-chlorobiphenyl catabolism. The catabolic phenotype was mobilized following the construction in vivo of
a cointegrate plasmid containing functional upper and lower biphenyl operons inserted into the broad-host-
range R plasmid RP4. The Bph+ phenotype carried by pWWIOO was stable in nonselective media but was

unstable during growth on benzoate, where the sequential selection of two species of bph deletion derivatives
occurs at high frequency. This mirrors observations made with TOL plasmids (encoding toluene and xylene
catabolism) grown under similar conditions. Subcloning of dioxygenase genes involved in biphenyl catabolism
confirmed the localization of the bph genes on the wild-type plasmid and the RP4 cointegrate plasmid.

Genes encoding the aerobic microbial catabolism of biphe-
nyl and polychlorinated biphenyls (PCBs) are widespread on

bacterial chromosomes (12, 13, 23), plasmids (11, 14), and
transposons (30). The obvious similarities between many of the
bph genes studied by DNA hybridization (1, 12, 27, 40) and
nucleotide sequencing (8, 10, 18, 33) suggest a common

ancestry and the possibility that recombination or transposition
between strains may be significant in the evolution and spread
of biphenyl catabolic operons. The study of specific genetic
events, such as in vivo recombination and plasmid segrega-
tional instability, which occur within biphenyl-degrading
strains should help cast light upon how such catabolic operons
behave in the environment and hence how they evolve.
The loss of plasmid-borne catabolic phenotypes probably

occurs at a low but detectable frequency and may often be
manifested as the spontaneous loss of catabolic abilities ob-
served during laboratory culture (2). Deletion of catabolic
plasmid DNA from biphenyl plasmids, which results in the
curing of the Bph+ phenotype during growth on nutrient-rich
media, has been observed (11). Many TOL plasmids, for
example, pWWO from Pseudomonas putida mt-2, undergo
spontaneous and irreversible changes during growth on ben-
zoate but not on other carbon sources. These consist of
deletions in the wild-type TOL plasmids (termed "benzoate
curing") (2) and cause total or partial loss of the plasmid-
encoded phenotype (3, 17, 31, 38).

In this paper, we demonstrate that Pseudomonas strain
CB406 carries a plasmid, pWW100, which is responsible for its
ability to utilize biphenyl and which undergoes deletion of its
bph genes during growth on benzoate but is otherwise stable
when grown on either succinate or nutrient-rich growth media.
We have adopted the same nomenclature for the later genes of
biphenyl catabolism as previously proposed by Carrington et
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al. (4), that is, those which encode the further catabolism of
benzoate have the same letter as the isofunctional xyl genes
from TOL plasmids (2) but with a bph prefix (i.e., bphXYZ
LTEGFJQKIH). Thus, we have called the catechol 2,3-dioxy-
genase protein BphE.

MATERIALS AND METHODS

Bacterial strains and plasmids. Pseudomonas strain CB406
was isolated from industrial soil heavily contaminated with
PCBs by selective enrichment in batch culture with 4-chloro-
biphenyl as the sole carbon source. It can grow on biphenyl,
4-chlorobiphenyl, 2-, 3-, and 4-methylbiphenyls, and benzoate
but not on m- or p-toluates (methylbenzoates). It produces a

yellow-green pigment on King's medium B (19) typical of
fluorescent Pseudomonas species P. putida or P. fluorescens.
Other strains and plasmids used during the course of this work
are listed in Table 1.

Conjugation. Attempts to transfer the Bph+ phenotype by
conjugation into PaW340 were carried out by standard proce-
dures: (i) incubating donor and recipient cultures together in
stationary liquid media, (ii) growing mixed donor and recipient
cultures on membranes resting on a nutrient agar surface, and
(iii) by cross-streaking donor and recipient cultures directly on
agar plates. Incubation temperatures of 30, 20, and 15°C and
incubation times from 2 to 24 h were used. After conjugation,
the mixtures of donor and recipient were plated on to biphenyl
minimal plates containing 200 p.g of streptomycin per ml to
select for transconjugants and against donor and recipient.

