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encode the first three enzymes of the pathway, are constitutively expressed and highly conserved in atrazine-degrading
bacteria isolated from geographically distinct locations (8, 11).
Products of the atzDEF gene cluster catalyze the last three steps
of atrazine degradation. This operon is divergently transcribed
from atzR, the product of which has high homology to LysR-type
regulatory proteins (29). AtzR and the inducer cyanuric acid are
required for the expression of the atzDEF operon (14), and the
operon is also subject to nitrogen control (15).
In a study investigating the bioavailability of atrazine, Park
et al. provided evidence that two atrazine-degrading strains,
Pseudomonas sp. strain ADP and Agrobacterium radiobacter
J14a, were chemotactically attracted to atrazine (38). Chemotaxis, the ability of motile bacteria to detect and respond to
specific chemicals, can help bacteria find an optimal niche for
their survival and growth and may play a role in the efficient
degradation of pollutants in the environment (33, 37). Chemotaxis has been shown to enhance naphthalene biodegradation
in both a heterogeneous aqueous system (30) and a non-aqueous-phase liquid system (24). In addition, a chemotactic naphthalene-degrading strain caused a higher rate of naphthalene
desorption than was observed with nonchemotactic and nonmotile strains (24). Pseudomonas sp. strain ADP and recombinant strains expressing atz genes have been used to remove
atrazine from soil in laboratory and field scale experiments (32,
48). If chemotaxis can enhance bioavailability in environments
where the chemicals are sorbed to particles, the use of a motile
chemotactic strain for bioremediation would be advantageous.
Aside from the practical implications of atrazine chemotaxis,
we are interested in understanding the evolution of a chemotactic response to a human-made chemical that was initially
synthesized just 50 years ago (23). The results reported here
indicate that Pseudomonas sp. strain ADP is chemotactically

