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Two chemotaxis-defective mutants of Pseudomonas aeruginosa, designated PC1 and PC2, were selected by the
swarm plate method after N-methyl-N*-nitro-N-nitrosoguanidine mutagenesis. These mutants were fully motile
but incapable of swarming, suggesting that they had a defect in the intracellular signalling pathway. Computer-
assisted capillary assays confirmed that they failed to show behavioral responses to chemical stimuli, including
peptone, methyl thiocyanate, and phosphate. Two chemotaxis genes were cloned by phenotypic complementa-
tion of PC1 and PC2. From nucleotide sequence analysis, one gene was found to encode a putative polypeptide
that was homologous to the enteric CheZ protein, while the other gene was cheY, which had been previously
reported (M. N. Starnbach and S. Lory, Mol. Microbiol. 6:459–469, 1992). Deletion and complementation
analysis showed that PC1 was a cheY mutant, whereas PC2 had a double mutation in the cheY and cheZ genes.
A chromosomal cheZ mutant, constructed by inserting a kanamycin resistance gene cassette into the wild-type
gene, changed its swimming direction much more frequently than did wild-type strain PAO1. In contrast, cheY
mutants were found to rarely reverse their swimming directions.

Chemotaxis is the movement of an organism toward chem-
ical attractants and away from chemical repellents (1). Pseudo-
monas aeruginosa is attracted to various amino acids (6) and is
less strongly responsive to sugars and organic acids (15, 16).
The taxis toward several amino acids is subject to control by
nitrogen availability in a manner similar to the control of var-
ious enzymes of nitrogen metabolism (6) and is mediated by
methylation and demethylation of methyl-accepting proteins
analogous to those of the enteric bacteria (5). The strengths of
the chemotactic responses to glucose and to citrate are also
dependent on prior growth of the bacterial cells on those
carbon sources (16). The glucose-binding protein has been
identified as the glucose chemoreceptor in this organism (28).
However, virtually nothing is known about the other chemo-
receptors of P. aeruginosa. Our previous work demonstrated
that P. aeruginosa is attracted to Pi (10). This chemotactic
response is induced by Pi limitation. The Pi-starved cells are
also attracted to arsenate (11). Since Pi competitively inhibits
the response to arsenate, both Pi and arsenate are likely to be
detected by the same chemoreceptor. Genetic evidence
showed that Pi taxis in P. aeruginosa is not regulated by the
phoB and phoR gene products but requires the phoU gene (12).
P. aeruginosa is also repelled by thiocyanic and isothiocyanic
esters, including allyl isothiocyanate, ethyl thiocyanate, methyl
isothiocyanate, and methyl thiocyanate (19).
The molecular mechanisms that underlie bacterial chemo-

taxis have been studied intensively with the enteric bacteria
Escherichia coli (20) and Salmonella typhimurium (30) and to a
lesser extent with the gram-positive bacterium Bacillus subtilis
(4). However, little is known about the chemotaxis genes in the
bacterial species belonging to the genus Pseudomonas, and
only an open reading frame (ORF) encoding the P. aeruginosa
cheY-like gene, immediately downstream of the fliA gene, has
been previously found (27). In this work, we isolated and char-
acterized P. aeruginosa mutants defective in chemotaxis. We

then cloned the P. aeruginosa cheY and cheZ genes by pheno-
typic complementation of these mutants.

MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this

study are described in Table 1. E. coli strains, which were used for plasmid
construction and DNA manipulation, were grown at 378C with shaking in 23 YT
medium (23) supplemented with appropriate antibiotics. This medium was also
used for the preparation of P. aeruginosa cells for electroporation. Whenever
necessary, 23 YT medium was supplemented with 5 mM IPTG (isopropyl-b-D-
thiogalactopyranoside).
Chemotaxis assays. (i) Swarm plate method. The swarm plate method was an

adaptation of that of Armstrong et al. (3). Tryptone swarm plates contained 1%
tryptone (Difco), 0.5% NaCl, and 0.3% agar (Difco). Swarm plates were inoc-
ulated with a single colony, incubated at 378C, and then examined for ring
formation at intervals of over 24 h. Obvious rings were usually formed within a
few hours.
(ii) Computer-assisted capillary method.Digital image processing was used to

