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Active biological containment (ABC) systems have been designed to control at will the survival or death of
a bacterial population. These systems are based on the use of a killing gene, e.g., a porin-inducing protein such
as the one encoded by the Escherichia coli gef gene, and a regulatory circuit that controls expression of the
killing gene in response to the presence or absence of environmental signals. An ABC system for recombinant
microorganisms that degrade a model pollutant was designed on the basis of the Pseudomonas putida TOL
plasmid meta-cleavage regulatory circuit. The system consists of a fusion of the Pm promoter to lacl, whose
expression is controlled by XylS with 3-methylbenzoate, and a fusion of a synthetic P,,. promoter to gef. In the
presence of the model pollutant, bacterial cells survived and degraded the target compound, whereas in the
absence of the aromatic carboxylic acid cell death was induced. The system had two main drawbacks: (i) the
slow death of the bacterial cells in soil versus the fast killing rate in liquid cultures in laboratory assays, and
(ii) the appearance of mutants, at a rate of about 10~® per cell and generation, that did not die after the
pollutant had been exhausted. We reinforced the ABC system by including it in a Aasd P. putida background.
A P. putida Aasd mutant is viable only in complex medium supplemented with diaminopimelic acid, methionine,
lysine, and threonine. We constructed a P. putida Aasd strain, called MCR7, with a Pm::asd fusion in the host
chromosome. This strain was viable in the presence of 3-methylbenzoate because synthesis of the essential
metabolites was achieved through XylS-dependent induction. In the P. putida MCR?7 strain, an ABC system
(Pm::lacl, xylS, P,,.:gef) was incorporated into the host chromosome to yield strain MCRS. The number of
MCRS mutants that escaped killing was below our detection limit (<10~° mutants per cell and generation).
The MCRS strain survived and colonized rhizosphere soil with 3-methylbenzoate at a level similar to that of
the wild-type strain. However, it disappeared in less than 20 to 25 days in soils without the pollutant, whereas
an asd™, biologically contained counterpart such as P. putida CMC4 was still detectable in soils after 100 days.

Soil bacteria belonging to the species Pseudomonas putida
show high metabolic versatility and a variety of characteristics
that make them attractive for environmental applications and
agricultural uses (18, 27). They can colonize the surface of
plant roots and the rhizosphere, which is the part of the soil in
which microorganism activity is influenced by the plant root
and where nutrients are obtained from root exudates (7, 18,
22). In turn, some bacterial strains can promote plant growth
and are potentially useful in the biocontrol of certain patho-
gens (18, 34). Many P. putida strains have the ability to degrade
toxic organic compounds, which are frequently present as con-
taminants in the environment. P. putida KT2440 is a soil bac-
terium whose genome is being sequenced (www.tigr.org
/KT2440). This strain was recognized by the National Institutes
of Health as a nonpathogenic microorganism and as a suitable
host for DNA manipulation (2). P. putida KT2440 and its
derivatives have been used widely in biodegradation studies
and have been the host for the construction of recombinant
pathways to remove recalcitrant xenobiotics (1, 9, 24). This
strain can also colonize the rhizosphere of plants at high pop-
ulation densities, making it a candidate suitable for use in
rhizoremediation (21, 22) and biological control through the
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expression of insecticidal proteins (4). The strain is also being
used for the synthesis of pharmaceutical products and the
biosynthesis of added-value chemicals (5, 16, 25).

Recombinant derivatives of P. putida KT2440 used for bio-
production of added-value pharmaceuticals can be physically
contained in reactors; however, recombinant derivatives de-
signed for the treatment of polluted sites will eventually be
used in open environments. The consequences of the introduc-
tion and persistence of genetically engineered microorganisms
(GEMs) in polluted sites, and their effects on recolonization of
these sites by indigenous microbiota once the pollutants have
been removed, are unknown. These issues raise serious con-
cerns.

