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The bioremediation of polluted groundwater and toxic waste sites requires that bacteria come into close
physical contact with pollutants. This can be accomplished by chemotaxis. Five motile strains of bacteria that
use five different pathways to degrade toluene were tested for their ability to detect and swim towards this
pollutant. Three of the five strains (Pseudomonas putida F1, Ralstonia pickettii PKO1, and Burkholderia cepacia
G4) were attracted to toluene. In each case, the response was dependent on induction by growth with toluene.
Pseudomonas mendocina KR1 and P. putida PaW15 did not show a convincing response. The chemotactic
responses of P. putida F1 to a variety of toxic aromatic hydrocarbons and chlorinated aliphatic compounds were
examined. Compounds that are growth substrates for P. putida F1, including benzene and ethylbenzene, were
chemoattractants. P. putida F1 was also attracted to trichloroethylene (TCE), which is not a growth substrate
but is dechlorinated and detoxified by P. putida F1. Mutant strains of P. putida F1 that do not oxidize toluene
were attracted to toluene, indicating that toluene itself and not a metabolite was the compound detected. The
two-component response regulator pair TodS and TodT, which control expression of the toluene degradation
genes in P. putida F1, were required for the response. This demonstration that soil bacteria can sense and swim
towards the toxic compounds toluene, benzene, TCE, and related chemicals suggests that the introduction of

chemotactic bacteria into selected polluted sites may accelerate bioremediation processes.

Bacterial chemotaxis has been studied in detail for Esche-
richia coli and Salmonella enterica serovar Typhimurium (35).
Simple sugars, amino acids, and organic acids are chemoat-
tractants for these enteric bacteria. Aromatic acids such as
benzoate, 4-hydroxybenzoate, and salicylate are attractants for
Pseudomonas putida PRS2000 (15). Recently, the soil bacte-
rium P. putida G7 was reported to be attracted to the pollutant
naphthalene (12, 24, 31). This expanded the range of organic
compounds that are known to serve as bacterial chemoattrac-
tants to include aromatic hydrocarbons. However, nothing is
known about chemotaxis towards other common aromatic hy-
drocarbons such as toluene and benzene. Five distinct path-
ways have been described for the aerobic degradation of tol-
uene. All pathways are initiated with the oxidation of toluene,
but five different oxidation products are formed (Fig. 1). P.
putida F1 contains toluene 2,3-dioxygenase, an enzyme that
oxidizes the aromatic ring of toluene, incorporating both atoms
of molecular oxygen. After a dehydrogenation step, 3-methyl-
catechol is formed. This compound is further degraded via
meta ring fission (8, 10, 11). P. putida PaW15 (a leucine auxo-
troph of strain mt-2) initiates degradation at the methyl group
of toluene, eventually forming benzoate. Benzoate is converted
to catechol, which is also degraded by a meta cleavage route
(41). Strains that monooxygenate the aromatic ring of toluene
have also been described. Burkholderia cepacia G4 utilizes a
toluene 2-monooxygenase that sequentially oxidizes the aro-
matic ring at the 2- and 3-positions to form o-cresol and then
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3-methylcatechol (32). Ralstonia pickettii PKO1 (formerly
Burkholderia pickettii PKO1 [42]), has a toluene 3-monooxy-
genase that attacks initially at the 3-position of toluene, form-
ing m-cresol, and a second monooxygenase attacks at the
2-position of m-cresol, to form 3-methylcatechol (30). 3-Meth-
ylcatechol is degraded by a meta cleavage pathway in strains
G4 and PKOL. Finally, Pseudomonas mendocina KR1 has a
toluene 4-monooxygenase that oxidizes toluene to form
p-cresol. The methyl group of p-cresol is then sequentially
oxidized to form 4-hydroxybenzoate, which is further degraded
by the B-ketoadipate (ortho) pathway (39, 40). In each of these
five strains, toluene degradation genes are expressed during
growth with toluene (7, 18, 26, 28, 40). Here, five strains of
bacteria that degrade the aromatic hydrocarbon toluene by
these five different oxidative pathways were screened for their
ability to sense and respond behaviorally to a concentration
gradient of toluene. Chemotaxis of one of these strains, P.
putida F1, towards 12 organic pollutants was tested.

