
Vol. 172, No. 4

Activation of the lac Genes of Tn951 by Insertion Sequences from
Pseudomonas cepacia
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We have identified three transposable gene-activating elements from Pseudomonas cepacia on the basis of
their abilities to increase expression of the lac genes of the broad-host-range plasmid pGC91.14 (pRPl::Tn951).
When introduced into auxotrophic derivatives of P. cepacia 249 (ATCC 17616), this plasmid failed to confer the
ability to utilize lactose. The lac genes of Tn951 were poorly expressed in P. cepacia and were not induced by
isopropyl-I3-D-thiogalactopyranoside. Lac' variants of the pGC91.14-containing strains which formed I8-
galactosidase at high constitutive levels as a consequence of transposition of insertion sequences from the P.
cepacia genome to sites upstream of the lacZ gene of Tn951 were isolated. Certain of the elements also increased
gene expression in other bacteria. For example, IS407 strongly activated the lacZ gene of Tn951 in
Pseudomonas aeruginosa and Escherichia coli, and IS406 (but not IS407) did so in Zymomonas mobilis. The
results indicate that IS elements from P. cepacia have potential for turning on the expression of foreign genes
in a variety of gram-negative bacteria.

Although Pseudomonas cepacia is notable for its extraor-
dinary nutritional versatility (4, 20, 26, 27, 29), most soil
isolates of this bacterium are unable to utilize lactose as a
sole source of carbon and energy (4, 20, 21). Cornelis and
co-workers identified a 17-kilobase (kb) transposon, Tn951
(Tnlac), in Yersinia enterolitica which carried lacI, lacZ, and
lacY genes seemingly identical to those of the Escherichia
coli lac operon and isolated several variants of the broad-
host-range plasmid pRP1 (30) containing this element (12-
14). We transferred one of these, pGC91.14 (Fig. 1) into
auxotrophic derivatives of P. cepacia 249 (ATCC 17616) by
conjugation from E. coli JC3272. Although unable to utilize
lactose themselves, the pGC91.14-containing transconju-
gants gave rise to Lac' variants (M. S. Wood, C. Lory, and
T. G. Lessie, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987,
H23, p. 143). In these strains, transposable gene-activating
elements from the P. cepacia genome had inserted into
Tn951 and increased expression of its lac genes. The results
were similar to those we reported earlier for activation of the
bla gene of Tnl in P. cepacia (20, 28), which restored ability
of 1-lactamase-deficient strains of this bacterium to utilize
penicillin as a sole source of carbon and energy.
We report here data describing the transposition of three

P. cepacia insertion sequences, IS406, IS407, and IS415, to
different sites within Tn951 and their effect on formation of
lac-specific mRNA and of 3-galactosidase. We also describe
the influence of P. cepacia insertion sequences on lac gene
expression in other gram-negative bacteria.

MATERIALS AND METHODS
Bacterial strains and plasmids. Table 1 lists strains and

plasmids used in this study. Bacteria were grown in inor-
ganic salts medium (33) supplemented with 1% (wt/vol) yeast
extract or Casamino Acids or 0.5% of the specified carbon
sources. Plasmid pGC91.14 was transferred from E. coli
JC3272 to P. cepacia 249-2 (pTGL6-) and 249-42-3 by
plating ca. 107 donor and recipient bacteria on citrate me-
dium containing 2% agar, tetracycline (100 ,ug/ml), and
amino acids (50 p.g/ml) required by the recipient strain.

* Corresponding author.

Tetracycline-resistant transconjugants were picked and pu-
rified on the same medium. Plasmid DNA was isolated by
the methods of Birnboim (9) and of Currier and Nester (16).
Restriction enzyme digestions, agarose gel electrophoresis,
Southern hybridization experiments, and autoradiography
were carried out by using standard protocols (3, 24).