One way to decrease the persistence of GEMs in the envi-
ronment is to provide them with active biological containment
(ABC) systems. These systems are based on the control of a
lethal function (e.g., porin-like protein, nuclease) via sensory
systems that recognize physical or chemical signals in the sur-
rounding environment (19, 20, 33). We developed a circuit for
the biological containment of bacteria that uses the regulatory
circuit of the TOL plasmid meta-cleavage pathway, namely, the
xylS gene and its cognate Pm promoter, and the porin-like-
protein-encoding gef gene of Escherichia coli or the gene E
product of the phage $X174 (3, 21, 29, 30). The model (shown
in Fig. 1A) predicts survival of the biologically contained strain
in the presence of XylS effectors (i.e., a wide variety of alkyl-
and halo-substituted benzoates [26]) because expression of the
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FIG. 1. Scheme of an ABC model system (A) and the dual con-
tainment system (B) to control survival of bacteria by varying the
availability of 3MB. Pm, promoter for the meta pathway; lacl, repres-
sor for the lac operon; xylS, positive regulator of Pm; asd, aspartate-
B-semialdehyde dehydrogenase gene; P, o403 modified promoter
for the lac operon; gef, killing gene from E. coli.

lacI gene gives rise to the production of the Lacl repressor,
which in turn prevents the expression of the killer gene. In-
stead, when the pollutant is exhausted, the lack of induction of
Pm results in the lack of the repressor protein, thereby per-
mitting the expression of the lethal gene and subsequent cell
death. This ABC system has been refined since it was con-
ceived by Contreras et al. (3) to create efficient suicide strains,
whose rate of escape from killing was in the range of 10~ % per
cell and generation (30). The biologically contained bacteria
were shown to be able to colonize the rhizosphere of plants in
outdoor experiments in soil with 3-methylbenzoate (3MB) but
not in unpolluted soils. In contrast, the parental strain colo-
nized the rhizosphere of plants grown in both polluted and
nonpolluted soils (21). However, the rate of cell killing in soil
was relatively slow with respect to that observed in the labo-
ratory, and disappearance of the biologically contained strains
from the soil took almost 100 days.

A way to improve the performance of the ABC system is to
increase the rate of disappearance of the contained strains in
soils. We hypothesized that this would be possible in a genet-
ically engineered background in which the expression of a gene
that gives rise to essential metabolites is under the control of
the promoter used for the expression of the repressor that
prevents the synthesis of the killing protein. This would guar-
antee at the same time both the synthesis of the essential
metabolites and the expression of the repressor of the killing
system (Fig. 1B). In turn, in the absence of the trigger, the
expression of the killing protein and the debilitation of the
strain should lead to a faster disappearance rate.

The asd gene product is involved in the biosynthesis of
aspartate-pB-semialdehyde, a key intermediate in the biosynthe-
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sis of diaminopimelic acid (DAP) and of amino acids such as
lysine, methionine, and threonine. Strains of Salmonella en-
terica serovar Typhimurium (23) and Pseudomonas aeruginosa
(12) that lack the asd gene are unable to grow on minimal
medium unless the culture medium is supplied with a complex
mixture of nutrients and undergo rapid lysis in the absence of
DAP. Inspection of the genome sequence of P. putida KT2440
allowed us to identify the asd gene in this microorganism, and
we decided to exploit it to reinforce the biological containment
of P. putida strains designed for bioremediation.

In this study we show that the ABC system can be reinforced
by using a host strain in which the natural asd gene has been
replaced by a fusion of the Pm promoter to the asd gene. The
new biologically contained strain dies in soils faster than pre-
vious constructs, and the rate of mutations leading to escape
from killing in the strain with the reinforcement system is
reduced by at least one order of magnitude in comparison with
previously assayed GEMs.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study and their relevant characteristics are shown in Table
1. Bacterial strains were grown aerobically in liquid Luria-Bertani (LB) medium.
P. putida strains were also grown in M9 minimal medium supplemented with 28
mM glucose and with 5 to 15 mM benzoate or 10 mM 3MB. P. putida was usually
incubated at 30°C, and E. coli strains were incubated at 37°C. For growth of the P.
putida Aasd mutant constructed in this study, the culture media were supplemented
with 5 mM DAP and 40 pg (each) of lysine, methionine, and threonine ml~'. When
required, antibiotics were used at the following final concentrations (in micrograms
milliter ~!): ampicillin, 100; chloramphenicol, 30; kanamycin, 50; streptomycin, 100;
rifampin, 20. Isopropyl-B-p-thiogalactopyranoside was used at 2 mM.