count the number of bacteria accumulating toward the mouth of a capillary
containing a known concentration of an attractant plus 1% agarose (18). The
strength of chemotactic response was determined by the number of bacteria per
videotape frame. The chemotaxis buffer used was 10 mM HEPES (N-2-hydroxy-
ethylpiperazine-N9-ethanesulfonic acid) buffer (pH 7.0).
Motility traces. Bacteria were viewed with an inverted phase-contrast micro-

scope (IMT-2-HP; Olympus Co.) at a magnification of 3300. The video image
was recorded continuously by a video camera (FCD-725; Ikegami Co.) and a
video cassette recorder (BR9000; Hitachi Co.). Run times were measured as
previously described (14). Measurements were made on the monitor screen by
stretching plastic wrap flat against the screen surface and following a cell with a
permanent marking pen. This process was timed, and the same path could be
rerun to check the timing. This gave values for the run time and the frequency
of direction reversal.
Isolation of chemotaxis mutants. Bacteria mutagenized with N-methyl-N9-

nitro-N-nitrosoguanidine (9) were grown in 23 YT medium at 378C for 5 h with
shaking, harvested by centrifugation, and washed with 10 mM phosphate buffer
(pH 7). Washed cells were suspended in molten tryptone swarm agar after
sequential dilution, and the mixture was solidified by being dispensed into dishes.
After 24 h of incubation at 378C, bacteria which formed dense and small colonies
were selected for further study.
DNA manipulation and sequencing. Standard procedures were used for plas-

mid DNA preparations, restriction enzyme digestions, ligations, transformations,
and agarose gel electrophoresis (23). P. aeruginosa chromosomal DNA was
prepared as described by Goldberg and Ohman (8). The nucleotide sequences of
both strands were determined by the dideoxynucleotide sequencing method with
single-stranded DNA (24, 31). A DNA sequence similarity search was done with
the program FASTA (22) with GenBank.* Corresponding author.
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Electroporation. P. aeruginosa was transformed by electroporation. Bacterial
cells, grown overnight in 23 YT medium, were inoculated into fresh 23 YT
medium (a 1% inoculum), and after 2 h of incubation, cells were harvested by
centrifugation (10,000 3 g, 5 min, 48C). Pelleted cells were resuspended in
ice-cold HS buffer (7 mM HEPES plus 252 mM sucrose, pH 7.0), washed three
times with the same buffer, and resuspended in a 0.1 original volume of HS
buffer. Electroporation was performed with an Electro Cell Manipulator 600
(BTX Inc., San Diego, Calif.) at a 50-mF capacitance and 1.3 kV. After electro-
poration, cells were allowed to grow in 23 YT medium for 2 h and spread on
appropriate solid media to obtain transformants.
Disruption of the chromosomal cheZ gene. A 4.9-kb BamHI-SalI fragment of

plasmid pPT07 was inserted into pBluescriptII KS1 to construct pPT07.10.
Plasmid pPT07.10 was then digested with HincII and ligated with a HincII-
flanked kanamycin resistance (Kanr) gene cassette from pUC4K. The resulting
plasmid, designated pPT07.11, was introduced into P. aeruginosa PAO1 by elec-
troporation, and Kanr transformants were selected on 23 YT plates with kana-
mycin. The disruption of the chromosomal cheZ gene was confirmed by Southern
hybridization (26).
Nucleotide sequence accession number. The nucleotide sequence of the cheZ

gene has been deposited in the GSDB, DDBJ, EMBL, and NCBI nucleotide
sequence databases under accession number D37810.

RESULTS AND DISCUSSION

Isolation of chemotaxis mutants. Thirty-two putative mu-
tants showing impaired swarming ability were picked, subcul-
tured, and retested. The putative behavioral mutants were then
subjected to further analysis by phase-contrast microscopy.
Microscopic analysis revealed that two of the nonswarming
mutants, designated PC1 and PC2, were motile but rarely re-
versed swimming directions (Table 2). Both mutants grew as
well as the parent strain PAO1, confirming that the impaired
swarming ability was not due to a metabolic defect. Computer-
assisted capillary assays showed that these mutants were not
attracted to peptone (Fig. 1). Neither methyl thiocyanate nor
Pi elicited a tactic response from PC1 or PC2 (data not shown).