MATERIALS AND METHODS

Growth of bacterial strains. For chemotaxis assays, P. putida F1 (8, 10) was
grown in minimal medium (MSB) (34) with 40 mM pyruvate and toluene pro-
vided as a vapor (induced) or with 40 mM pyruvate only (uninduced). P. putida
F1 and mutant derivatives were kindly provided by D. T. Gibson. P. putida F1
mutant strains were grown under identical conditions. B. cepacia G4 (32), R.
pickettii PKO1 (30), P. mendocina KR1 (39), and P. putida PaW15 (41) were
grown in MSB with 10 mM succinate with (induced) or without (uninduced)
toluene present. PaW15 cultures were supplemented with 50 pg of leucine per
ml. Growth with alternative carbon sources was determined in MSB liquid
medium or on MSB agar plates. Volatile compounds were supplied in the vapor
phase. Growth was reported as positive if the culture could be sequentially
transferred on the substrate when it was provided as the sole carbon source.

Chemotaxis assays. Agarose plug assays were carried out as previously de-
scribed (44) with slight modifications. Plugs contained 2% low-melting-temper-
ature agarose (NuSieve GTG Agarose; FMC Bioproducts, Rockland, Maine) in
chemotaxis buffer (40 mM potassium phosphate [pH 7.0], 0.05% glycerol, 10 mM
EDTA), 10% (vol/vol) toluene, and a few crystals of Coomassie blue to provide
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FIG. 1. Initial reactions in the five bacterial pathways for aerobic degradation
of toluene in strains P. putida F1, P. putida PaW15 (a leucine auxotroph of strain
mt-2 [41]), B. cepacia G4, R. pickettii PKO1, and P. mendocina KR1. P. putida F1
utilizes a dioxygenase-initiated pathway for toluene degradation. G4, PKO1, and
KRT1 initiate toluene degradation with toluene 2-, 3-, and 4-monooxygenases,
respectively. PaW15 carries the TOL plasmid and oxidizes the methyl group of
toluene.

contrast. A drop (10 pl) of the melted agarose mixture was placed on a micro-
scope slide, and a coverslip supported by two plastic strips was then placed on top
to form a chamber. Cells were harvested in log phase (optical density at 600 nm
[ODgq0] of between 0.3 and 0.7), resuspended in chemotaxis buffer to an ODgg
of approximately 0.7, and flooded into the chamber to surround the agarose plug.
Compounds other than toluene to be tested as chemoattractants were also
provided at 10% (wt/vol or vol/vol) in plug assays, except toluene cis-dihydrodiol
and a,o,a-trifluorotoluene (TFT) cis-dihydrodiol (1 mg/ml), succinate (1 mM),
and Casamino Acids (2% [wt/vol]). Control plugs contained no attractant, and no
response was seen. Modified capillary assays were carried out essentially as
previously described (12). Capillaries (1 wl) contained attractant in 1% low-
melting-temperature agarose dissolved in chemotaxis buffer. Attractants were
supplied at between 1 and 3 mM (toluene, benzene, TFT, and trichloroethylene
[TCE]), 2% Casamino Acids, or 1 mg of TFT cis-dihydrodiol per ml. Freshly
grown cells were suspended in chemotaxis buffer to an ODgg, of approximately
0.05 and placed in a chamber formed by a microscope slide, a glass U-tube, and
a coverslip, and the capillary containing the attractant was inserted into the pool
of cells. Cell behavior was observed at an x40 magnification.

RESULTS

Using an agarose plug assay (44), a chemotactic response
was observed in the form of a band of cells that accumulated in
a ring surrounding, but not touching, the toluene-containing
agarose plug (Fig. 2). Diffusion of toluene from the agarose
plug into the surrounding pool of cells results in the develop-
ment of a concentration gradient of dissolved toluene. This
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assay is particularly useful for testing responses to volatile
compounds, since the incorporation of the chemoeffector in
the agarose in this partially closed system reduced the loss of
the aromatic hydrocarbon by volatilization. Toluene is soluble
in aqueous media to a concentration of about 6 mM (33).
Toluene-grown cells of three of the five strains, P. putida F1, R.
pickettii PKO1, and B. cepacia G4, accumulated near agarose
plugs containing toluene (Fig. 2), but strains grown with pyru-
vate or succinate did not respond (data not shown). A weak
response was occasionally seen with toluene-grown P. putida
PaW15, which carries a catabolic plasmid (the TOL plasmid)
that encodes toluene degradation genes. No response to tolu-
ene was observed with P. mendocina KR1 (Fig. 2). When
grown with either toluene or an organic acid, cells of each
strain had a strong chemotactic response to Casamino Acids.
This indicates that all of the strains have a general chemotaxis
system for the detection of amino acids and that all strains
were sufficiently motile to mount a chemotactic response.
These results show that some, but not all, toluene-degrading
strains are chemotactic towards toluene and that the presumed
receptor(s) responsible for detecting toluene is expressed only
in response to growth in the presence of toluene.