Recombinant DNA techniques. DNA was manipulated according to standard
procedures (31). For PCR amplification of the chromosomal asd gene of P.
putida KT2440, appropriate primers designed on the basis of the available ge-
nome sequence were used to prime synthesis in a 50-pl reaction mixture con-
taining 10 ng of bacterial DNA, each deoxynucleotide triphosphate at 0.1 mM,
each primer at 0.5 uM, 5% (vol/vol) dimethyl sulfoxide, and 0.025 U of Tag
polymerase (Pharmacia, Uppsala, Sweden) in the buffer supplied by the manu-
facturer. The PCR conditions were as follows: 1 cycle at 94°C for 5 min; 25 cycles
at 94°C for 1 min, 68°C for 1 min, and 72°C for 2 min; and a final extension at
72°C for 10 min.

In vitro construction of an asd deletion. The amplified P. putida KT2440 asd
gene was labeled with digoxigenin and used to screen a genomic library of the
wild-type strain made in the cosmid vector pPLAFR1. The cosmid from the clones
that showed a positive hybridization signal was isolated, digested with EcoRI,
and analyzed by Southern blotting against the same probe. This allowed us to
locate the asd gene in a 3.7-kb EcoRI fragment. This fragment was isolated and
cloned into pUCI8Not to obtain pMCRS. The fragment was sequenced to
confirm the presence of the asd gene and to determine the P. putida DNA
flanking the asd gene, which was about 1.9 kb in 5" and 0.6 kb in 3" with respect
to the asd gene. The whole asd gene in pMCRS5 was removed as follows. Two
oligonucleotides, asd5X (5'-CTAGATCTGTACTCGAGCGGCACCGGGAAT
TTTGGGGGG-3") and asd3X (5'-CCGCTCGAGTACAGATCTAGCACCTG
AAAAATACCGCAC-3"), were designed outward from the asd gene to carry
complementary ends and a Xhol site (underlined in the sequence). In this case,
plasmid DNA was treated as previously described (6), and Expand High Fidelity
PCR was used under the following conditions: 1 cycle at 94°C for 5 min; 30 cycles
at 94°C for 1 min, 50°C for 1 min, and 72°C for 4 min; and a final extension at
72°C for 10 min. The long PCR product was treated with Xhol and was ligated
to obtain pMCR5Aasd. Then a 1.1-kb Xhol fragment containing the xy/lE gene
was cloned into the Xhol site of this plasmid. The resulting plasmid was called
pAasdXylE. Finally, the 3.6-kb EcoRI fragment of this plasmid, which contained
the xylE gene flanked by P. putida DNA, was blunted and subcloned at the Smal
site of pKNG101 to yield pKNGAasdXylE.

Estimation of the mutation rate of the suicide system in biologically contained
P. putida strains. Fluctuation tests were done as previously described (14) to
estimate the mutation rate in bacteria that escaped from the biological contain-
ment system.
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TABLE 1. Strains and plasmids used in this study
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Strain or plasmid

