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ABSTRACT Mucoidy due to alginate overproduction by the Gram-negative bacterium
Pseudomonas aeruginosa facilitates chronic lung infections in patients with cystic fibrosis
(CF). We previously reported that disruption in de novo synthesis of pyrimidines resulted
in conversion to a nonmucoid small-colony variant (SCV) in the mucoid P. aeruginosa
strain (PAO581), which has a truncated anti-sigma factor, MucA25, that cannot sequester
sigma factor AlgU (AlgT). Here, we showed that supplementation with the nitrogenous
bases uracil or cytosine in growth medium complemented the SCV to normal growth,
and nonmucoidy to mucoidy, in these mucA25 mutants. This conversion was associated
with an increase in intracellular levels of UMP and UTP suggesting that nucleotide resto-
ration occurred via a salvage pathway. In addition, supplemented pyrimidines caused an
increase in activity of the alginate biosynthesis promoter (PalgD), but had no effect on
PalgU, which controls transcription of algU. Cytosolic levels of AlgU were not influenced
by uracil supplementation, yet levels of RpoN, a sigma factor that regulates nitrogen
metabolism, increased with disruption of pyrimidine synthesis and decreased after sup-
plementation of uracil. This suggested that an elevated level of RpoN in SCV may block
alginate biosynthesis. To support this, we observed that overexpressing rpoN resulted in
a phenotypic switch to nonmucoidy in PAO581 and in mucoid clinical isolates. Further-
more, transcription of an RpoN-regulated promoter increased in the mutants and de-
creased after uracil supplementation. These results suggest that the balance of RpoN
and AlgU levels may regulate growth from SCV to mucoidy through sigma factor com-
petition for PalgD.

IMPORTANCE Chronic lung infections with P. aeruginosa are the main cause of mor-
bidity and mortality in patients with cystic fibrosis. This bacterium overproduces a
capsular polysaccharide called alginate (also known as mucoidy), which aids in bac-
terial persistence in the lungs and in resistance to therapeutic regimens and host
immune responses. The current study explores a previously unknown link between
pyrimidine biosynthesis and mucoidy at the level of transcriptional regulation. Iden-
tifying/characterizing this link could provide novel targets for the control of bacterial
growth and mucoidy. Inhibiting mucoidy may improve antimicrobial efficacy and fa-
cilitate host defenses to clear the noncapsulated P. aeruginosa bacteria, leading to
improved prognosis for patients with cystic fibrosis.

KEYWORDS AlgU (AlgT), alginate, cystic fibrosis (CF), mucoidy, Pseudomonas
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Pseudomonas aeruginosa, a Gram-negative opportunistic pathogen, is associated
with chronic lung infections in patients with cystic fibrosis (CF) (1). There are several

bacterial species that can colonize the lungs in children with CF; however, P. aeruginosa
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eventually emerges as the dominant pathogen as patients grow older. The persistence
of this organism is aided by conversion to a mucoid phenotype, which renders the
immune response and antimicrobial therapies less effective (2, 3). Alginate production
is regulated by regulatory and biosynthetic operons. The major regulatory operon
(algU-mucABCD) encodes an alternative sigma factor, AlgU (AlgT) (�22), along with the
cognate anti-sigma factor, MucA (4, 5). The alginate biosynthetic operon (algD) encodes
most of the biosynthetic enzymes needed to convert fructose-1-phosphate into the
exopolysaccharide alginate (6, 7). MucA sequesters AlgU to the inner membrane, and
through proteolysis of MucA, AlgU is released into the cytoplasm to induce transcrip-
tion at the promoters of both operons (8).

The alternative sigma factor RpoN (�54) (9) regulates nitrogen metabolism in Pseu-
domonas (10–12), as well as the production of several virulence factors, such as those
related to motility, quorum sensing, biofilm formation, and alginate production (10,
13–19). The two sigma factors AlgU and RpoN both direct transcription of the promoter
for the alginate biosynthetic operon (PalgD), with the recognition sequences overlap-
ping (20). This suggests that a dual regulation system is present at PalgD, in which either
AlgU or RpoN activates alginate production under certain conditions (20). Damron et al.
showed that deletion of RpoN in a kinB PAO1 mucoid mutant resulted in nonmucoidy
and a growth-related phenotype known as the small-colony variant (SCV) (13). Inter-
estingly, like mucoidy, the SCV is observed in CF patients with persistent infections and
is associated with slow growth and an increase in antibiotics resistance (21–23).

The de novo pyrimidine biosynthesis pathway is an intricate pathway that begins
with the conversion of L-glutamate to UMP, which is later used to synthesize UTP and
CTP for RNA and DNA production (24). Pyrimidine synthesis is required for the regu-
lation of several cell functions in P. aeruginosa. For example, strains of P. aeruginosa
with mutations in the pyrimidine synthesis pathway exhibited deficiencies in produc-
tion of biofilms and quorum-sensing signaling molecules, which were restored with
supplementation of uracil to the medium (25–27). Another study showed that the
activity of nucleotide diphosphate kinase (ndk) was increased in mucoid cells compared
to that in nonmucoid cells (28). Additionally, the levels of UTP were also significantly
higher in mucoid cells than nonmucoid cells (28–30). Yet to date, no work has
specifically linked pyrimidine biosynthesis to SCV and alginate production in P. aerugi-
nosa, and it remains unclear how the level of cytosolic nucleotides regulates alginate
overproduction. Interestingly, CF sputum has been shown to contain DNA at 20 mg/ml
due to the extracellular DNA (eDNA) present in the biofilms, as well as genomic DNA
released when host cells are lysed (31).

