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A simple procedure for cloning and stable insertion of foreign genes into the chromosomes of gram-negative
eubacteria was developed by combining in two sets of plasmids (i) the transposition features of Tn1O and TnS;
(ii) the resistances to the herbicide bialaphos, to mercuric salts and organomercurial compounds, and to
arsenite, and (iii) the suicide delivery properties of the R6K-based plasmid pGP704. The resulting constructions
contained unique NotI or SfiI sites internal to either the Tn1O or the TnS inverted repeats. These sites were

readily used for cloning DNA fragments with the help of two additional specialized cloning plasmids, pUC18Not
and pUC18Sfi. The newly derived constructions could be maintained only in donor host strains that produce
the R6K-specified protein, which is an essential replication protein for R6K and plasmids derived therefrom.
Donor plasmids containing hybrid transposons were transformed into a specialized Xpir lysogenic Escherichia
coli strain with a chromosomally integrated RP4 that provided broad-host-range conjugal transfer functions.
Delivery of the donor plasmids into selected host bacteria was accomplished through mating with the target
strain. Transposition of the hybrid transposon from the delivered suicide plasmid to a replicon in the target cell
was mediated by the cognate transposase encoded on the plasmid at a site external to the transposon. Since the
transposase function was not maintained in target cells, such cells were not immune to further transposition
rounds. Multiple insertions in the same strain are therefore only limited by the availability of distinct selection
markers. The utility of the system was demonstrated with a kanamycin resistance gene as a model foreign insert
into Pseudomonas putida and a melanin gene from Streptomyces antibioticus into Klebsiella pneumoniae.
Because of the modular nature of the functional parts of the cloning vectors, they can be easily modified and
further selection markers can be incorporated. The cloning system described here will be particularly useful for
the construction of hybrid bacteria that stably maintain inserted genes, perhaps in competitive situations (e.g.,
in open systems and natural environments), and that do not carry antibiotic resistance markers characteristic
of most available cloning vectors (as is currently required of live bacterial vaccines).

The growing number of biotechnological applications in-
volving the introduction into the environment of genetically
modified microorganisms has highlighted the need for new
cloning vectors. Such vectors need to satisfy several criteria
that are less important where the organisms are contained
and grown under controlled conditions. The most important
of these are (i) stable inheritance of the engineered functions
in the absence of selective pressure for a vector marker, (ii)
a level of expression of the engineered functions that is not
so high that it constitutes a selective disadvantage to the
organism, particularly when competing with indigenous or-

ganisms in a target habitat, and (iii) lack of resistance to
antibiotics.
Most currently available gene cloning vectors for bacteria

are based on multicopy plasmids carrying antibiotic resis-
tance selection markers. Although hybrid plasmids may be
readily maintained in bacteria cultivated as monocultures
under controlled environmental conditions, they are fre-
quently unstable when host organisms are grown in the
absence of selection pressure for plasmid maintenance, i.e.,
in the presence of antibiotics. This instability may be exac-
erbated when host bacteria have to compete with other
organisms in natural niches. Furthermore, antibiotic resis-
tance markers are generally perceived to be undesirable in
organisms designed for release in large quantities, such as
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live vaccines or bacteria developed to degrade chemical
pollutants. It is of course possible to increase the stability of
plasmids in the absence of antibiotic pressure by using
autoselection cloning vectors (30) or plasmids carrying the
stabilizing parB (hoklsok) locus of Ri (13). However, strains
that carry multicopy plasmids and express at a high level
genes present on the insert and/or the vector often compete
poorly with other bacteria already present in their environ-
ment. It is frequently preferable in some circumstances to
insert cloned genes into the chromosome, where they are

maintained at a low, often natural copy number and thus are

not overexpressed and where, at least theoretically, they
should be as stable as chromosomal genes. When trans-
posons are used for cloning and insertion, the stability of the
inserts is improved if the cognate transposase gene is located
on the transposon donor replicon but outside of the inverted
repeats that are its substrate, such that it is not carried with
the transposon during transposition (4). Very stable inser-
tions can in this way be obtained with elements derived, for
instance, from Tn7 (3, 12), Tn9 (17), and TnJO (44) and
potentially from Tn5 as well (4, 5).

In Escherichia coli, the classical method for generating
chromosomal inserts of foreign genes involves the use of
specialized phage cloning vectors that can exist stably in
the lysogenic state (36). Alternatively, genes can be inserted
through homologous recombination when bracketed with E.
coli chromosomal sequences (33) or by transposition if the
genes can be cloned in the permissive sites of a transposon
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(15). For gram-negative bacteria other than E. coli, analo-
gous procedures have been developed. The use of ColEl-
derived vectors carrying a conjugal transfer (Mob) sequence
is a standard way to introduce transposons into a variety of
soil bacteria (38), where such vectors cannot replicate.
Suicide transposon donors can also be based on unstable
(thermosensitive or other) replicons or the use of specialized
phage-host schemes (27). In general, most available vectors
for insertion of DNA fragments in the chromosomes of soil
bacteria have limited versatility with regard to their useful
cloning sites, consist of the full transposon and are therefore
large and unwieldy and have the numerous disadvantages of
the presence of the cognate transposase, and carry selection
markers based on resistances to antibiotics of clinical impor-
tance.

In this paper we report a general system for the generation
of stable chromosomal inserts of foreign genes in a variety of
gram-negative bacteria without the use of such antibiotics.
This system is based on (i) the use of resistances to the
herbicide bialaphos, to mercuric salts and organomercuric
compounds, and to arsenite as selection markers; (ii) the
transposition features of TnS and TnlO, and (iii) the utiliza-
tion of the general suicide delivery properties of plasmid
pGP704 (29). With the system described here, DNA frag-
ments can be stably inserted into the chromosome of target
gram-negative bacteria, provided that the strain is sensitive
to such markers, is able to act as recipient of RP4-mediated
conjugal transfer, and can support TnS and/or TnJO transpo-
sition.