Atrazine [2-chloro-4-(N-ethylamino)-6-(N-isopropylamino)1,3,5-s-triazine] is a human-made herbicide that is used worldwide to control broadleaf and grassy weeds. As one of the most
heavily used herbicides in the United States, atrazine can be
present in parts per million in agricultural runoffs (3), which
exceeds the U.S. Environmental Protection Agency’s maximum allowable contaminant level of 3 ppb in ground and
surface waters (13). Atrazine is persistent in soil (34) and was
once considered nontoxic to animals. However, recent studies
have shown that atrazine causes sexual abnormalities in frogs
(21, 22, 50), reduced testosterone production in rats (53), and
elevated levels of prostate cancer in workers at an atrazinemanufacturing factory (45). These studies suggest that there is
cause for concern about atrazine residues in soil, groundwater,
and surface waters.
Several bacterial strains capable of mineralizing atrazine have
been isolated (4, 27, 41, 49, 51, 52, 58). The best-studied atrazinedegrading strain, Pseudomonas sp. strain ADP (atrazine degrading pseudomonad), was isolated from an atrazine spill site in
Minnesota (27). Strain ADP utilizes atrazine as a sole nitrogen
source and mineralizes it in the process (27). The pathway of
atrazine degradation in strain ADP has been characterized in
detail (Fig. 1), and the genes encoding the six enzymes required for atrazine degradation have been cloned and sequenced (5, 7, 9, 10, 29, 42). The six genes are located in four
distant locations on the atrazine catabolic plasmid (pADP-1)
present in strain ADP (10, 29). atzA, atzB, and atzC, which
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Pseudomonas sp. strain ADP utilizes the human-made s-triazine herbicide atrazine as the sole nitrogen
source. The results reported here demonstrate that atrazine and the atrazine degradation intermediates
N-isopropylammelide and cyanuric acid are chemoattractants for strain ADP. In addition, the nonmetabolized
s-triazine ametryn was also an attractant. The chemotactic response to these s-triazines was not specifically
induced during growth with atrazine, and atrazine metabolism was not required for the chemotactic response.
A cured variant of strain ADP (ADP M13-2) was attracted to s-triazines, indicating that the atrazine catabolic
plasmid pADP-1 is not necessary for the chemotactic response and that atrazine degradation and chemotaxis
are not genetically linked. These results indicate that atrazine and related s-triazines are detected by one or
more chromosomally encoded chemoreceptors in Pseudomonas sp. strain ADP. We demonstrated that Escherichia coli is attracted to the s-triazine compounds N-isopropylammelide and cyanuric acid, and an E. coli
mutant lacking Tap (the pyrimidine chemoreceptor) was unable to respond to s-triazines. These data indicate
that pyrimidines and triazines are detected by the same chemoreceptor (Tap) in E. coli. We showed that
Pseudomonas sp. strain ADP is attracted to pyrimidines, which are the naturally occurring structures closest
to triazines, and propose that chemotaxis toward s-triazines may be due to fortuitous recognition by a
pyrimidine chemoreceptor in Pseudomonas sp. strain ADP. In competition assays, the presence of atrazine
inhibited chemotaxis of Pseudomonas sp. strain ADP to cytosine, and cytosine inhibited chemotaxis to atrazine,
suggesting that pyrimidines and s-triazines are detected by the same chemoreceptor.
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attracted to atrazine, atrazine metabolites, and the nonmetabolizable structural analog ametryn. The chemotactic response is not induced during growth with atrazine in strain
ADP and does not require atrazine metabolism. We demonstrated that a single chemoreceptor (Tap) mediates chemotaxis
to s-triazines and structurally similar pyrimidines in Escherichia
coli. Additionally, we found that Pseudomonas sp. strain ADP
is attracted to pyrimidines. In competition assays, cytosine inhibited atrazine chemotaxis, and vice versa. We therefore concluded that pyrimidines and s-triazines are detected by a single
chemoreceptor in Pseudomonas sp. strain ADP.
MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli strains RP437 (wild type for
chemotaxis) and RP3525 (⌬tap) were provided by J. S. Parkinson (28, 39, 47).
UU1250(pXL4), a derivative of RP437 with all of the chromosomal methylaccepting chemotaxis protein (MCP) genes deleted, contains a plasmid expressing the hybrid chemoreceptor Tapsr (25). For chemotaxis assays, the strains were
grown at 30°C in H1 minimal salts medium (1) containing 25 mM glycerol as the
carbon source; 0.5 mM each of methionine, leucine, histidine, and threonine; and
1 g ml⫺1 thiamine to satisfy auxotrophic requirements. Strain UU1250(pXL4)
was grown in the presence of 100 g ml⫺1 ampicillin and was induced for 4 h with
200 M isopropyl-␤-D-thiogalactopyranoside (IPTG).
Pseudomonas sp. strains ADP and ADP M13-2 were kindly provided by L. P.
Wackett. Pseudomonas sp. strain ADP is a wild-type isolate that can use atrazine
as a sole nitrogen source (27). Strain ADP M13-2 is a derivative of strain ADP
that is unable to use atrazine or cyanuric acid as a sole nitrogen source and did
not contain any plasmids, based on the inability to isolate and detect plasmid
DNA on gels (J. Seffernick and L. P. Wackett, personal communication). To
verify that intact plasmid or deletion derivatives of pADP-1 were not present in
strain ADP M13-2, we generated PCR primers based on the published sequences
of atzA, atzC, and oriV (the pADP-1 origin of replication) (29) and carried out
PCR with genomic DNA from strains ADP and ADP M13-2. The primers were
atzA for, 5⬘-GCAAACGCTCAGCATCCAGC-3⬘; atzA rev, 5⬘-TCAAGGAAC
GCCAACTCACG-3⬘; atzC for, 5⬘-AGGCAACTATAACCTCATCC-3⬘; atzC
rev, 5⬘-ATTGGGATTGTTGGTGACAG-3⬘; oriV for, 5⬘-TTCTCGGGGCCAT
AGAGGGC-3⬘; and oriV rev, 5⬘-CTGCGCATCACGAACTACCG-3⬘. These
three loci are approximately equally spaced on the pADP-1 plasmid. Genomic
DNA from each strain was purified using the Puregene DNA Isolation Kit
(Gentra Systems, Minneapolis, MN). The PCR conditions were as follows: 95°C
for 5 min, followed by 25 cycles of 95°C for 1 min, 62.5 ⫾ 2.5°C for 1 min, 65°C
for 1.5 min, and a final extension at 65°C for 5 min. Southern hybridizations (44)
with strain ADP and ADP M13-2 genomic DNA and atzA, atzC, and oriV PCR
products amplified from strain ADP as probes were carried out using the DIG
DNA Labeling and Detection Kit (Roche Diagnostics Corp., Indianapolis, IN).
Prior to initiating chemotaxis experiments, motile populations of strains ADP
and ADP M13-2 were enriched on dilute L agar swarm plates (1, 19). For
chemotaxis assays, strain ADP was grown in modified R minimal medium (12)
with 11 mM glucose as the carbon source and 0.45 mM atrazine (27) and/or 1.125
mM (NH4)2SO4 (equimolar nitrogen concentrations) as the sole nitrogen source.