In this study, we showed that loss of de novo pyrimidine biosynthesis inhibited
mucoidy in the mucoid strain, PAO581 (PAO1 mucA25) (32, 33) and resulted in the SCV.
Addition of uracil to the growth medium restored the colonies’ mucoid phenotype by
restoring transcription at the alginate biosynthetic operon promoter (PalgD) and the
normal colony morphology. We show that disruptions in the pyrimidine biosynthetic
pathway disrupted nitrogen metabolism in the cell, which resulted in upregulation of
rpoN. Consequently, increased levels of RpoN allowed for competition with AlgU for
binding at PalgD, which resulted in inhibition of transcription of the alginate biosyn-
thetic operon and thus the observed loss of alginate overproduction.

RESULTS
Supplementation with pyrimidines restores normal growth and mucoidy in a

mucA25 mutant with mutations in the de novo pyrimidine biosynthetic pathway.
Previously, we reported that three mutations in de novo pyrimidine biosynthesis genes
(carA, carB, and pyrD) in the mucoid strain PAO581 (PAO1 mucA25) each resulted in a
SCV and nonmucoid phenotype (33). We thought this might be due to a link between
pyrimidine and alginate biosynthesis in P. aeruginosa. To test this hypothesis, PAO581
and the three mutants, PAO581 carA, PAO581 carB, and PAO581 pyrD (all 3 mutants will
be referred to collectively as PAO581pmt pyrimidine mutants throughout this paper),
were grown with or without supplementation with pyrimidines. When grown on
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Pseudomonas isolation agar (PIA), the pyrimidine mutants remained nonmucoid and
exhibited the SCV phenotype (Fig. 1A and B). However, supplementation with 0.1 mM
uracil (Fig. 1A and C) or cytosine (see Fig. S1A in the supplemental material) restored
mucoidy and normal colony morphology. We repeated the experiment using synthetic
CF medium (SCFM2) (34), which is formulated to more closely represent the lung
environment, and observed similar results (Fig. S2A). In addition, SCFM2 and PIA were
comparable in inducing mucoidy in PAO581 and a mucoid CF isolate. (Fig. S2B and C).
We used the carbazole assay to directly measure the amounts of alginate produced by
the wild-type P. aeruginosa strain PAO1, PAO581, and three PAO581pmt mutants when
grown on PIA or PIA supplemented with uracil or cytosine (Fig. 1D). Supplementation
of the medium with either uracil or cytosine significantly increased alginate production
in the pyrimidine mutant strains compared to alginate produced on PIA alone, while
supplementation with adenine or guanine had no effect, i.e., the mutants remained SCV
and nonmucoid. Clearly, addition of free pyrimidine to the growth medium restored the
growth defect and loss of alginate production due to disruption in pyrimidine biosyn-
thesis. These results suggest that pyrimidine biosynthesis may be linked to alginate
synthesis.

Reduced levels of UMP and UTP are associated with SCV and loss of mucoidy
in pyrimidine mutants. The ability to restore the intracellular loss of pyrimidine
synthesis with an extracellular source of uracil suggested that uracil was being trans-

FIG 1 De novo pyrimidine biosynthesis is linked to the formation of SCV and mucoidy in P. aeruginosa. (A) PAO581 cells grown at 37°C for 48 h on PIA plates
(left) and PIA plates with uracil (right). (B) The effect of disrupting the de novo pyrimidine pathway in a stable alginate-producing strain, P. aeruginosa PAO581.
PAO581 carA, PAO581 carB, and PAO581 pyrD were grown on PIA plates at 37°C for 48 h. (C) The effect of adding uracil (0.1 mM) to the medium (PIA) on the
growth of three pyrimidine biosynthetic mutants (carA, carB, and pyrD) at 37°C for 48 h. (D) Alginate production for PAO1, PAO581, PAO581 carA, PAO581 carB,
and PAO581 pyrD when grown on PIA plates with and without uracil at 37°C for 24 h. Alginate was collected and measured using the standard carbazole assay.
Values shown are mean alginate � standard deviation from triplicate reads. (E) The �-galactosidase activity of PalgD measured using pLP170-PalgD-lacZ reporter
constructs in PAO1, PAO581, PAO581 carA, PAO581 carB, and PAO581 pyrD grown on PIA plates containing carbenicillin and uracil at 37°C for 24 h. Relative
expression mean values � standard deviations from triplicate reads are shown. Two-way analysis of variance (ANOVA) was used with statistical significance at
a P value of �0.01 (****, P � 0.0001).
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ported into the cells. To test this, we measured intracellular concentrations of UMP and
UTP. P. aeruginosa strains PAO1, PAO581, and the three PAO581pmt mutants were
grown on PIA or PIA supplemented with uracil. The cytosolic fraction was collected by
centrifugation and the amount of UMP/UTP in this fraction determined by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). As expected, intracellular
levels of both UMP (Fig. 2A) and UTP (Fig. 2B) increased in the PAO581pmt pyrimidine
mutants grown on PIA containing uracil. Yet, no statistically significant changes were
observed in our control strains, PAO1 and PAO581. This increase in UMP/UTP was
correlated with an increase in alginate production, as determined by the carbazole
assay. This suggested that uracil was imported into cells and recycled by the pyrimidine
salvage pathway, thereby relieving the inhibitory effect of the mutations on the growth
and alginate synthesis.