MATERIALS AND METHODS

Strains, plasmids, and media. The bacterial strains and
plasmids used in this study are listed in Table 1. Phage X1105
containing the mini-TnJO kanamycin transposon (44) was a
gift of N. Kleckner. Phage Xpir (20) was obtained after
spontaneous induction of E. coli SY327(Xpir) and subse-
quent lytic growth on E. coli LE392 as described previously
(36). Apir lysogens of E. coli CC118 and MV1190 were
generated by infection with a phage lysate (36), and the
resulting X-insensitive colonies were tested for their ability
to support pir-dependent replication of pGP704. The result-
ing strains, E. coli CC118(Apir) and E. coli MV1190(Apir),
showed high transformation efficiencies and were used as the
routine strains for maintenance of the pir-dependent recom-
binant plasmids. Solid and liquid LB media (28) were sup-
plemented, when required, with 150 jig of ampicillin per ml,
50 to 75 ,ug of kanamycin per ml, 50 ,ug of rifamycin per ml,
or 22 ,ug of piperacillin per ml (16). M63 minimal medium (28)
was supplemented with 0.2% glucose or citrate as the carbon
source and, when indicated, with 0.1% Casamino Acids.
Low-phosphate, 121-salts minimal medium was prepared as
described previously (22). The medium for the detection of
melanin production (1) contained (per liter) 10 g of Bacto-
Tryptone, 10 g of NaCl, 400 mg of tyrosine, 50 mg of CUSO4,
and 35 mg of isopropyl-3-D-thiogalactopyranoside. Purified
bialaphos (phosphinotricin tripeptide [Ptt]) was the kind
gift of T. Nagaoka (Meiji Seika Kaisha, Ltd., Yokohama,
Japan).
Recombinant DNA techniques. Phage and plasmid DNA

isolation, restriction endonuclease digestion, ligation, trans-
formation, agarose electrophoresis, and other standard
recombinant DNA techniques were carried out by published
protocols (24). Restriction digestions followed directly by
ligation were achieved with KGB buffer (26). Filling in of
protruding ends was made with T4 DNA polymerase in the

presence of the required deoxynucleoside triphosphates.
Alternatively, fragments were made blunt ended by treat-
ment with S1 nuclease (24). Synthetic adapters and other
oligonucleotides were prepared on an Applied Biosystems
automatic synthesizer. Site-directed mutagenesis to remove
the single NotI site present in the IS5O sequence of TnS (2,
21) was made as described by Kunkel et al. (23) after a
uracil-containing single-stranded DNA template was ob-
tained from the corresponding sequence cloned in pUC119
(43). Chromosomal DNA from exconjugant Pseudomonas
putida strains was prepared by a simplified lysis procedure
with proteinase K-sodium dodecyl sulfate (34). Southern
blots of digested chromosomal DNA on Biodyne nylon
membranes (Pall, Glen Cove) were carried out (24) and were
probed with restriction fragments labeled with [a-32P]dCTP
by using the nick translation kit of Bethesda Research
Laboratories, Inc. After hybridization, blots were washed at
high stringency (680C, O.lx SSC [lx SSC is 0.15 M NaCl
plus 0.015 M sodium citrate]-0.1% sodium dodecyl sulfate).

Mobilization and transposition. Plasmids were transferred
from donor strain E. coli SM1O(Xpir) into the different target
strains by mobilization with a filter mating technique. Filters
with the mixture of donor and recipient strains in a 1:4 ratio
were incubated for 8 h at 370C on the surface of LB plates
(with 50 ,uM isopropyl-p-D-thiogalactopyranoside in the case
of TnlO derivatives). Cells were then suspended in 10 mM
MgSO4, and the appropriate dilutions were plated on selec-
tive medium (see below). Since the frequency of transfer
cannot be measured with the delivery system used, the rate
of transposition occurrence cannot be accurately calculated.
Therefore, operational frequencies were estimated as the
ratio of recipient cells that had received transposon markers
versus the total number of recipients.

Selection of non-antibiotic markers. Conditions for the
selection of P. putida KT2442 exconjugants acquiring the
non-antibiotic markers used were as follows.

(i) Resistance to bialaphos. The mating mixture was sus-
pended and diluted in 10 mM MgSO4 as described above and
directly plated out and grown at 37°C on M63 minimal
medium containing either 100 ,ug of bialaphos per ml, 100
,uM iron chelator 2,2'-bipyridyl and 0.2% sodium citrate [for
nutritional counterselection of the donor E. coli SM1O(Xpir)
strain], or 0.2% glucose-0.1% Casamino Acids-100 ,ug of Ptt
per ml-100 puM 2,2'-bipyridyl-50 pug/ml of rifamycin for
antibiotic counterselection.

(ii) Resistance to mercury and organomercurial compounds.
Hg2+-resistant (Hg') exconjugants were selected also by
direct plating of suspensions of the mating mixture and
growth at 370C on M63 medium with 0.2% glucose, 0.1%
Casamino Acids, 1.5 ,ug of HgCl2 per ml, and 50 ,ug of
rifamycin per ml. Colonies grown on this selective medium
were further checked for resistance to organomercurial
compounds by patching on LB plates containing 8 to 10 ,ug of
phenyl mercuric acetate per ml.

(iii) Resistance to arsenite. Before plating on selective
medium for arsenite resistance (Arsr), the mating mixture
was subjected to phosphate starvation by overnight growth
at 37°C in a liquid culture of minimal 121-salts, 0.2% sodium
citrate, and 100 ,uM phosphate. Arsr colonies were then
selected at 370C on plates with 121-salts, 0.2% sodium
citrate, and 100 ,uM phosphate with 12 mM NaAsO2 and 100
,uM 2,2'-bipyridyl. Insufficient phosphate starvation before
selection on arsenite selective plates resulted in the growth
of numerous artifactual small colonies that did not maintain
the resistance phenotype upon reisolation. These were easily
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TABLE 1. Bacteria, phage, and plasmids

Species or plasmid Description Reference
or source

E. coli
SY327(Apir)
CC118
CC118(Xpir)
MV1190
MV1190(xpir)
LE392
CJ236
SM1O(Apir)

P. putida KT2442
K. pneumoniae 492
x1105
Plasmids
pUC9, pUC18, pUC19
pUC119
pl8Sfi

pl8Not
pUC18Sfi

pUC18Not
pDB37
pMJR1560
pBG195
pHG106

pUM3
pGP7O4
pTet

pJOE810
pUT
pBOR7
pBOR8
pBOR10
pBOR11
pBOR12
pLOFKm
pLOFPtt
pLOFHg
pLOFArs
pLOFPttKm
pLOFHgKm
pLOFArsKm
pUTKm
pUTPtt
pUTHg
pUTArs
pUTPttKm
pUTHgKm
pUTArsKm
pABOR70
a MCS, Multiple cloning site.

