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Alginate production in mucoid Pseudomonas aeruginosa isolates from cystic fibrosis patients is under direct
control by AlgU, the P. aeruginosa equivalent of the extreme heat shock sigma factor sE in gram-negative
bacteria, and AlgR, a response regulator from the superfamily of two-component signal transduction systems.
In this report, we describe the identification of the algZ gene, located immediately upstream of algR, which is
involved in the control of alginate production. The predicted product of the algZ gene showed similarity to a
subset of sensory components from the superfamily of signal transduction systems but lacked several of the
highly conserved motifs typical of histidine protein kinases. Inactivation of algZ in the wild-type standard
genetic strain PAO1 did not affect its nonmucoid morphology. However, inactivation of algZ in a mucoid mutant
P. aeruginosa strain, which had AlgU freed from control by the anti-sigma factor MucA, resulted in increased
alginate production under growth conditions which did not permit expression of mucoidy in the parental algZ1

strain. The observed effects were abrogated when algR was inactivated in the algZ::Tcr background. These
findings indicate that algZ plays a regulatory role in alginate production, possibly interacting with AlgR, and
that it may have negative effects on expression of the mucoid phenotype under the conditions tested. The
presented results suggest that elements of negative regulation exist at the levels of both the alternative sigma
factor AlgU and the transcriptional activator AlgR which, once relieved from that suppression, cooperate to
bring about the expression of the alginate system.

Conversion of Pseudomonas aeruginosa to the mucoid, exo-
polysaccharide alginate-overproducing phenotype is usually as-
sociated with chronic colonization of the respiratory tract in
cystic fibrosis (18). Recent analyses have shown that the con-
version to mucoidy in cystic fibrosis isolates is caused by mu-
tations in the mucA gene (5, 30, 48) located within the algU
mucABCD cluster at 67.5 min (5, 28, 29). AlgU (also known as
AlgT [13, 16] or Pa sE [11]) is a member of the AlgU-RpoE
subset of alternative s factors from the superfamily of sE-like
(12) or ECF (27) sigma subunits of RNA polymerase. In wild-
type nonmucoid P. aeruginosa, AlgU is inhibited by the anti-s
factor MucA (42, 46). Inactivation ofmucA relieves AlgU from
repression and causes conversion to mucoidy (5, 30, 42).
AlgU (Pa sE) directs transcription of promoters character-

ized by the sE promoter consensus sequence 235 GAACTT
(N16/17) 210 TCTgA (11, 15, 26, 31, 40). At least two genes
critical for alginate production, algD and algR, have sE pro-
moters and depend on AlgU for transcription (11, 31). The
algD gene encodes a key alginate biosynthetic enzyme, GDP-
mannose dehydrogenase (32), and is located at the beginning
of the gene cluster at 34 min which encodes alginate biosyn-
thetic and modification enzymes (32). The algR gene is located
at 9 min of the P. aeruginosa chromosomal map (Fig. 1) and
encodes a transcriptional activator which binds to the algD
promoter (7, 20, 34, 35). AlgR, most likely in concert with the
alternative sigma factor AlgU, induces algD transcription.
AlgR is a member of the superfamily of bacterial two-compo-
nent systems and is homologous to response regulators (7).

Two-component signal transduction systems typically consist of
at least two factors, the response regulator and its cognate
sensor (44). The response regulators have highly conserved
N-terminal receiver domains which undergo phosphorylation
in the process of signal transduction (38, 44). The sensory
component usually acts as a histidine protein kinase and serves
as a source of phosphoryl groups for the cognate response
regulator but sometimes also accelerates its dephosphorylation
(44). While AlgR has a typical N-terminal receiver domain and
can undergo in vitro phosphorylation in interactions with het-
erologous protein kinases and low-molecular-weight phospho-
ryl group donors (10), the putative second component inter-
acting with AlgR was not identified.
Here we report the identification of algZ, a gene located