Sequential batch growth on benzoate. Batch growth on

benzoate-minimal medium was carried out at 30°C with 50 ml
of medium in 250-ml Erlenmeyer flasks shaken at 200 rpm.
Pseudomonas strain CB406 was grown overnight on biphenyl,
and 50 pL1 of the culture was inoculated into fresh biphenyl
medium. At the end of the exponential phase (8 to 12 h), 10
of this cell culture was inoculated into a batch culture contain-
ing 5 mM benzoate. After the culture reached turbidity (about
108 cells per ml), fresh 5 mM benzoate batch cultures were
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Characteristics' Source or reference

Bacterial strains
Pseudomonas sp. CB406 Bph+ 4Cbph+ Ben' Mtol- This study
P. putida AC34(RP4) Tcr Apr Km' 9
P. putida PaW340 Smr Trp- Mtol- 15
P. putida PaW95 Ben- 16
E. coli XL1-Blue Tcr Stratagene Ltd.

Plasmids
pWW100 Wild type; Bph+ Ben' This study
pWWlOO-l RP4::pWW100; Bph+ Ben' Tcs Kmr This study
pWW100-1O Deleted derivative of pWW100; Bph+ Ben' BphC+ BphE- This study
pWW100-20 Deleted derivative of pWW100; Bph- Ben' BphC- BphE- This study
RP4 Tcr Ap Kmr
pUC18 Apr 39
pG6 5.5-kb EcoRI fragment of pWW100 in pUC18; Apr BphC+ This study
pG7 2-kb EcoRI-PstI fragment of pWW100; Apr BphE+ This study
a Phenotype designations: Bph, biphenyl; 4Cbph, 4-chlorobiphenyl; Ben, benzoate; Mtol, m-toluate (3-methylbenzoate).

inoculated with 10 pl from the previous culture before station-
ary phase was reached.
Growth ofEscherichia coli containing recombinant plasmids

and preparations of cell extracts. E. coli XL1-Blue carrying the
cloned dioxygenase genes was grown at 37°C in 100 ml of
Luria-Bertani medium in 250-ml Erlenmeyer flasks shaken at
200 rpm. Cells were harvested in late logarithmic phase by
centrifugation and washed in 50 mM phosphate buffer (pH
7.5), and the cell pellet was resuspended in 50 mM phosphate
buffer (pH 7.5) containing 10% acetone (vol/vol) at 0.5 g/ml
(wet weight). The cells were disrupted by sonication (three
bursts of 30 s separated by 1 min of cooling on ice), and the cell
debris were removed by spinning at 50,000 rpm in a TY65
Beckman rotor.

Continuous culture. Chemostat fermenters (100 ml), stirred
magnetically at 550 rpm, were fed with basal medium contain-
ing the appropriate carbon source and aerated at 100 ml/min.
They were supplied through a common inlet; the temperature
was maintained at 28 ± 1°C (6, 7). Persistence experiments
were carried out under conditions of carbon limitation, with 5
mM benzoate supplied at a dilution rate ofD = 0.05 h'- . The
inoculum for chemostat experiments was always from batch
cultures of biphenyl-grown cells.

Detection of loss of Bph+. Samples were withdrawn from
batch cultures, diluted, and plated onto peptone agar plates (8
g of Bacto Peptone per liter, 4 g of NaCl per liter, 1.5% agar).
After 1 to 2 days of incubation at 30°C, colonies were screened
for the presence of either or both of the plasmid-encoded
catechol 2,3-dioxygenase (BphE) and 2,3-dihydroxybiphenyl
1,2-dioxygenase (BphC) activities by spraying the agar plates
with sterile solutions of 100 mM catechol. Positive colonies
became yellow within 1 min as a result of the formation of the
ring-fission product 2-hydroxymuconic semialdehyde, whereas
negative colonies remained white. The observation that BphC
showed no activity against 4-methylcatechol (see Table 2) was
used to determine whether only the BphE activity was lost
during growth on benzoate. Colonies which turned yellow after
spraying with catechol but which failed to go yellow on
spraying with 4-methylcatechol had no BphE (indicative of the
lower pathway) but may have retained BphC (indicative of the
upper pathway). Representative colonies of each type were
screened by replica plating onto biphenyl and succinate mini-
mal agar plates to correlate the yellow and white colonies with
the Bph+ and/or Bph- phenotypes.