Uracil-mediated alginate activation through modulation of algD promoter
activity (PalgD). To identify how uracil affected alginate production, we used the
previously published reporter promoter constructs PalgU_lacZ and PalgD_lacZ in pLP170
to quantify promoter activity at the alginate regulatory operon and the alginate
biosynthetic operon, respectively (35). After introduction of the constructs into PAO1,
PAO581, and our three PAO581pmt mutants, the strains were grown on either PIA or
PIA supplemented with uracil, and we used the �-galactosidase activity assay to
quantify the activity of both PalgU (Fig. S1B) and PalgD (Fig. 1E). The promoter activity at
PalgU was not affected by the disruption of pyrimidine biosynthesis nor by the addition
of uracil to the medium. Conversely, the activity at PalgD in the three PAO581pmt
mutants was relatively low when grown on PIA, but promoter activity was increased
upon addition of uracil to the medium. Thus, loss of pyrimidine biosynthesis decreased
promoter activity at the alginate biosynthesis operon (algD operon) but not at the
regulatory operon (algU operon).

Inactivation of the de novo pyrimidine biosynthetic pathway increases RpoN
(�54). Pyrimidine starvation increases the levels of an alternative sigma factor, RpoN,
due to the disruption of nitrogen metabolism (11, 12, 36). We hypothesized that an
increase in RpoN might disrupt the balance between sigma factors RpoN and AlgU.
Since RpoN and AlgU have overlapping binding sites at PalgD, RpoN could now

FIG 2 Disruption of de novo pyrimidine biosynthesis results in reduction of intracellular UMP and UTP, and supplementation of uracil to the
medium restores the levels of UMP and UTP in P. aeruginosa. P. aeruginosa strains were grown on PIA at 37°C for 24 h. The cells of each type in
triplicate were harvested, washed, and resuspended in PBS. The cell-free lysates were used for measurement of intracellular concentration of UMP
(A) and UTP (B) measured using LC-MS/MS. Two-way ANOVA was used with statistical significance at P � 0.01 (*, P � 0.01; **, P � 0.001; ***,
P � 0.0001).
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outcompete AlgU for binding to PalgD, leading to loss of alginate biosynthesis (20). To
test whether loss of pyrimidine biosynthesis affected sigma factor levels, we performed
Western blotting to analyze the intracellular amounts of RpoN and AlgU (Fig. 3 and 4).
In the PAO581 pyrimidine mutant strains, RpoN was present at relatively higher levels
than in PAO581, and addition of uracil to the medium decreased RpoN. On the other
hand, AlgU levels in the pyrimidine mutants (PAO581pmt) were similar to those in the
parent PAO581 strain, and upon the addition of uracil, AlgU remained relatively
consistent. Thus, loss of de novo pyrimidine biosynthesis resulted in the upregulation of
RpoN, and adding uracil to the medium reduced RpoN levels but did not affect the
levels of AlgU.

Transcription of PpilA is altered by disruption in pyrimidine biosynthesis due to
increased RpoN levels. Previously, Withers et al. showed that transcription of PpilA is
regulated by RpoN (35). To test whether the pyrimidine biosynthesis is linked to RpoN
regulation, we measured the promoter activity of PpilA_lacZ in pLP170 (35) in PAO1,
PAO581, and our three PAO581pmt mutants (Fig. 5). A significant increase in PpilA

promoter activity was observed in the mutants compared to that in PAO581. When the
PAO581pmt strains were grown on uracil-supplemented medium the promoter activity
decreased and was similar to that in PAO581 strains on PIA with uracil. This supports
our above results that cytosolic RpoN levels are increased in the mutants, which in turn
leads to inhibition of alginate biosynthesis.

Overexpression of RpoN in PAO581 reduced transcriptional activity at PalgD

but not at PalgU. Previously, Yin et al. (37) showed that overexpression of rpoN in
PAO581 resulted in the loss of mucoidy, suggesting there is sigma factor competition
between AlgU and RpoN. Boucher et al. showed that RpoN has a binding sequence at
PalgD, and inactivation of RpoN in the strain carrying muc23 resulted in loss of tran-
scription from PalgU (20). To test how RpoN affects alginate production, we overex-
pressed RpoN and measured promoter activity at the regulatory and biosynthetic

FIG 3 The effect of the de novo pyrimidine pathway on intracellular levels of RpoN. RpoN levels from
PAO581, PAO581 carA, PAO581 carB, and PAO581 pyrD grown on PIA plates and PIA plates with uracil
at 37°C for 24 h from three separate Wes runs using anti-RpoN antibody normalized by total protein
levels. Values shown are mean ratios � standard deviations. Two-way ANOVA was used with statistical
significance at P � 0.01 (*, P � 0.01; **, P � 0.001; ****, P � 0.0001).
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alginate operons. To do this, we conjugated the pHERD20T vector carrying rpoN into
PAO581 with PalgU-lacZ and PalgD-lacZ inserted at the CTX site on the chromosome (38)
(Fig. 6B and C). The activity of both promoters was tested when PAO581 was grown on
PIA or PIA supplemented with arabinose at increasing concentrations (0.05%, 0.1%, and
0.5%) to induce rpoN expression. Activity at PalgU was not affected by the overexpres-
sion of rpoN. However, the activity at PalgD decreased in a concentration-dependent
manner as the RpoN levels increased in the cell. This suggested that increased levels of
RpoN may lead to increased RpoN binding to PalgD and loss of the mucoid phenotype
in PAO581. To test whether the loss of mucoidy observed with overexpression of RpoN
might be a strain-specific effect, we overexpressed RpoN in PAO579 (muc23) and in two
stable mucoid CF isolates, CF10 and C7447 (Fig. S3). All three strains exhibited reduc-
tion in mucoidy similar to our observations in PAO581.

