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Objectives: Finding alternative methods to overcome antibiotic resistance in the medically important
bacterium Pseudomonas aeruginosa has become increasingly vital as antibiotic resistance becomes more
difficult to overcome. DNA synthesis inhibition is a strategy that has been used to inhibit cancer cells
from proliferating by using pyrimidine analogues. Gateway site-directed mutagenesis is an effective
way to create precise knockouts which creates good models to understand the relationship between bio-
chemical pathways and the physiology of the organism. This article demonstrates the effect of pyrimidine
synthesis inhibition on the motility virulence and physiology of P. aeruginosa.
Methods: Wild type Pseudomonas aeruginosa (PA01) was genetically modified using gateway cloning
technology to inhibit the pyrimidine synthesis pathway through the complete knockout of the pyrE gene.
The mutant strain was compared to the wild type PA01 in terms of its twitching, swarming and swim-
ming motility forms and biofilm formation abilities. In addition to that, the production of the bacterial
surfactant, rhamnolipids, was also measured.
Results and conclusions: The inhibition of the pyrimidine synthesis pathway resulted in significant reduc-
tion in motility and biofilm capabilities, despite complementing the mutation with uracil to bypass the
mutation. Inhibition of the pyrimidine synthesis pathway is thus an effective way to reduce the virulence
of Pseudomonas aeruginosa. Even though the bacterium is able to acquire pyrimidines from its surround-
ing, it was not sufficient enough to overcome the effects of the mutation.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Pseudomonas aeruginosa (P. aeruginosa), a Gram-negative oppor-
tunistic bacterium, can cause acute and chronic infections in
patients with suppressed immune systems, undergoing cancer
chemotherapy, and with cystic fibrosis (Horcajada et al., 2019;
Zifodya and Crothers, 2019). P. aeruginosa is an important cause
of mortality in patients suffering from cystic fibrosis (CF), a devas-
tating genetic disease commonly prevalent among Caucasians
(Parkins et al., 2018). Although characterized by chronic lung dis-
ease, electrolyte abnormalities and pancreatic insufficiency; the
high associated mortality rates of CF is primarily attributed to
the formation of mucoid-alginate and biofilms by P. aeruginosa
(Malhotra et al., 2019). Its pathogenicity is dictated by a variety
of virulence factors including synthesis of extracellular toxins, pro-
teases, hemolysins and exopolysaccharides (Jurado-Martín et al.,
2021); in addition to its motility and biofilm production capacity
(Bains et al., 2012; Kazmierczak et al., 2015; Redfern et al.,
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2021). The three major methods by which P. aeruginosa exhibits
motility are swimming, twitching, and swarming (Burrows,
2012). While the polar flagellum aids in its swimming-type motil-
ity through liquid and extremely soft media, type IV pilus enables
twitching (Kazmierczak et al., 2015). On the contrary, swarming on
semi-solid surfaces is achieved through utilization of both type IV
pili and flagella (Kühn et al., 2021; Talà et al., 2019). The motility of
P. aeruginosa combined with its ability to produce proteins and
polysaccharides, enables it to attach to and colonize surfaces form-
ing biofilms, which are considered a key factor in its pathogenicity
(Kazmierczak et al., 2015).

The alginate exopolysaccharide exclusively synthesized by P.
aeruginosa, in addition to enhancing the ability of the organism
to propel and colonize lung surfaces, helps it to establish a quorum
sensing microbial environment, which evades host defenses and
antimicrobial therapy (Chadha et al., 2021; Niazy, 2021). Novel
therapies suggested for the treatment of CF include mechanisms
of inhibiting biofilm formation and alginate synthesis by P. aerug-
inosa through the use of non-toxic drugs, regulatory proteins, and
altering bio-synthetic pathways (Behzadi et al., 2021; Srinivasan
et al., 2021). One reportedly achievable strategy is by means of reg-
ulating pyrimidine biosynthesis in microorganisms, which conven-
tionally progresses through the de novo or salvage pathway
(O’Donovan and Neuhard, 1970; Ralli et al., 2007).

