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A quantitative capillary assay was used to show that aromatic acids, compounds that are chemorepellents for
Escherichia coli and Salmonella sp., are chemoattractants for Pseudomonas putida PRS2000. The most effective
attractants were benzoate; p-hydroxybenzoate; the methylbenzoates; m-, p-, and o-toluate; salicylate; DL-
mandelate; B-phenylpyruvate; and benzoylformate. The chemotactic responses to these compounds were
inducible. Taxis to benzoate and m-toluate was induced by B-ketoadipate, a metabolic intermediate formed
when benzoate is dissimilated via enzymes specified by chromosomal genes. Benzoylformate taxis was induced
by benzoylformate and L(+)-mandelate. Taxis to mandelate, benzoylformate, and -phenylpyruvate was
exhibited by cells grown on mandelate, but not by cells grown on benzoate. Cells grown on benzoate were
chemotactic to benzoate, the toluates, p-hydroxybenzoate, and salicylate. These results show that P. putida
synthesizes at least two distinct chemoreceptors for aromatic acids. Although DL-mandelate was an effective
attractant in capillary assays, additional experiments indicated that the cells were actually responding to
benzoylformate, a metabolite formed from mandelate. With the exception of mandelate taxis, chemotaxis to
aromatic acids was not dependent on the expression of pathways for aromatic degradation. Therefore, the
tactic responses exhibited by cells cannot be attributed to an effect of the oxidation of aromatic acids on the

energy metabolism of cells.

Motile bacteria sense and respond to changes in the
concentrations of chemicals present in their natural environ-
ments by changing the direction of their movement. Bacteria
swim toward compounds that serve as chemoattractants and
away from compounds that are chemorepellents. This be-
havioral response, bacterial chemotaxis, has been studied
intensively in the enteric bacteria Escherichia coli and
Salmonella sp., and a great deal is now known about the
biochemical and genetic basis for behavior in these organ-
isms. Bacterial chemotaxis involves detection of chemicals
present in the external environment by chemoreceptor pro-
teins, integration of the information by sensory transducers
called the methyl-accepting chemotaxis proteins, and trans-
mission of this information to effect a change in the direction
of rotation of bacterial flagella (5, 12).

The capacity of a particular compound to elicit a positive
chemotactic response is sometimes related to its nutritional
value. E. coli and Salmonella sp., for example, are attracted
to many kinds of sugars and to some amino acids (2, 13).
Similarly, Pseudomonas aeruginosa responds favorably to
an array of organic acids, compounds that this species favors
as growth substrates (14, 15).

In some cases the survival value of negative chemotaxis
has been established. The membrane permeant aromatic
acids benzoate and salicylate are chemorepellents for E. coli
and Salmonella sp. (26). These weak acids carry protons
into cells, and the negative behavioral responses of enteric
bacteria to benzoate and salicylate represent a response to a
lowered cytoplasmic pH, rather than a negative response to
the aromatic structure of the compounds per se (9, 22, 24).
Since extremes of intracellular pH can impair numerous
metabolic processes, the migration of cells away from an
acid environment can be viewed as an advantageous behav-
ioral response.
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Pseudomonas putida differs markedly from E. coli and
Salmonella sp. in its nutritional properties. Unlike the
enteric bacteria, P. putida is able to utilize a wide array of
aromatic acids as sole carbon and energy sources for growth
(25). Aromatic compounds are dissimilated by psendomo-
nads via several different metabolic routes. Genes for the
metabolism of many aromatic compounds, including man-
delate, p-hydroxybenzoate, and benzoate, are chromosom-
ally encoded in P. putida (8, 10). These compounds are
degraded to form diphenolic intermediates, which are then
further dissimilated by either the catechol or the proto-
catechuate branches of the ortho-ring fission (B-ketoadipate)
pathway (Fig. 1) (6, 17). P. putida degrades other aromatic
acids, including salicylate and toluates, with enzymes that
are encoded by genes carried on catabolic plasmids (4).

A consideration of its nutritional capabilities suggested to
us that aromatic acids might be chemoattractants for P.
putida. The results reported in this paper show that P.
putida is attracted to metabolizable as well as nonmetabo-
lizable aromatic acids. We found that the chemotactic re-
sponses to aromatic acids were inducible, and that at least
two chemoreceptors are involved in the detection of aro-
matic acids. Induction of the tactic responses to benzoate
and methylbenzoates was elicited by B-ketoadipate, whereas
chemotaxis to benzoylformate was induced by benzoyl-
formate and L(+)-mandelate.