Construction of pBR329 derivatives carrying unactivated
and activated lac genes of pGC91.14. The lac gene-containing
restriction fragments of pGC91.14, pTGL66, pTGL67, and
pTGL75 were cloned into the plasmid vector pBR329 by
standard procedures (3, 24). Recombinant plasmids were
introduced into the Lac- strain E. coli JC3272 by transfor-
mation (19), and Lac' colonies were identified on yeast
extract plates supplemented with 1 mM isopropyl-p-D-thio-
galactopyranoside (IPTG) and with 100 p.g of ampicillin and
50 pLg of 5-bromo-4-chloro-3-indolyl-3-D-galactoside (X-Gal)
per ml.

Determination of I-galactosidase activity. Cell-free extracts
were prepared as described previously (33). Assay mixtures
(0.5 ml) containing phosphate buffer (10 mM Na2HPO4 and
10 mM KH2PO4), pH 6.8, 10 mM 2-mercaptoethanol, appro-
priately diluted bacterial extract, and 2 mM ortho-nitrophe-
nylgalactoside were incubated at 37°C for 30 min. The
reactions were stopped by addition of 1 ml of 2% (wt/vol)
Na2CO3 containing 0.1 N NaOH, and the formation of
ortho-nitrophenol was determined by measuring the A420.
Protein content was determined by the Lowry procedure
(23).
Measurement of lacZ mRNA. Bacteria were grown in 200

ml of Casamino Acids medium, harvested at a cell density of
ca. 109 cells per ml, and suspended in 5 ml of 100 mM sodium
acetate buffer, pH 4.5. The bacteria were disrupted by sonic
treatment for 90 s, and cell debris and unbroken cells were
removed by centrifugation. Sodium dodecyl sulfate was
added to the supernatant to a final concentration of 1%, and
the preparation was extracted with phenol at 65°C. Nucleic
acids were precipitated with ethanol, and RNA was purified
by centrifugation through a cesium chloride cushion (24).
The RNA samples were applied to GeneScreen Plus nylon
membranes (Dupont, NEN Research Products, Boston,
Mass.) and probed with a 32P-labeled preparation of the 3-kb
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FIG. 1. Schematic representation of pGC91.14. The figure shows

the distribution of PvuII (P), BamHI (B), and EcoRI (E) sites within
pGC91.14 and the locations of Tnl and Tn9SJ on the plasmid. Also
shown are the positions of genes conferring resistance to tetracy-
cline (Tc), kanamycin (Km), and ampicillin (Ap) as well as the
origins of replication (oriV) and plasmid transfer (ori) and the lac
genes of Tn9OM.

lacZ gene-containing PstI fragment of pMC1871 (obtained
by nick translation with [ao-32P]dGTP). Prehybridization,
hybridization, and subsequent washing steps were carried
out as recommended by the manufacturer.

RESULTS
Expression of the lac genes of pGC91.14 in P. cepacia. In an

attempt to derive P. cepacia 249 variants able to grow on

lactose, we transferred the broad-host-range plasmid
pGC91.14 (Fig. 1) from E. coli JC3272 to the P. cepacia
auxotroph 249-42-3 by conjugation, selecting for the ability
of pGC91.14 to confer resistance to tetracycline. The
pGC91.14-containing derivative of 249-42-3 failed to utilize
lactose. However, it was possible to isolate Lac' variants
from it by spreading ca. 2 x 108 bacteria on inorganic salts
medium containing lactose as the sole carbon source. Ap-
proximately 50 colonies appeared on each plate after 4 days
of incubation at 37°C. The Lac+ variants also acquired the
ability to utilize lactulose (4-O-p-D-galactopyranosyl-D-fruc-
tose). No such Lac' or lactulose+ variants were obtained
from P. cepacia 249-42-3 lacking pGC91.14.
The Lac' phenotype of the above lactose-utilizing deriv-

atives of strain 249-42-3 (pGC91.14) was transferred to the
lysine auxotroph 249-2 (pTGL6-) by conjugation in experi-
ments in which selection was for the tetracycline resistance
marker of pGC91.14. This suggested that the capacity of the
Lac' derivatives to utilize lactose was due to alteration of
pGC91.14. The Lac' transconjugants from three indepen-
dently isolated Lac+ derivatives of strain 249-42-3
(pGC91.14) were chosen for further characterization. The
pGC91.14 variants in these strains were designated pTGL66,
pTGL67, and pTGL75.
Table 2 shows a comparison of the levels of ,-galactosi-