Strain ADP M13-2 was grown in R minimal medium with 11 mM glucose and
1.125 mM (NH4)2SO4.
Chemicals. Cytosine was obtained from Acros Organics, and thymine, uracil,
and cyanuric acid were from Sigma-Aldrich; all were of the highest purity commercially available. Atrazine, N-isopropylammelide, and ametryn were kindly
provided by L. P. Wackett. The purity of these compounds was verified by gas
chromatography-mass spectrometry; no contaminating compounds were detected by this method (data not shown).
Chemotaxis assays. Bacterial cells were harvested in mid-exponential phase
(when the optical density at 660 nm was between 0.3 and 0.4) by centrifugation
at 4,000 rpm for 5 min and washed once with chemotaxis buffer (10 mM potassium phosphate buffer [pH 7.0], 0.1 mM disodium EDTA for E. coli strains [39];
50 mM potassium phosphate buffer [pH 7.0], 10 M disodium EDTA, 0.05%
glycerol for Pseudomonas strains [36]). The cells remained motile in chemotaxis
buffer for at least 1 hour. Atrazine-grown cells were washed twice to minimize
the amount of atrazine residue. Quantitative capillary assays were carried out as
described previously for E. coli strains (25). High-throughput quantitative capillary assays were carried out as previously described for Pseudomonas strains
(26). In competition assays (2, 31), the competing attractant was added to both
the capillary solution and the cell suspension at the peak response concentration.
In all experiments, negative controls (chemotaxis buffer) and positive controls (1
mM aspartate for E. coli strains; 0.1% [wt/vol] Casamino Acids for Pseudomonas
strains) were included. Temporal assays were also used to confirm chemotactic
responses by monitoring changes in swimming behavior in response to attractants (35, 46). Briefly, washed cells were suspended in chemotaxis buffer to an
optical density at 660 nm of approximately 0.10. After the addition of an attractant, the cells were viewed directly under a microscope, and the time required for
approximately 50% of the population to return to prestimulus swimming behavior was determined.