MATERIALS AND METHODS

Media and culture conditions. All strains were cultivated in
defined mineral medium (20). All carbon sources were pre-
pared as 0.5 M concentrated solutions and filter sterilized
separately. Concentrated solutions of all aromatic acids and
B-ketoadipate were prepared as their sodium salts and neu-
tralized to a pH of 7.0. Solutions of B-ketoadipate were filter
sterilized and stored at —20°C until used. Carbon sources
were added to the culture media to a final concentration of §
mM. Liquid cultures of 10 ml were grown in 50-ml Erlen-
meyer flasks with constant aeration provided by a gyratory
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FIG. 1. Pathways of aromatic metabolism in P. putida.

New Brunswick environmental shaker at 30°C. Mineral agar
plates were solidified with 1.5% purified agar (Oxoid Ltd.).
At the end of chemotaxis assays bacterial plate counts were
performed by spreading cells on plates of L agar medium that
contained 1.0 g of tryptone (Difco Laboratories), 0.5 g of
yeast extract (Difco), 0.5 g of NaCl, 0.1 g of p-glucose, and
1.5 g of agar (Difco) per 100 ml of distilled water.

Bacterial strains. The bacterial strains used in this study
are listed in Table 1. Cultures of each strain were enriched
for actively motile cells at the onset of this investigation by
allowing cells to swarm, as described by Adler (1), on plates
of semisolid, dilute L agar. This medium was of the same
chemical composition as the L agar described above, except
that all carbon compounds were included at 1/10 the final
concentration. In addition, the medium was solidified with
0.3%, rather than 1.5%, Difco agar.

Preparation of cell suspensions. Cells for chemotaxis ex-
periments were harvested by centrifugation from 10-ml
cultures in the early to mid-logarithmic phase of growth. The
inocula for these cultures were from similar cultures that had

been inoculated from single colonies. The harvested cells
were washed once in chemotaxis buffer (50 mM potassium
phosphate buffer, pH 7.0, containing 10 wM disodium EDTA)
prepared with glass-distilled water. The chemotaxis buffer
was aerated immediately before use by vigorous shaking.
The washed cells were suspended to a density of approxi-
mately 6 X 107 cells per ml, unless specified otherwise, for
use in chemotaxis experiments. The chemotactic responses
to 0.1% (wt/vol) Casamino Acids (Difco) were found to be
directly proportional to cell density over a range of 107 to 10°
cells per ml.

Microscopic examination revealed that cells of all P.
putida strains used in this investigation were motile through-
out the logarithmic phase of growth in all growth media used
to prepare cells for chemotaxis assays. After being washed
and suspended in chemotaxis buffer, approximately 60 to
80% of the cells used in our experiments were motile. These
cells retained their motility for at least 2 h.

Chemotaxis assays. Chemotaxis was measured by a quan-
titative capillary assay similar to that described by Adler (1).



624 HARWOOD, RIVELLI, AND ORNSTON

J. BACTERIOL.

TABLE 1. Pseudomonas putida strains

Strain Relevant phenotype?® Relevant genotype” l:?::i':‘t Reference
PRS2000 Ben* Pob* Tal™ Sal- DLMdI* Wild type 19)
PRS2015 Ben~ Pob* Tal™ catB PRS2000 27)
PRS2241 Ben™ Pob™ Tal™ pcaE PRS2000 (19)
PRS2178 Ben~ Pob* BKa* Tal™ Regulatory mutation causes elevated expression of PRS2015 21

B-ketoadipate transport system
PRSB3 Ben* DMdI~ LMdl* mdIA PRS2000 @
PRS61 Ben* DMdI~ LMdl~ mdIB PRS2000 (@)

f.Phgnotype abbreviations: Ben, benzoate utilization, DMdl, D(—)-mandelate utilization; LMdl, L(+)-mandelate utilization; Pob, p-hydroxybenzoate
utilization; Tal, m- and p-toluate utilization; BKa, B-ketoadipate utilization; Sal, salicylate utilization.
® Genotypes: catB, cis,cis-muconate lactonizing enzyme negative; pcaE, B-ketoadipate succinyl coenzyme A transferase negative; mdIlA, mandelate racemase

negative; mdIB, mandelate dehydrogenase negative.