immediately upstream of algR. The predicted product of the
algZ gene is homologous to a narrow subset of putative sensors
that have been recently classified in the two-component regu-
latory systems (6). We also show that AlgZ plays a negative
regulatory role in alginate production with phenotypically ap-
preciable effects in a mucoid mucA mutant background.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The P. aeruginosa strains
and plasmids used in this study are shown in Table 1. PAO6886 was the algZ::Tcr

derivative of PAO1. PAO6884 and PAO6885 were algZ::Tcr and algZ::Tcr

algR::Gmr derivatives of PAO568, respectively. P. aeruginosa was grown on
Pseudomonas isolation agar (PIA; Difco) or LB supplemented with tetracycline
(300 or 50 mg/ml for PIA or LB, respectively) or gentamicin (150 or 30 mg/ml)
when required. Escherichia coli was grown on LB supplemented with ampicillin
(100 mg/ml), kanamycin (25 mg/ml), or gentamicin (13 mg/ml) when required.
Bacterial growth curves were determined as previously described (5). For extrac-
tion of RNA and total cellular proteins for immunoblotting analysis, bacteria
were grown in LB to an optical density at 600 nm of 0.4 at 378C before rapid
cooling in a dry ice-ethanol bath to 48C and harvesting for cell lysis. For quan-
titation of alginate production, bacteria were grown on low-osmolarity medium

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, The University of Michigan Medical School,
5641 Medical Science Building II, Ann Arbor, MI 48109-0620. Phone:
(313) 763-1580. Fax: (313) 647-6243. E-mail: Deretic@umich.edu.

187



(per liter of H2O, we added 10 g of peptone, 5 g of yeast extract, 3 g of NaCl, and
15 g of agar, pH 7.0) at 378C for 48 h.
Genetic methods. Gene replacements and insertional inactivation of chromo-

somal genes were carried out as previously described (29). The algR and algZ
genes were insertionally inactivated on the P. aeruginosa chromosome via ho-
mologous recombination with nonreplicative plasmids pKRG1 and pSSZ1, re-
spectively. To generate pSSZ1, a 1.59-kb EcoRI-NotI fragment carrying algZ was
digested with PstI and a 58-bp PstI fragment internal to algZ (see Fig. 3) was
replaced with the Tcr cassette (1.4 kb) from pKI11. The algZ::Tcr fragment was
cloned into pBluescript SKII (Stratagene), and a HindIII fragment with mob
from pCMobA was added to generate pSSZ1. To construct pKRG1, the BglII
fragment (6 kb) with algR in pT7-6 was digested with NruI (351 bp downstream
from ATG of algR) and this site was modified with BamHI linkers to permit
insertion of the BamHI Gmr cassette (1.6 kb) from pKI11G. The mob function
was transferred as a HindIII fragment from pCMobA to this plasmid to generate
pKRG1. pSSZ1 and pKRG1 were introduced into the recipient strains by tripa-
rental conjugations. Candidate strains with gene replacements done via double-
crossover events between a plasmid and the chromosome were isolated as Gmr

Cbs or Tcr Cbs exconjugants selected by replica plating. All gene replacements
were confirmed by Southern blot analysis.
DNA sequencing. For DNA sequencing of algZ, genomic DNA between argH

(33) and algR (7) from two strains (PAO1 and PAO568) was amplified by PCR
with oligonucleotides H4 (59TTGGTCTTCTCTACGC39) and R1 (59GGTTCG
TCATCGACAA39). DNA sequencing of the 1.3-kb PCR product with algZ was
carried out with an AmpliTaq Cycle Sequencing Kit (Perkin Elmer Cetus) and
custom-made primers.
RNA isolation and S1 nuclease protection analysis. RNA isolation and S1

nuclease protection analysis were carried out as previously described (31, 40).
Briefly, for RNA isolation, P. aeruginosa cells were washed twice in ice-cold 50
mM Tris (pH 7.5) and lysed in 3.3% sodium dodecyl sulfate (SDS)–50 mM Tris
(pH 7.5), and total RNA was isolated by equilibrium centrifugation through a