Relevant characteristics®

Reference or source

E. coli
IM109 F'(traD36 proAB™ lacZAMI15 lacl9) recAl 36
supE44 endAl hsdR17 gyrA96 relAl thi-1
A(lac-proAB)
CC118N\pir A(ara-lew)7697 araD139 AlacX74 galK galE 11
PphoA20 thi-1 rpsE rpoB argE(Am) recAl
Ipir
P. putida
KT2440 Prototroph 8
UwWC1 Rif" derivative of KT2440 Pseudomonas stock center at Estacion
Experimental del Zaidin
Aasd(pWWO0) KT2440 Aasd:xylE This study
MCR7 3MB™, Aasd mini-Tn5/Sm::(Pm::asd)(pWWO0) This study
MCRS8 MCR7:mini-Tn5/Km::(xylS Pm::lacl This study
Paroao3:8ef)
CMC4(pWWO0) 3MB™*, mini-Tn5/Km::(xylS, Pm::lacl 21
Paroao3:8ef)
Aasd(pWWO0, pBASD?2) Aasd(pWWO0) bearing pBASD2 This study
Plasmids
pASD1 Tc" pLAFR3 carrying a 25-kb chromosomal This study
fragment from P. putida KT2440 with the
asd gene
pBASD2 pBBRIMCS-5 carrying a 3.6-kb EcoRI This study
fragment from pMCRS
pBBRIMCS-5 Gm" RK20riT, a-lacZ 15
pAasdXylE pPMCRS5Aasd carrying a xylE cassette This study
replacing the asd gene
pKNG101 Sm" gene replacement vector, R6Koril/, 13
RK2o0riT, sacB
pKNGAasdXylE pKNGI101 carrying, at the Smal site, a 3.6-kb This study
EcoRI fragment from pAasdXylE
pMCR5 pUCI18Not carrying a 3.6-kb EcoRI fragment This study
from the cosmid pASD1, Ap*
pMCR5Aasd pMCRS with a deletion of the asd gene This study
pRK600 Cm" ColEloriV RK2mob " tra™ 11
pSM1350 Km" Ap* xyIS Pm::lacl Py o403::8ef 21
pSPm::asd Sm" Ap" Pm::asd fusion cloned into the Notl This study
site of pUT/mini-Tn5/Sm
pUCI18Not Ap" cloning vector oriColEl, a-lacZ 11
pUPm::asd pUCI18Not derivative carrying a Pm::asd This study
fusion
pUT/mini-Tn5/Sm Ap" Sm" R6Kroril’ RP4oriT 11
pxylE10 Km', source of the promoterless xy/E cassette 32
pWWO IncP9 mob™ tra™ 3MB* 35

“Ap', Cm", Gm", Km", Sm", and Tc" stand for resistance to ampicillin, chloramphenicol, gentamicin, kanamycin, streptomycin, and tetracycline, respectively.

PA1.04/03 is a synthetic lac promoter (17).

Seed coating and soil inoculation. A natural soil consisting of 6% (wt/wt)
CaCOj3 and 0.5% (wt/wt) organic matter was mixed with vermiculite (3:1, wt/wt),
and the water content of the soil was adjusted to 50% of the field capacity. The
pots were kept in a greenhouse at 18 to 22°C with natural light-dark cycles. For
these assays, cells were grown on 50 ml of M9 minimal medium with 10 mM
3MB. When they had reached the mid-log growth phase they were harvested
from 500 ml of culture medium by centrifugation, washed twice in 50 mM
phosphate-1% (wt/vol) NaCl, and resuspended in the same buffer to about 10
CFU ml~ " Sixty corn seeds (Zea mays) were soaked in 25 ml of the cell
suspension for 30 min with gentle shaking at 30°C. The number of bacteria
attached per seed was estimated as follows. Three seeds coated with P. putida
were air-dried and then transferred to a glass tube with 5 ml of M9 minimal
medium without a C source. They were vortexed for 1 min to remove cells weakly
adhered to the seed. The procedure was repeated two additional times, and serial
dilutions were spread on plates. Each seed was found to be coated with about
(6 = 1) X 10° CFU of the target strain. Three seeds were sown per pot at a depth
of 2 cm in pots that were 10 cm in diameter and 20 cm deep and that contained
600 g of the soil mixture. Two pots were used per sample, and all samples were
analyzed in triplicate.

Monitoring bacteria in soil and in the rhizosphere. After germination, indi-
vidual plants were sampled after the appearance of the first true leaf (i.e., 7 days
after sowing) and at subsequent time points. Whole plants were gently removed
from the soil, and bacteria were counted in the soil attached to the roots
(rhizosphere soil). The roots were placed in a 250-ml Erlenmeyer flask with 50 to
100 ml of M9 minimal medium without a C source and shaken for 30 min on a
Heidolph bench shaker at 200 strokes per min at 30°C. Soil suspensions were
then serially diluted (10-fold), and 0.1-ml aliquots were spread in triplicate on
selective medium. The strains were counted on selective minimal medium with 5
mM 3MB as the sole C source and the appropriate antibiotics. The number of
CFU per gram of bulk soil was determined as described above except that soil
not attached to the root was used.