Suspensions of motile cells containing approximately 6 X 107
cells per ml were placed in a small chamber formed by
placing a U-shaped glass tube between a microscope slide
and cover slip. Chemotactic behavior was measured by
placing the open end of a 1-pl capillary tube containing an
attractant dissolved in chemotaxis buffer into the pool of
cells in the chamber. After incubation for 30 min at 30°C, the
contents of the capillaries were transferred to tubes of
mineral medium. Appropriate dilutions were prepared, and
then 0.1-ml samples were spread on plates of L agar.
Colonies were counted after the plates had been incubated at
30°C overnight. Results are based on averages of duplicate
plate counts on each of two separate capillary assays and are
expressed in terms of the number of cells per capillary. In all
experiments, a blank (no attractant present) and a positive
control (0.1% [wt/vol] Casamino Acids) were included. In 14
assays performed with PRS2000 cultures grown on seven
different days, the range of responses to this concentration
of Casamino Acids was between 12.3 x 10* and 22.4 x 10*
cells per ml. The standard deviation was 15%.

To normalize for differences in motility between strains,
the chemotactic response was also expressed as a ratio of
the accumulation in attractant capillaries to that of control
capillaries (the relative response).

The terms concentration response curve, peak response,
peak concentration, and threshold concentration used in this
paper are as defined by Mesibov and Adler (13). A com-
pound was considered to be an effective attractant if it had a
threshold concentration of 5 X 1075 M or lower.

Chemicals. Sodium benzoate was from Matheson, Cole-
man and Bell; m-toluic acid, p-toluic acid, and p-hydroxyben-
zoic acid were from Aldrich Chemical Co., Inc.; benzald-
ehyde was from Fisher Scientific Co.; and o-toluic acid was
from Eastman Kodak Co. All other compounds tested as
chemoattractants were from Sigma Chemical Co.

RESULTS

Attraction to benzoate and other aromatic acids. Benzoate
elicited a positive tactic response from P. putida PRS2000
cells grown on benzoate (Fig. 2). In 16 assays performed
with 8 different benzoate-grown cultures on 8 different days,
the range of responses to 5 mM benzoate was between 4.2 X
104 and 10.5 x 10* bacteria per capillary, and the standard
deviation was 23%. When benzoate was present in the
capillary and the bacterial suspension at equal concentra-
tions (5 mM), there was only slight accumulation of P.
putida over the background accumulation. Therefore the
response exhibited by cells was a behavioral response to a
concentration gradient of the attractant and was not merely
due to a stimulation of cell motility in the presence of

benzoate. Since benzoate was provided as the sodium salt,
we tested the response of bacteria to sodium ions alone. P.
putida did not exhibit a response to NaCl when this salt was
present in capillaries over the concentration range of 0.5 to
50 mM. Therefore chemotaxis toward sodium benzoate is
due to detection of the aromatic acid and does not represent
a response to the sodium ions.

The chemotactic response of cells was induced by the
presence of benzoate in the growth medium. There was a
negligible response to benzoate when cells were grown with
D-glucose as the carbon and energy source (Fig. 2). The
response of cells grown in the presence of both p-glucose
and benzoate was the same as the response exhibited by
cells grown at the expense of benzoate alone. Therefore
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FIG. 2. Concentration response curves for benzoate taxis by P.
putida PRS2000 cells grown on benzoate (M), glucose (@), or
glucose plus benzoate (A).
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TABLE 2. Chemotaxis of P. putida PRS2000 toward aromatic acids®

Chemotaxis
Aromatic compound Growth (.mmbfor Peak response
doubling) Threshold (M) Peak (M) (no. of bacteria

attracted)”
Benzoate 42 5x 107 5$x 1073 43,000 = 9,000
m-Toluate NG“ 5x107° 5 x 1073 11,000 = 1,000
p-Toluate NG“ 1x10°° 5 x 1072 21,000 * 4,000
o-Toluate NG“ 5x 1073 5 x 1073 5,000 = 1,000
DL-Mandelate 56 1x107° 5x 1074 40,000 = 5,000
p-Hydroxybenzoate 68 1x10°° 5 x 1074 43,000 = 12,000
B-Phenylpyruvate - 5 x 107 5x107° 23,000 = 3,000
Salicylate NG? 1x10°° 5 x 1073 56,000 = 5,000
pL-p-Hydroxymandelate 145 J 5x 1072 7,000 = 3,000
Benzoylformate 43 5x 107 5x 1073 60,000 = 12,000
Phenoxyacetate NG* 1,000 = 200

9 Benzoate, salicylate, and benzoylformate were tested over the range 5 x 107 to 5 x 10~! M. pL-p-Hydroxymandelate and B-phenylpyruvate were tested over
the range 5 X 107°to 5 x 10”2 M. All other chemicals were tested over the range of 5 x 105 to 5 x 107! M.
b Each compound that supported growth was tested for chemotaxis with bacteria grown on that compound. For compounds that did not support growth,

bacteria grown on benzoate were used.