Formation of cointegrate plasmids. The RP4 cointegrates
were constructed by transferring RP4 from P. putida
AC34(RP4) into Pseudomonas strain CB406 by conjugation on
filters. A Cbr Tcr KMr Bph+ transconjugant, containing both
RP4 and pWW100, was used as a donor in a mating on filters
with P. putida PaW340 as the recipient; selection was made for
Bph+ Strr Trp - transconjugants on minimal plates containing
streptomycin at 200 ,ug/ml and tryptophan, with solid biphenyl
in the inverted lid. All transconjugants screened contained
single plasmids.

Assays of extradiol dioxygenases. Catechol 2,3-dioxygenase
was assayed in 50 mM phosphate buffer (pH 7.5) containing
10% acetone (vol/vol) and 10 mM catechol (25). The A375
increase was measured, and reaction rates were calculated by
using a molar extinction coefficient of 36,000 M- 1 cm- '. For
3-methylcatechol and 4-methylcatechol, the corresponding val-
ues used were A388 with 15,000 M1 cm-1 and A382 with
31,500 M1 cm-', respectively. 2,3-dihydroxybiphenyl 1,2-
dioxygenase was assayed by the method of Taira et al. (32) in
50 mM phosphate buffer (pH 7.5) containing 10% acetone
(vol/vol) and 100 ,uM 2,3-dihydroxybiphenyl. The A434 increase
was measured, and a molar extinction coefficient of 22,000
M-1 cm-1 was used to calculate initial rates. 1,2-Dihy-
droxynaphthalene dioxygenase was assayed as detailed by
Kuhm et al. (20). Protein was determined as described by
Lowry et al. (21).
Assay of 0-ketoadipate enzymes. Cell extracts were prepared

as described above but in 33 mM Tris-HCl, pH 8.0. Catechol
1,2-dioxygenase was assayed by measuring the A260 increase in
100 mM Tris-HCl (pH 7.5) containing 20 ,uM catechol. cis,cis-
Muconate lactonizing enzyme was determined by measuring
the A260 decrease in 33 mM Tris-HCl (pH 8.0) containing 100
puM cis,cis-muconate and 1 mM MnCl2.

Test for formation of 0-ketoadipate. A modification of the
method of Rothera (28) was used. Cells were grown overnight
in benzoate-minimal medium. The culture was harvested by
centrifugation, and the cell pellet was washed and resuspended
in 3 ml of 33 mM Tris-HCl buffer (pH 8.0). Subsequently, 2
drops of toluene followed by 0.1 ml of 0.2 M catechol were
added. The mixture was incubated with shaking for 1 h at 30°C.
The solution was saturated with excess solid (NH4)2SO4, and a
few drops of concentrated aqueous NH3 followed by 5 drops of
freshly prepared 5% sodium nitroprusside were added. The
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FIG. 1. Agarose electrophoresis of PstI restriction digests of
pWWIOO, pWW1OO-l, and RP4. Lanes: 1, 1-kb ladder (Gibco-BRL);
2, pWW100; 3, pWW100-1; 4, RP4; 5, 1-kb ladder (Gibco-BRL).

development of a purple color within 5 min was indicative of
the presence of P-ketoadipate.