A time course of the chemotactic response of P. putida F1 to
toluene in a modified capillary assay (12) is shown in Fig. 3A.
The response was apparent at 1 min and continued to develop
over 10 to 15 min. Pyruvate-grown P. putida F1 did not respond
(data not shown). In the modified capillary assays, there was an
initial clearing at the mouth of the capillary and cells accumu-
lated at a short distance from the capillary (Fig. 3A). Cells
present in the band of accumulation were observed to dart
rapidly back and forth within the band. In contrast, when
Casamino Acids were present in the agarose plug or the cap-
illary, cells accumulated as close to the source as possible. In
chemotaxis systems studied to date, the addition of a chemoat-
tractant to cells results in a short-lived smooth-swimming re-
sponse, where changes of swimming direction are less frequent
(35). Although the results of two different assays indicate that
toluene elicited a positive chemotactic response, we have been
unable to consistently observe smooth-swimming cells upon
addition of toluene. In fact, in temporal assays (14) with high
concentrations of toluene (>500 wM), a repellent response
(increased frequency of changing direction) was observed with
both induced and uninduced cells. Due to the high volatility of
toluene, it is difficult to reproducibly deliver precise amounts.
In plug assays, toluene diffuses into the pool of cells and bac-
teria accumulate at a short distance from the toluene-contain-
ing plug, suggesting that the cells are seeking an optimal con-
centration of toluene. These observations suggest that P.
putida F1 is attracted to a very narrow range of toluene con-
centrations.

The chemotactic responses of P. putida F1 to benzene, eth-
ylbenzene, and TFT were demonstrated in agarose plug assays
(Fig. 3B). A wide range of substituted benzenes were shown to
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FIG. 2. Chemotactic responses of the five bacterial strains (see the legend to Fig. 1) to toluene in agarose plug assays 5 min after addition of cells. Cells were grown

in the presence of toluene as described in Materials and Methods.
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FIG. 3. (A) Time course of the chemotactic response of P. putida F1 to
toluene in modified capillary assays at an x40 magnification. P. putida F1 was
grown in the presence of toluene as described in Materials and Methods. Cap-
illaries contained 1.4 mM toluene. No response was seen when capillaries con-
tained only agarose and chemotaxis buffer. (B) Chemotactic responses of P.
putida F1 to benzene, ethylbenzene, propylbenzene, TFT, TCE, DCE, and PCE
after growth in the presence of toluene. Plug assays were carried out as described
in Materials and Methods. Cells were incubated for 5 min in the presence of the
agarose plugs. Images were cropped.

be chemoattractants in agarose plug assays and modified cap-
illary assays (Table 1). However, the response was specific for
a subset of related compounds. For example, the monosubsti-
tuted compounds toluene, ethylbenzene, and isopropylben-
zene were good attractants, but propylbenzene and the disub-
stituted xylene isomers were not attractants (Fig. 3B; Table 1).
The chlorinated aliphatic compounds TCE, cis-1,2-dichloro-
ethylene (DCE), and perchloroethylene (PCE) elicited posi-
tive responses (Table 1; Fig. 3B). Responses to all aromatic
hydrocarbons as well as to chlorinated aliphatic compounds
were induced during growth of P. putida F1 with toluene. In
contrast, the response to succinate and Casamino Acids was
constitutive (Table 1).

P. putida F1 degrades toluene through an initial dioxy-
genation reaction to form toluene cis-dihydrodiol, followed by
dehydrogenation to form 3-methylcatechol, a compound that is
converted to tricarboxylic acid cycle intermediates by a meta
ring-cleavage pathway (Fig. 4A) (45). The genes for these
reactions have been cloned and sequenced and are arranged
in what is likely to be a single transcriptional unit,
todXFC1C2BADEGIH, on the P. putida F1 chromosome (Fig.
4B) (20, 27, 38, 46). Strains with mutations in various toluene
degradation genes (Fig. 4B) were tested for the ability to re-
spond to toluene. P. putida F4 and P. putida F106 (8), which
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have mutations in fodC1 and todC2, the genes encoding the
toluene dioxygenase o and 3 subunits, responded to toluene, as
did strain P. putida F39/D (10), a toluene cis-dihydrodiol de-
hydrogenase (TodD) mutant (Fig. 4C). None of these strains
grows on toluene. The fodR gene, which is located upstream of
todX (Fig. 4B), appears to encode a nonfunctional truncated
LysR-type regulator. TodX is a membrane protein that has
been implicated in toluene transport (38). Strain FlrodX::Km
has a polar mutation in fodX that blocks growth on toluene.
Strain FltodR::KmAtodX, which has a nonpolar mutation af-
fecting fodR and todX only (38), grows at wild-type rates with
toluene. Both of these strains responded to toluene (Fig. 4C).
These results show that the P. putida F1 chemotactic response
to toluene results from direct detection of the aromatic hydro-
carbon itself and not a metabolite, and they also show that the
membrane protein TodX is not required for the chemotactic
response. TFT is a structural analog of toluene that can be
converted to a cis-dihydrodiol by toluene dioxygenase (2). TFT
itself elicited a chemotactic response, but neither toluene cis-
dihydrodiol nor TFT cis-dihydrodiol was an attractant for P.
putida F1 (Table 1). This is further evidence that toluene itself
is directly detected by strain P. putida F1 as the chemoattrac-
tant.