¢ Values are not corrected for background accumulation (ca. 1,000). Each value represents the average and standard deviation of duplicate plate counts in each

of at least two separate capillary assays.
4 NG, No detectable growth as determined turbidimetrically.
¢ Cells grown on mandelate were used.

/ The only concentration tested for which a response was detected was 5 x 1072 M.

failure of glucose grown cells to respond to benzoate was
due to the absence of an appropriately induced response,
rather than to a repression of the tactic response to benzoate
by glucose.

Various other aromatic acids were surveyed for their
ability to attract P. putida PRS2000 (Table 2). Peak concen-
trations, peak responses, and threshold concentrations for
each of the compounds screened were determined from
concentration response curves like those shown in Fig. 2.
Threshold concentrations were also determined by extrapo-
lating double-log plots of response versus attractant concen-
tration (13).

In addition to benzoate, salicylate and the methylbenzo-
ates m-toluate, p-toluate, and o-toluate were effective at-
tractants for benzoate-grown cells. Salicylate and methyl-
benzoates do not support the growth of strain PRS2000.
Therefore, the complete metabolism of aromatic compounds
is not required for chemotaxis.

Cells for the p-hydroxybenzoate and pL-mandelate experi-
ments (Table 2) were grown at the expense of the compound
for which the tactic response was tested. To determine
whether p-hydroxybenzoate, and DL-mandelate were re-
quired for the induction of these chemotactic responses,
cells were also grown at the expense of alternative carbon
and energy sources and tested for chemotaxis. Cells grown
at the expense of benzoate did not recognize pDL-mandelate
as an attractant (Fig. 3). Cells grown on p-hydroxybenzoate
also failed to respond to pL-mandelate (data not shown).
Thus it appears that mandelate or a metabolite formed in the
metabolism of mandelate to benzoate (6) induces mandelate
taxis in P. putida. The response to p-hydroxybenzoate was
induced when cells were grown on either benzoate or p-
hydroxybenzoate (Fig. 4).

The chemotactic responses of glucose-grown PRS2000
cells to aromatic acids were also tested. With the exception
of p-toluate, there was only a slight response (ca. 3,000 cells
per capillary) to each of the compounds listed in Table 2
when they were present in capillaries at their peak concen-
trations. Approximately 14,000 cells accumulated in capil-
laries containing 5 X 1072 M p-toluate.

B-Ketoadipate induces taxis to benzoate and m-toluate. To
determine whether benzoate itself or a metabolite of benzo-
ate induced the tactic response to benzoate in P. putida, we
examined tactic responses to benzoate of cells grown on
several different carbon and energy sources as well as the
responses of mutant cells blocked in different steps of
benzoate metabolism. We were also interested in elucidating
the basis for induction of the chemotactic response to m-
toluate, since this compound is not catabolized by strain
PRS2000.

Wild-type cells grown on glucose in the presence of m-
toluate were not attracted to either benzoate or m-toluate
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FIG. 3. Concentration response curves for pL-mandelate taxis
by P. putida PRS2000 cells grown on DL-mandelate (M) or benzoate
(@).
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TABLE 3. Induction of benzoate and m-toluate taxis

Carbon source(s) Relative response”

Strain Relevant trait

supplied Benzoate m-Toluate

PRS2000 Wild type Glucose, m-tol- 2.8 0.9
uate

PRS2000 Wild type Benzoate 87.0 17.0

PRS2000 Wild type p-Hydroxyben- 100.0 31.0
zoate

PRS2178 Transports 8- B-Ketoadipate 107.0 34.0

ketoadipate

PRS2015 catB Glucose, 3.9 2.6
benzoate

PRS2241 pcaE Glucose, 67.8 18.2
benzoate

“ The ratio of the number of cells that accumulated in attractant capillaries
to the number of cells that accumulated in no attractant control capillaries.
Benzoate and m-toluate were used at a concentration of 5 x 1073 M.