These results suggested that PC1 and PC2 had a defect in the
intracellular signalling pathway.
Complementation of chemotaxis mutations. A genomic li-

brary from P. aeruginosa PAO1 was prepared in the broad-
host-range cosmid vector pCP19 (9), and PC1 was transformed
with this genomic library. Transformants were selected on
swarm plates with tetracycline. One transformant, which
formed large swarms, was selected for further study. A recom-
binant cosmid, designated pPT07 (Fig. 2), was isolated from
this transformant. Plasmid pPT07 was then reintroduced into
PC1, and it was confirmed that the transformants comple-
mented the mutation of PC1. The genomic origin of the pPT07
insert was confirmed by Southern blot analysis of P. aeruginosa

TABLE 1. Bacterial strains and plasmids used

Strain or
plasmid Relevant characteristics Reference

or source

E. coli
MV1184 ara D(lac-proAB) rpsL thi (f80 lacZDM15) D(srl-recA)306::Tn10 Tetr F9[traD36 proAB1 lacIq lacZDM15] 31
SRB sbcC recJ umuC::Tn5 uvrC thi-1 endA1 supE44 lac gyrA96 relA1 mcrA D(mrr hsdRMS mcrBC) F9[proAB1

lacIq lacZDM15]
Stratagene

P. aeruginosa
PAO1 Prototroph, FP2

PC1 PAO1 derivative, nonchemotactic mutant
PC2 PAO1 derivative, nonchemotactic mutant
CHEZ1 PAO1 derivative, ORF2::Kanr

Plasmids
pUC119 Cloning vector; Apr lacPOZ9 31
pUC4K pUC4 containing 1.3-kb Kanr cartridge; Apr Kanr Pharmacia
pBluescriptII KS1 Cloning vector; Apr lacPOZ9 Stratagene
pCP19 Broad-host-range cosmid; Tetr IncP 9
pMMB66EH Broad-host-range vector; Cbr Ptac lacI

q IncQ 7
pME1 pUC12 containing 8.3-kb PstI fragment from S. typhimurium; Apr cheA cheW tar cheR cheB cheY cheZ flaM 29
pPT07 pCP19 harboring 20- and 7-kb HindIII fragments from P. aeruginosa PAO1; Tetr This study
pPT07.1 pCP19 harboring 15-kb BamHI-HindIII fragment from pPT07; Tetr This study
pPT07.2 pCP19 harboring 3.6-kb BamHI-XhoI fragment from pPT07; Tetr This study
pPT07.3 pCP19 harboring 2.6-kb BamHI-EcoRI fragment from pPT07; Tetr This study
pPT07.4 Deleted version of pPT07.3; the 2.6-kb insertion fragment of pPT07.3 was deleted from the EcoRI site

by BAL 31 nuclease (deletion size was 0.1 kb); Tetr
This study

pPT07.5 pCP19 harboring 1.7-kb ClaI-HindIII fragment from pME1; Tetr cheY This study
pPT07.6 pMMB66EH harboring 2-kb XhoI fragment from pPT07.2; Cbr Ptax-CheY-ORF2 lacI

q This study
pPT07.7 pMMB66EH harboring 1-kb EcoRI-XhoI fragment from pPT07.6; Cbr Ptac-ORF1 lacI

q This study
pPT07.8 pMMB66EH harboring 0.9-kb SacI-XhoI fragment from pPT07.6; Cbr lacIq This study
pPT07.9 pMMB66Eh harboring 1.7-kb SspI-PstI fragment from pME1; Cbr Ptac-CheZ lacI

q This study
pPT07.10 pBluescriptII KS1 harboring 4.9-kb BamHI-SalI fragment from pPT07; Apr This study
pPT07.11 pPT07.8 derivative containing ORF1 disrupted by insertion of Kanr cartridge; pPT07.8 was partially

digested with HincII and ligated with 1.3-kb Kanr cartridge from pUC4K; Apr ORF1::Kanr
This study

TABLE 2. Frequency of reversal of swimming directiona

Strainb Changes of
direction/sc

PAO1 .......................................................................................... 0.96 0.4
CHEZ1 ....................................................................................... 2.76 0.4
CHEZ1(pPT07.7)...................................................................... 1.46 0.6
CHEZ1(pPT07.8)...................................................................... 2.36 0.5
CHEZ1(pPT07.9)...................................................................... 0.86 0.6
PC1.............................................................................................. ,0.1
PC1(pPT07) ............................................................................... 0.86 0.1
PC2.............................................................................................. ,0.1
a The motile behavior of P. aeruginosa cells suspended in HEPES buffer (pH