dase in extracts of the Lac- strain 249-2 (pTGL6-,
pGC91.14) and its corresponding Lac+ pTGL66-, pTGL67-,
and pTGL75-containing derivatives. Similar results were

obtained for the corresponding Lac+ derivatives of strain
249-42-3 (data not shown). The Lac+ strains had between 10-
and 30-fold-higher levels of enzyme activity than their Lac-
parent. In each case, P-galactosidase was formed constitu-
tively. Addition of IPTG (1 mM) did not increase enzyme
formation. Extracts of strains 249-42-3 and 249-2 (pTGL6-)
lacking pGC91.14 exhibited no 3-galactosidase activity (re-
sults not shown).

TABLE 1. Strains and plasmids

Strain or plasmid Pertinent characteristics Source or reference

Strain
P. cepacia 249 (ATCC Wild type; contains the 170-kb cryptic plasmid 4, 29

17616) pTGL1
P. cepacia 249-UM Contains the pTGL1 derivative pTGL6 17, 20
P. cepacia 249-2 (pTGL6-) lys-2; cured of pTGL6 20
P. cepacia 249-42-3 arg-J ileA4; contains pTGL6 8
P. aeruginosa PAO Wild type P. V. Phibbs, Jr., East Carolina

University, Greenville, N.C.
Z. mobilis CP4 Wild type 10
E. coli JC3272 AlacX74 his trp lys 13, 25
E. coli JC3272-1 AlacX74 his trp; Lys' revertant of strain JC3272 This study

Plasmid
pGC91.14 pRP1::Tn951 (Tnlac) 13
pTGL66 pGC91.14::IS406 This study
pTGL67 pGC91.14::IS407 This study
pTGL75 pGC91.14::IS415 This study
pBR329 Apr Cmr TCr 15
pTGL260 pBR329 derivative carrying the 10.5-kb BamHI This study

fragment of pGC91.14
pTGL263 pBR329 derivative carrying the 11.8-kb, IS406- This study

containing BamHI fragment of pTGL66
pTGL265 pBR329 derivative carrying the 11.7-kb, IS407- This study

containing BamHI fragment of pTGL67
pTGL269 pBR329 derivative carrying the 13-kb, IS415- This study

containing HindlIl fragment of pTGL75
pMC1871 pBR322 derivative carrying the E. coli lacZ gene M. Berman, Bionetics Research

on a 3-kb PstI fragment Inc., Rockville, Md.
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TABLE 2. IS406-, IS407-, and IS415-dependent expression of the
lacZ gene of Tn951 in different bacteria"

p-Galactosidase sp act with plasmid':
Strain

pGC91.14 pTGL66 pTGL67 pTGL75

P. cepacia 249-2 29 302 845 320
(pTGL6-)

P. aeruginosa PAO 136 493 4,546 330
E. coli JC3272-1 84 300 1,107 180
Z. mobilis CP4 78 1,385 32 61

" Except for strain CP4, the bacteria were grown in inorganic salts medium
supplemented with Casamino Acids (Difco). CP4 was grown in a medium
consisting of 1% (wt/vol) each of yeast extract and D-glucose and 300 jig of
Na2HPO4 per ml. The medium was supplemented with 100 ,ug of tetracycline
per ml, except for strain CP4, for which the concentration was 40 ,ug/ml.

b Variants of pGC91.14 containing the pertinent elements were transferred
into the indicated strains by selecting for tetracycline resistance conferred by
this plasmid. Enzyme activities are expressed in nanomoles of olrtho-nitro-
phenylgalactoside cleaved per min per mg of cell extract protein.

Increased formation of lacZ-specific mRNA in Lac+ vari-
ants of P. cepacia. The increase in 3-galactosidase activity in
Lac' derivatives of P. cepacia was associated with a com-
parable increase in lac gene transcription. The results of a
DNA-RNA hybridization experiment comparing the
amounts of lacZ-specific mRNA in preparations of total
cellular RNA from the Lac- strain 249-2 (pTGL6-), its Lac-
pGC91.14-containing variant, and the Lac' strain 249-2
(pTGL6-, pTGL67) are shown in Fig. 2. There was a
marked increase of lacZ-specific mRNA in the pTGL67-
containing strain compared with the corresponding
pGC91.14-containing strain. No lacZ-specific mRNA was
detected in strain 249-2 (pTGL6-).