A(lac-pro) argE(Am) recA56 nalA RfY(Xpir)
A(ara-leu) araD AlacX74 galE galK phoA20 thi-J rpsE rpoB argE(Am) recAl
As CC118, lysogenized with Xpir phage
A(lac-proAB) thi supE A(srl-recA)306::TnJO(F':traD36 proAB laclqZ, M15)
As MV1190, lysogenized with Xpir phage
supF supE hsdR galK trpR metB lacY tonA
dut-1 ung-J thi-l relAl [pCJ105/Cml
thi-J thr leu tonA lacY supE recA::RP4-2-Tc::Mu, Kmr, Apir

hsdR, Rif'
Prototrophic, mccE492+
EcoRI fragment with mini-TnlO-Km/ptac ISIOR in XRP167

Apr; ot-lac/MCSa
Apr; a-lac/MCS pUC19, M13 ori
Apr; identical to pUC18 but with SfiI-EcoRI-SalI-HindIII-SfiI as MCS (SfiI site sequence

of Fig. 6)
Apr; identical to pUC18 but with NotI-EcoRI-SalI-HindIII-NotI as MCS
Apr; identical to pUC18 but with SfiI-polylinker of pUC18-SfiI as MCS (SfiI site sequence

of Fig. 6)
Apr; identical to pUC18 but with NotI-polylinker of pUC18-NotI as MCS
Apr; piucA'-'lacZ, aerobactin promoter as a 78-bp EcoRI-BamHI restriction fragment
Apr; lacIq inserted between KpnI and PstI sites of pUC18
Apr; bar gene inserted in pUC19 as a 2-kb BamHI fragment
Apr; broad-spectrum mer genes of pDU1358 inserted as a 4.2-kb Hindlll fragment in
pBR322

Apr; ars genes of R773 inserted as a 4.3-kb HindIll fragment in pBR322
Apr; ori R6K, mob RP4, MCS of M13tgl31
Apr Tetr; tnp gene of TnS-ISSOR inserted as a 1.5-kb Sall fragment in a pBR322-derived

replicon
Apr; mel genes inserted in a pBR322-derived replicon
Apr; tnp* gene of TnS-IS50R inserted in SalI site of pGP704
Apr; BamHI-to-PstI sites of pUC19 replaced by a single SfiI site (SflI sequence of Fig. 6)
Apr; lacIq gene of pMJR1560 inserted as a 1.2-kb PstI-SacI fragment in pGP704
Apr; Pttr cassette of Fig. 1 as an SfiI insert in pBOR7
Apr; Hgr cassette of Fig. 1 as an SfiI insert in pl8Sfi
Apr; Arsr cassette of Fig. 1 as an SfiI insert in pUC18Sfi
Apr; TnlO-based delivery plasmid with Kmr
Apr; TnJO-based delivery plasmid with Pttr
Apr; TnJO-based delivery plasmid with Hgr
Apr; TnlO-based delivery plasmid with Arsr
Apr; same as pLOFPtt with a Kmr gene at the Notl site
Apr; same as pLOFHg with a Kmr gene at the Notl site
Apr; same as pLOFArs with a Kmr gene at the NotI site
Apr; Tn5-based delivery plasmid with Kmr
Apr; TnS-based delivery plasmid with Pttr
Apr; TnS-based delivery plasmid with Hgr
Apr; TnS-based delivery plasmid with Arsr
Apr; same as pUTPtt with a Kmr gene at the Notl site
Apr; same as pUTHg with a Kmr gene at the NotI site
Apr; same as pUTArs with a Kmr gene at the NotI site
Apr; Pttr/TnJO-based mel delivery vector

differentiated from authentic resistant colonies (either spon-
taneous or those carrying the ars genes), which were larger.
To discriminate between authentic transposition and

cointegration events, exconjugants were examined in all
cases for loss of the bla marker of the delivery vector by
checking sensitivity to piperacillin (16).

RESULTS AND DISCUSSION
Use of non-antibiotic selection markers as cloning tools.

Gram-negative strains engineered for a variety of in situ
applications must meet a number of practical requirements

for their safe and efficacious performance. These include not
only the absence of traits that may give them an advantage
over nonengineered strains but also the capability to retain
the acquired genotype and phenotype in the absence of
selection. Moreover, despite the widespread occurrence of
multiple antibiotic resistances, the release of antibiotic-
resistant organisms into the environment is often perceived
as undesirable. To address this concern, we surveyed poten-
tial dominant markers that would allow the genetic engineer-
ing of species of genera like Pseudomonas without the use of
clinical antibiotics or nutritional selection. One feature we
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required of such markers is that the rate of spontaneous
tolerance to the selective agent should be relatively high so
that the marker would not confer a significant selective
advantage to the engineered organism if introduced into the
environment. Resistances to some heavy metals (37) and
herbicides (18) were considered likely to meet our require-
ments. Three such resistances were adapted into selection
markers of cassettes for two novel transposon-based sys-
tems that afford stable chromosomal insertions. We used the
universal suicide donor properties of plasmid pGP704 (29;
J. J. Mekalanos, personal communication) to construct
delivery plasmids for TnJO- and TnS-based transposon vec-
tors as explained below. The construction of the cassettes
and of the cloning and delivery systems involved multiple
intermediate steps, which, for the sake of clarity, will be
only outlined (a more detailed description is available upon
request).