RESULTS
Atrazine, atrazine metabolites, and ametryn are attractants
for strain ADP. The chemotactic response of Pseudomonas sp.
strain ADP to atrazine and other s-triazines was measured with
the high-throughput quantitative capillary assay by comparing
the numbers of cells that accumulated in a chemoattractantcontaining capillary versus a buffer-containing capillary. Because of the low solubilities of s-triazines, all of the compounds
were tested to the limit of solubility. Atrazine elicited a positive
chemotactic response by wild-type Pseudomonas sp. strain
ADP grown in R medium with glucose and atrazine, with the
peak response concentration at saturation (approximately 150
M) (Fig. 2). The average number of cells that accumulated in
capillaries containing saturated atrazine was 4.48 ⫻ 104 per
capillary. This represents approximately four times more cells
than a capillary containing chemotaxis buffer (1.20 ⫻ 104 ⫾
670 per capillary). Atrazine-grown ADP was also attracted to
the atrazine metabolites N-isopropylammelide and cyanuric
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FIG. 1. Pathway of atrazine degradation in Pseudomonas sp. strain ADP (reviewed in reference 55).
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acid (Fig. 2), which are generated in the second and third
steps of atrazine degradation by hydrolytic removal of the
isopropylamino and ethylamino groups, respectively, from
hydroxyatrazine (Fig. 1). N-Isopropylammelide elicited a
weak chemotactic response (2.08 ⫻ 104 ⫾ 1,335 cells per capillary at the peak response concentration of 10 mM). Nevertheless, this response was significant based on Student’s t test
(P ⬍ 0.001). Cyanuric acid elicited a good response, with a
peak response concentration of 20 mM (Fig. 2). In addition,
the atrazine structural analog ametryn [2-methylthiol-4-(Nethylamino)-6-(N-isopropylamino)-1,3,5-s-triazine; solubility,
approximately 0.81 mM], which is not metabolized by strain
ADP, served as a chemoattractant for atrazine-grown strain
ADP (4.3 ⫻ 104 ⫾ 5,702 per capillary; 3.6-fold over background).
Chemotactic responses were verified with a temporal assay,
which quantitatively measured the swimming behavior of bacterial cells. In chemotaxis buffer, the cells swam randomly and
changed directions frequently (approximately once per 1.5 s).
Upon addition of an attractant, the cells responded by altering
their swimming behavior by changing direction much less frequently (smooth swimming). The time required for approximately 50% of the population of cells to return to prestimulus
swimming behavior was recorded as the adaptation time (35,
46). Although response times were short and somewhat variable (Table 1), a distinct change in swimming behavior was
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observed with atrazine-grown strain ADP in response to atrazine,
the atrazine metabolites N-isopropylammelide and cyanuric acid,
and the atrazine analog ametryn. In contrast, the cells continued to swim randomly upon addition of chemotaxis buffer
(negative control). These results are consistent with the results
of the quantitative capillary assay.
The chemotactic response to atrazine and atrazine metabolites is not inducible in ADP. To determine whether the
chemotactic response of strain ADP to atrazine and other
s-triazines is induced during growth with atrazine, wild-type
strain ADP cells were grown with glucose and ammonium
sulfate in the presence or absence of atrazine and assayed for
chemotaxis. Using the quantitative capillary assay, we showed
that cells grown with ammonium sulfate only or with both
ammonium sulfate and atrazine were attracted to atrazine and
cyanuric acid (Fig. 3). The responses exhibited by cells grown
under the above two conditions were similar but were weaker
than the response exhibited by cells grown with atrazine as the
sole nitrogen source (Fig. 3). The cells responded to Casamino
Acids to approximately the same level after growth under all
the conditions, and the background accumulations were approximately the same, as well (Fig. 3). These data suggest that
atrazine does not induce the chemotactic response, but ammonium appears to repress the response. The atzDEF genes for
the conversion of cyanuric acid to ammonia and CO2 (Fig. 1)
are under nitrogen control (14, 15, 40), so a similar regulatory
mechanism may be in place to control expression of the atrazine
chemotaxis genes. We also carried out temporal assays using cells
grown with ammonium as the sole nitrogen source. The adaptation times of ammonium-grown cells to all of the tested attractants were approximately the same or slightly longer than for
atrazine-grown cells (Table 1). These results also indicate that
chemotaxis to s-triazine compounds is not dependent on the presence of atrazine in the growth medium.
Atrazine metabolism is not required for the chemotactic
response. To determine whether the atrazine chemotactic response is dependent on the presence of the atrazine catabolic
plasmid pADP-1, a cured strain (ADP M13-2) that does not
contain the atrazine catabolic plasmid was tested for chemo-

TABLE 1. Temporal responses of Pseudomonas sp. strains ADP
and ADP M13-2 to s-triazines
Mean smooth-swimming response timeb ⫾SD
(no. of independent assays)
Attractanta

None
CAA
Atrazine
N-Isopropylammelide
Cyanuric acid
Ametryn

ADP
Atrazine

(NH4)2SO4

ADP M13-2
关(NH4)2SO4兴

⫺ (5)
89 ⫾ 16 (31)
14 ⫾ 8 (24)
24 ⫾ 8 (21)
18 ⫾ 4 (15)
13 ⫾ 7 (16)

⫺ (5)
113 ⫾ 29 (19)
18 ⫾ 5 (16)
45 ⫾ 12 (16)
17 ⫾ 3 (15)
28 ⫾ 6 (16)

⫺ (5)
83 ⫾ 22 (16)
29 ⫾ 7 (15)
44 ⫾ 10 (15)
17 ⫾ 3 (15)
27 ⫾ 5 (15)