RESULTS AND DISCUSSION

Construction of a P. putida asd mutant strain. We con-
structed a P. putida strain in which the asd gene was deleted by
gene replacement. Plasmid pKNGAasdXylE was used to de-
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FIG. 2. Cell viability of different P. putida strains in M9 culture medium with different supplements. The P. putida strains used were KT2440
(A), KT2440 Aasd (B), KT2440 Aasd(pBASD2) (C), and KT2440 Aasd(pBBRIMCS-5) (D). Cells were inoculated in M9 minimal medium
supplemented (e ) or not supplemented (O) with DAP, methionine, threonine, and lysine.

liver the Aasd:xylE mutation to the host P. putida chromosome
via homologous recombination in two steps (10, 13). The sui-
cide pKNGAasdXylE plasmid was mobilized from E. coli
CC118\pir, also bearing pRK600, into P. putida KT2440 by
conjugation (11). P. putida transconjugants bearing a cointe-
grant of the plasmid in the host chromosome were selected on
M9 minimal medium with benzoic acid as the sole C source
and streptomycin. Streptomycin-resistant (Sm') transconju-
gants appeared at a frequency of about 10~ per recipient, and
all turned bright yellow after being sprayed with a 0.5 M solu-
tion of catechol. This confirmed the incorporation of xylE.
(Catechol 2,3-dioxygenase, encoded by xylE, converts catechol
into the yellow 2-hydroxymuconic acid semialdehyde.) The
transconjugants were unable to grow in the presence of 7%
(wt/vol) sucrose in LB medium with DAP, lysine, methionine,
and threonine at 30°C because of the synthesis of levans, prod-
ucts formed by the sacB gene product. One of the transconju-
gants was selected at random and grown overnight at 30°C in
M9 minimal medium with glucose as a sole C source (supple-
mented with DAP and the three amino acids named above) in
the absence of any antibiotics to select for the second recom-
bination event. This resulted in the loss of the wild-type gene,
the Sm" marker, and the sacB gene. Sucrose-resistant (Suc”)
colonies appeared at a frequency of about 10~7. Among the

Suc” colonies we looked for catechol 2,3-dioxygenase-positive,
Sm°® clones, and one of them was chosen at random for further
characterization. Successful allelic exchange in the selected
clone was checked by PCR and by Southern blot hybridization
(data not shown). This strain was called P. putida Aasd, and as
expected, it grew in M9 minimal medium with benzoate if and
only if the medium was supplemented with DAP, methionine,
threonine, and lysine.

To confirm the nature of the asd mutation, we electroporated
the mutant strain P. putida Aasd with pPBBRIMCS-5 and its de-
rivative, pPBASD2, which bears the asd gene. P. putida KT2440, P.
putida KT2440Aasd, P. putida KT2440Aasd(pBASD?2), and P.
putida KT2440Aasd(pBBR1IMCS-5) were grown in liquid min-
imal medium with glucose, DAP, lysine, methionine, and thre-
onine, and then the cultures were diluted to a turbidity of 0.2
units at 660 nm in M9 minimal medium with glucose as the C
source supplemented with DAP, lysine, methionine, and thre-
onine (or not supplemented). As expected, the wild-type strain,
P. putida KT2440, was able to grow under both conditions (Fig.
2A), whereas the mutant strain was able to grow only in the
medium supplemented with DAP and all three amino acids
(Fig. 2B). The complemented mutant strain was able to grow at
a rate similar to that of the wild type in the presence and in the
absence of DAP and the amino acids (Fig. 2C), whereas the
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FIG. 3. Complementation of the Aasd deletion in P. putida by the cloned asd gene. The P. putida strains used were KT2440(pWWO) (circles),
MCRY7 (squares), Aasd(pWWO0) (triangles), and MCRS (diamonds). Cells were pregrown on M9 minimal medium with 3MB as the sole C source
and supplemented with DAP, lysine, methionine, and threonine. Then cultures were diluted 50-fold in unsupplemented M9 minimal medium with
glucose (A) (open symbols) or 3MB (B) (closed symbols) as the sole carbon source.