Sources of substrates. 2,3-Dihydroxybiphenyl was obtained
from Wako Chemicals (W-4040; Neuss, Germany), 3,4-dihy-
droxybiphenyl was from Promochem Ltd. (Welwyn Garden
City, England), and catechol, 3-methylcatechol, and 4-methyl-
catechol were from BDH Ltd. (Poole, Dorset, England). Any
catechol substrates which were discolored, indicating a degree
of oxidation, were purified by sublimation in vacuo at 60 to
70°C to yield pure white crystals. cis,cis-Muconate was a gift
from L. Nicholas Ornston.

Plasmid and DNA manipulations. Catabolic plasmids were
extracted by alkaline lysis-sucrose gradient purification as
described by Wheatcroft and Williams (37), and recombinant
DNA techniques were carried out by published protocols (29).

RESULTS

The biphenyl catabolic plasmid pWW100. Pseudomonas
strain CB406 was found to carry a large plasmid of approxi-
mately 200 kb, designated pWW100 (Fig. 1). Attempts to
transfer pWW100 by direct conjugation into P. putida PaW340
selecting for Bph+ transconjugants by a number of different
procedures were unsuccessful. This suggested that the plasmid
did not conjugate into that particular recipient at a detectable
frequency (<10-8) or that it did not encode the Bph+
phenotype.

Subcloning and analysis of dioxygenase genes. Two separate
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FIG. 2. Southern blot hybridizations of plasmid DNA of pWW100
restricted with BamHI (lanes 1) and PstI (lanes 3); and pWW100-20
restricted with BamHI (lanes 2) and PstI (lanes 4). The 32P-labeled
probes for the two blots were the EcoRI insert of pG6 (BphC) (A) and
the EcoRI-Pstl insert of pG7 (BphE) (B).

recombinant plasmids carrying cloned dioxygenase genes, pG6
and pG7, were obtained from digests of pWW100 ligated into
pUC18 (Table 1). Southern blotting with these recombinant
plasmids as probes revealed that they were present on the
wild-type plasmid pWW100 (Fig. 2, lanes 1 and 3).

Analysis of the substrate specificities of the two dioxygenases
expressed from the plasmids showed that pG6 encoded an
enzyme with the substrate specificity characteristic of a 2,3-
dihydroxybiphenyl 1,2-dioxygenase (BphC), while that en-
coded by pG7 had a substrate specificity characteristic of a
catechol 2,3-dioxygenase (BphE) (Table 2). The BphC ex-
pressed by plasmid pG6 showed no activity towards 4-methyl-
catechol, while the BphE encoded by pG7 was active against
this substrate.
Growth of CB406 on biphenyls and benzoate. After growth

on biphenyl, benzoate, and acetate, cells of strain CB406 were
assayed for meta cleavage activity with both catechol and
2,3-dihydroxybiphenyl as substrates (Table 3). The ratio of
activities against the two substrates can be taken as a measure
of the relative degree of expression of the two dioxygenase
activities. During growth on biphenyl, both BphC and BphE
are expressed, resulting in a specificity intermediate between
those of the two cloned enzymes. In acetate-grown (unin-
duced) cells, there is a high level of activity but the specificity
is much closer to that of BphE, indicating a high constitutive
level of this enzyme possibly with a low basal level of the BphC.
In benzoate-grown cells there is a specific activity similar to
that in uninduced cells but with a higher relative activity
against 2,3-dihydroxybiphenyl. This could indicate a low level
of induction of BphC activity during growth on benzoate
(Table 3).
These results indicate that biphenyl is being metabolized by

the pathway originally postulated by Catelani et al. (5), where
it is converted to benzoate which is then further metabolized
by the meta pathway with catechol 2,3-dioxygenase for ring
cleavage. This is analogous to the TOL plasmid pathway for
toluene catabolism through benzoate and identical to the
pathway we have recently described for biphenyl catabolism in
a different strain, Pseudomonas strain IC, which also contains a
large plasmid (pWW110) implicated in biphenyl catabolism
(4). The constitutive expression of the BphE activity (and
possible also the other meta pathway enzymes) in CB406
distinguishes it from the inducible meta pathway activities in
strain IC.