a
Attractants were supplied at the following concentrations: Casamino Acids
(CAA), 0.2%; atrazine, 0.075 mM; N-isopropylammelide, 10 mM; cyanuric acid,
5 mM; ametryn, 0.4 mM. The s-triazine concentrations used were approximately
half-saturating, except for that of cyanuric acid.
b
The amount of time in seconds for approximately 50% of the cells to adapt
to the added attractant. The bacterial strains Pseudomonas sp. strains ADP (wild
type) and ADP M13-2 (cured strain) were grown as described in Materials and
Methods, with the nitrogen source indicated. ⫺, no response detected.
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FIG. 2. Concentration response curves for chemotaxis to s-triazines
by Pseudomonas sp. strain ADP. The cells were grown in minimal
medium with glucose and atrazine, and suspended in chemotaxis buffer
as described in Materials and Methods. High-throughput assays were
performed at room temperature with various concentrations of each
s-triazine up to its limit of solubility. Capillaries containing chemotaxis
buffer served as the negative control; those with Casamino Acids (0.1%
in chemotaxis buffer) served as the positive control. The results are the
averages of at least 15 capillaries from at least two independent experiments; the error bars indicate standard errors. The average background accumulation in capillaries containing buffer only is indicated
by the dotted line (approximately 1.2 ⫻ 104 ⫾ 670 cells). The number
of cells that accumulated in capillaries containing Casamino Acids
(positive control) is not shown (approximately 1.5 ⫻ 105 ⫾ 6,286 cells).
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taxis to atrazine and atrazine metabolites. The absence of the
plasmid in strain ADP M13-2 was verified by PCR and Southern blotting. PCR products of the appropriate sizes (approximately 1 to 1.4 kb) were amplified from the wild-type genomic
DNA, but not from genomic DNA purified from strain ADP
M13-2, with primers specific for atzA, atzC, and oriV (data not
shown). Labeled atzA, atzC, and oriV PCR products amplified
from strain ADP hybridized with genomic DNA from strain
ADP, but not ADP M13-2 (data not shown).
The results of both the quantitative capillary assays and
temporal assays demonstrated that s-triazine compounds were
all effective chemoattractants for strain ADP M13-2, and each
compound elicited similar responses in both the wild-type and
the cured strains (Fig. 4 and Table 1). These results indicate
that specific genes required for atrazine chemotaxis are not
carried on the atrazine catabolic plasmid. The results also
demonstrate that atrazine metabolism is not required for the
chemotactic response, because strain ADP M13-2 is unable to
degrade atrazine.
Wild-type E. coli is chemotactic toward s-triazines. Because
atrazine utilization and chemotaxis did not appear to be linked
in Pseudomonas sp. strain ADP, we speculated that the detection of s-triazines might be a more general response mediated
by a receptor for structurally related chemicals, such as pyrimidines. We had previously reported that pyrimidines are at-

FIG. 4. Chemotactic responses of Pseudomonas sp. strains ADP
and ADP M13-2 (cured strain) to s-triazines (ATZ, atrazine; CA,
cyanuric acid) using the high-throughput capillary assay. The cells were
grown in minimal medium with glucose as the carbon source and
ammonium sulfate as the sole nitrogen source. The assays were carried
out as described in the legend to Fig. 2. Casamino Acids (0.1% wt/vol)
(CAA) served as the positive control. The data are corrected for
background accumulation in capillaries containing buffer only for each
strain (approximately 1.1 ⫻ 104 ⫾ 605 and 1.4 ⫻ 104 ⫾ 1,025 cells for
ADP and ADP M13-2, respectively). The results are the averages of at
least 15 capillaries from at least two independent experiments; the
error bars indicate standard errors.

tractants for E. coli (25), so we tested chemotaxis to atrazine,
N-isopropylammelide, and cyanuric acid in E. coli, which cannot use these s-triazines as growth substrates. E. coli RP437,
which is wild type for chemotaxis, responded to N-isopropylammelide and cyanuric acid, but not atrazine (Fig. 5). Both