(Table 3). However, cells grown on p-hydroxybenzoate
were attracted to benzoate and m-toluate (Table 3). B-
Ketoadipate is formed as an intermediate when either ben-
zoate or p-hydroxybenzoate is metabolized via chromosom-
ally encoded pathways (Fig. 1). Wild-type cells do not grow
well on B-ketoadipate because they form only small amounts
of the transport system for this compound. A mutant strain
(PRS2178) has been isolated, however, that forms high levels
of the B-ketoadipate transport system (19). When strain
PRS2178 was grown on B-ketoadipate, chemotactic re-
sponses to benzoate and m-toluate were elicited (Table 3).

The finding that benzoate, p-hydroxybenzoate, and B-
ketoadipate each elicited chemotaxis to benzoate and m-
toluate indicated that B-ketoadipate was the inducer for
these tactic responses. This conclusion was reinforced by
experiments with a strain (PRS2241) blocked in the metabo-
lism of B-ketoadipate. When strain PRS2241 was grown

p-Hydroxybenzoate grown
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p-Hydroxybenzoate concentration [Molar]

FIG. 4. Concentration response curves for p-hydroxybenzoate
taxis by P. putida PRS2000 cells grown on p-hydroxybenzoate (H)
or benzoate (@®).

J. BACTERIOL.

under conditions where B-ketoadipate accumulated in cells,
cells were tactic to benzoate and m-toluate. The induction
effected by B-ketoadipate is not likely to be due to its
conversion to a metabolic precursor because the enzyme
reaction that forms B-ketoadipate is the highly exergonic
hydrolysis of an enol-lactone. Furthermore, a strain
(PRS2015) that lacked the ability to form B-ketoadipate from
benzoate failed to exhibit any chemotactic responses to
benzoate or m-toluate (Table 3).

Induction of taxis to benzoylformate. Wild-type cells grown
on DL-mandelate or benzoylformate were attracted to ben-
zoylformate, whereas cells grown on benzaldehyde or ben-
zoate were not attracted to this compound (Table 4).
Therefore possible inducers of the chemotactic response
include p(—)-mandelate, L(+)-mandelate, and benzoylform-
ate (Fig. 1). p(—)-mandelate is nonmetabolizable in strain
PRSB3; in the absence of its metabolism, D(—)-mandelate
does not induce benzoylformate chemotaxis (Table 4). Both
L(+)-mandelate and benzoylformate induce the chemotactic
response, and evidence that each compound can act in-
dependently as an inducer derives from the observation that
either substrate can induce chemotaxis in a mutant strain
(PRS61, Table 4) blocked in their interconversion. L(+)-
Mandelate and benzoylformate are also inducers of the
catabolic enzymes for benzoylformate degradation (7), and it
might be argued that taxis to benzoylformate is due to the
detection of a metabolite of this compound by the benzoate
chemoreceptor. That this is not the case is shown by the
observation that PRS61 cells grown in the presence of L(+)-
mandelate are attracted to benzoylformate even though the
benzoate chemoreceptor is not induced (Table 4).

Taxis to mandelate and B-phenylpyruvate. Although ex-
periments with wild-type P. putida cells seemed to indicate
that both p(—)- and L(+)-mandelate were effective chemoa-
ttractants, data obtained with mutant strains blocked in steps
of mandelate metabolism showed that p(—)-mandelate and
L(+)-mandelate were effective chemoattractants only for
those strains that had the enzymatic capability to convert
these compounds to benzoylformate (Table 4). For example,
a mutant (PRSB3) blocked in the conversion of D(—)-
mandelate to L(+)-mandelate was not attracted to D(—)-
mandelate after it had been grown on L(+)-mandelate, a
growth condition that was sufficient to induce taxis to p(—)-
mandelate in wild-type cells (data not shown). Similarly, a
mutant (PRS61) blocked in the conversion of L(+)-man-
delate to benzoylformate was not attracted to D(—)- or L(+)-
mandelate after grown on benzoylformate, even though
benzoylformate-grown wild-type cells were attracted to the
mandelates (Table 4).

The most straightforward explanation for these obser-
vations is that P. putida cells do not synthesize a chemo-
receptor that specifically recognizes either D(—)- or
L(+)-mandelate. Instead, they synthesize a benzoylformate
chemoreceptor that recognizes the benzoylformate that is
formed endogenously when mandelate is degraded by cells.
Thus, the apparent recognition of mandelates by cells in
capillary assays would appear to actually represent a re-
sponse to the benzoylformate that is formed when cells
metabolize the mandelate they encounter in their external
environment.