The de novo pyrimidine synthesis pathway has been studied
thoroughly in P. aeruginosa (Beckwith et al., 1962; O’Donovan
and Neuhard, 1970; O’toole and Kolter, 1998) and has shown to
be an important aspect in its production of virulence factors
(Hosseinidoust et al., 2013). Moreover, mutations at different sites
within this pathway could lead to different outcomes in terms of
virulence factor production by P. aeruginosa (Niazy and Hughes,
2015; Ralli et al., 2007). Pyrimidine regulation could be achieved
either at the enzymatic or transcriptional level, with the former
being a feedback mechanism wherein increased cytosine triphos-
phate (CTP) and uracil triphosphate (UTP) lead to the decrease of
pyrimidine enzyme activities and the latter targeting genes
involved in the pathway (Niazy and Hughes, 2015). The first three
steps in the pyrimidine pathway involves genes namely pyrB
encoding aspartate transcarbamylase, pyrC encoding dihydrooro-
tase, and pyrD encoding dihydroorotate dehydrogenase, which
together catalyzes the production of orotate from carbamoyl phos-
phate and aspartate (Womack and O’Donovan, 1978). Secondly, the
orotate phosphoribosyltransferase catalysis, a crucial step of the
pathway, encoded by the pyrE gene resulting to the orotate
monophosphate (OMP) synthesis from orotate and phosphoribosyl
pyrophosphate (PRPP). This reaction is followed by the final step in
the de novo pyrimidine pathway, wherein OMP decarboxylase
encoded by pyrF results in decarboxylation of OMP to form uracil
monophosphate (UMP) (Womack and O’Donovan, 1978). While
mutations in pyrE and pyrF could lead to secretion and accumula-
tion of orotate in bacteria (Womack and O’Donovan, 1978), a sim-
Table 1
Bacterial strains, plasmids, genotypes, and source of plasmids used in this study to constr

Strain or plasmid Genotype of strain or plasmid

P. aeruginosa PA01 PA0pyrE- Prototroph
PA01 pyrE D

E. coli DH5a recA1 hsdR17 endA1 supE44 thi-1 relA1 gyrA96 D
pDONR221 KanR, ccdB suicide gene, attP cloning sites
pEX18ApGW APR (Cb)R, sacB+, gateway vector, attR cloning sites
pDONRpyrEGM GMR, pyrE-GM 1700 bp insert donor plasmid
pEX18pyrEGM GMR, pyr-GM 1700 bp insert gateway plasmid
pUCP20 APR(CbR) PA01 replicative control plasmid
pPS856 GMR for extraction of GMR gene

2

ilar phenotype was also reported in humans exhibiting orotic
aciduria (Winkler and Suttle, 1988).

Even though previous studies have reported a decrease in viru-
lence factors as a result of orotate accumulation following muta-
tion in pyrE (Garavaglia et al., 2012; Niazy and Hughes, 2015;
Womack and O’Donovan, 1978;), the specific mutant phenotype
in P. aeruginosa has not been exhaustively evaluated since. There-
fore, this study aimed to determine the effect of disrupting the
de novo pyrimidine synthesis pathway at pyrE on the pathogenicity
of P. aeruginosa, in terms of motility and biofilm formation.
2. Materials and methods

2.1. Construction of mutant

2.1.1. Synthesis of mutant pyrE fragment
The pyrE mutant (DpyrE) was constructed utilizing Gateway�

cloning technology (Invitrogen, CA, USA) according to the protocol
previously described (Choi and Schweizer, 2005) and has been
detailed in our previous work (Niazy and Hughes, 2015). Wild type
(WT) P. aeruginosa strain PA01 (prototroph; Brichta et al, 2004)
was used in all experimental analyses (Table1). Briefly, the 74
bps fragment from pyrE (642 bps) was replaced by the aacC1
gentamicin-resistant gene. PCR amplification of the modified pyrE
was configured to: 95 �C for 2 min, 95 �C for 30 s, 50 �C for 30 s,
68 �C for 90 s for 30 cycles and 68 �C for 7 min using the Q5� High
Fidelity 2X Master Mix (New England Biolabs (NEB), Ipswich, MA).
After PCR amplification and addition of attB overhangs on the 50

end, running in tandem was the amplification of the gentamicin-
resistant gene from the pPS856 plasmid. Using primers that had
overhangs that were complementary to the aacC1 gene in addition
to the attB overhangs, a PCR was done to attach all three fragments
together resulting in a mutant form of pyrE-GM with an insertion
of a gentamicin-resistant gene replacing bases 337 to 411 with
the following conditions: 95 �C for 2 min, 95 �C for 30 s, 50 �C
for 30 s, 68 �C for 90 s for 30 cycles and finally 68 �C for 7 min using
the Phusion� Hot Start Flex DNA Polymerase kit (NEB, MA, USA)
(Niazy and Hughes, 2015). All amplicons were analyzed by agarose
electrophoresis and corresponding bands were cut out of the gel
and purified using PureLink� Quick Gel Extraction Kit (Invitrogen,
MA, USA) (Table 2).
2.1.2. Construction of donor and gateway plasmids
The connected fragment was then mixed with the enzyme

Gateway� BP clonase� and pDONR221 plasmid from Invitrogen
(Carlsbad, CA, USA) utilizing manufacturer’s instructions. After
recombination, the recombinant plasmid was transformed into
E. coli (DH5a) and plated on Luria Broth (LB) agar plates containing
60 lg/ml kanamycin. The kanamycin-resistant colonies were
selected for plasmid extraction using the Invitrogen
uct the pyrE mutation using Gateway� cloning.