FIG. 5. Concentration response curves for chemotaxis to s-triazines
by E. coli RP437 (wild type). The cells were grown at 30°C in H1
minimal salts medium containing 25 mM glycerol, the required amino
acids, and thiamine. Traditional quantitative capillary assays were performed at 30°C with each compound up to its limit of solubility. The
results are the averages of at least 10 capillaries from at least three
independent experiments; the error bars indicate standard errors. The
background accumulation in capillaries containing buffer only is indicated by the dotted line (approximately 5.0 ⫻ 103 ⫾ 624 cells). N-IPA,
N-isopropylammelide; CA, cyanuric acid.
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FIG. 3. Chemotactic responses of Pseudomonas sp. strain ADP to
atrazine and cyanuric acid after growth under different conditions
using the high-throughput capillary assay. The cells were grown in
minimal medium with glucose as a carbon source and with atrazine
(ATZ), ammonium sulfate, or both as nitrogen source(s). The assays
were carried out as described in the legend to Fig. 2. Atrazine was
provided as a saturated solution in chemotaxis buffer (approximate
concentration based on its solubility in water at 25°C, 150 M). Cyanuric acid (CA) was provided at 20 mM in chemotaxis buffer.
Casamino Acids (0.1% wt/vol) (CAA) served as the positive control.
The data were corrected for background accumulation in capillaries
containing buffer only for each growth condition (approximately 1.2 ⫻
104 ⫾ 670, 1.1 ⫻ 104 ⫾ 605, and 9.0 ⫻ 103 ⫾ 773 cells for atrazinegrown cells, ammonium sulfate-grown cells, and cells grown with both
nitrogen sources, respectively). The results are the averages of at least
15 capillaries from at least two independent experiments; the error
bars indicate standard errors.
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N-isopropylammelide and cyanuric acid had the same peak
response concentration (10 mM), but cyanuric acid appeared
to be a better attractant based on the lower threshold concentration and greater accumulation of cells in the capillary
(Fig. 5).
Tap mediates chemotaxis to s-triazines in E. coli. Previous
studies demonstrated that Tap, the transducer for dipeptide
attractants, also mediates chemotaxis to pyrimidines in E. coli
(25, 28). Because pyrimidines are the closest naturally occurring structural analogs of s-triazines, we tested the hypothesis
that s-triazines are recognized by the pyrimidine chemoreceptor Tap. Using quantitative capillary assays, the responses of
the ⌬tap mutant strain RP3525 to N-isopropylammelide and
cyanuric acid were determined. The peak attractant concentrations determined with wild-type RP437 (Fig. 5) were used
for each s-triazine in this experiment. RP3525 (⌬tap) cells did
not respond to either compound, but the cells responded to the
positive-control attractant aspartate (Fig. 6). These results indicate that Tap is required for s-triazine chemotaxis. In an
earlier study, we constructed a hybrid chemoreceptor, Tapsr,
which has the periplasmic sensing domain of Tap and the
cytoplasmic signaling domain of Tsr (25). We showed that
Tapsr mediates chemotaxis to thymine, uracil, and the dipeptide Pro-Leu when expressed in a strain that had all of the
chromosomally encoded MCP genes deleted (25). To measure
the chemotactic response of this strain [UU1250(pXL4)],
which has only one chemoreceptor (Tapsr), cells were grown
and induced as described in Materials and Methods and then
tested using quantitative capillary assays. The number of cells
that accumulated in capillaries containing 10 mM cyanuric acid
was 16,400 ⫾ 1,140, which was approximately fourfold over
background (4,250 ⫾ 450 cells per capillary). These results
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FIG. 7. Concentration response curves for chemotaxis to pyrimidines by Pseudomonas sp. strain ADP. The cells were grown and
assayed as described in the legend to Fig. 2. The average background
accumulation of cells in capillaries containing buffer only is indicated
by the dotted line (approximately 1.2 ⫻ 104 ⫾ 670 cells). The results
are the averages of at least 15 capillaries from at least two independent
experiments; the error bars indicate standard errors.