Plasmid alteration associated with lac gene activation. We
had previously demonstrated that mutations leading to high-
level constitutive expression of the bla gene of pRP1 in P.
cepacia were a consequence of the transposition of insertion
sequences from the P. cepacia genome to sites upstream of
the activated gene (20, 28). To determine whether the lac
gene activation we had observed was related to insertion of
similar elements into pGC91.14, we characterized the plas-
mids from the three Lac' variants of strain 249-2 (pTGL6-
pGC91.14) listed in Table 2. Use of these particular strains
facilitated our analyses, since they were devoid of the 170-kb
cryptic plasmid ordinarily present in derivatives of P. cepa-
cia 249 (17, 20).
The schematic in Fig. 1 shows the distribution of BamHI

and PvuII sites in pGC91.14. Digestion with BamHI cleaves

123

FIG. 2. IS407-dependent transcription of the lacZ gene of
pTGL67. Samples of total cellular RNA were applied to a nylon
membrane and probed with denatured 32P-labeled lacZ DNA. Col-
umns 1 to 3 of the autoradiogram contained, respectively, RNA
from strains 249-2 (pTGL6-), 249-2 (pTGL6-, pGC91.14) and 249-2
(pTGL6-, pTGL67). The upper set of samples contained 10 Fig of
RNA, and the lower set contained 20 p.g of RNA.

FIG. 3. Distribution of PwuIl sites within pTGL260. This recom-
binant plasmid was formed by cloning the 10.5-kb lac gene-con-
taining Ba,nHI fragment of pGC91.14 into the E. 0oli vector
pBR329. The schematic shows the 0.3-kb lac promoter-containing
fragment of Tn951 into which 1S406 and IS407 were inserted and the
upstream 1.1-kb Psuill fragment which was the target for insertion of
IS415. The chloramphenicol (Cm) and ampicillin (Ap) resistance
genes are located within the 4.0-kb BamHI fragment contributed by
pBR329. Five of the six PvuII sites on this plasmid (indicated by
bars between the inner and outer circles) were located within the
10.5-kb BamnHI fragment contributed by Tn951.

pGC91.14 into three fragments of ca. 10.5, 27, and 40 kb.
The lac genes of Tn951 were located on the 10.5-kb BamHI
fragment. These genes were also contained on an overlap-
ping 10-kb HindlIl fragment which is not shown in Fig. 1.
We cloned the lac gene-containing BamHI and Hindlll
fragments of pGC91.14, pTGL66, pTGL67, and pTGL75
into the E. (coli vector pBR329 (15). The distribution of PvuII
sites within pTGL260, the pBR329 derivative carrying the
10.5-kb BamHI fragment of pGC91.14, is shown in Fig. 3. A
comparison of the PvuII fragments of pTGL260 with those of
pTGL265, the pBR329 derivative carrying the 11.7-kb lac-
gene-containing BamHI fragment of pTGL67, is shown in
Fig. 4. The results indicated that the 0.3-kb PvuII fragment
of pTGL260, which is an internal fragment of Tn951, was
replaced in pTGL265 by a 1.5-kb fragment. Similar data (not
shown) were obtained for pTGL263 and pTGL269, which
are pBR329 derivatives carrying, respectively, the 11.8-kb
BamHI fragment of pTGL66 and the 13-kb HindlIl fragment
of pTGL75. In pTGL263, the 0.3-kb PvuII fragment of
pTGL260 was replaced by a 1.6-kb fragment. In the case of
pTGL269, the 0.3-kb PvuII fragment of Tn951 was still
intact, but its 1.1-kb PvuII fragment was replaced by four
new fragments of 1.7, 1.5, 0.5, and 0.4 kb.
Lanes 4 and 5 of Fig. 4 show the results of a Southern