In the P. putida F1 chromosome, the todRXFCIC2BAD
EGIH gene cluster is followed by two genes, todST (Fig. 4B),
which encode a two-component sensory transduction system
that is required for induction of the fod structural genes in the
presence of toluene (21). Inactivation of todS blocks growth on
toluene, and a mutation in todT results in very slow growth
with toluene. Neither strain FlfodS:Km nor strain FltodT::
Km (21) responded to toluene in agarose plug or modified
capillary assays (Fig. 4C), suggesting that genes required for
the chemotactic response to toluene are coordinately con-
trolled with those for toluene degradation by TodS and TodT
in the presence of toluene.

DISCUSSION

We expect that one or more receptor proteins bind the
aromatic hydrocarbons and chlorinated solvents that are che-
moattractants for P. putida F1 and that this initiates a sensory
signal transduction cascade that modulates swimming behav-
ior. Methyl-accepting chemotaxis proteins (MCPs) are cell sur-
face receptors for sugars and amino acids that have been ex-
tensively studied in E. coli and are found in other motile
bacteria (1, 6). P. putida G7 detects naphthalene with an MCP
that is induced by naphthalene and is cotranscribed with naph-
thalene degradation genes harbored on a large catabolic plas-
mid (13).

It may be that an MCP is also responsible for the toluene-
induced response to toluene exhibited by strain P. putida F1.
The genes for toluene degradation are located on what is
probably a large catabolic transposon on the P. putida F1
chromosome. Nearby are genes for the degradation of
p-cymene (isopropyltoluene) and p-cumate (isopropylbenzo-
ate), and repeated sequences that may have been involved in
an insertion event have been identified (Fig. 4B) (3, 4). How-
ever, there are no genes in the 46-kb sequenced region of P.
putida F1 that would be predicted to encode an MCP. Genes
encoding aromatic hydrocarbon-specific MCPs may exist but
have not yet been found, or other proteins could play a direct
role in the detection and chemotactic response to toluene.
Proteins encoded by genes in or near the fod gene cluster that
are possible candidates for the P. putida F1 toluene chemore-
ceptor are SepABC, a solvent efflux pump encoded by genes
that are located downstream of todT (Fig. 4B) (P. Phoenix, H.
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TABLE 1. Chemotactic response of P. putida F1 to aromatic hydrocarbons, substituted aromatic compounds, and chlorinated

aliphatic compounds

Response by:*
Growth Substrate for
PpF1 PpF1 substrate toluene
Chemical® Structure (induced) (uninduced) Assay®  for PpF1¢ dioxygenase®
CH,
Toluene @ ++ - P,C + Y
Benzene @ ++ - P,C + Y
C,H; P v
Ethylbenzene @ i i *
CH,
o-Xylene @[ - n.d. P - N
CH,
CH,
m-Xylene @ - n.d. P - Y
CH,
p-Xylene @’ o - n.d. P - Y
H,C '
C.H,
Propylbenzene @ - - P - Y
CH(CH,),
Isopropylbenzene @ + - P - Y
Naphthalene + - P - Y
TFT @C“ ++ - P.C - Y
CH,
Toluene cis- o ) ) P i N
dihydrodiol
OH
O onm
TFT cis- - - P.C n.t N
dihydrodiol
OH
Cl -
DCE >C=C<H ++ P n.t. Y
a. . ,a ++ - P.C - Y
TCE =%y
a al + - P n.t. N
pCE Cl> = <Cl
Succinate ‘ooC ~CH~ coo +4 ++ P + n.t
Casamino acids - ++ ++ P,C n.t. n.t.