indicate that the hybrid chemoreceptor Tapsr mediates chemotaxis toward cyanuric acid. Based on these results and the
data from our previous studies, the periplasmic domain of Tap
appears to be responsible for detecting both pyrimidines and
s-triazines.
Strain ADP is chemotactic toward pyrimidines. Since striazines and pyrimidines are both chemoattractants for E. coli,
we tested whether pyrimidines are also chemoattractants for
strain ADP. Wild-type ADP cells grown in R medium with
glucose and atrazine responded to cytosine at concentrations
from 1 to 50 mM, with the peak response at 50 mM (Fig. 7).
The average number of cells that accumulated in capillaries
containing 50 mM cytosine was 5.59 ⫻ 104 ⫾ 5,793 per capillary, which was approximately fivefold higher than background.
ADP responded very weakly (about twofold over background)
to relatively high concentrations of thymine and uracil (Fig. 7).
These results indicate that strain ADP is also chemotactic
toward pyrimidines.
Cytosine, atrazine, and cyanuric acid compete for detection
by the same receptor. Competition chemotaxis assays were
carried out by including a competing attractant at its peak
response concentration in the cell suspension and capillary in
order to evaluate whether the same or different chemoreceptors are used to detect pyrimidines and s-triazines. The chemotactic response of Pseudomonas sp. strain ADP to atrazine
was reduced by over 80% when 50 mM cytosine was present in
the cell suspension and was reduced by approximately 50%
when 20 mM cyanuric acid was present (Fig. 8). Similar reductions in the response to cytosine were observed when either
atrazine or cyanuric acid was present in the cell suspension and
capillary (Fig. 8). The presence of saturating atrazine also
reduced the response to 20 mM cyanuric acid by approximately
75% (data not shown). In control experiments, the presence of
atrazine in the cell suspension completely eliminated the response to atrazine, and the presence of cytosine abolished
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FIG. 6. Chemotactic responses of E. coli RP437 (wild type) and
RP3525 (⌬tap) to s-triazines. The cells were grown and assayed as
described in the legend to Fig. 5. N-Isopropylammelide (N-IPA) was
provided as a saturated solution in chemotaxis buffer (approximate
concentration based on its solubility in water, 10 mM). The cyanuric
acid (CA) was 10 mM in chemotaxis buffer. Capillaries containing
chemotaxis buffer served as the negative control; those with 1 mM
aspartate served as the positive control. The results are the averages of
at least 10 capillaries from at least three independent experiments; the
error bars indicate standard errors.
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the response to cytosine (Fig. 8). These results suggest that
atrazine, cyanuric acid, and cytosine are detected by the same
chemoreceptor.
DISCUSSION
Bacterial chemotaxis to a wide variety of environmentally
relevant chemicals has been demonstrated (33, 37). In several
cases, genes required for chemotaxis are colocalized and often
coordinately regulated with genes for bacterial degradation.
For example, Pseudomonas putida G7 is chemotactically attracted to naphthalene, and the response is inducible during
growth with naphthalene or the naphthalene degradation intermediate salicylate (16). The nahY gene, which encodes the
methyl-accepting chemotaxis protein required for the response
to naphthalene, is located in an operon with genes for naphthalene degradation (17). Toluene chemotaxis in P. putida F1
is also an inducible response, requiring the same two-component regulatory system for the expression of the toluene
pathway structural genes and toluene chemotaxis (36). The
chemotactic response of Ralstonia eutropha JMP134 to the
human-made herbicide 2,4-dichlorophenoxyacetate (2,4-D)
is induced during growth with 2,4-D. The tfdK gene, which is
colocalized with genes for 2,4-D degradation, encodes a major
facilitator superfamily transporter that is required for chemotaxis to 2,4-D (20). Another major facilitator superfamily transporter, PcaK, is involved in the chemotactic response to 4-hydroxybenzoate in P. putida PRS2000. The pcaK gene is in an
inducible operon with genes for 4-hydroxybenzoate metabolism (18). Biodegradation pathways are often encoded on large