The benzoylformate chemoreceptor(s), in addition to
recognizing exogenous benzoylformate and endogenously
generated benzoylformate, appears also to recognize B-
phenylpyruvate, a compound that is closely related struc-
turally to benzoylformate (Fig. 1). Taxis to B-phenylpyru-
vate was exhibited by pL-mandelate-grown cells, but not by
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TABLE 4. Taxis of P. putida strains to mandelate and benzoylformate

Chemotaxis®

Strain Rele\{ant Carbon source(s) supplied emotaxts
trait p(—)-Mandelate L(+)-Mandelate Benzoylformate Benzoate
PRS2000 Wild type DL-Mandelate 40,000 39,000 92,000 115,000
Benzoylformate 35,000 27,000 74,000 140,000
Benzaldehyde 1,000 1,000 2,000 58,000
Benzoate 1,000 1,000 9,000 87,000
PRSB3 mdIA D(—)-Mandelate, glucose 1,000 1,000 1,000 1,000
L(+)-Mandelate, glucose 1,000 7,000 24,000 176,000
PRS61 mdIB L(+)-Mandelate, glucose 2,000 1,000 68,000 7,000
Benzoylformate, glucose 1, 1,000 85,000 122,000

“ Number of bacteria attracted per capillary. Values are not corrected for background accumulation (ca. 1,000). The aromatic acids were used at a concentration

of 5 x 1074 M.

cells grown on B-phenylpyruvate (Fig. 5) or benzoate (data
not shown).

DISCUSSION

The results described in this paper show that P. putida is
attracted to 9 of 11 aromatic acids tested as chemoattract-
ants. To our knowledge this is a first report of chemoat-
traction to aromatic acids by a procaryote. P. putida is found
widely distributed in soil and freshwater environments where
aromatic compounds are likely to be present as components
of degrading plant materials, as plant root exudates, or as
components of toxic wastes (11, 23). Since P. putida can use
many of these compounds as sole sources of carbon and
energy (25), positive chemotaxis toward aromatic acids can
be viewed as an advantageous behavioral response.

Negative chemotaxis elicited by aromatic compounds in
the enteric bacteria is the consequence of lowered cytoplas-
mic pH created by diffusion of lipophilic acids across the cell
membrane (9, 22, 24). The positive chemotactic responses of
P. putida do not appear to have such a general basis,
because they are induced by specific metabolites that are

25—‘

20— DL-Mandelate grown

10—

10° Bacteria in Capillary

5 p-Phenylpyruvate

|

5x 10

5x10°

5x10°

5x10™ s

5x10°

B-Phenylpyruvate [Molar]

FIG. 5. Concentration response curves for B-phenylpyruvate
taxis by P. putida PRS2000 cells grown on B-phenylpyruvate (®) o
mandelate (H).

intermediates in pathways of aromatic acid degradation; the
tactic response to benzoylformate is induced by L(+)-man-
delate and benzoylformate, and the tactic responses to
benzoate and toluates are induced by B-ketoadipate.

Based on patterns of induction, the aromatic acid attract-
ants tested fall into two groups that can be catagorized as
being recognized by a benzoate chemoreceptor and a ben-
zoylformate chemoreceptor (Table 5). Note that this repre-
sents the minimum number of chemoreceptors that must be
involved in aromatic acid taxis. For example, although taxis
to methyl- and hydroxyl-substituted benzoates was exhib-
ited by cells grown on benzoate, that these responses were
induced specifically by B-ketoadipate was established rig-
orously only for benzoate and m-toluate. It is possible that
more than one inducer and more than one chemoreceptor
are responsible for taxis to substituted benzoates. It is also
possible that benzoylformate and B-phenylpyruvate are de-
tected by more than one chemoreceptor. To firmly establish
the number of aromatic acid chemoreceptors and their
effector specificities, it will be necessary to isolate and
analyze mutants that are specifically nonchemotactic to one
or more aromatic acids.

Although bpL-mandelate was an effective attractant in
capillary assays, experiments with mutants blocked in man-
delate degradation indicated that the cells were actually
responding to benzoylformate, a metabolite formed from
mandelate (Fig. 1, Table 4). A similar observation made with
E. coli indicated that lactose metabolism was prerequisite
for lactose taxis (2). The conclusion that cells respond to
endogenously generated benzoylformate suggests that the
chemotactic response could be mediated by recognition at a
receptor site inside cells. Alternatively, it is possible that
endogenous benzoylformate is excreted by cells into the
medium and then recognized by a receptor domain present
on the outer cell surface.