hybridization experiment in which a 32P-labeled preparation
of the 1.5-kb fragment of pTGL265 was used as a probe to
confirm its relationship with the 0.3-kb PvuII fragment of
pTGL260. The results indicated that the 1.5-kb PvuII frag-
ment of pTGL265 (and, accordingly, that of pTGL67) had
been formed by insertion of a 1.2-kb element, designated
IS407, into the 0.3-kb PvuII fragment of pGC91.14. Similar
experiments (not shown here) confirmed that a 1.3-kb ele-
ment, designated IS406, had been inserted into the 0.3-kb
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FIG. 4. Insertion of IS407 into the 0.3-kb PvuII fragment of

Tn951. Plasmids pTGL260 and pTGL265 (derivatives of pBR329
carrying, respectively, the 10.5- and 11.7-kb BamHl fragments of
pGC91.14 and pTGL67) were digested with BamHI and PvuII
(IS407 contains no BamHI or PvuII sites), and the resulting DNA
fragments were resolved electrophoretically on a 1.2% agarose gel.
Lanes 1, 2 and 3 contained, respectively, kilobase ladder DNA size
markers (Bethesda Research Laboratories, Inc., Gaithersburg,
Md.), pTGL260 fragments, and pTGL265 fragments. Lanes 4 and 5
show the results of a Southern hybridization experiment in which
the same DNA fragments ofpTGL260 (lane 4) and pTGL265 (lane 5)
were transferred to a nitrocellulose membrane and probed with a
32P-labeled preparation of the 1.5-kb PvuII fragment of pTGL265.
The amount of pTGL260 DNA used in this experiment (6 p.g) was
30-fold higher than that of pTGL265.

PvuII fragment of pGC91.14 to create the 1.6-kb PvuII
fragment of pTGL66. The 1.7- and 1.5-kb fragments of
pTGL75 were shown to be fusion fragments containing
portions of DNA from an element designated IS415 and of
the 1.1-kb PvuII fragment of Tn951.
The results suggested that the constitutive expression of

the lac genes of pTGL66, pTGL67, and pTGL75 was related
to the upstream insertion of different IS elements from the P.
cepacia genome into pGC91.14. To confirm that the inserted
DNA originated from the P. cepacia genome and to estimate
the number of chromosomal copies of each element, we
carried out Southern hybridization experiments to identify
homologous fragments in restriction digests of P. cepacia
DNA. For these experiments we used 32P-labeled fragments
of pTGL263, pTGL265, and pTGL269 containing IS406,
IS407, and IS415 as probe DNA. The results of a repre-
sentative Southern hybridization experiment in which the
1.5-kb, IS407-containing PvuII fragment of pTGL265 was
used to probe EcoRI digests of genomic DNA from P.
cepacia 249 (ATCC 17616) and two strains derived from it,
249-UM and 249-2 (pTGL6-), are shown in Fig. SA. Since
IS407 contained no EcoRI sites, each band in the autoradio-
gram represents one or more copies of this element. Strains
249-ATCC, 249-UM, and 249-2 (pTGL6-) contained, re-
spectively, three, five, and four copies of IS407. Data
obtained by using the 1.6-kb fragment of pTGL263 as the
probe indicated that these strains all contained five copies of
IS406 (Fig. SB). Similar experiments (not shown here) indi-
cated that the above three strains contained, respectively,
six, eight, and six copies of IS415.
The differences in copy number, genomic distribution, and

sizes of IS406, IS407, and IS415 indicated that they were
distinct elements. On the basis of these parameters, they

1 2 3 1 2 3
FIG. 5. Southern hybridization experiments showing the distri-

bution of chromosomal fragments exhibiting homology to IS407 and
IS406. Lanes 1 to 3 contained EcoRI digests of chromosomal DNA
from P. cepacia 249 (ATCC 17616), 249-UM, and 249-2 (pTGL6-),
respectively. The chromosomal fragments were probed with 32p_
labeled preparations of the 1.5-kb IS407-containing PvuII fragment
of pTGL265 (A) and of the 1.6-kb IS406-containing PvuII fragment
of pTGL263 (B).

also differed from the P. cepacia insertion sequences iden-
tified previously on pTGL6 (17) as well as those isolated on
the basis of their ability to activate the bla genes of pRP1 (20,
28). The results of Southern hybridization experiments not
shown here indicated that pTGL6, the cryptic plasmid in
strain 249-UM, contained no copies of IS406, IS407, or
IS415.