Construction of a bialaphos resistance cassette. Bialaphos is
a tripeptide nonselective herbicide consisting of phosphino-
tricin (an antimetabolite of L-glutamic acid) and two L-ala-
nine residues. After removal of the alanine moieties in vivo
by peptidases, phosphinotricin is released intracellularly,
where it inhibits the enzyme glutamine synthetase of species
ranging from bacteria to plants (8, 40, 42, 45). The bar gene
from bialaphos-producing Streptomyces hygroscopicus en-
codes a phosphinotricin acetylase that confers immunity to
the herbicide and that can be expressed in E. coli if tran-
scribed efficiently (42). The bar structural gene was initially
excised as a 770-bp MluI-StuI restriction fragment of
pBG195 (42). To achieve expression of the bar gene in a
variety of gram-negative bacteria, we placed its transcription
under the iron-regulated aerobactin promoter of pColV-K30
(10). The resulting unit (approximately 900 bp) was modified
by the addition ofNotI and XbaI sites downstream of the bar
gene and finally flanked by SfiI linkers (Fig. 1).

Construction of a mercury-organomercurial compound re-
sistance cassette. The mercury-organomercurial compound
resistance determinant forms part of the broad-spectrum mer
operon of plasmid pDU1358 originally isolated from Serratia
marcescens (14). A 4.3-kb HindIII restriction fragment from
pDU1358 cloned into pBR322 (pHG106) affords constitutive
resistance to mercuric salts and to a variety of organomer-
curial compounds like phenyl mercuric acetate (14). A 3-kb
HindIII-EcoRV fragment of pHG106 containing the intact
mer TPAB genes and their native promoter (31) was cloned
into HindIll-HincII-digested pl8Sfi vector (Table 1). This
resulted in the cloned fragment becoming flanked by Sfi1
sites (Fig. 1).

Construction of an arsenite resistance cassette. The origin of
the arsenite resistance marker is the enterobacterial plasmid
R773. A 4.3-kb HindIII fragment cloned in pBR322 (pUM3)
confers arsenite and arsenate resistance when expressed
through the tet promoter of the vector (7). This fragment,
containing the arsABC genes, was first placed downstream
of the aerobactin promoter. A smaller fragment containing
the arsAB structural genes (which determine only resistance
to arsenite [6, 7, 35]) was subsequently cloned between the
EcoRI and KpnI sites of pUC18Sfi, resulting in a resistance
cassette bracketed by SfiI sites (Fig. 1).

TnlO-based transposon vector delivery systems. Phage
X1105, a derivative of XRP167, carries a 5.1-kb EcoRI insert
containing the mini-TnlOKm element and the transposase
gene of ISIOR located outside the inverted repeats of the
mobile element and downstream of the ptac promoter (44).
To obtain a transposon delivery plasmid with a host-inde-
pendent regulation of its transposition, the EcoRI fragment
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FIG. 1. Structure of the three selection marker cassettes. The
bar gene of S. hygroscopicus conferring resistance to bialaphos
(Ptt), part of the broad-spectrum mer cluster of the S. marcescens
plasmid pDU1358, and two of the four ars genes of the enterobac-
terial plasmid R773 were used as the basis for construction of the
SfiI restriction fragments shown. The triangles indicate the direc-
tions of transcription of the corresponding genes, which are driven
by either a native promoter (triangle internal to the box) or by a
heterologous aerobactin promoter (Paer, external triangle). Impor-
tant restriction endonuclease sites are indicated: Sf, SfiI; B, BamHI;
S, SaIl; K, KpnI; Bg, BgIII; H, HindIII; X, XbaI; N, Notl; E,
EcoRI; Pv, PvuI. The Ptt' Sfi1 restriction fragment was inserted into
the single SfiI site of pBOR7 to produce pBOR10, the Hg' Sfi1
cassette was cloned in vector pl8Sfi to produce pBOR11, and the
ArsF SfiI element was cloned in pUC18Sfi to produce pBOR12
(Table 1). The EcoRI site originally present in the pl8Sfi vector was
lost during the construction of pBOR11.

was ligated to pBOR8, a derivative of pGP704 containing the
lacli gene from plasmid pMJR1560 (39) (Fig. 2). This plas-
mid is unable to replicate in host strains devoid of the
R6K-specified 77 protein product of the pir gene. pGP704
contains the conjugal transfer origin (oriT sequence) of the
RP4 plasmid and can therefore be transferred to a variety of
gram-negative bacteria when provided in trans with mobili-
zation (Mob) functions (29). The MluI fragment internal to
the inverted repeats containing the original kanamycin resis-
tance gene of the mini-TnlO was replaced by a fragment
containing the SfI-Ptt cassette shown in Fig. 1, appropri-
ately modified by the addition of the NotI site and MluI
adaptors, which produced pLOFPtt (Fig. 3). This construc-
tion has unique SfiI, NotI, and XbaI cloning sites between
the mini-TnlO inverted repeats. The Ptt resistance marker
(Ptt') of pLOFPtt was subsequently exchanged by kanamy-
cin, Hg2+-phenyl mercuric acetate, and arsenite resistances
to produce plasmids pLOFKm, pLOFHg, and pLOFArs,
respectively (Fig. 3).
A common structural feature of these vectors is the

presence of a sequence of MluI-SfiI-NotI-MluI sites between
the inverted repeats of the transposable element. This se-
quence, originally generated by the insertion of a synthetic
adapter, was devised to provide two infrequent restriction
sites (SfiI and NotI), which could be used for the cloning of
foreign DNA fragments and introduction of a selection
determinant, respectively. Constructions devoid of an insert
between the inverted repeats were inviable in our hands.
Therefore, except for in pLOFPtt, which has the two sites
available for cloning, we inserted a selection marker into one
of the two sites while leaving the other free for cloning
purposes, a task facilitated by the intermediate cloning
plasmids described below. The interchange of selection
markers was easily effected because of these design features.
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pUT
5.2 Kb

FIG. 2. Construction of delivery plasmids for TnlO- and TnS-
derived transposon vectors. The two plasmids used as suicide
donors for the transposon vectors described in this work are derived
from pGP704 (29). A 1.2-kb PstI-SacI restriction fragment from
pMJR1560 containing the lacIq gene was cloned between corre-

sponding sites in pGP704 to yield pBOR8, the delivery system used
for the TnJO-based vectors (Fig. 3). Similarly, a 1.5-kb SalI fragment
from pTet (9) containing a TnS tnp gene devoid of NotI sites (tpn*)
was inserted into the single SalI site of pGP704. The resulting
construction (pUT) was the delivery system used for the TnS-
derived series of vectors (see Fig. 7 and the text for explanations).
The approximate locations of the bla gene (Apr), which confers
resistance to a variety of P-lactam antibiotics, including piperacillin
(14), the R6K origin of replication (oriR6K), and the RP4 oriT region
(mobRP4) are indicated. The points on the filled inserts indicate the
transcription directions of the corresponding genes. Restriction
sites: B, BamHI; S, Sall; K, KpnI; Bg, BgilI; H, HindIII; X, XbaI;
N, Notl; E, EcoRI; P, PstI; Sp, SphI; EV, EcoRV; Sa, Sacl; Sm,
SmaI.