Available evidence indicates that chemotaxis in the pseudo-
monads and the enteric bacteria has a similar biochemical
basis (3). However, at present it is not known whether

TABLE 5. Aromatic acid chemoreceptors

Chemoreceptor Attractants detected Inducer(s)

B-Ketoadipate

Benzoate Benzoate
m-Toluate
p-Toluate

o-Toluate
Salicylate
p-Hydroxybenzoate
Benzoylformate
B-Phenylpyruvate

Benzoylformate L(+)-Mandelate

Benzoylformate
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sensory information from aromatic acids is received by
conventional receptors and processed through methyl-ac-
cepting chemotaxis proteins or whether behavioral stimuli
are processed through some other type of pathway.

With the above-mentioned exception of mandelate taxis,
the expression of tactic responses to aromatic acids does not
require that the enzymes specifying the degradation of these
compounds also be expressed. Chemotaxis toward B-
phenylpyruvate, for example, is expressed independently of
the pathway for B-phenylpyruvate catabolism (Fig. 5). Simi-
larly, cells grown on p-hydroxybenzoate or B-ketoadipate
sense and respond to benzoate (Table 3), even though the
enzymes required for benzoate metabolism are not induced
(16). In addition, strain PRS2000 cells are strongly attracted
to salicylate and m-toluate (Table 2), even though this strain
lacks the catabolic plasmids that encode the enzymes re-
quired for the degradation of these compounds. This shows
that chemotaxis to aromatic acids is not caused by a flux in
proton motive force or some other form of metabolic energy
caused by the oxidation of chemoattractants.

Although the expression of genes for the degradation of
aromatic acids is not required for chemotaxis toward most
aromatics, it is interesting to note that the compounds that
we identified as the inducers of the aromatic acid chemo-
receptors are also the inducers of certain of the enzymes
required for aromatic acid breakdown. For example, B-
ketoadipate, the inducer of the benzoate chemoreceptor, is a
cardinal regulatory metabolite that elicits the synthesis of
two of the nine enzymes that convert benzoate to tri-
carboxylic acid cycle intermediates and four of the six
enzymes that convert p-hydroxybenzoate to central metabo-
lites (16). Analysis of mutant strains should reveal the extent
to which the syntheses of various proteins induced by B-
ketoadipate are governed by the same or separate genetic
elements (18). We tested the chemotactic responses of strain
PRS2178, a regulatory mutant that constitutively forms the
transport system for B-ketoadipate and three of the enzymes
ordinarily induced by B-ketoadipate (21). We found that,
whereas PRS2178 cells that were grown on B-ketoadipate
were attracted to benzoate (Table 3), cells grown on glucose
were not (data not shown). Therefore, the benzoate chemo-
receptor does not appear to share a common regulatory
element with most of the proteins induced by B-ketoadipate.
It is not known whether the benzoate chemoreceptor and a
fourth enzyme induced by B-ketoadipate, B-ketoadipate suc-
cinyl coenzyme A transferase, are subject to coordinate
regulation.

Benzoylformate is a regulatory metabolite that elicits the
synthesis of all five of the enzymes required to convert D(—)-
mandelate to benzoate (7) as well as the synthesis of the
benzoylformate chemoreceptor. Synthesis of the benzoyl-
formate chemoreceptor and the mandelate catabolic en-
zymes is not subject to exactly the same regulatory control
because benzoylformate, L(+)-mandelate, and D(—)-man-
delate are equipotent inducers of the catabolic enzymes,
whereas only benzoylformate and L(+)-mandelate induce
the benzoylformate chemoreceptor.

ACKNOWLEDGMENTS

We thank Robert M. Macnab for helpful discussions, George D.
Hegeman for bacterial strains, and Anne T. Harrison for excellent
clerical assistance.

This work was supported by Celanese Research Co.

LITERATURE CITED

1. Adler, J. 1973. A method for measuring chemotaxis and use of
the method to determine optimum conditions for chemotaxis by

10.

11.

12.

13.
14.
15.

16.

17.
18.

19.

20.

21.

22.

23.
24.

25.

26.
27.

J. BACTERIOL.

Escherichia coli. J. Gen. Microbiol. 74:77-91.

. Adler, J., G. L. Hazelbauer, and M. M. Dahl. 1973. Chemotaxis

toward sugars in Escherichia coli. J. Bacteriol. 115:824-847.

. Craven, R. C., and T. C. Montie. 1983. Chemotaxis of Pseudo-

monas aeruginosa: involvement of methylation. J. Bacteriol.
154:780-786.