IS406-, IS407-, and IS415-dependent expression of the lac
genes of Tn951 in other bacteria. The transposable elements
we identified on the basis of their abilities to increase
expression of the lacZ gene of pGC91.14 in P. cepacia also
did so in other gram-negative bacteria we tested. Table 2
summarizes the results of experiments in which we com-
pared ,B-galactosidase levels in derivatives of E. coli, Pseu-
domonas aeruginosa, and Zymomonas mobilis into which
we transferred pGC91.14, pTGL66, pTGL67, and pTGL75
by conjugation. The data indicated that IS406 strongly
activated lacZ expression in Z. mobilis and that IS407 did so
in E. coli and P. aeruginosa.

DISCUSSION
In the present study, we exploited the inability of P.

cepacia 249 to utilize lactose as a carbon and energy source
and its failure to efficiently express the lac genes Tn951 to
isolate transposable gene-activating elements from this bac-
terium. We identified three new IS elements from strain 249
whose insertion upstream of the lac genes of Tn951 in-
creased their expression and conferred the ability to utilize
lactose and lactulose. The ability to utilize lactulose ap-
peared to be related to its uptake as a consequence of lacY
expression (20, 22). DNA sequence analyses, to be reported
elsewhere, have confirmed that two of the elements, IS406
and IS407, contain terminal inverted repeats and generate
short directly duplicated sequences of target DNA at the site
of insertion (M. S. Wood, A. Ferrance, A. Byrne, and T. G.
Lessie, Abstr. Annu. Meet. Am. Soc. Microbiol. 1989,
H-143, p. 193), consistent with their designation as insertion
sequences.
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RNA-DNA hybridization experiments indicated that the
increase in lac gene expression was a consequence of
transcriptional activation; however, the mechanism of such
activation remains to be determined. Nucleotide sequence
data on hand suggest that IS406 and IS407 may provide new
promoters from which transcription of the activated genes
proceeds (22). However, we still need to define the site(s) at
which transcription is initiated to confirm whether or not the
putative promoters are active in vivo. IS415 may activate
gene expression by a different mechanism. Nucleotide se-
quence data has indicated that IS415 is inserted 102 base
pairs upstream of the Tn951 lacI gene (M. S. Wood, unpub-
lished data). In this case it seems reasonable that the
activation of lacZ might involve communication by DNA
looping (1).
The approach we have used to identify lac gene-activating

elements in P. cepacia might also be used to search for
similar elements in other Lac- bacteria. Other investigators
have reported that the lac genes of Tn951 are expressed
poorly in Pseudomonasfluorescens (7), Z. mobilis (10), and
Rhodobacter sphaeroides (25), and we have found this also
to be the case for Acetobacter xylinum and Acinetobacter
calcoaceticus (22). An important advantage of using the lac
genes of the broad-host-range plasmid pGC91.14 as a target
for insertional activation is that the activated plasmids can
be transferred and subsequently used to examine the influ-
ence of the gene-activating elements on lac gene expression
in other bacteria. This approach might lead to the identifi-
cation of broad-host-range transposable gene-activating ele-
ments that could be used in vivo to turn on the expression of
foreign genes in a variety of gram-negative bacteria.

Insertion sequence-dependent activation of foreign genes
is not restricted to P. cepacia. This phenomenon has been
observed for E. coli, but the number of insertion sequences
identified in this bacterium is relatively low (2, 6, 11, 18, 32,
34). We have identified more than a dozen different trans-
posable gene-activating elements in P. cepacia 249 (22). A.
Chakrabarty and his co-workers have isolated still other
such elements in strain AC1100 (31; R. A. Haugland,
U. M. X. Sangodkar, and A. M. Chakrabarty, Mol. Gen.
Genet., in press). The large number of transposable elements
in P. cepacia may be a major factor contributing to its
unusual catabolic potential and adaptability. Certain of the
insertion sequences we have identified have been shown to
promote replicon fusions as well as to activate gene expres-
sion (5, 20, 22). Thus, they have the potential to mediate the
incorporation of foreign genes into the P. cepacia genome
and simultaneously turn on their expression. It seems rea-
sonable that the complex repertoire of catabolic functions
carried out by P. cepacia might have evolved in part by
using such a mechanism for the recruitment of foreign genes.