70 bp Tnl O ends
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orn
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4.9 kb RP4
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FIG. 3. Structure of the TnlO-based transposon vector delivery
plasmids. The common portion of the constructions corresponding
to the delivery plasmid pBOR8 (Fig. 2) is shown at the bottom. The
elements of the transposition system (ISIOR transposase in cis
driven by the ptac promoter and the TnlO inverted repeats that are
its substrate [44]) are drawn to scale with respect to the restriction
map of the EcoRI inserts. The resistance genes located in each of the
transposons and the size of such EcoRI inserts are indicated with
their names to the left. The first plasmid, pLOFKm, was used
throughout this work as a control mini-transposon donor with a

standard antibiotic resistance (kanamycin). Restriction sites impor-
tant for cloning or for generating other transposable derivatives are
indicated: M, MluI; X, XbaI; N, NotI; E, EcoRI; Sf, SfiI. Unique
sites available for the insertion of foreign DNA fragments to be
transposed to the chromosome are indicated in boldface type.

To investigate the utility of the plasmids shown in Fig. 3 as

vehicles for inserting DNA fragments into bacterial chromo-
somes, we used the constructions indicated in Fig. 4, which
carry a Kmr indicator gene inserted at the single NotI site of
the pLOF vectors. pLOFKm, pLOFPttKm, pLOFHgKm,
and pLOFArsKm were then transformed into the donor
strain E. coli SM10(Apir) and mated with P. putida KT2442.
Exconjugants that had acquired the non-antibiotic selection
markers were then scored for the Kmr phenotype and loss of
the delivery plasmid marker (piperacillin resistance [Pip'1).
The frequencies of these events are described in Table 2. In
all cases, the selection markers were correlated with the Kmr
Pip' phenotype. In our hands, resistance to mercuric salts in
minimal-citrate medium gave the cleanest selection (provid-
ed that the concentration of HgCl2 had been optimized),
whereas resistance to Ptt selected in a minimal-glucose
medium gave insertions at frequencies close to the sponta-
neous appearance of Ptt-tolerant colonies. The frequency of
Ptt tolerance could, however, be decreased when selection
was made on minimal-citrate medium. Resistance to arsenite
was also an efficient selective marker when the conditions

indicated in Materials and Methods were rigorously fol-
lowed.
To ascertain whether transpositions were to different

locations of the chromosome, whether they were single or
multiple events, and whether the transposase gene was
indeed lost after transposition, we carried out Southern blot
analyses of chromosomal DNA from eight independent P.
putida Pttr Kmr Pips exconjugants arising from the E. coli
SM10(Xpir)(pLOFPttKm) x P. putida KT2442 mating (Fig.
5). In each case, chromosomal DNA was digested with
either MluI, which excised the whole region bracketed by
the TnJO inverted repeats as a 2.4-kb fragment, or XhoI,
which cuts at a unique site in the hybrid transposon. The
blots were then hybridized to either an insert probe or a

transposase probe. The autoradiographs of Fig. 5 clearly
show that (i) the phenotype acquired by the exconjugants is
due to the insert originally present on the donor plasmid
pLOFPttKm, (ii) only single insertions occurred in each of
the exconjugants, (iii) all insertions analyzed were at distinct
locations in the chromosome (the possible existence of hot
spots was thus not further investigated), and (iv) the tnp

Bg P lac 5S
7 ~~~~SoSm E

AR ori\

rmb

pBOR8
4.9 Kb

pGP704
3.7 Kb
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Tn O-based Mobile element Tn 5-based

pLOF/Km ~Km 1 kb pUT/Km
pLOF/Km Ptt Km

pLOF/Ptt/Km Ptt Km pUT/Ptt/Km

pLOF/Hg/Km Hg Km pUT/Hg/Km

Ars Km
pLOF/Ars/Km IAIrsI.. . pUT/Ars/Km

FIG. 4. Model delivery plasmids for the selection of chromo-
somal insertions. The drawing shows the organization of the inserts
bracketed by either the TnJO or Tn5 inverted repeats present in the
pLOF (Fig. 3) and pUT (Fig. 7) series to which an indicator
kanamycin resistance gene was added at their single NotI sites
(pLOFKm and pUTKm were used as controls). The names of the
resulting plasmids are indicated. Each construction was transformed
into the donor strain E. coli SM10(Apir) and subsequently mated
with P. putida KT2442 as described in Materials and Methods.
Transconjugants were selected on the basis of the non-antibiotic
resistance marker and then scored for the Kmr phenotype and for
loss of delivery system marker (Table 2).

transposase gene was not present in exconjugants. Similar
analyses with the other vectors were not made, although
they are assumed to behave identically.
To our knowledge, this is the first report of a TnJO-based

transposition system shown to be functional in P. putida at
low but workable frequencies. Whether its transposition
mechanism is identical to that in E. coli (19) deserves further
study.
We have used this system to introduce foreign inserts of

up to 10 kb into the chromosome of P. putida (de Lorenzo,
unpublished data). Although the upper size limit of the
inserts has not been systematically studied, it is to be
expected that transposition frequencies will decrease with

increasing size of insert. However, since only a few inser-
tions (perhaps only one) may be required to generate a
desired hybrid, low transposition frequencies for large in-
serts may not be problematic for most purposes. An exhaus-
tive survey of the performance of the transposition system
with the different non-antibiotic markers in various gram-
negative bacteria was not carried out, although they have
behaved as expected in the examples examined so far.