mutant strain bearing the control plasmid pBBR1IMCS-5 was
unable to thrive in the absence of DAP and the amino acids
(Fig. 2D). Therefore, pBASD2 was able to complement the
mutation in P. putida Aasd, thus confirming the mutation in
this strain.

Reinforcement of the biological conditional lethal system
based on the TOL plasmid meta-cleavage pathway regulatory
circuit. To reinforce the ABC system described in the intro-
duction, we decided to take advantage of the severe growth
inhibition imposed by the lack of the asd gene, which can be
overcome by providing the asd gene in trans. To incorporate
the asd gene into the containment system we decided to ex-
press the asd gene from the Pm promoter. We first constructed
pUPm::asd, which is a pUC18Not derivative that carries a
fusion of the asd gene to the Pm promoter. The 1.5-kb Norl
fragment carrying Pm::asd was cloned into the Notl site of
pUT/mini-Tn5/Sm and then transferred into the chromosome
of P. putida Aasd bearing pWWO0 by conjugation. (Note that
pWWO was used as the source of the xylS gene.) Transconju-
gants appeared at a frequency of about 2 X 10~ ° per recipient
cell. All transconjugant cells grew on M9 minimal medium
containing 3MB as the sole C source but not with glucose as
the sole C source. This behavior confirmed that the XylS-3MB
complex efficiently induced expression of the Pm:asd fusion to
achieve the biosynthesis of metabolites essential for growth
and also induced the meta operon for 3MB catabolism.

Ideally, the elements of the containment system should be
located in chromosomal sites with a low mobilization rate.
Ramos-Gonzalez et al. (28) have shown that the TOL plasmid
is able to mobilize the host chromosome and that the rate of
mobilization is influenced by the physical location of the
marker. To compare the mobilization frequency of the insert
of 10 independent clones bearing the Pm::asd fusion, we set up
conjugation experiments in which the donor strains were the
clones with the mini-Tn5/Sm and the TOL plasmid (Rif* Sm"

3MB") and P. putida UWC1 (Rif" Sm® 3MB ™) was the recip-
ient. We obtained Rif" 3MB™ transconjugants of P. putida
UWCI cells at a frequency of 10~ to 1072 per recipient,
whereas the frequency of derivatives that had received the Sm*
marker from the chromosome varied between 10~° and fewer
than 10 per recipient. One clone whose Sm" marker was mo-
bilized at a rate lower than 10~® transconjugants per recipient was
selected and named P. putida MCR7. P. putida KT2440(pWWO),
P. putida KT2440Aasd(pWWO0), and P. putida MCR7 were grown
in liquid minimal medium with 3MB or glucose as the sole
carbon source. The wild-type strain grew in both media, P.
putida MCR7 bearing a Pm:asd fusion grew in the medium
with 3MB as a consequence of the expression of the asd gene,
and P. putida Aasd(pWWO0) did not grow in these culture me-
dia, as expected (Fig. 3). (No mutants of this latter strain were
found even after prolonged [96 h] incubation of the cultures.)
To reinforce the containment system we decided to bring to-
gether the Pm:asd fusion and the ABC system which carries a
fusion of the lacl gene to the Pm promoter plus the xylS gene
and a fusion of the gef gene from E. coli to the P, o403
promoter (17) (Fig. 1B). The rationale for the reinforced bio-
logical containment system was as follows. In the presence of
3MB, synthesis of Lacl protein prevents the expression of the
killing gene; on the other hand, synthesis of the Asd protein
made from the Pm promoter allows synthesis of essential me-
tabolites, and the cells survive (Fig. 1B). In the absence of
effectors of the XylS protein, the killing gene is expressed and
the host cells die as a consequence of debilitation due to the
lack of DAP bridges between peptidoglycan chains in the
periplasmic space and the lack of essential amino acids.
Transfer of the containment system in pSM1350 into the
chromosome of P. putida MCR7 was achieved by conjugation
as described before (29). The transconjugants appeared at a
frequency of about 5 X 10~ per recipient cell. As described
above, we tested the rate of mobilization of the marker in
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FIG. 4. Survival of different P. putida strains under greenhouse conditions. Zea mays seeds were coated with P. putida MCRS (squares), P.
putida CMC4 (diamonds), P. putida KT2440 Aasd(pBASD2, pWWO0) (circles), P. putida MCR7 (triangles), or P. putida Aasd(pWWO0) (inverted
triangles). Coated seeds were sown in pots in which the soil was supplemented (B) (closed symbols) or not supplemented (A) (open symbols) with
3MB. The number of CFU per gram of rhizosphere soil was determined at the times indicated. Data are the averages of values from three
independent counts, and the standard deviations were between 5 and 17% of the given values.