cushion of 5.7 M CsCl. S1 nuclease protection analysis was performed with a
single-stranded DNA probe uniformly labeled with [a-32P]dCTP (800 Ci/mmol;
DuPont NEN) by using primer R1 (59GGTTCGTCATCGACAA39) and purified
single-stranded M13 DNA containing the algR upstream region (D3/28) as the
template. Following polymerization, the radiolabeled probe was digested with
XhoI, heat denatured in formamide, gel purified, and annealed to 50 mg of total
RNA for 1 h at 678C. After annealing, the DNA-RNA hybrid was digested for 30
min at 378C by addition of 1,200 U of S1 nuclease (Boehringer Mannheim) and
300 ml of ice-cold S1 buffer containing 280 mMNaCl, 50 mM sodium acetate (pH
4.6), 4.5 mM ZnSO4, and 20 mg of denatured salmon sperm DNA per ml. S1
nuclease digestion products were precipitated with ethanol and analyzed on
sequencing gels along with the sequencing ladder produced by using the same
template and primer that were used to prepare the S1 nuclease probe.
Detection of the algZ gene product in a T7 expression system. For visualization

of AlgZ in an E. coli T7 expression system, the 1.3-kb PCR product with algZ was
first cloned into pCRII (Invitrogen), the DNA sequence of the cloned fragment
was verified, and the 1.3-kb fragment was transferred as an EcoRI fragment into
pT7-5 in both orientations. AlgZ was labeled with Expre35S35S protein mix
(1,000 Ci/mmol; DuPont NEN) and visualized by using previously described
methods (49).
Western blot analysis. P. aeruginosa cells were washed twice in ice-cold phos-

phate-buffered saline (10 mM, pH 7.4) and resuspended in 300 ml of phosphate-
buffered saline in the presence of 50 ml of zirconium beads (0.1-mm diameter;
Biospec Products). Cells were homogenized in a Mini Beadbeater for 3 min at
2,800 rpm. The cell debris and beads were removed by centrifugation. The
protein concentration of the resulting supernatant was assayed, and the super-
natant was mixed with an equal volume of 23 SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample loading buffer and analyzed on an SDS–11%
PAGE gel as previously described (34). Proteins on the SDS-PAGE gel were
transferred to Immobilon P membrane (Millipore) by electroblotting for immu-
nodetection as described previously (10). A mouse monoclonal antibody against
AlgR (10) was used in a dilution of 1:5,000 to probe AlgR. Goat anti-mouse
immunoglobulin G (heavy and light chains) conjugated with horseradish perox-
idase (Pierce) diluted 1:5,000 was used as the secondary antibody. The mem-
brane was developed with H2O2 and diaminobenzidine as described previously
(10).
Alginate assay. Production of alginate was determined by assaying uronic acids

in a Shimadzu UV1601 spectrophotometer as previously described (23).
Nucleotide sequence accession number. The sequence of algZ from PAO1 (see

Fig. 3) has been assigned GenBank accession number U50713.

RESULTS AND DISCUSSION

To identify the gene encoding the putative algR-cognate
sensor, we have carried out mutational analysis of the chro-
mosomal region in the vicinity of algR (33) following the ra-
tionale that the genes encoding cognate response regulators
and sensors are typically closely linked (44). By using random
mutagenesis strategies (33), two genes, hemC and hemD, have
been identified immediately downstream of algR (Fig. 1) (37).
Inactivation of a gene located 1.3 kb upstream of algR results
in arginine auxotrophy, consistent with the sequence analysis
that indicates the presence of the argH gene in the affected
region (33). These experiments have left a segment of 1,306 bp
between argH and algR that could accommodate an additional
gene, suggesting the possibility that the algR-cognate sensor is
in this region. To investigate this hypothesis, we carried out
expression and sequence analyses of this region. Our T7 ex-
pression analysis indicated the presence of a gene upstream of
algR encoding a polypeptide with an apparent molecular mass
of 35 kDa (Fig. 2). DNA sequence analysis of the correspond-
ing argH-algR intergenic region (Fig. 3) revealed that this gene,
termed algZ, encodes a product displaying significant similar-
ities (Fig. 4) to LytS (6) and YehU (GenBank accession num-
ber U00007), two recently reported sensors from the two-
component systems. The smallest sum probability values [P
(n)] assigned by the BLAST program (2) were 5.23 10218 and
4.7 3 10219, respectively. These results are typical of those
obtained within families of related proteins. AlgZ and YehU
were 29% identical and 54% similar in an overlap of 359 amino
acids. AlgZ and LytS were 24% identical (52% overall simi-
larity) within the same region. LytS is a putative sensor pro-
posed to interact with the response regulator LytR and con-
trols the activity of murein hydrolase and the rate of autolysis