TnS-based transposon vector delivery systems. The con-
cepts underlying the design of the preceding TnJO-based
system were used and further expanded in the construction
of equivalent Tn5-based transposon cloning vectors. The use
of a TnS-based system carrying non-antibiotic selection
markers has at least two advantages: (i) Tn5 is the transpo-
son with the broadest host range known (4, 5), and (ii) the
inverted repeats flanking the transposable element are as
short as 19 bp (32). These features provided several possi-
bilities for engineering that are hindered in the case of TnJO
(see below).
For the construction of the delivery plasmids, two syn-

thetic 64-mers containing the TnS inverted repeats were
hybridized to obtain the adaptor shown in Fig. 6, with the
configuration XbaI-I end-SfiI-NotI-O end-EcoRI. The adap-
tor was directly inserted into the corresponding sites of
pGP704, and a kanamycin resistance gene was introduced as
a Notl fragment in the resulting plasmid. Before adding the
TnS-specific transposase gene, we removed the single NotI
site present in the middle of the tnp gene of IS50R (2, 21). To
do this, the tnp gene was cloned as a 1.5-kb Sall fragment
obtained from pTet (11) into the Sall site of pUC119 (43).
Uracil-containing single-stranded DNA of this construction
(23, 43) was then hybridized to a synthetic 24-mer carrying a
single mismatch that changed the GCG codon specifying
Ala-168 of the tnp gene to the Ala codon GCC. This
eliminated the Notl site without changing the structure of the
tnp product. The modified transposase gene, devoid of NotI

TABLE 2. Transposition frequencies of hybrid transposons

Donor Resistance frequency Analysis of exconjugants (no. of colonies)
System base onor Selectionplasmida Spontaneousb Inducedc Sampled Spontaneouse Cointegratesf Transpositiong

TnlO pLOFKm Kmh <10-8 3 x 10-6 100 ND 5 95
pLOFPttKm Ptt/gluci 3 x 10-5 4 x 10-5 58 53 2 3

Ptt/cit 6 x 10-6 1 xlo-5 80 70 1 9
pLOFHgKm HgCl2k <10-8 7 x 10-7 48 0 12 36
pLOFArsKm NaASO2 <10-8 5 x 10-7 20 2 2 16

TnS pUTKm Kmh <10-8 2 x 10-6 50 ND 2 48
pUTPttKm Ptt/gluci 3 x 10-5 6 x 10-5 58 33 0 25

Ptt/cit' 6 x 10-6 1 x 10-5 116 87 1 28
pUTHgKm HgCl2k <10-8 3 x 10-6 36 2 0 34
pUTArsKm NaAsO2 <10-8 2 x 10-6 41 0 7 34

a Plasmids indicated were transformed into the donor strain E. coli SM10(Apir), which carries RP4 mobilization determinants in its chromosome. Each donor
was then mated with P. putida KT2442 (Rif) for 8 h and plated on selective medium as described in Materials and Methods. Plasmids pLOFKm and pUTKm
were used as controls.

b The figures indicate the frequencies of spontaneous appearance of colonies resistant to the selective agent in recipient cells not mated with the transposon
donor.

c Frequency of acquisition of resistance marker by the recipient cells after mating with the corresponding donor.
d After mating, the indicated numbers of independent colonies of the recipient strain resistant to the non-antibiotic selective agent (Ptt, Hg, or Ars) were scored

for the presence of the accompanying Kmr indicator gene and for the loss of delivery plasmid marker bla (resistance to piperacillin).
e Number of Kms colonies, defining the spontaneous mutants resistant to the selective agent. ND, Not determined.
f Number of Kmr pipr colonies resulting from cointegrate formation between the delivery plasmid and the chromosome.
9 Number of Kmr pips colonies produced by transposition of the mobile element.
h Selection on LB plates containing 50 jig of rifamycin per ml and 75 ,ug of kanamycin per ml.
'Selection on M63 plates containing 0.2% glucose, 50 jig of rifamycin per ml, 0.1% Casamino Acids, 100 ,ug of Ptt per ml, and 100 ,uM 2,2'-bipyridyl.
i Selection on M63 plates containing 0.2% citrate, 100 ,ug of Ptt per ml, and 100 ,uM 2,2'-bipyridyl.
k Selection on M63 plates containing 0.2% glucose, 50 p.g of rifamycin per ml, 0.1% Casamino Acids, and 1.5 ,ug of HgCl2 per ml.
' Selection on 121-salts plates containing 0.2% citrate, 100 p.M Pi, 12 mM NaAsO2, and 100 ,uM 2,2'-bipyridyl.
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FIG. 5. Southern analysis of bialaphos-resistant P. putida trans-
conjugants that acquired resistance to kanamycin after mating with
E. coli SM10(Apir)(pLOF PttKm). (A) Organization of the transpo-
sition-related elements contained in the donor plasmid pLOFPttKm
and location of the restriction fragments used as probes in the
hybridizations (E, EcoRI; Hp, HpaI; M, MluI; Xh, XhoI). (B and C)
The chromosomal DNA from eight P. putida transconjugants (num-
bered 1 to 8) with a phenotype Pttr Kmr Pips and that of the unmated
strain (P) were digested to completion with MluI or XhoI and
electrophoresed through an agarose gel; the gel was then sandwich
replicated onto two nylon membranes. These were separately hy-
bridized with either the insert probe (B) or a transposase probe (C).
Lane C is a control containing donor plasmid pLOFPttKm digested
with the indicated enzymes. The sizes of the fragments are indicated
(bands from control digestions of CsCl-purified plasmid DNA run

slightly faster than those of the chromosomal counterparts).

sites, is referred to below as tnp* and was eventually cloned
into the Sall site of the pGP704 derivative in an orientation
that was optimal for promoting transposition of the adjacent
hybrid transposon (11). The corresponding construction is
called pUTKm (Fig. 7).
As was the case with the TnJO-based system (see above),

we were unable to generate stable plasmids lacking inser-
tions between the inverted IS50 repeats. The construction of
the delivery vectors with the non-antibiotic resistance selec-