Pyrimidine mutants can become mucoid through overexpression of AlgU. To
investigate if the PAO581pmt mutants can still produce alginate regardless of the
mutations in the pyrimidine pathway and overcome the higher levels of RpoN, algU
was overexpressed in PAO1, PAO581, and the three PAO581pmt pyrimidine mutants
using the pHERD20T-algU plasmid. After growing the PAO581pmt pyrimidine mutants
carrying the pHERD20T_algU plasmid on PIA supplemented with 0.1% arabinose, the
mucoid phenotype was restored without the need to supplement the medium with
pyrimidines (Fig. 7). This shows that by overexpressing algU, mucoidy can be returned
regardless of pyrimidine starvation and suggests a restoration in the balance of RpoN
and AlgU.

Generation of in-frame deletions of pyrD in PAO1 and PAO581. Our work
showed that disruption in de novo pyrimidine synthesis results in the SCV phenotype.
To identify if the transposon disruption of the pyrimidine pathway was polar, we
in-frame deleted the pyrD gene in PAO1 and PAO581, resulting in the SCV for PAO1 and

FIG 4 Disruption of de novo pyrimidine biosynthetic pathway does not affect the levels of free AlgU in
the cytosol. AlgU levels from PAO581, PAO581 carA, PAO581 carB, and PAO581 pyrD grown on PIA plates
and PIA plates with uracil at 37°C for 24 h from three separate Wes runs using anti-AlgU antibody
normalized by total protein levels. Values shown are mean ratios � standard deviations. Two-way ANOVA
was used with statistical significance at P � 0.01 (*, P � 0.01).
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nonmucoidy and the SCV for PAO581. The addition of free uracil to PAO1 ΔpyrD results
in the return of the normal phenotype of PAO1 but does not induce mucoidy (Fig. 8A
and B). Similar to PAO581 pyrD, PAO581 ΔpyrD also becomes mucoid when grown on
PIA with uracil (Fig. 8C and D). These results show that the phenotype of the transposon
mutants was true and was unrelated to the method by which the mutants were
generated.

FIG 5 Transcriptional activity of RpoN-dependent type IV pilin promoter PpilA was increased in pyrim-
idine biosynthesis mutants compared to the parent PAO581. The �-galactosidase activity of PpilA

measured using pLP170-PpilA-lacZ reporter constructs in PAO1, PAO581, PAO581 carA, PAO581 carB, and
PAO581 pyrD grown on PIA plates containing carbenicillin and uracil at 37°C for 24 h. Relative expression
mean values � standard deviations from triplicate reads are shown. Two-way ANOVA was used with
statistical significance at P � 0.01 (****, P � 0.0001).

FIG 6 Overexpression of RpoN suppresses mucoidy through interference with PalgD but not PalgU in P. aeruginosa PAO581. (A) Image of PAO581 carrying empty
vector pHERD20T and pHERD20T-rpoN grown on a PIA plate with carbenicillin and 0.1% arabinose at 37°C for 24 h. (B) The �-galactosidase activity of PalgU and
of (C) PalgD using PalgU-lacZ and PalgD-lacZ reporter system shuttled in the chromosome of PAO581 via mini-CTX. These two strains were introduced pHERD20T
(control) and pHERD20T-rpoN. Strains were grown on PIA plates with tetracycline, carbenicillin, and various concentrations of arabinose (0.05%, 0.1%, and 0.5%)
at 37°C for 24 h. Values shown are mean relative expression � standard deviation from triplicate reads. One-way ANOVA was used with statistical significance
at P � 0.01.
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DISCUSSION

The presence of alginate in the lungs of CF patients hinders the function of the
patient’s immune system and the efficacy of antimicrobial therapy. A better under-
standing of the regulation of alginate production would aid in development of phar-
maceuticals that target the process and eventually eliminate the sources of chronic
lung infections. Our previous work (33) showed that loss of de novo pyrimidine
biosynthesis resulted in loss of mucoidy in an otherwise mucoid P. aeruginosa strain,
PAO581. There has been little work investigating the relationship between de novo
pyrimidine biosynthesis and alginate biosynthesis. Here, we aimed to map the link
between these pathways to identify new targets for antialginate therapies.

In this study, we found that the addition of free uracil or cytosine to the medium
restored the mucoid phenotype in PAO581 pyrimidine mutants, likely through the

FIG 7 Overexpressing algU leads to mucoidy in the pyrimidine biosynthesis mutants. Shown is the effect
of overexpressing algU on the growth of PAO1, PAO581, PAO581 carA, PAO581 carB, and PAO581 pyrD
carrying empty vector pHERD20T and pHERD20T-algU and grown on PIA with carbenicillin and 0.1%
arabinose at 37°C for 24 h.

FIG 8 In-frame deletion of pyrD results in SCV in PAO1, and SCV and nonmucoid phenotype in
PAO581. (A and B) PAO1 and PAO1 ΔpyrD grown on PIA plates (A) and PIA plates with uracil (B) at
37°C for 24 h. (C and D) PAO581 and PAO1 ΔpyrD grown on PIA plates (C) and PIA plates with uracil
(D) at 37°C for 48 h.
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pyrimidine salvage pathway. This effect appears to be pyrimidine specific, as the
addition of purine bases to the medium had no effect on the phenotype of these
pyrimidine mutant strains. To show that the addition of uracil is linked to the return of
mucoidy by stimulating the pyrimidine salvage pathway, we used LC-MS/MS to mea-
sure the intracellular UMP and UTP concentrations. UMP is the common end product of
both de novo and salvage pathways. Intracellular concentrations of UMP in the three
pyrimidine mutants was lower than that in PAO581 when grown on PIA; however,
when the medium was supplemented with uracil, intracellular UMP and UTP concen-
trations were restored to PAO581 levels. This indicated that the addition of uracil
stimulated the pyrimidine salvage pathway, which in turn restored the mucoid phe-
notype. This result is consistent with early observations that mucoid strains were
associated with higher levels of intracellular nucleotides (28, 29).