FIG. 1. Genetic organization of the algZR locus and its vicinity. The algZ and
algR genes participate in the control of alginate production in P. aeruginosa.
AlgR is a transcriptional activator which binds to algD (20, 34, 35) as a necessary
step in the activation of alginate production. AlgZ (GenBank accession number
U50713) negatively regulates alginate production in an AlgR-dependent fashion
and may act as a second component of this signal transduction system. Upstream
of algZ is the argH gene involved in the biosynthesis of arginine (33). Down-
stream of algR are the hemC and hemD genes involved in the biosynthesis of
heme precursors (37). Linked, but not immediately adjacent, to these genes are
algQ (algR2), fkl, and algP (algR3). The fkl gene (GenBank accession number
M32077) encodes a homolog of FK506-binding proteins from the immunofilin
superfamily. AlgQ and AlgP have been implicated in the control of alginate
production (21, 22). AlgQ is a homolog of PfrA, a siderophore regulator for
Pseudomonas putida (45), while AlgP is a putative histonelike element (20).

TABLE 1. Bacterial strains and plasmids used in this study

Bacterial
strain or
plasmid

Relevant genotype or propertiesa Source or
reference

P. aeruginosa
strains

PAO1 Prototroph Alg2wt B. Holloway
PAO6886 PAO1 algZ::Tcr Alg2 This work
PAO568 Alg1m mucA2 17
PAO6884 PAO568 algZ::Tcr Alg1c This work
PAO6885 PAO568 algZ::Tcr algR::Gmr Alg2 This work

Plasmids
pKI11 pUC18 1.4-kb Tcr cassette S. Lory
pKI11G pUC18 Gmr cassette S. Lory
pT7-5 ColE1 f10 promoter; Apr S. Tabor
pT7algZ pT7-5 algZ1 This work
pCMobA pHC79 mob1 33
pKRG1 pT7-6 mob1 algR::Gmr This work
pSSZ1 pBluescript SKII mob1 algZ::Tcr This work

a Alg1c, constitutive mucoid phenotype; Alg1m, medium-dependent mucoid
phenotype; Alg2wt, wild-type nonmucoid phenotype; Alg2, nonmucoid pheno-
type.
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in Staphylococcus aureus (6). The yehU gene is linked to a gene,
yehT, encoding a putative response regulator (GenBank acces-
sion number U00007) in an arrangement reminiscent of two-
component systems. These similarities suggest that algZ may
encode the corresponding AlgR-cognate component.
To investigate whether algZ has any effects on alginate syn-

thesis in P. aeruginosa, this gene was inactivated in the standard
genetic wild-type nonmucoid strain PAO1. Only a minor, but
nevertheless statistically significant, effect on the amounts of
detectable uronic acids produced was observed (Table 2) in the
algZ::Tcr derivative of PAO1 (strain PAO6886). Somewhat
surprisingly, the observed effect was an increase in alginate
production (Table 2). Since the positive regulatory effect of
algR on alginate production becomes appreciable only upon
inactivation of this gene in mucoid muc mutants, it was of
interest to investigate the effects of algZ inactivation in a muc
background. Strain PAO568 (17) carries the previously char-
acterized mucA2 mutation (30) and has been used as a model
strain to study control of mucoidy in P. aeruginosa (12, 18). The
role of algR in alginate production in this strain has been well