FIG. 6. Synthetic adaptor utilized for the engineering of the
TnS-based transposon vectors. The nucleotide sequence shown was

designed to exploit the full potential of the TnS transposition
mechanism (5) for the introduction of foreign inserts into the
chromosome of various gram-negative bacteria. The flanking restric-
tion sites are adapted to fit the polylinker of pGP704 (Fig. 2). I and
0 19-bp TnS ends are devoid of transcriptional terminators and do
not have translation stop codons in two of the three possible reading
frames. This makes possible the utilization of the internal unique SfiI
and NotI sites for a variety of purposes, including the cloning of
heterologous genes along with non-antibiotic resistance selection
markers, as shown in this work, and also the utilization of the basic
scheme for the in vivo construction of gene fusions (8a), a task
facilitated by the auxiliary plasmids (Table 1) described in the text.

tion markers therefore involved plasmid intermediates con-
taining inserts between these repeats. A detailed map of the
final plasmids, the pUT series, is shown in Fig. 7. All have a
single NotI site for cloning between the inverted repeats and
SflI sites bracketing a selection marker, which can be
exchanged for any other selection or reporter gene provided
that it is inserted as an Sfil fragment.
To investigate the utility of the pUT vectors for generating

chromosomal insertions, we used the constructions indi-
cated in Fig. 4, which carry a kanamycin resistance indicator
gene in the single NotI site of the plasmids. E. coli
SM1O(Apir) donor strains that had been transformed with
pUTKm, pUTPttKm, pUTHgKm, and pUTArsKm were
mated with P. putida KT2442, and transconjugants that had
acquired the non-antibiotic selection markers were scored
for Kmr and loss of the donor plasmid marker (Pipr) (Table
2). As before, the selection markers were linked to Kmr pips
at acceptable frequencies. The use of the Tn5-based system
improved the use of Ptt as selection marker and generally
increased the frequency of authentic transposition versus
that of cointegrate formation.

Figure 8 shows the results of the Southern blot analyses of
chromosomal DNA from eight independent P. putida Pttr
Kmr pips transconjugants arising from the E. coli SM10
(Xpir)(pUTPttKm) x P. putida KT2442 mating. In this case
the DNAs were digested with BamHI-NotI, which excised
the region bracketed by the TnS inverted repeats as two
fragments of 1.5 kb and 800 bp, or with XhoI, which cuts at
the internal XhoI site. The blots were then hybridized with
either an insert probe or a transposase probe. As observed in
the TnJO-based counterpart, the Southern blots showed the
presence of the insert delivered by the donor plasmid
pUTPttKm, the loss of the transposase gene, the transposi-
tion of the element to different chromosomal locations, and
the uniqueness of the insertion event.

Auxiliary plasmids. To simplify the transfer of cloned
genes into the unique sites present in the pLOF and pUT
plasmid series, four auxiliary plasmids were constructed

A

B

3.
5,
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FIG. 7. TnS-based insertion delivery plasmids. The drawing dis-
plays the TnS-based counterparts of the vectors shown in Fig. 3. The
common portion of the constructions corresponding to the delivery
plasmid pGP704 (Fig. 2) is shown at the bottom. The elements of the
transposition system include the TnS 19-bp terminal ends and an
IS50R tnp gene devoid of Notl sites (tpn*) oriented divergently of
the I end for optimal transposition efficiency (11). The resistances
provided by each of the elements are also indicated with their names
to the left of the figure. Plasmid pUTKm is the control minitrans-
poson donor with a standard antibiotic resistance (kanamycin).
Important restriction sites are indicated: N, NoM; E, EcoRI; Sf, Sfil;
S, Sal; K, KpnI. Unique sites for the insertion of foreign DNA
fragments are indicated in boldface type.

(Table 1). pl8Not and pl8Sfi are similar to pUC18 (46), but
the polylinker region has been altered such that a short
polylinker EcoRI-SalIIHincII-HindIII is bracketed by two
Notl sites and two Sfil sites, respectively. On the other
hand, pUC18Not and pUC18Sfi carry the complete pUC18
polylinker between, respectively, two Notl sites and two Sfil
sites. All plasmids retain the blue/white colony screening
feature with 5-bromo-4-chloro-3-indolyl-p-D-galactoside,
which is characteristic of the pUC plasmids (46), although
the blue colonies containing pl8Not and pl8Sfi are paler
than those of the original pUC18. With pl8Not and
pUC18Not, any gene cloned in the polylinker can be excised
as a NotI fragment and transferred into the single NotI site of
the pLOF and pUT delivery plasmids, provided that there
are no additional NotI sites in the insert. Since NotI cleavage
sequences are very infrequent, this will be the case in the
majority of instances. Similarly, genes cloned in the poly-
linker of pl8Sfi and pUC18Sfi can be excised as Sfil frag-

S50 R* Ptt Km kb

S S B N Xh N

IS50 R* probe Ptt Km insert probe

/-Not I / BamH Il\ Xho
1 2 3 4 C 5 6 7 8 P 1 2 3 4 C 5 6 7 8 P

B

0 5.7 kb

*.4

1.9 kb
.W

1.5 71

800 bp __ ^. :

2 3 4 C 5 6 7 8 P1 2 3 4 C 5 6 7 8 P

C

- 5.7 kb

1 9 kb

1.5 kb

FIG. 8. Southern analysis of bialaphos-resistant P. putida trans-
conjugants that acquired resistance to kanamycin after mating with
E. coli SMlO(Apir)(pUTPttKm). Conditions and explanation for this
figure are identical to those in the legend to Fig. 4, except the
organization of the donor plasmid (A). Restriction sites: S, Sall; B,
BamHI; N, Notl; Xh, XhoI. Digestions were made with Notl-
BamHI and XhoI, and the twin blots were hybridized to an insert
probe (B) or to a transposase probe (C). Lanes C were loaded with
the donor plasmid pUTPttKm digested with the enzymes indicated.
In the upper gel, the extra band observed in the XhoI digestion in
lane 2 might have arisen from incomplete restriction.

ments and transferred to the Sfil sites of pLOF and pUT
plasmids.