“ All compounds were provided at the concentrations indicated in Materials and Methods.

b P. putida F1 (PpF1) was grown as described in Materials and Methods. ++, strong response; +, weak response;

determined.

¢ Assay used: P, agarose plug assay; C, modified capillary assay.

4 Growth was determined as described in Materials and Methods. +, growth; —, no growth; n.t., not tested. Growth with benzene, toluene, and
ethylbenzene was previously reported (11). Spontaneous mutants that grew with propylbenzene and isopropylbenzene were observed.

°Y, yes; N, no; n.t., not tested. Dioxygenase substrate data are from references 16 and 19.

Bergeron, A. Patel, and P. C. K. Lau, Abstr. Pseudomonas ’99:
Biotechnology and Pathogenesis, abstr. 137, 1999). It is also
possible that the TodS sensor functions as a receptor to initiate
chemosensory signal transduction. A wide range of aromatic

—, no response; n.d., not
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compounds has been reported to induce the toluene dioxyge-
nase genes (36), and TodS is probably the protein that initially
senses these effectors. This makes TodS an attractive candidate
for a chemoreceptor. However, only a subset of those com-
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FIG. 4. (A) Pathway for the degradation of toluene in P. putida F1. Gene products catalyzing each step are indicated in panel B. (B) Genetic organization of the
toluene degradation gene cluster and surrounding catabolic genes in P. putida F1. Solid arrows indicate repeated sequences (4). Also shown are the functions of the
tod gene products and the locations of mutations of interest. Triangles indicate the insertion of a kanamycin cassette, and asterisks indicate spontaneous mutations.
(C) Chemotactic responses of P. putida F1 and mutant strains after 5 min in the presence of toluene-containing agarose plugs. Strains were grown with pyruvate and
toluene. Plug assays were performed as described in Materials and Methods; images were cropped. Cells grown with pyruvate alone did not respond (data not shown).
No response was observed when toluene was omitted from the plug (data not shown). The response of each strain was tested in the modified capillary assay (data not

shown), and results were consistent with the plug assay results.

pounds that have been shown to induce toluene dioxygenase
expression (i.e., benzene, toluene, ethylbenzene, TFT, and m-
and p-xylene) were also found to be chemoattractants.
Chemotaxis gives motile bacteria the advantage of being
able to locate compounds such as toluene that can support
their growth. Chemotactic cells would be especially efficient at
sensing and swimming towards chemicals that are present at

point sources, for example, absorbed to soil particles in
groundwater or within slowly moving pollutant plumes. In this
way, chemotactic bacteria can overcome mass-transfer limita-
tions that impede bioremediation processes. Once cells are
brought into close contact with pollutants, mechanisms like
biofilm formation and surfactant production can come into
play to increase the bioavailability and biodegradation of ab-
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sorbed chemicals. Chemotaxis of P. putida F1 towards com-
pounds that are not growth substrates is probably a fortuitous
consequence of a broad-substrate-specificity chemoreceptor
that detects a variety of chlorinated aliphatic compounds and
aromatic hydrocarbons, in addition to toluene.

Although it is clear from our analysis of toluene degradation
mutants that the toluene dioxygenase is not required for che-
motaxis towards toluene, it is noteworthy that most of the
compounds that are detected by P. putida F1 as part of its
toluene-inducible repertoire of chemotactic responses are also
substrates for its toluene dioxygenase (Table 1) (16, 19). Tol-
uene dioxygenase and other toluene-oxidizing enzymes detox-
ify the suspected carcinogen and U.S. Environmental Protec-
tion Agency priority pollutant TCE (22, 23, 28, 29, 37, 47).
TCE is the most commonly reported groundwater contami-
nant, and aromatic hydrocarbon-degrading bacteria are be-
lieved to be responsible for the endogenous remediation of
TCE that is seen at contaminated sites. A persistent challenge
to bioremediation as a waste treatment technology is to find
ways to accelerate this process, either by stimulating the activ-
ities of indigenous microorganisms or by directly introducing
strains that have enhanced biodegradation capabilities. To
date, strains G4, KR1, and P. putida F1 have been used in pilot
and field-scale bioremediation applications for removal of
TCE and benzene—toluene—p-xylene mixtures (5, 9, 17, 25, 43).
The results reported here raise the possibility that bacteria
with strong chemotactic responses to environmental pollutants
may speed biodegradation processes. In selecting bacterial
strains to be used to treat contaminated sites, it may be worth-
while to consider their chemotactic, as well as their biodegra-
dative, capabilities.
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