characterized (8, 36). PAO568 also has the useful property of
being nonmucoid on low-osmolarity media but becomes mu-
coid as osmolarity increases (8, 33, 37). This allows examina-
tion of effects on alginate production under inducing or non-
inducing conditions. Inactivation of algZ in PAO568 did not
significantly affect the phenotype of this strain on PIA, the
medium on which PAO568 is fully mucoid. In contrast, loss of
algZ caused significant enhancement of alginate production on
low-osmolarity medium (Table 2). While the parental strain
PAO568 (mucA2 algZ1) was nonmucoid on this medium,
strain PAO6884 (mucA2 algZ::Tcr) displayed the mucoid phe-
notype on low-osmolarity medium (Fig. 5). These observations
are consistent with the interpretation that algZ, unlike algR,
which acts as a positive regulator, has a negative regulatory
effect on alginate production in the mucA background tested.
The apparent negative effect of algZ could not be attributed

to potential polar effects of algZmutation on algR based on the
following considerations and experiments. First, inactivation of
algR abrogates alginate production, so any polar effects causing
lower algR expression would be expected to reduce alginate
synthesis. Second, the strong AlgU-dependent promoter of

FIG. 2. Detection of the algZ gene product by T7 expression analysis. The
algZ gene was cloned on a 1.3-kb fragment behind the T7 promoter in both
orientations, and [35S]Met- and [35S]Cys-radiolabeled products were analyzed by
SDS-PAGE and autoradiography. At the top is an autoradiogram of a gel with
radiolabeled AlgZ. At the bottom is a schematic representation of the constructs
used in T7 expression analysis. Lanes and constructs: 1, vector pT7-5; 2, pT7-5
containing the algZ gene in the direction opposite to T7 promoter transcription;
3, pT7-5 with the algZ gene inserted in the direction of T7 transcription. Trian-
gle, T7 promoter.

FIG. 3. Nucleotide sequence of the P. aeruginosa algZ gene. The 59 end of the
algR gene located immediately downstream of algZ is also displayed. Shown is
the position of the Tcr cassette (1.4 kb) replacing the 57-bp PstI fragment within
the algZ gene (overlined region) in algZ mutants. SD, putative Shine-Dalgarno
sequence (ribosomal binding site).
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algR (9) is located downstream of the point of insertion of the
Tcr cassette in algZ and thus was expected to allow algR ex-
pression in PAO6884. This was experimentally verified by S1
nuclease protection analysis (Fig. 6A). Third, Western blot
analyses with a monoclonal antibody against AlgR (10) re-
vealed equal protein levels in both PAO568 (algZ1) and
PAO6884 (algZ::Tcr) (Fig. 6B), confirming that AlgR levels
remained unaltered in the algZ mutant. It is also worth men-
tioning that the Tcr cassette on the chromosome of PAO6884
inserted in the orientation opposite to the transcription of the
algZ and algR genes. The possibility that the observed pheno-
typic effect of the inactivation of algZ was due to the altered
growth rate of the mutant was also eliminated. The algZ::Tcr

cells had the same growth characteristics as the parental strain
when tested in the same medium. The doubling time of both
PAO1 and PAO6886 was 33 min, while PAO568 and PAO6884
both had a doubling time of 29 min during the exponential
phase of growth.
In further experiments, we investigated whether algZ ex-

erted its effects via algR. The effects of algZ inactivation on the
mucoid phenotype depended on algR, since inactivation of
algR in mucA2 algZ::Tcr strain PAO6884 abrogated alginate

production (Table 2, strain PAO6885). Based on these analy-
ses, it is possible to conclude that algZ, a gene tightly linked to
algR, affects alginate production in an algR-dependent manner.
Taken together with the sequence similarities to LytS and
YehU, these data support AlgZ as a candidate for the second
component interacting with the response regulator AlgR.
Several features of the predicted primary structure of AlgZ