different clones. Five clones whose Km"™ marker was mobilized
at a rate equal to or lower than 103 per recipient were kept.
Fluctuation tests of all five clones were done to determine the
rate of mutant escape from cell killing. It was found that the
rate of mutation was below 10~? per cell and per generation in
all cases. One of the transconjugants carrying the mini-
Tn5/Km (xylS, Pm:lacl, P o1 _o4,03::8¢f) Was selected as a strain
in which the containment system had been reinforced and was
named P. putida MCRS. This strain grew in liquid medium with
3MB without any other supplement (Fig. 3). In this culture
medium, with 3MB as the sole C source, the growth rate (62 =
4 min) was similar to that of P. putida KT2440(pWWO0), which
exhibited a growth rate of 58 = 3 min. These results suggest
that the contained strain was as efficient as the parental one in
the degradation of the target pollutant.

Survival of the reinforced biologically contained MCRS
strain and other P. putida strains in the rhizosphere of corn
plants. The behavior of P. putida KT2440 Aasd(pWWO0), P.
putida KT2440 Aasd(pWWO, pBASD2 [Pm::asd]), P. putida
MCR7(pWWO0), and P. putida MCR8(pWWO [Pm:asd,
Pm::lacl, P, ::gef]) (Aasd, Pm::asd) was assayed in pots planted
with corn and kept under greenhouse conditions. In this series
of assays we also included P. putida CMC4(pWWO0), a strain
bearing the same ABC system as MCRS but in a wild-type
asd™ background. This strain had been constructed before
(30). The assay conditions are given in Materials and Methods,
and the results obtained are shown in Fig. 4. Both in the
absence and in the presence of 3MB, the control strain [P.
putida Aasd(pWWO0, pBASD2)] tended to become established
at a density of about 10° to 107 CFU per g of rhizosphere soil.
The number of CFU per gram of soil of the mutant P. putida
Aasd(pWWO) strain decreased steadily with time and reached

levels below our detection limit (i.e., <50 CFU/g of rhizo-
sphere soil) 25 days after the start of the assay regardless of the
presence of 3MB in the soil. The behavior of the contained
strain, P. putida CMC4(pWWO0), was as previously reported
(21, 29); namely, the number of cells tended to decrease with
time, particularly in the absence of 3MB, although 100 days
after the start of the assay we were still able to recover 5 X 10?
to 10° CFU per gram of soil (data not shown). P. putida strains
MCR?7 and MCRS behaved similarly in soils containing 3MB:
we found that they became established at about 10° CFU/g of
soil; however, in the absence of 3MB the number of CFU of
MCRS per gram of rhizosphere soil decreased faster than that
of MCR?7 and fell below our detection limits after about 25
days.

The concept of ABC was conceived by Molin et al. (19), who
showed that cloning of the killer 7ok gene under the trypto-
phan promoter of E. coli induced cell killing when cells were
transferred to a culture medium without tryptophan. Contreras
et al. (3) extended this concept to the control of recombinant
bacteria that degrade xenobiotics through the TOL meta-cleav-
age pathway. These investigators showed that survival or death
of a population of bacteria could be controlled with an ABC
system, as shown in Fig. 1A.