catabolic plasmids; this is the case with the naphthalene and
2,4-D degradation pathways. Genes encoding MCPs or other
chemotaxis proteins are present on catabolic plasmids in several strains (6, 16, 17, 20, 43, 54). The results presented here,
however, demonstrate that atrazine degradation and chemotaxis are not genetically linked in strain ADP, as the presence
of the atrazine catabolic plasmid pADP-1 is not necessary for
the chemotactic response, and the genes for atrazine chemotaxis and degradation are not coordinately regulated. In addition, no obvious chemotaxis genes were identified on the completely sequenced pADP-1 plasmid (29). These results indicate
that the cells must have one or more chromosomally encoded
chemoreceptor(s) for the detection of s-triazines.
An earlier study reported chemotaxis to atrazine by Pseudomonas sp. strain ADP (38). Our data confirm and extend these
results to include the atrazine degradation intermediates cyanuric
acid and N-isopropylammelide. We also provide evidence that
atrazine metabolism is not required, indicating that the response
is not due to energy taxis but represents the direct detection of
atrazine. This result is consistent with the demonstrated ability
of strain ADP to detect the nonmetabolizable atrazine analog
ametryn.
In general, the relative chemotactic responses (the ratio of
the accumulation of cells in attractant-containing capillaries to
that of control capillaries) of strain ADP to s-triazines were
low but significant (two- to fivefold over background, depending on the compound, strain, and growth conditions). However, the ability to detect these alternative human-made nitrogen sources in the environment is expected to confer a
physiological benefit on the relatively rare bacteria that are
capable of atrazine degradation. In addition, the chemotactic
response could potentially enhance the biodegradation of striazines in the environment, especially since strain ADP was
shown to be capable of detecting environmentally relevant
concentrations of atrazine. We believe that these findings are
also important because strain ADP demonstrates a specific
chemotactic response to a series of chemicals that has been
present in the environment for only approximately 50 years.
These results bring up the question of what type of chemoreceptor might be capable of detecting synthetic s-triazine compounds.
Pyrimidines are structurally similar to s-triazines, and we
previously showed that cytosine is an attractant for P. putida
strains (26). Pseudomonads are known to utilize pyrimidines as
nitrogen sources, or in some cases carbon and nitrogen sources
(56, 57), so these organisms could benefit from the presence of
a chemotaxis system that allows the detection of pyrimidines.
In addition, several of the enzymes involved in the degradation
of atrazine appear to have been recruited from pyrimidine
pathways, as the products of atzA, atzB, and atzC are all members of a large family of amidohydrolases that includes, for
example, cytosine deaminase (42). It therefore seems reasonable that the ability to sense atrazine could be fortuitous and
due to the presence of a broad-specificity pyrimidine chemoreceptor that can also detect s-triazines. If so, other bacteria
that are chemotactic to pyrimidines may have the ability to
sense s-triazines. We therefore used E. coli as a model organism to test this hypothesis. We previously demonstrated that
pyrimidines are attractants for E. coli and that the response is
mediated by the methyl-accepting chemotaxis protein Tap
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FIG. 8. Competition chemotaxis assays. Pseudomonas sp. strain
ADP cells were grown as described in the legend to Fig. 2. The
responses to saturating atrazine and 50 mM cytosine (in the capillaries) were tested in the absence of competing attractant (black bars) or
when 50 mM cytosine (white bars), saturating (sat.) atrazine (dark-gray
bars), or 20 mM cyanuric acid (light-gray bars) was added to the cell
suspension and capillaries. Capillaries containing Casamino Acids
(0.1% in chemotaxis buffer) served as the positive control. The data
were corrected for background accumulation in capillaries containing
buffer and the corresponding competing compound for each condition (approximately 1.2 ⫻ 104 ⫾ 670 cells for experiments without
competing attractant and 1.5 ⫻ 104 ⫾ 2,100, 4.8 ⫻ 103 ⫾ 640, and
7.2 ⫻ 103 ⫾ 780 cells for experiments with cytosine, atrazine, or
cyanuric acid, respectively, as the competing attractant in the cell
suspension and the capillary). The results are the averages of at
least eight capillaries; the error bars indicate standard errors.
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(25). Here, we showed that wild-type E. coli is attracted to the
s-triazine compounds N-isopropylammelide and cyanuric acid,
which do not provide any growth benefit to E. coli, and we
demonstrated that s-triazines are not detected by the Tap mutant. These results indicate that chemotactic responses to
structurally related pyrimidines and s-triazines are mediated by
a single chemoreceptor in E. coli. As might be expected for
fortuitously detected structurally related compounds, the responses of E. coli to s-triazines were significantly weaker (Fig.
5 and 6) than those to pyrimidines (11- and 19-fold responses
to uracil and thymine, respectively [25]). Although we have not
yet identified the chemoreceptor for atrazine in Pseudomonas
sp. strain ADP, we propose that chemotaxis to s-triazines and
pyrimidines may be mediated by a single chemoreceptor in this
organism. In addition to cyanuric acid and N-isopropylammelide, strain ADP is able to respond to atrazine, which is not
detected by E. coli. The ability to detect atrazine might be a
newly evolved ability of the chemoreceptor(s) that detects pyrimidines and other s-triazine compounds in Pseudomonas sp.
strain ADP. The demonstration that the presence of cytosine
reduces the response to atrazine and that atrazine reduces the
response to cytosine in competition chemotaxis assays (Fig. 8)
strongly suggests that the two compounds are detected by the
same chemoreceptor. Previous competition assays with E. coli
demonstrated a wide range of inhibition, from slight effects to
complete abolishment of responses; these differences were suggested to depend on the affinity of the receptor for the attractants being studied (2, 31). We are currently working to identify
the chemoreceptor(s) required for pyrimidine and s-triazine
chemotaxis in strain ADP; this information will contribute to
our understanding of the mechanisms used by bacteria to sense
and respond to human-made chemicals.
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