are worth noting. First, sensory components frequently have
transmembrane domains. Two segments of AlgZ that conform
to the rules for possible transmembrane domains were de-
tected (high hydrophobicity index [24] of regions with $20
amino acids [14]) within the N-terminal half of AlgZ: RLALA
SLFVQWIVLLSAALFCR (residues 58 to 79; the underlined
amino acids are charged residues demarcating the hydrophobic
region) and RLPVALAGSACCLLVVALTLGCTAVAE (res-
idues 86 to 112). Second, one intriguing feature of AlgZ is that
it does not show similarities to the majority of other sensors
sufficiently high to permit detection in global homology
searches. Sequence analysis of the region upstream of algR did
not show any significant similarities to proteins in the data-
bases until now. Only upon the recent entry of LytS (6) and
YehU (GenBank accession number U00007) was it possible to
observe significantly strong homologies of AlgZ with any of the
sequences deposited in databases. Some of the atypical fea-
tures of the primary structure of AlgZ which deviate from the
rest of the sensory components may help explain this paradox.
Upon close inspection of its predicted sequence, it becomes
apparent that AlgZ lacks complete motifs believed to be crit-
ical for the binding of ATP (38, 44). For example, although
AlgZ has the equivalent of the N box, it does not have recog-
nizable D/F and G boxes implicated in ATP binding (44). It is
interesting that the other two close homologs of AlgZ, LytS
and YehU, also lack fully developed corresponding motifs,
albeit both LytS and YehU have two of three properly spaced
Gly residues in the putative G region considered to be of
importance for ATP binding. In contrast, AlgZ has only one
Gly in the corresponding segment. However, several new re-
gions of conservation are apparent in the alignments of AlgZ,
LytS, and YehU (Fig. 4), suggestive of a distinct subfamily of
sensors. For example, the strong conservation around the third

FIG. 4. Multiple sequence alignment of the predicted gene product AlgZ with LytS from S. aureus (6) and YehU from E. coli (GenBank accession number U00007).
Only the regions displaying homologies are shown (133 to 584 for LytS, 119 to 561 for YehU, and the complete predicted sequence of AlgZ).

TABLE 2. Inactivation of algZ in mucA P. aeruginosa increases
alginate production

Strain Genotype Phenotypea

Mean alginate
production
(mg/mg [wet
wt] of cells)

6 SEb

PAO1 Prototroph NM 0.786 0.21
PAO6886 PAO1 algZ::Tcr NM 1.20 6 0.10

PAO568 mucA2 NM 1.87 6 0.04
PAO6884 PAO568 algZ::Tcr M* 4.14 6 0.14
PAO6885 PAO6884 algR::Gmr NM 0.91 6 0.03

a Phenotypes of PAO568 and PAO6884 on LB plates: NM, nonmucoid; M*,
mucoid after 48 h. All incubations were done at 378C.
b The P values (t test) were 1.36 3 1024 for PAO568 and PAO6884 and ,0.05

for PAO1 and PAO6886.
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His residue of AlgZ (His-175) could potentially represent the
phosphorylation site. This motif, LqAqvXPHFlFNslN (His-
175 is underlined; capital letters are residues present in AlgZ,
LytS, and YehU; lowercase letters are residues present in two
of three sequences), is located 92 amino acids from the puta-
tive N box in AlgZ, matching the typical distance between the
phosphorylated His residue and the N box in the majority of
bona fide sensors (38, 44).
The implications of the lack of recognizable nucleotide-

binding motifs in AlgZ are not clear. Further experiments are
needed to assess whether AlgZ has kinase activity. In this
context, it is also worth noting that the only phenotype asso-
ciated with algZ inactivation is increased alginate production,
although it is possible that under certain growth conditions
algZ could play a positive regulatory role. The observed neg-
ative effects of algZ may potentially be explained by the phe-
nomenon of sensor-dependent enhancement of phosphatase
activity in the cognate response regulator. If phosphorylation
of AlgR (e.g., via interaction with a kinase or low-Mr phos-
phodonors [10]) has a positive effect on alginate production, a
supposition that remains to be explored, then AlgZ could act in
a negative regulatory fashion by increasing the dephosphory-
lation rate of AlgR. There are known examples of sensors
acting to accelerate the spontaneous rate of dephosphorylation
of their cognate response regulators (1, 4, 19, 47). It is worth
noting that even when the D/F and G boxes are removed from
NRII (NtrB), a situation that mimics the apparent absence of
such domains in AlgZ, NRII retains its phosphatase enhance-
ment action (4). Although these considerations have no exper-
imental support in the AlgZ-AlgR system, they provide a use-
ful working model compatible with the sequence features of
AlgZ and the observed phenotypic effects of algZ inactivation.
It may appear unusual that there are multiple regulatory