Alginate biosynthesis in P. aeruginosa occurs via two main operons, the regulatory
algU-mucABCD and the biosynthetic algD operons. We used a promoter reporter fusion
plasmid to measure transcriptional activities from both operons to identify the level at
which the loss of pyrimidine biosynthesis affected the alginate pathway. The promoter
activity of the algU operon was not affected by the loss of pyrimidine synthesis, nor was
the activity changed when the strains were grown in the presence of uracil. Therefore,
regulation of the algU promoter is not affected by the intracellular pyrimidine concen-
tration. Importantly, the normal algU promoter activity showed that loss of pyrimidine
biosynthesis does not cause a universal decrease in transcription, which would be
expected to cause a reduction in alginate production. On the other hand, PalgD

exhibited a significant decrease in activity in the three PAO581 mutants compared to
that in the parent strain. When uracil was added to the medium, promoter activity was
restored to levels comparable to the activity observed in PAO581. This increase in
promoter activity was concurrent with the return of mucoidy in all three pyrimidine
mutant strains. This suggests a direct relationship between intracellular pyrimidine
concentration and PalgD activity.

Boucher et al. found that AlgU and RpoN have overlapping binding sequences at
PalgD, and that overexpression of rpoN inhibited mucoidy in PAO578 (20). However, the
muc23 mutation was later characterized to be pilA108, which produces a truncated type
IV pilin with an FTF tail at the C terminus of PilA108 to activate AlgW, which initiates the
proteolytic cascade to degrade the full length of MucA (39). Similarly, Yin et al. reported
that overexpression of rpoN using pHERD20T resulted in the loss of mucoidy in PAO581
(37). RpoN is a sigma factor that regulates expression of numerous important genes
that control virulence, stress response, motility, and metabolism, among other func-
tions (10, 15, 17–19, 40). Our Western blot analysis results showed that the levels of
RpoN increased in the PAO581pmt mutants and were restored to PAO581 levels after
the addition of uracil. On the contrary, the levels of AlgU remained unchanged before
and after uracil induction in the PAO581pmt mutants. This suggests that RpoN binding
to the promoter was probably the major inhibitory factor in the loss of mucoidy in the
pyrimidine mutants. However, proteolysis of MucA25 is significant in the augmentation
of alginate in the parent strain, because the alginate production was increased signif-
icantly when uracil was used. It is likely that disruption in pyrimidine de novo synthesis
results in disruption in the nitrogen metabolism in the cell, which is regulated by RpoN
(11, 12, 36). To resolve this disruption, rpoN is upregulated in the mutants, as verified
by our Western blot analyses. This increase in RpoN disrupts the RpoN/AlgU balance,
leading to competition with AlgU for binding at PalgD. Moreover, the effect of the
increased RpoN levels is evident by the increased promoter activity of PpilA in the
pyrimidine mutants, which is restored to levels comparable to those of the wild-type
PAO581 strain when uracil is added to the medium (Fig. 5). With the addition of free
uracil to the medium, the mucoid phenotype returned, along with a decrease in RpoN
levels and an increase in UMP/UTP. So, addition of uracil to the medium restores
intracellular pyrimidine levels by supplementing the salvage pathway, and it relieves
the stress presented on the nitrogen cycle. Moreover, upon overexpression of algU
using pHERD20T, we observed a return of the mucoid phenotype without the need to
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supplement the medium with uracil. This shows that by artificially increasing the levels
of AlgU in the cell, it can outcompete RpoN for the PalgD site, which is shown by the
increase of PalgD promoter activity and the consequent return of mucoidy. These results
show that there is an important balance between AlgU and RpoN levels in Pseudomo-
nas species, with AlgU at those normal levels being the dominant sigma factor (41)
binding and activating PalgD. By deleting the pyrimidine biosynthesis enzymes, RpoN is
overexpressed to overcome the lower levels of pyrimidine, thereby becoming the
dominant sigma factor due to its higher levels.

In-frame deletion of pyrD in PAO1 resulted in the SCV, and uracil restored the normal
colony morphology. In PAO581, a similar deletion resulted in both the SCV and
nonmucoidy, and the addition of uracil restored both phenotypes. In the case of PAO1
ΔpyrD, addition of uracil only returns the SCV phenotype to the normal phenotype
because mucA is still wild type. These details show that two separate phenotypes are
found with these gene deletions. The first is the SCV, due to pyrimidine starvation
resulting in overexpression of rpoN. The second phenotype is the loss of mucoidy due
to the increased levels of RpoN that competes with AlgU for binding to PalgD.

Antibiotic sensitivities were tested for the PAO581pmt mutants using the standard
disc diffusion assay on PIA and PIA with uracil (see Tables S1 and S2 in the supplemental
material). Our results showed that, compared to PAO581, the PAO581pmt mutants were
statistically more sensitive to all eight antibiotics tested (aztreonam, meropenem,
imipenem, ceftazidime, cefepime, levofloxacin, ciprofloxacin, and tobramycin) (Table
S1). However, addition of uracil cannot restore the level of antibiotic sensitivity despite
the restoration of the normal growth rate in mutants (Table S2). This suggests that the
pyrimidine biosynthetic enzymes may have a previously unknown function that medi-
ates resistance to antibiotics. Further studies need to be performed to test this
possibility.