Applications of the pLOF and pUT delivery systems. The
pLOF and pUT series have been developed as versatile tools
for the genetic analysis and genetic engineering of a wide
variety of gram-negative bacteria. The modular nature of the
functional parts of the systems will permit the facile intro-
duction of new selection markers as they become available
and appropriately modified for specific purposes. Both series
can be used as convenient broad-host-range mini-TnJO and
mini-TnS delivery systems to isolate stable insertion mutants
of species for which procedures of transposition mutagenesis
are poorly developed. For instance, we used pLOF-derived
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Kmr and Pttr elements to mutagenize wild strains of Klebsi-
ella pneumoniae (de Lorenzo, unpublished data). To our
knowledge, with the exception of the specialized TnphoA
donor pRT733 (41), this is the first attempt to generalize a
system based on the RP4-oriT and R6K/pir for the delivery
of transposable elements to a wide range of bacteria. The
availability of the functionally distinct TnJO- and TnS-based
vectors on the broad-transfer-range suicide delivery system
should diminish problems of hot spots for insertion and
transposon host range that may be encountered in some
target organisms.
The principal application of the vectors is, however the

insertion of foreign genes into the chromosome of target
bacteria (e.g., our insertion of a melanin group of Strepto-
myces antibioticus into K. pneumoniae via a TnJO element;
Fig. 9) to generate stable, non-antibiotic-resistant hybrids,
particularly for environmental purposes, where selective
pressure for maintenance of the cloned gene(s) is lacking,
where overexpression of insert sequences may be undesir-
able in case it confers a selective disadvantage upon the host
cell, and where predictability of behavior and function is
important. The frequencies of spontaneous tolerance to the
agents used for selection are not substantially below those of
the transposition (Table 2). Although the non-antibiotic
resistance selection markers developed are effective for
laboratory manipulations, they should not endow hybrid
strains with selective advantages in natural habitats under
any environmental conditions that we can imagine. Mercury
resistance is known to be widespread in nature and fre-
quently encoded on transmissible plasmids. Mercury pollut-
ants would thus act as a selective force for a variety of
indigenous organisms and would not be expected to favor
the engineered strains. Arsenite resistance is also wide-
spread. Similarly, as we have shown here the frequency of
spontaneous resistance to bialaphos is high (in the order of
io-5; Table 2). Therefore, in soils treated with the herbicide,
a significant population of indigenous tolerant organisms
should assure that engineered organisms containing the Ptt
marker have little selective advantage.

In the Ptt and Ars resistance cassettes (Fig. 1), the
selection markers are located downstream of the iron-regu-
lated aerobactin promoter of E. coli (10). As shown in this
work, both markers are also effectively expressed in P.
putida, but it is uncertain in this case whether they are
transcribed from the aerobactin promoter. Addition of the
iron chelator 2,2'-bipyridyl to selection plates does result in
a reduction of background growth, but growth of resistant
cells is unaffected by the iron content of the medium. This
indicates either constitutive expression of the aerobactin
promoter in P. putida or its overriding by readthrough
transcription originating from chromosomal promoters. The
absence of transcriptional terminators bracketting the in-
verted repeats of both types of transposons will permit the
selection markers to be transcribed from appropriately ori-
ented indigenous promoters (Fig. 9). In some cases, how-
ever, the introduction of termination signals upstream and/or
downstream of the inserts could be desirable, as for example
in cases where hybrid transposons are used to study tran-
scriptional regulation in monocopy (B. Kessler, V. de
Lorenzo, and K. N. Timmis, unpublished data). Introduc-
tion of appropriate terminators or other signals is of course
facilitated by the availability of numerous restriction sites in
the auxiliary plasmids.
An important aspect ofpLOF and pUT delivery systems is

that the transposase gene is not located within the transpo-
son and thus that chromosomes carrying one hybrid trans-
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ISIO R

I kb
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N
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m ar~~~~~~~~~~~A
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FIG. 9. Insertion and expression of melanin genes from S. anti-
bioticus in K. pneumoniae by means of a transposon vector. The
melanin genes in pJOE81O were excised as an approximately 2-kb
Sspl-Pvull restriction fragment, converted into a Notl fragment,
and cloned in the single Notl site intemnal to the TnJO inverted
repeats of a bialaphos-based delivery system to yield pABOR70. (A)
The relevant portion of the melanin donor plasmid is shown with its
elements. (B) E. coli SM10(Xpir)(pABOR70) was mated with K.
pneumoniae E492, and Pttr exconjugants were screened for melanin
production. E. coli SM10(Xpir)(pABOR70), which carries the mel
genes in multiple copies (and therefore overproduces melanin), was
used as a positive control (first row, fourth patch). Unmated K.
pneumoniae (first row, second patch) was introduced in the same
plate as a negative control. Colony hybridization with the trans-
posase probe of Fig. 5 indicated that 43 of 48 transconjugants lacked
the tpn gene after acquisition of the pttr Mel' phenotype (data not
shown). Variations in melanin production are attributed to transcrip-
tion from different chromosomal promoters located upstream of the
newly inserted mel structural genes (originally read from a plac
promoter indicated as a triangle). Uneven pigmentation of some
patches might have resulted from cross-feeding. Bialaphos resis-
tance proved to be an excellent selection marker for insertional
mutagenesis of the otherwise intractable strain K. pneumoniae (9).

poson will tolerate further insertion events. This should
afford successive insertions of foreign inserts in the same
strain through the use of different selection markers. We
have used this property to insert different portions of the
control elements of the TOL plasmid catabolic operons into
the chromosome of P. putida KT2442 to study their regula-
tion in monocopy dosage (Kessler et al., unpublished data).
The availability in the auxiliary plasmids of two sets of

polylinkers flanked by Notl or Sfil sites simplifies the
construction of specialized transposons for different pur-
poses. This, combined with the lack of transcriptional-
translational termination signals in the 19-bp Tnr inverted
repeats, allows the generation of a whole variety of transpo-
son cassettes for operon or gene fusions to reporter genes or
regulatory signals (see, e.g., reference 8a).
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