Strain CB406 grows on 4-chlorobiphenyl, but we have shown

TABLE 2. Substrate specificities of the dioxygenase clones

Relative % of sp acta in E. coli
extracts containing:

Substrate
pG6 pG7

(BphC) (BphE)
Catechol 28 (± 2.4) 100
3-Methylcatechol 57 42 ( 2.1)
4-Methylcatechol 0 90(± 4.2)
2,3-Dihydroxybiphenyl 100 6.6 (± 0.6)
3,4-Dihydroxybiphenyl 0 0
2,3-Dihydroxynaphthalene 0 0

aSubstrate specificities of the extradiol dioxygenases encoded by the sub-
cloned dioxygenase gene derived from pWW100. Values are expressed as a
relative percentage of specific activities for each extradiol dioxygenase normal-
ized to the substrate showing the highest value (i.e., its natural substrate). Values
are the means of four replicates with standard deviations (in parentheses). The
actual specific activities were as follows: pG6, 230 ± 5 mmol/min/mg of protein
(on 2,3-dihydroxybiphenyl); pG7, 18.0 ± 0.5 mmol/min/mg of protein (on
catechol).
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TABLE 3. Extradiol dioxygenase activities present in Pseudomonas
strains CB406 and PaW340(pWW100-1)

Sp act (,umol/min/mg of
Growth protein) in cell extractsaStrain substrate

Catechol 2,3-Dihydroxy-
biphenyl

CB406 Biphenyl 221 ± 27 360 ± 25
Benzoateb 104 ± 49 98 ± 7
Acetate 188 ± 14 24 ± 13

PaW340(pWW100-1) Biphenyl 192 ± 14 290 ± 14
Benzoate* 162 86 ± 8
Acetate 156 ± 2 40 ± 12

a Extradiol dioxygenase activities ± standard deviations present in Pseudomo-
nas sp. strains CB406 and PaW340(pWW100-1) grown at the expense of different
carbon sources supplied at 10 mM.

b The absence of any significant level of plasmid deletion during growth on
benzoate was avoided by using a substantial inoculum of cells for the batch
culture and was confirmed after growth by screening the cells by plating dilutions
of the cultures out onto peptone plates and spraying them with catechol to
confirm the presence of BphC and BphE.

that it accumulates 4-chlorobenzoate stoichiometrically in the
culture medium and therefore has no pathway for mineraliza-
tion of chloro-substituted aromatics and merely utilizes the
products from the fission of the unsubstituted first ring of the
chlorobiphenyl as the carbon and energy source. We were
unable to detect the release of any chloride ions during growth
on 4-chlorobiphenyl.

Formation of RP4 cointegrate plasmids. The IncPl plasmid
RP4 (Cbr Tcr KMr) was introduced into Pseudomonas strain
CB406 to mobilize pWW100 into a recipient strain, PaW340.
All Bph+ transconjugants obtained from CB406(pWW100,
RP4) had the phenotype Kmr Tcs Bph+ and contained a
conjugative plasmid, designated pWW100-1, in which a 50- to
60-kb fragment from pWW100 had been inserted into RP4
(Fig. 1). The insertional inactivation of the tetracycline resis-
tance determinant suggests that insertion of the bph genes is
within this coding region of the RP4 plasmid. The catabolic
transposon Tn4371 which encodes only bphABCD in Alcali-
genes eutrophus A5 appears to be inserted into either the
tetracycline or kanamycin resistance genes of RP4 (30).

Conjugation of pWW100-1 into P. putida PaW95, a mutant
strain unable to grow on benzoate, restored this ability, thus
confirming that a gene (or genes) required for benzoate
utilization were also present on the cointegrate.

Extradiol dioxygenase activities in cell extracts from
PaW340(pWW100-1) after growth on biphenyl, benzoate, and
acetate showed an identical pattern to that found in wild-type
CB406, suggesting that the entire structural and regulatory
genes for biphenyl catabolism had recombined with RP4
(Table 3).