factors controlling alginate production in P. aeruginosa. The
existence of a multitiered negative regulation of alginate pro-
duction at both the s factor and response regulator levels may
reflect the physiologically relevant phenomena associated with
the conversion to mucoidy in P. aeruginosa and with bacterial

response to extreme stress in general. First, it is possible that
different factors specialize for different environmental inputs,
which may increase the versatility of the system. Second, if
AlgU is unchecked and overexpressed in the absence of at least
one of its negative regulators, it becomes toxic to the cell (41).
Third, overexpression of the alginate system in wild-type cells
may not be desirable unless precise environmental conditions,
e.g., biofilm formation (25), are met or defense against extreme
stress conditions is needed (5, 31, 49). In support of these
considerations is the lack or only rare occurrence of mucoid
variants among environmental isolates (3, 39). In clinical situ-
ations, such as in cystic fibrosis, under strong selective pres-
sures during prolonged chronic infections, mucoid mutants
that have lost the anti-s factor MucA may be selected as the
result of a compromise between survival in a lung infiltrated
with phagocytic cells on one side (43) and some toxicity of the
unchecked AlgU on the other side (41). The observations
reported here also suggest that AlgZ exerts its negative actions
on alginate production in an AlgR-dependent manner. This
could be an additional security latch preventing uncontrolled
alginate synthesis unless adequate environmental conditions
are met.
The regulation of alginate production in P. aeruginosa is

undoubtedly complicated. However, the understanding of this
system continues to improve gradually, as evidenced in this
study by the identification of the putative sensory component,
AlgZ, proposed to interact with AlgR. Future analyses of the

FIG. 5. Inactivation of algZ increases alginate production in an mucA2 back-
ground. Shown is the morphology of strains PAO568 (algZ1) (A) and PAO6884
(algZ::Tcr) (B) grown on a subisotonic medium for 48 h at 378C as described in
Materials and Methods. Quantitation of the alginate production of these strains
is given in Table 2.

FIG. 6. Analysis of algR expression in an algZ mutant. (A) S1 nuclease
protection analysis of the algR promoter. Fifty micrograms of the total RNAs of
PAO568 and PAO6884 were hybridized with a uniformly radiolabeled algR
probe, hybridization products were digested with S1 nuclease, and the resulting
fragments were separated on a sequencing gel as described in Materials and
Methods. Rp, algR proximal promoter. (B) Western blot analysis of AlgR levels
in PAO568 (algZ1) and its derivative PAO6884 (algZ::Tcr). Twenty micrograms
of the total cellular proteins of PAO568 and PAO6884 were separated by SDS–
11% PAGE and, after transfer by electroblotting to an Immobilon P membrane,
probed with monoclonal antibody 3H9 against AlgR (10) as described in Mate-
rials and Methods.
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regulation of AlgU activity by the products of the mucABCD
genes and the control of AlgR activity by AlgZ should include
investigations of interactions between the two systems as they
bring about activation of the alginate system. For example, it
will be of interest to examine how AlgR, in the context of its
possible interactions with or modifications by AlgZ, cooperates
with the AlgU-RNA polymerase holoenzyme to activate tran-
scription from the subordinate promoters. While the control of
alginate production offers a model system for investigating
fundamental questions concerning regulation of gene expres-
sion by alternative sigma factors and signal transduction sys-
tems in bacteria, improved definition of these phenomena may
also have a direct significance for our understanding of the
course of infections in cystic fibrosis, since mucoidy represents
a major pathogenic determinant expressed by P. aeruginosa in
this disease (18, 43).
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