. Haas, D. 1983. Genetic aspects of biodegradation by pseudomo-

nads. Experientia 39:1199-1213.

. Hazelbauer, G. A., and S. Harayama. 1983. Sensory transduc-

tion in bacterial chemotaxis. Int. Rev. Cytol. 81:33-70.

. Hegeman, G. D. 1966. Synthesis of the enzymes of the man-

delate pathway by Pseudomonas putida. 1. Synthesis of en-
zymes by the wild type. J. Bacteriol. 91:1140-1154.

. Hegeman, G. D. 1966. Synthesis of the enzymes of the man-

delate pathway by Pseudomonas putida. 11. Isolation and
properties of blocked mutants. J. Bacteriol. 91:1155-1160.

. Holloway, B. W., V. Krishnapillai, and A. F. Morgan. 1979.

Chromosomal genetics of Pseudomonas. Microbiol. Rev.
43:73-102.

. Kihara, M., and R. M. Macnab. 1981. Cytoplasmic pH mediates

pH taxis and weak-acid repellent taxis of bacteria. J. Bacteriol.
145:1209-1221.

Leidigh, B. J., and M. L. Wheelis. 1973. The clustering on the
Pseudomonas putida chromosome of genes specifying dissimi-
latory functions. J. Mol. Evol. 2:235-242.

Leisinger, T. 1983. Microorganisms and xenobiotic compounds.
Experientia 39:1183-1191.

Macnab, R. M. 1982. Sensory reception in bacteria, p. 77-104.
In W. B. Amos and J. G. Duckett (ed.), Prokaryotic and
eukaryotic flagella, 35" Symposium of the Society for Experi-
mental Biology. Cambridge University Press, Cambridge.
Mesibov, R., and J. Alder. 1972. Chemotaxis toward amino
acids in Escherichia coli. J. Bacteriol. 112:315-326.

Moench, T. T., and W. A. Konetzka. 1978. Chemotaxis in
Pseudomonas aeruginosa. J. Bacteriol. 133:427-429.

Moulton, R. C., and T. C. Montie. 1979. Chemotaxis by
Pseudomonas aeruginosa. J. Bacteriol. 137:274-280.

Ornston, L. N. 1966. The conversion of catechol and protocat-
achuate to B-ketoadipate by Pseudomonas putida. IV. Regu-
lation. J. Biol. Chem. 241:3800-3810.

Ornston, L. N. 1971. Regulation of catabolic pathways in
Pseudomonas. Bacteriol. Rev. 35:87-116.

Ornston, L. N., and D. Parke. 1976. The evolution of induction
mechanisms in bacteria: insights derived from the study of the
B-ketoadipate pathway. Curr. Top. Cell Regul. 12:209-262.
Ornston, L. N., and D. Parke. 1976. Properties of an inducible
uptake system for B-ketoadipate in Pseudomonas putida. J.
Bacteriol. 125:475-488.

Ornston, L. N., and R. Y. Stanier. 1966. The conversion of
catechol and protocatechuate to B-ketoadipate by Pseudomonas
putida. 1. Biochemistry. J. Biol. Chem. 241:3776-3786.

Parke, D., and L. N. Ornston. 1976. Constitutive synthesis of
enzymes of the protocatechuate pathway and of the B-ketoad-
ipate uptake system in mutant strains of Pseudomonas putida.
J. Bacteriol. 126:272-281.

Repaske, D. R., and J. Adler. 1981. Change in intracellular pH
of Escherichia coli mediates the chemotactic response to certain
attractants and repellents. J. Bacteriol. 145:1196-1208.
Schroth, M. N., and J. G. Hancock. 1982. Disease-suppressive
soil and root-colonizing bacteria. Science 216:1376-1381.
Slonczewski, J. L., R. M. Macnab, J. R. Alger, and A. M. Castle.
1982. Effects of pH and repellent tactic stimuli on protein
methylation levels in Escherichia coli. J. Bacteriol. 152:384-399.
Stanier R. Y., N. J. Palleroni, and M. Doudoroff. 1966. The
pseudomonads: a taxonomic study. J. Gen. Microbiol. 43:
159-271.

Tso, W.-W., and J. Adler. 1974. Negative chemotaxis in Esch-
erichia coli. J. Bacteriol. 118:560-576.

Wheelis, M. L., and L. N. Ornston. 1972. Genetic control of
enzyme induction in the B-ketoadipate pathway of Pseudo-
monas putida: deletion mapping of cat mutations. J. Bacteriol.
109:790-795.