Loss of bph genes during growth on benzoate. When grown
at the expense of benzoate, either in batch or chemostat
culture, there was a gradual decrease in the fraction of the
population capable of growth on biphenyl and expressing
genes essential for biphenyl and benzoate catabolism via the
meta-cleavage pathway (Fig. 3). Analysis of the population
showed that the proportion of Bph - segregants increased only
when growing on benzoate. Parallel experiments in the che-
mostat with succinate as the limiting carbon source over a
period of 2 months did not result in any Bph- segregants.
The culture was screened during growth on benzoate by

spreading dilutions on to peptone agar plates. After incubation
to allow single colonies to grow, the plates were sprayed with
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FIG. 3. Persistence of pWW100 in Pseudomonas strain CB406

grown in chemostat culture under benzoate-limitation at a dilution
rate of 0.05 h-1 (a) or grown on 5 mM benzoate in sequential batch
culture (b).

catechol to identify clones which had lost both dioxygenase
activities BphC and BphE. Screening of the white colonies for
the ability to utilize biphenyl revealed a 100% correlation
between the loss of the two dioxygenases and the Bph+
phenotype. A typical plasmid found in such a strain was
pWW100-20 (Table 1). CB406(pWW100-20) was grown on
benzoate and assayed for catabolic enzymes. In contrast to
benzoate-grown wild-type CB406 (Table 3), no meta-cleavage
pathway enzymes could be detected but activities of two key
3-ketoadipate pathway enzymes, catechol 1,2-dioxygenase and
muconate lactonizing enzyme, were induced by greater than
15-fold (specific activities of 0.030 and 0.064 ,umol/min/mg of
protein, respectively; corresponding activities on succinate
substrate were <0.002), and benzoate-grown cells incubated in
the presence of catechol were shown to accumulate 13-keto-
adipate itself by the Rothera test (28).
Within the population of colonies which were screened

during the benzoate growth experiments and which were
positive in the catechol spray test and were capable of growing
on biphenyl minimal agar, most were wild type (BphC+
BphE+) but a small proportion (.6%) were BphC+ BphE-
(typified by plasmid pWW100-10; Table 1). These were iden-
tified by spraying replicated colonies with 4-methylcatechol,
which BphC does not attack (Table 2), and the colonies
therefore remain white. As these strains were still Bph+, it was
assumed that the benzoate formed from the biphenyl was
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assimilated by the alternative P-ketoadipate pathway. This was
more difficult to prove than for CB406(pWW100-20) (see the
results discussed above) because the strain retains an extradiol
dioxygenase (BphC) which affects both the assays of catechol
1,2-oxygenase and the Rothera test. However, by treating
benzoate-grown cells with H202 to destroy the BphC activity
and then incubating them with catechol we were able to obtain
a weak positive Rothera test indicating some formation of
1-ketoadipate.
By the end of the batch growth on benzoate, all the colonies

were Bph - and had lost both dioxygenase activities. No
segregants which were BphC- BphE+ were detected at any
stage.

Restriction digests and hybridizations of plasmid prepara-
tions of both types of segregant showed that the wild-type
plasmid pWW100 had undergone deletions of a substantial
amount of DNA. All the BphC - BphE - strains examined
appeared to have plasmids with digests indistinguishable from
pWW100-20, suggesting that all have the same or very similar
deletions. No plasmid-free segregants with this phenotype
were detected in any of our experiments. We confirmed the
loss of both bphC and bphE genes from pWW100-20 by
hybridization of Southern blots of digests with the two cloned
dioxygenase genes as probes (Fig. 2, lanes 2 and 4).

DISCUSSION

There is strong evidence presented that the bph genes of
strain CB406 are encoded on the large plasmid pWW100.
Although the plasmid itself cannot be transferred by conjuga-
tion at a detectable frequency, a cointegrate between pWW100
and RP4 capable of conjugational transfer of the bph genes,
which are similarly expressed in transconjugants carrying the
cointegrate as in the wild-type, can be formed. Additionally,
Bph - segregants can be selected during growth on benzoate
and the loss of the growth phenotype correlates with a deletion
in the plasmid. Furthermore, two essential catabolic genes
have been cloned from pWW100 preparations and their use as
hybridization probes on the wild-type plasmid, the RP4 cointe-
grate, and the deleted derivatives definitively links their pres-
ence with the Bph+ phenotype.