Our results showed that free uracil induced mucoidy in PAO581pmt pyrimidine
mutants through mechanisms independent of PalgU transcriptional activity. Therefore,
the activation of AlgU to induce mucoidy is likely posttranslational. AlgU is regulated
posttranslationally through the proteolytic degradation of MucA, and PAO581 has a
truncated MucA variant, MucA25 (33), which is rapidly degraded by the intracellular
protease ClpXP. While adding uracil to the medium induced a higher level of AlgU in
the parent PAO581, which corresponds to more alginate production (Fig. 1D), there was
no statistically significant difference in the levels of AlgU between untreated and
treated mutants. This result seems to indicate that alteration of proteolytic degradation
of MucA25 in the PAO581pmt mutants was less likely. It is more likely that loss of
RpoN-mediated inhibition at PalgD is responsible for uracil-mediated alginate induction
in the mutants. Another explanation is that RpoN has a secondary effect on mucoidy.
Overexpressing RpoN results in loss of PalgD activity and, subsequently, loss of mucoidy;
this may be due to an inhibitor regulated by RpoN that is causing the observed effects
rather than to a direct inhibition exhibited by RpoN.

Our work demonstrates that there is an indirect link between de novo pyrimidine
synthesis and alginate biosynthesis through regulation of sigma factor levels. The
disruption of the de novo pyrimidine pathway results in increased levels of RpoN and
causes a loss of mucoidy in PAO581. Addition of free uracil to the medium results in a
return to normal pyrimidine levels, causing a decrease in the RpoN levels and thereby
a return of mucoidy. Similarly, overexpression of algU causes the balance between AlgU
and RpoN to shift to favor AlgU and the mucoid phenotype (Fig. 9). Overall, our findings
demonstrate that both sigma factors need to exist in a balanced state to maintain the
desired phenotype. A possible explanation of the role of the dual regulation system at
PalgD is to regulate cellular energy under stress toward essential pathways necessary for
cellular survival and away from the energy expensive alginate synthesis.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains used in this study are listed

in Table 1. P. aeruginosa strains were all grown on Pseudomonas isolation agar (PIA) plates (Difco, Detroit,
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MI) or Pseudomonas isolation broth (PIB; Difco, Detroit, MI) at 37°C, prepared by adding 20 ml of
glycerol/liter of medium as per manufacturer recommendation. PIA was supplemented with 300 �g/ml
of carbenicillin (RPI, Mt. Prospect, PA), 0.1%/1% arabinose (MP Biomedicals, Solon, OH) by weight, 10%
sucrose (Fisher Scientific, Waltham, MA) by weight, or 0.1 mM nitrogenous bases (adenine, cytosine,
guanine, and uracil; Arcos Organics, Morris, NJ) when necessary. All Escherichia coli strains were grown
in Lennox broth (LB) (Difco, Detroit, MI) or on LB agar plates and supplemented with 100 �g/ml of
carbenicillin or 50 �g/ml of kanamycin (RPI, Mt. Prospect, PA) when needed. Synthetic CF medium
(SCFM2) was prepared according to the protocol cited by Turner et al. (34), with 0.1 mM uracil (11 �g/ml)
supplemented when necessary.

Genomic DNA, plasmid and protein extractions. Bacterial genomic DNA was extracted using the
DNeasy blood and tissue kit (Qiagen, Germantown, MD) from 1 � 109 CFU/ml of cells grown in PIB or LB
broth at 37°C for 24 h. Plasmids were extracted using the QIAprep spin miniprep kit (Qiagen, German-
town, MD) from 1 � 108 CFU/ml of cells grown in LB containing the necessary selective antibiotics at 37°C
for 24 h. The plasmid DNA was extracted using the provided protocol. DNA concentrations were
measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Whole-
cell proteins were extracted using the NoviPure microbial protein kit (Mo Bio, Carlsbad, CA; Qiagen, German-
town, MD). Cells were grown on PIA plates containing the necessary selection medium supplement. Plates
were scraped into 1� phosphate buffered saline (PBS), and 1 � 108 CFU/ml of cells were pelleted and used
to extract the whole-cell protein, using the protocol provided with the kit. Proteins were eluted in 100 �l of
PE elution buffer. Protein concentration was measured using the bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher Scientific, Waltham, MA) and the optical density (OD) read on the SpectraMax i3x (Molecular
Devices, Downingtown, PA) at 562 nm. All extracted samples were stored at �20°C.

PCR. All PCRs were run using the Hot Start Taq 2� master mix (New England Biolabs, Ipswich, MA).
A total of 25 �l of the master mix was mixed with 1 �l of each primer and 23 �l of DNA plus
DNase/RNase-free water. Thermocycling reaction conditions were 95°C for 30 s for initial denaturation, 30
cycles of 95°C for 30 s, 58°C for 30 s, and 68°C for 60 s, and a final extension of 68°C for 5 min, and then
samples were held at 4°C.