ACKNOWLEDGMENTS

This research was supported by the Environmental Protection
Agency (project CR-815308) in cooperation with the Gulf Breeze
Laboratory and by grant DMB-8415028 from the National Science
Foundation.

LITERATURE CITED
1. Adhya, S. 1989. Multipartite genetic control elements: commu-

nication by DNA loop. Annu. Rev. Genet. 23:227-250.
2. Aronson, B. D., M. Levinthal, and R. L. Somerville. 1989.

Activation of a cryptic pathway for threonine metabolism via
specific IS3-mediated alteration of promoter structure in Esch-
erichia coli. J. Bacteriol. 171:5503-5511.

3. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.

Seidman, J. A. Smith, and K. Struhl. 1987. Current protocols in
molecular biology. John Wiley & Sons, New York.

4. Ballard, R. W., N. J. Palleroni, M. Doudoroff, R. Y. Stanier, and
M. Mandel. 1970. Taxonomy of the aerobic pseudomonads:
Pseudomonas cepac.ia, P. marginata, P. alliicola, and P. caryo-
philli. J. Gen. Microbiol. 60:199-214.

5. Barsomian, G., and T. G. Lessie. 1986. Replicon fusions pro-
moted by insertion sequences on Pseudomonas cepacia plasmid
pTGL6. Mol. Gen. Genet. 204:273-280.

6. Barsomian, G., and T. G. Lessie. 1987. IS2 activates the ilvA
gene of Pseudomonas cepacia in Escherichia c.oli. J. Bacteriol.
169:1777-1779.

7. Baumberg, S., G. Cornelis, M. Panagiotakopoulos, and M.
Roberts. 1980. Expression of the lactose transposon Tn951 in
Escherichia coli, Proteus, and Pseudomonas. J. Gen. Micro-
biol. 119:257-262.

8. Beckman, W., T. Gaffney, and T. G. Lessie. 1982. Correlation
between auxotrophy and plasmid alteration in mutant strains of
Pseudomonas cepacia. J. Bacteriol. 149:1154-1158.

9. Birnboim, H. C. 1983. A rapid alkaline extraction method for the
isolation of plasmid DNA. Methods Enzymol. 100:243-255.

10. Carey, V. C., S. K. Walia, and L. 0. Ingram. 1983. Expression
of a lactose transposon (Tn951) in Zymomonas mobilis. Appl.
Environ. Microbiol. 46:1163-1168.

11. Charlier, D., J. Piette, and N. Glansdorff. 1982. 1S3 can function
as a mobile promoter in E. coli. Nucleic Acids Res. 10:
5935-5948.

12. Cornelis, G., D. Ghosal, and H. Saedler. 1978. Tn951: a new
transposon carrying a lactose operon. Mol. Gen. Genet. 160:
215-224.

13. Cornelis, G., D. Ghosal, and H. Saedler. 1979. Multiple integra-
tion sites for the lactose transposon Tn951 on plasmid RP1 and
establishment of a coordinate system for Tn951. Mol. Gen.
Genet. 168:61-67.

14. Cornelis, G., H. Sommer, and H. Saedler. 1981. Transposon
Tn951 (Tnlac) is defective and related to Tn3. Mol. Gen. Genet.
184:241-248.

15. Covarrubias, L., and F. Bolivar. 1982. Construction and char-
acterization of new cloning vehicles. VI. Plasmid pBR329, a
new derivative of pBR328 lacking the 482-base-pair inverted
duplication. Gene 17:79-89.

16. Currier, T. C., and E. W. Nester. 1976. Isolation of covalently
closed circular DNA of high molecular weight from bacteria.
Anal. Biochem. 76:431-441.