Catabolic transposons have now been demonstrated to be
involved in the catabolism of a number of aromatic com-
pounds, including toluene and xylenes (35), naphthalene (34),
haloaromatics (24, 36), and PCBs (30). It is possible that a
transposable element bearing the genes required for biphenyl
and benzoate catabolism is located on pWW100. Recombina-
tion of catabolic genes occurred during the formation of the
RP4 cointegrate, pWW100-1, in a manner analogous to that
observed by Springael et al. (30) with bph catabolic transposon
Tn4371. The possible transposable element from pWW100,
however, appears to carry the genes for the further catabolism
of benzoate by the meta-cleavage pathway in addition to the
early genes for catabolism of biphenyl. This is shown by the
similarity in the dioxygenase assays of cells carrying the
wild-type plasmid and the cointegrate grown under different
induction conditions.
The reproducible deletion of the bph genes from pWW100

may be related to transposition. The elimination of phenotypes
carried on transposons often results from recombination be-
tween direct-repeated flanking sequences, with the accompa-
nying loss of any encoded phenotype, as occurs with the
chlorobenzoate catabolic transposon TnS721 (24). However,
the deletion of the xyl genes from TOL plasmid pWWO on a
39-kbp fragment of DNA (22, 38) is due to recombination
between two direct 1,275-bp repeats (unpublished data) which

are unrelated to and have no functional role in the two larger
transposons on the plasmid (35).

Like the TOL plasmids (3, 7, 31, 38), the deletion of the
catabolic genes from plasmid pWW100 is selected for during
growth on benzoate. The reason appears to be the same. Both
toluene and biphenyl have benzoate as a metabolite, and
benzoate can be catabolized by way of either the meta-cleavage
pathway or the alternative ,B-ketoadipate pathway which ap-
pears to be chromosomally encoded in almost all fluorescent
Pseudomonas strains. In the case of the TOL plasmids, it has
been argued that growth by the latter route can only occur
when the plasmid-encoded xyl genes are no longer functional
in the host strain and this loss of function occurs most
frequently either by deletion or plasmid loss: spontaneous
segregants thus produced can now utilize the 3-ketoadipate
pathway, outgrow the wild type, and take over the population
(38). In the case of biphenyl plasmid pWW100, the situation
exactly parallels what happens with TOL plasmids. The Bph -
segregants which take over the benzoate cultures have lost
both of the dioxygenases necessary for biphenyl utilization and
metabolize the benzoate by the P-ketoadipate pathway. Math-
ematical analysis of the loss of the Bph+ phenotype during
chemostat growth on benzoate by methods previously used to
describe TOL plasmid loss (7) shows that the growth of the
Bph- segregants on benzoate is around 10-fold faster than
that of the wild-type.
The transient appearance during growth on benzoate of

BphC+ BphE- segregants shows that at least two different
deletions can occur. However, such strains must be outgrown
by the BphC- BphE- segregants rather than undergo a
second sequential deletion, since their phenotype is stably
maintained when grown in axenic benzoate culture. A similar
transient intermediate phenotype has been reported during
benzoate growth of P. putida MT53 which carries a TOL
plasmid pWW53 (26).
The constitutive expression of BphE and presumably the

other meta pathway enzymes is unusual and poses an interest-
ing question. CB406 does not grow upon the methylbenzoates,
(m- or p-toluates), as might be expected from the usual
tolerance of meta pathways for small alkyl substituents on the
aromatic ring. The reason for the metabolic block cannot be
the inability of the toluates to act as inducers, since the
enzymes, as evidenced by BphE, appear to be constitutive. This
and other biochemical and structural aspects of the plasmid
are being further investigated.
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