Conjugation. Pseudomonas strains that were used to acquire the plasmid were grown from a purified
culture in LB broth at 42°C for 24 h. The plasmid-containing E. coli was grown in LB broth at 37°C for 24 h.
A total of 300 �l of each of the three strains [donor strain containing the plasmid, E. coli(pRK2013), and
recipient strain] was mixed in a 1.7-ml sterile microcentrifuge tube. The tube was vortexed on high for
15 s using a benchtop vortex. The tube was then centrifuged at 17,900 � g for 3 min to obtain a cell
pellet. The supernatant was discarded, and the pellet was resuspended in the remaining 50 �l of
supernatant and was then blotted on an LB plate that was dried for 30 min at 37°C. The LB plate
containing the blot was left face up to dry under a hood; once dry, the LB plate was covered and placed
in the incubator face down at 37°C for 6 h. Half of the blot was streaked using an inoculating loop on

FIG 9 Schematic showing the link between de novo pyrimidine synthesis, SCV, and alginate biosynthesis through sigma factors RpoN
and AlgU competition for PalgD. (A) Disruption in the pyrimidine de novo biosynthetic pathway results in decreased levels of UMP. This causes
an increase in RpoN that competes with AlgU to bind to the algD promoter (PalgD), thereby inhibiting alginate production. (B) The addition
of free uracil to the medium causes the levels of UMP to increase through the salvage pathway and thereby decrease the levels of RpoN,
which allows AlgU to bind to the algD promoter (PalgD); this results in alginate production. Moreover, overexpression of algU using pHERD20T
and arabinose results in increased AlgU in the cell that outcompetes RpoN and results in alginate production.
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PIA plates containing selective antibiotics (300 �g/ml carbenicillin with or without 150 �g/ml gentamicin,
depending on the strain) and allowed to incubate at 37°C for 24 h. Single colonies were selected from
the PIA plate and isolated twice on selective PIA plates to obtain single-colony isolates.

Transformation. Transformations were performed with TOP10 electrocompetent cells (Invitrogen,
Carlsbad, CA). A total of 500 ng of plasmid was mixed with 50 �l of E. coli cells (TOP10) that were thawed
on ice and mixed. Samples were electrically shocked and 250 �l of super optimal broth with catabolite
repression (SOC) medium was added to the cells and allowed to shake at 37°C for 1 to 2 h in a 1.7-ml
elution tube. Aliquots of 10 �l and 50 �l and the pellet were then spread on Luria agar plates containing
100 �g/ml of carbenicillin and grown at 37°C for 24 h.

In-frame gene deletion. In-frame deletions were conducted using pEX100T-ΔpyrD through a
two-step allelic exchange procedure (38). Single-crossover merodiploid strains were selected based on
sensitivity to sucrose (sacB) and resistance to carbenicillin. Selected merodiploid strains where then
grown in LB broth at 37°C. Double-crossover strains were selected based on sensitivity to carbenicillin
and confirmed through PCR amplification of the flanking region of the target gene.

Alginate assay. The alginate assay is also referred to in this study as the carbazole assay. Strains were
grown in PIB at 37°C to a McFarland turbidity of 0.5 (1.5 � 108 CFU/ml), 450 �l of the broth was then
spread on 150-mm by 10-mm petri dishes (Fisherbrand, Waltham, MA) containing 50 ml of PIA or 50 ml
of PIA containing the respective supplement (0.1 mM nitrogenous bases or specified concentration of
5-FU). Plates were grown at 37°C for 24 h. Using 30 ml of 0.85% NaCl solution, the colonies were scraped
and placed in a 50-ml conical tube on ice. Sulfuric acid-borate solution (18 M) was aliquoted (3 ml) into
culture tubes and placed on ice. The collected sample (350 �l) was added in triplicates to culture tubes
containing the sulfuric acid-borate solution and then briefly vortexed. A total of 100 �l of 0.1% carbazole
(Sigma-Aldrich, St. Louis, MO) in ethanol was added to the tubes and then vortexed for 5 s. Tubes were
then incubated at 55°C for 30 min. The optical density at 600 nm (OD600) of the initial collected samples
and OD530 of the culture tubes were read. Using a standard curve, the total alginate concentration per
OD600 was then calculated using the formula (alginate concentration)/OD600.

�-Galactosidase activity assay. Strains carrying the lacZ fusion were streaked on PIA or PIA
supplemented with 0.1 mM uracil at 37°C for 24 h. The colonies were then scraped into 4 ml 1� PBS and
then diluted to an OD600 of 0.3 to 0.7. Triplicates of 100 �l of the sample were added to 900 �l of Z-buffer
and 20 �l toluene in a 1.5-ml elution tube. After mixing by inverting 4 or 5 times, tubes were placed with
tops open in a shaking incubator at 37°C for 40 min. After 200 �l of o-nitrophenyl-�-D-galactopyranoside
(ONPG; 4 mg/ml; Thermo Scientific, Waltham, MA) was added, and the time of color change was
recorded, the reaction was stopped by adding 500 �l of 1 M Na2CO3 (Fisher Scientific, Waltham, MA) after

TABLE 1 Bacterial strains and plasmids used in this study

Bacterial strain or plasmid Genotype, phenotype, or descriptiond Source or reference

P. aeruginosa strains
PAO1 Prototroph, NM P. Phibbsa

PAO579 PAO381 derivative with muc-23 (pilA23 resulting in PilA108), M J. Govanb

PAO581 PAO1 mucA25, M J. Govanb

PAO581 carA::aacC1 PAO581DR68/PAO581 carA::Gmr, NM, SCV 33
PAO581 carB::aacC1 PAO581DR26/PAO581 carB::Gmr, NM, SCV 33
PAO581 pyrD::aacC1 PAO581DR50/PAO581 pyrD::Gmr, NM, SCV 33
PAO581 algD::aacC1 PAO581DR1/PAO581 algD::Gmr, NM 33
PAO1 ΔpyrD PAO1 with in-frame deletion of pyrD, NM, SCV This study
PAO581 ΔpyrD PAO581 with in-frame deletion of pyrD, NM, SCV This study
CF001 CF isolate, M M. Ansteadc