In all genetic systems mutations appear at a certain fre-
quency, and in the case of containment systems mutations that
lead to escape from killing have been reported. In the original
system, in which the control element and the killing genes of
the containment system were on a plasmid, the rate of gene
escape was as high as 107> to 10~° mutants per cell and
generation (3, 19). A series of improvements, including the use
of minitransposons to incorporate killing genes or the entire
biological containment system on the host chromosome, led to
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the construction of strain P. putida CMC4(pWWO0), a strain in
which the rate of escape from killing was in the range of 10~%
per cell and generation. This rate of escape was considered
satisfactory, and field-release assays were carried out with this
contained strain and a control uncontained strain (29). It was
found that when the control strain colonized the rhizosphere of
plants in unpolluted soils and in soils polluted with 3MB, the
survival of the contained strain was compromised by the ab-
sence of the model pollutant so that the number of viable cells
decreased with time in soils without the aromatic carboxylic
acid. However, the contained strain disappeared from the soil
much more slowly than was expected from the results obtained
in the laboratory. The reasons for this slower killing rate were
unknown. Effective killing mediated by the gef gene product
results from the collapse of the cell membrane potential upon
insertion of the killing protein in the cytoplasmic membrane
(20). We reasoned that the killing system could be reinforced
by a gene whose product is needed to synthesize essential
metabolites and that this gene should be expressed from the
same promoter as the killing gene. Behind this idea was also
our intention to debilitate the contained strain and increase its
rate of suicide. To this end we chose the asd gene, which
encodes the Asd protein needed for biosynthesis of DAP, and
three amino acids. Because DAP is involved in cross-linking of
the peptidoglycan chains of gram-negative bacteria, the lack of
synthesis of this compound debilitates cells and prevents
growth, effects that eventually lead to cell death. We have
shown here that P. putida lacking the asd gene has complex
growth requirements but that expression of the asd gene from
the XylS positively regulated Pm promoter in the presence of
XylS effectors allowed cell growth without the need to add
exogenous DAP and amino acids. We then envisaged a way to
reinforce the containment of P. putida by combining the killing
system and the expression of the asd gene from Pm in a Aasd
strain. We have shown that the Aasd strain bearing the ABC
system and a Pm::asd fusion is viable in culture medium with
3MB and that mutations leading to escape from killing in the
reinforced strain occur at a rate below our detection limits. In
addition, the induction of cell death in the rhizosphere of corn
plants in the absence of the model pollutant is significantly faster
than in asd® counterparts such as P. putida CMC4(pWWO0).
Therefore, our results confirm that the ABC system based on
the porin-like-protein-encoding killing genes can be reinforced
with regard to killing efficiency and rate of killing by incorpo-
ration into an asd mutant background. The contained strain, P.
putida MCRS, was unable to colonize bulk soil, in contrast with
the control (uncontained) strain. This indicates that Aasd-con-
tained strains may be severely limited in their ability to colo-
nize some environments. One of the drawbacks that the dual
system still presents is that the two lethal systems are not
independent since they are ultimately controlled by the XylS
protein. Constitutive XylS mutants, induced by powerful mu-
tagenic compounds such as ethyl methanesulfonate and ni-
trosoguanidine, have been described before (37), and there-
fore, if such mutants appear no killing can take place because
of the continuous synthesis of Lacl and aspartate B-semialde-
hide dehydrogenase. Other issues that deserve consideration in
remediation assays are the viability of contained cells when the
target pollutant in the soil is not bioavailable and the number
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of microorganisms that need to be introduced to achieve an
efficient removal of the pollutants.

Although a number of questions still need further research,
our present results in this study show that the survival or death
of a bacterial population can be accurately controlled. Other
applications of ABC systems can be envisaged in fields where
biological containment may be desirable, such as crop protec-
tion and live vaccines for animals.
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