7) was observed with an inverted phase-contrast microscope.
b Cells were grown in 23 YT medium. For CHEZ1 transformants, 23 YT

medium was supplemented with carbenicillin and IPTG.
c The means 6 standard deviations of values obtained fro 25 individual swim-

ing cells are shown. At least 5 s of behavior was observed in each analysis.
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PAO1 chromosomal DNA (data not shown). Computer-as-
sisted capillary assays revealed that PC1(pPT07) was attracted
to peptone (Fig. 1).
Restriction endonuclease analysis revealed that pPT07 con-

tained two HindIII fragments of approximately 7 and 20 kb.
The two HindIII fragments were subcloned into pCP19. The
recombinant plasmid pPT07.1, which carried the 20-kbHindIII
fragment, complemented the mutation of PC1 (Fig. 2). The
20-kb insert of pPT07.1 was then digested with various restric-
tion enzymes, and the fragments were subcloned into pCP19
(Table 1 and Fig. 2). The 2.0-kb XhoI fragment in pPT07.6
complemented the mutations of both PC1 and PC2. Plasmid
pPT07.3 restored the ability of PC1 to respond to peptone

(Fig. 1) but failed to complement the mutation of PC2. Neither
mutation was complemented by pPT07.7.
DNA sequence analysis. Nucleotide sequence analysis of the

pPT07.6 insert revealed that the 2.0-kb XhoI fragment con-
tained two potential reading frames (ORF1 and ORF2) (Fig.
2). A computer-assisted homology search showed that ORF1
encoded the P. aeruginosa homolog of the enterobacterial cheY
gene, which had been previously reported (27). ORF2 con-
tained a putative GTG start codon at base positions 80 to 82
(Fig. 3A). A 128-bp intercistronic DNA region was located
between the end of the cheY-like gene and the proposed ini-
tiator codon for ORF2. ORF2 was preceded by a putative
ribosome-binding site (Fig. 3A, underline). Analysis of the
amino acid sequence revealed that the putative polypeptide
encoded by ORF2 shared 39% identical amino acid residues
with the product of the E. coli cheZ gene (Fig. 3B). According
to the description by Mutoh and Simon (17), the E. coli cheZ
gene encodes a polypeptide corresponding to 214 amino acid
residues with a molecular mass of 24 kDa. The P. aeruginosa
cheZ-like gene encoded a polypeptide comprising 227 amino
acid residues with a molecular mass of 25 kDa. Inspection of
the 39 noncoding sequence of the 2.0-kb XhoI fragment shows
no putative transcriptional termination signal, suggesting the
existence of other ORFs downstream of the cheZ-like gene.
Characterization of cheY and cheZ genes. Although the

P. aeruginosa cheY-like gene has been previously found
immediately downstream of the fliA gene, which encodes
a sigma factor required for flagellin synthesis (27), there
is no direct evidence supporting the involvement of this
gene in chemotactic signal transduction in P. aeruginosa. De-
letion derivative plasmids of pPT07.3, which contained the
entire cheY-like gene but not the cheZ-like gene, were con-
structed by using BAL 31. Plasmid pPT07.4, which carried
a 40-bp deletion from the 39 end of the cheY-like gene (Fig.
3A), could not restore the ability of PC1 to respond to pep-
tone (Fig. 1). To test whether the enterobacterial cheY
gene can complement the mutation of PC1, the S. typhi-
murium cheY gene was excised from pME1 (29) and inserted
in pCP19 to make pPT07.5. When plasmid pPT07.5 was
introduced into PC1, this plasmid partially complemented the
mutation of PC1 (Fig. 1). This evidence confirmed that the
ORF1 gene encodes the P. aeruginosa cheY gene and that the

FIG. 1. (A) Chemotactic responses of P. aeruginosa wild-type PAO1 (circles)
and the chemotactic mutants PC1 (triangles) and PC2 (squares) to peptone.
Digital image processing was used to count the number of bacteria accumulating
toward the mouth of a capillary containing 0.1% peptone plus 1% agarose. One
videotape frame was analyzed at each time point, and the chemotactic response
is presented as the number of bacteria per videotape frame as previously de-
scribed (18). (B) Chemotactic responses of P. aeruginosa PC1(pPT07) (squares),
PC1(pPT07.3) (open circles), PC1(pPT07.4) (solid circles), and PC1(pPT07.5)
(triangles) to peptone.