17. Gaffney, T. D., and T. G. Lessie. 1987. Insertion-sequence-
dependent rearrangements of Pseudomonas cepacia plasmid
pTGL1. J. Bacteriol. 169:224-230.

18. Galas, D. J., and M. Chandler. 1989. Bacterial insertion se-
quences, p. 109-162. In D. E. Berg and M. M. Howe (ed.),
Mobile DNA. American Society for Microbiology, Washington,
D.C.

19. Kushner, S. R. 1978. An improved method for transformation of
Escherichia coli with ColEl derived plasmids, p. 17-23. In
H. W. Boyer and S. Nicosia (ed.), Genetic engineering.
Elsevier Science Publishing, Inc., New York.

20. Lessie, T. G., and T. Gaffney. 1986. Catabolic potential of
Pseudomonas cepacia, p. 439-476. In J. R. Sokatch and L. N.
Ornston (ed.), The bacteria, a treatise on structure and function,
vol. X. The biology of Pseudomonas. Academic Press, Inc.,
New York.

21. Lessie, T. G., and P. V. Phibbs, Jr. 1984. Alternative pathways
of carbohydrate utilization in pseudomonads. Annu. Rev. Mi-
crobiol. 38:359-387.

22. Lessie, T. G., M. S. Wood, A. Byrne, and A. Ferrante. 1990.
Transposable gene-activating elements in Pseudomonas cepa-
cia, p. 279-291. In S. Silver, A. M. Chakrabarty, B. Iglewski,
and S. Kaplan (ed.), Pseudomonas: Biotransformations, patho-
genesis and evolving biotechnology. American Society for Mi-
crobiology, Washington, D.C.

23. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the folin phenol reagent. J.
Biol. Chem. 193:265-275.

24. Maniatis, T., E. J. Fritsch, and J. Sambrook. 1982. Molecular



1724 WOOD ET AL. J. BACTERIOL.

cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

25. Nano, F. E., and S. Kaplan. 1982. Expression of transposable
lac operon Tn951 in Rhodopseudomonas sphaeroides. J. Bac-
teriol. 152:924-927.

26. Palleroni, N. J., and M. Doudoroff. 1972. Some properties and
taxonomic subdivisions of the genus Pseudomonas. Annu. Rev.
Phytopathol. 10:73-100.

27. Palleroni, N. J., and B. Holmes. 1981. Pseudomonas cepacia sp.
nov., rev. Int. J. Syst. Bacteriol. 31:479-481.

28. Scordilis, G. E., H. Ree, and T. G. Lessie. 1987. Identification of
transposable elements which activate gene expression in Pseu-
domonas cepacia. J. Bacteriol. 169:8-13.

29. Stanier, R. Y., N. J. Palleroni, and M. Doudoroff. 1966. The
aerobic pseudomonads: a taxonomic study. J. Gen. Microbiol.
43:159-271.

30. Thomas, C. M. 1981. Molecular genetics of broad host range

plasmid RK2. Plasmid 5:10-19.
31. Tomasek, P. H., B. Frantz, U. M. X. Sangodkar, R. A. Hau-

gland, and A. M. Chakrabarty. 1989. Characterization and
nucleotide sequence determination of a repeat element isolated
from a 2,4,5-T degrading strain of Pseudomonas cepacia. Gene
76:227-238.

32. Walz, A., B. Ratzkin, and J. Carbon. 1978. Control of expres-
sion of a cloned yeast (Saccharomyces cerevisiae) gene (trp5)
by a bacterial insertion element (IS2). Proc. Natl. Acad. Sci.
USA 75:6172-6176.

33. Wong, H. C., and T. G. Lessie. 1979. Hydroxy amino acid
metabolism in Pseudomonas cepacia: role of L-serine deami-
nase in dissimilation of serine, glycine, and threonine. J. Bac-
teriol. 140:240-245.

34. Wood, A. G., and J. Konisky. 1985. Activation of a cloned
archaebacterial gene in Escherichia coli by IS2, IS5, or dele-
tions. Mol. Gen. Genet. 198:309-314.