CF10 CF isolate, M 42
C7447 CF isolate, M 43

E. coli TOP10 DH5� derivative Invitrogen

Plasmids
pRK2013 Kmr Tra Mob ColE1 44
pHERD20T pUCP20T Plac replaced with 1.3-kb AflIII-EcoRI fragment of araC-PBAD cassette 45
pHERD20T-algU algU (PA0762) from PAO1 in pHERD20T (pBAD/pUCP20), XbalI/HindIII 33
pHERD20T-rpoN rpoN (PA4462) from PAO1 in pHERD20T, XbaI/HindIII 38
pEX100T-NotI Suicide vector with NotI restriction site fused into SmaI of pEX100T, sacB oriT Cbr 38
pEX100T-NotI-ΔpyrD 1.2-kb fragment flanking pyrD (PA3050) gene ligated into pEX100T-NotI with in-frame deletion of pyrD GeneScript
pLP170 8.3 kb, promoterless lacZ, Apr, multiple cloning site 46
pLP170-PalgU Complete PalgU promoter (541 bp upstream of ATG) fused with lacZ in pLP170, BamHI/HindIII 35
pLP170-PalgD Complete PalgD promoter (989 bp upstream of ATG) fused with lacZ in pLP170, BamHI/HindIII 35
pLP170-PpilA Complete PpilA promoter (500 bp upstream of ATG) fused with lacZ in pLP170, BamHI/HindIII 35
MiniCTX-lacZ Gene delivery vector for inserting genes at the CTX phage att site on the P. aeruginosa chromosome; Tcr 47
MiniCTX-PalgU-lacZ Complete PalgU promoter (541 bp upstream of ATG) EcoRI/HindIII fused with lacZ for integration at the CTX

phage att site in P. aeruginosa
38

MiniCTX-PalgD-lacZ Complete PalgD promoter (1,525 bp upstream of ATG) HindIII/BamHI fused with lacZ for integration at the CTX
phage att site in P. aeruginosa

38

aP. Phibbs, East Carolina University, Greenville, NC.
bJ. Govan, University of Edinburgh, Scotland, United Kingdom.
cM. Anstead, University of Kentucky Department of Pediatrics, Lexington, KY.
dNM, nonmucoid; M, mucoid; SCV, small-colony variant.
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20 min. OD420 and OD550 were measured using a SpectraMax i3x plate reader (Molecular Devices,
Downingtown, PA). Miller units were calculated using the following formula:

1,000 � �OD420 – �1.75 � OD550�� ⁄ �color change time �in minutes� � sample volume � OD600�
Liquid chromatography-mass spectrometry measuring intracellular levels of UMP/UTP. All

strains were grown on PIA or PIA supplemented with 0.1mM uracil at 37°C for 24 h. Using 1� PBS, the
colonies were scraped off the plates and centrifuged at 6,800 � g for 5 min to obtain 100 mg pellets,
which were shipped on dry ice to the Proteomics and Mass Spectrometry Facility at the Danforth Plant
Science Center (St. Louis, MO). A total of 10 samples in triplicate were analyzed using LC-MS. The samples
were extracted in 200 �l of 80% methanol containing 10 �M the internal standards, 15N2, 13C9 UMP, and
15N2, 13C9 UTP, by vortexing for 10 min. Samples were centrifuged and then filtered through 8.0 �m
polyethersulfone (PES) spin filters to remove particulates. Samples (1 �l) were loaded onto a 0.5- by 100-mm
custom-packed Proteomix-SAX column using 250 mM ammonium carbonate in water (A) and 25% methanol
(B). The gradient started at 100% B for 3 min, followed by a ramp to 100% B over 10 minutes, with a hold at
100% B for a minute and then ramp back down to 100% B over 1 min. The column was then reequilibrated
for 15 minutes. Data were recorded in negative ion mode using a Q-Exactive mass spectrometer set to a
resolution setting of 140,000 (at m/z 200), with a scan range of 200 to 700. The data were integrated using
the Quan Browser application of Xcalibur. The concentrations were calculated based on comparison to the
internal standards and plotting against a calibration curve made from various concentration of unlabeled
standards and a constant concentration of isotope-labeled standards (10 �M).

Western blot analysis. Whole-cell lysates extracted using a NoviPure microbial protein kit were used
to run Western blots on the Wes system (ProteinSimple, San Jose, CA). Samples were diluted to
250 �g/ml using 0.1� sample buffer and mixed with 5� fluorescent master mix at a 4:1 ratio and
denatured at 95°C for 5 min. Samples were then loaded (3 �l) into the Wes plate (Wes 12- to 230-kDa
prefilled plate), with the first lane containing 5 �l of the biotinylated protein ladder provided along with
blocking reagent, primary antibodies, ProteinSimple horseradish peroxidase (HRP)-conjugated anti-
mouse secondary antibody, luminol peroxide, and washing buffer. The primary antibodies used were
anti-AlgU (6C6) (5) and anti-RNA �54 (RpoN) (BioLegend, San Diego, CA) mouse IgG monoclonal
antibodies at dilutions of 1:20 and 1:1,000, respectively. The Wes plate was run using the Wes default
settings: 27-min separation time at 375 V, blocking with Antibody Diluent 2 (ProteinSimple) for 5 min
(30 min for total protein assay), primary antibody for 30 min, secondary antibody for 30 min, and
exposure times ranging from 1 to 120 s. Gel images were generated and results were analyzed on the
Compass for Simple Western software, version 3.1.7 (ProteinSimple, San Jose, CA).

Statistical analysis. The unpaired two-tailed Student t test and one-way and two-way analysis of
variance (ANOVA) were run with statistical significance set at a P value of �0.01. All statistical analysis
was done using Prism version 7.02 for Windows (GraphPad Software, La Jolla, CA).
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