FIG. 2. Restriction map of plasmid pPT07, containing twoHindIII fragments of 7 and 20 kb from the P. aeruginosa chromosomal DNA, and the subclones of plasmid
pPT07. The locations of fliA, ORF1 (cheY), and ORF2 (cheZ) are indicated below the restriction map of pPT07.1. Solid bars indicate P. aeruginosa chromosomal DNA
fragments subcloned into vector plasmids. Arrowheads show the sites and directions of the tac promoter. The abilities of recombinant plasmids to complement the
mutations of PC1 and PC2 are indicated on the right.

950 MASDUKI ET AL. J. BACTERIOL.



mutation of the cheY gene renders P. aeruginosa cells non-
chemotactic. The mutation of PC2 was complemented by
the 2.0-kb XhoI insert of pPT07.6 but not by the 2.6-kb
BamHI-EcoRI insert of pPT07.3 (Fig. 2). The 1-kb EcoRI-

XhoI fragment, containing only the cheZ-like gene, was excised
from pPT07.6 and inserted downstream of the tac promoter of
pMMB66EH to make pPT07.7. The 1-kb EcoRI-XhoI insert of
pPT07.7 failed to complement the mutation of PC2, indicat-

FIG. 3. (A) Nucleotide sequence of the P. aeruginosa cheZ coding region and flanking sequences. Numbering starts at the EcoRI site. The start codon GTG is
located at positions 80 to 82, and the stop codon is at positions 761 to 763. A putative ribosome-binding site is underlined. Amino acids deduced from the nucleotide
sequence are specified by standard one-letter abbreviations. Relevant restriction sites are located above the sequence. An inverted triangle shows the start site of a 40-bp
sequence which was removed from the 39 end of cheY with BAL 31 to make pPT07.4. (B) Amino acid sequence comparison of the E. coli (Ec) and P. aeruginosa (Pa)
cheZ genes. The alignment was performed with the FASTA and Best-Fit programs (22). Identical amino acids (asterisks) and gaps (dashes) introduced into the
sequence to maximize the alignment are indicated.
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ing that PC2 has a double mutation of the cheY and cheZ
genes.
To characterize the cheZ-like gene, a mutation of the chro-

mosomal gene was constructed by inserting a Kanr gene cas-
sette into the wild-type gene (see Materials and Methods). The
results of the Southern analysis confirmed that the cheZ-like
gene was properly interrupted at a HincII site (positions 236 to
242 in Fig. 3A) by the Kanr gene cassette (data not shown).
The chromosomal mutant, designated CHEZ1, formed smaller
swarms than did the parental controls (Fig. 4). Microscopic
analysis revealed that CHEZ1 cells were fully motile but
changed swimming direction much more frequently than did
the parental strain PAO1 (Table 2). The 1.7-kb SspI-PstI frag-
ment, which carried the S. typhimurium cheZ gene, was excised
from pME1 (29) and inserted in pMMB66EH (7) to make
pPT07.9. CHEZ1(pPT07.9) formed larger swarms than did
CHEZ1 (Fig. 4), indicating that the S. typhimurium cheZ gene
could partially complement the mutation of CHEZ1. There
was a SacI endonuclease recognition site 13 to 18 bp down-
stream of the putative GTG start codon of ORF2 (Fig. 3A). To
confirm the essentiality of the GTG start codon, the 0.9-kb
SacI-XhoI fragment was excised from pPT07.6 and inserted in
pMMB66EH to make pPT07.8. This recombinant plasmid car-
ried a 12-bp deletion from the 59 end of ORF2 (Fig. 3A). CHEZ1
(pPT07.8) formed smaller swarms than did PAO1, while pPT07.7,
which carried the entire ORF2, restored the ability of CHEZ1 to
form swarm rings (Fig. 4). These findings confirmed that the
ORF2 gene encodes the P. aeruginosa cheZ gene.
In E. coli, phosphorylation of CheY protein is the signal

required to switch flagellar rotation from counterclockwise to
clockwise (13, 25). This causes a change from a smooth-swimming
phenotype to a tumbling phenotype. E. coli with a null mutation
of cheY has extremely smooth swimming behavior, whereasE. coli
cheZmutants tumble excessively (21). Similar behaviors were also
observed with P. aeruginosa cheY and cheZ mutants (Table 2). P.
aeruginosa possesses a single polar flagellum, and reversals in the
direction of rotation of the polar flagellum result in changes in
swimming direction (2). On the basis of the observations in this
study, it is likely that P. aeruginosa CheY and CheZ are in-
volved in changing the direction of flagellar rotation.
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