Source/Reference

Brichta et al., 2004

(argF-lacZYA)U169 u 80lacZ D M15 Bethesda Research Laboratories, 1986
Invitrogen

, ccdB suicide gene Dr. H. Schweizer
This study
This study
Dr. H. Schweizer
Dr. H. Schweizer



Table 2
List of primers, their sequences and amplification targets to construct the pyrE mutation using Gateway� cloning.

Primer
name

Sequence Amplification target

pyrEUSF TACAAAAAAGCAGGCTATGCAGGCGTATCA Forward primer of the upstream region of pyrE

pyrEUSR TCAGAGCGCTTTTGAAGCTAATTCGCGTGGTCCTTGGCTTCCTTGCGGTTGAAGCA Reverse primers of the upstream region of pyrE

pyrEDSF AGGAACTTCAAGATCCCCAATTCGGCAGATCATCGACGCCCAGGGCGCCA Forward primers of the downstream region of pyrE

pyrEDSR TACAAGAAAGCTGGGTTCAGATACCGTATT Reverse primer of the downstream region of pyrE

Gm-F CGAATTAGCTTCAAAAGCGCTCTGA Forward primer for aacC1 gentamicin resistance cassette from pPS856
Gm-F CGAATTGGGGATCTTGAAGTTCCT Reverse primer for aacC1 gentamicin cassette from pPS856
GW-attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT Forward primer attaching US-GM-DS fragments to create the pyrE-GM

fragment in second PCR step
GW-attB2 GGGGACCACTTTGTACAAGAAAGCTGGGT Reverse primer attaching US-GM-DS fragments to create the pyrE-GM

fragment in second PCR step
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ChargeSwitch�-Pro Plasmid Miniprep kit (Carlsbad, CA, USA)
according to the manufacturer’s instructions. Analysis was done
using XbaI restriction enzyme (NEB, MA, USA), which cuts at the
flanking region of aacC1; resulted into three plasmid fragments
which were analyzed with 1.5% agarose electrophoresis. The gate-
way plasmid containing the proper recombination was designated
as pDONR-pyrE-GM. The pEX18ApGW plasmid was then mixed
with pDONR-pyrE-GM and the Gateway� LR clonase enzyme
(Invitrogen, CA, USA) at 50 ng/ll each following manufacturer’s
instructions. The plasmid was then transformed into E. coli
(DH5a) and plated on LB agar plates containing 200 lg/ml ampi-
cillin for selection of resistant colonies. A single resistant colony
was then grown in LB broth with 200 lg/ml ampicillin and plasmid
extraction was done.

2.1.3. Transformation and recombination
The constructed gateway plasmid was then transformed into P.

aeruginosa by electroporation using a Gene Pulser XcellTM Electro-
poration System (Bio-Rad Laboratories, CA, USA) utilizing the pro-
tocol adapted from Choi and Schweizer (2005). P. aeruginosa cells
were incubated at 42 �C for 24 h; and centrifuged at 10,053 g for
2 min. The collected pellet was resuspended in 300 mM sucrose
solution, wherein the cloned pEX18ApGW plasmid was added;
and exposed to electroporation in a 2 mm gap electroporation cuv-
ette. After 1 h incubation at 37 �C with shaking, the cell suspension
was centrifuged; and the cell pellet was resuspended and plated on
LB agar containing 30 lg/ml gentamicin. Resistant colonies were
selected and grown on LB containing 5% sucrose to eliminate any
merodiploids. Mutant pyrE was amplified and sent for sequencing
at GENEWIZ Sequencing (South Plainfield, NJ, USA). The results
were then run on NCBI Blast software for alignment results.

2.2. Analysis of growth curves

The growth curves of WT P. aeruginosa andDpyrEwas measured
according to the method described by Liu et al. (2020). Cells were
grown until mid-log phase on OD600nm of 0.6 A in LB broth. A
500 ll of fresh inoculum was added to LB broth in a conical flask
from the mid-log phase cells. For complementation with uracil,
media containing 40 lg/ml uracil was added to the specific flask.
Flasks were incubated at 37 �C with shaking at 220 rpm. Spec-
trophotometric readings of OD600nm were recorded hourly for
11 h on BioTek Synergy HT Microplate reader (Winooski, VA, USA).

2.3. Assessment of P. aeruginosa virulence and biofilm

2.3.1. Motility assays
Motility assays for twitching, swimming and swarming were

studied. Twitching assay was done utilizing the procedure previ-
ously described (Rashid et al., 2000). Thin 3 mm layers of LB med-
3

ium solidified with 1.5% agar plates were prepared. For uracil-
supplemented plates, 40 lg/ml uracil was added to the medium.
A sterile needle was used to touch a fresh colony and stabbed into
the agar to reach the sub-surface area. Plates were then incubated
at 37 �C for 24 h. The twitching diameter was measured and plates
were photographed using a Nikon D3100 DSLR camera.

Swimming assay was measured on plates containing 1% tryp-
tone, 0.5% NaCl and 0.2% agar as previously described (Li et al.,
2020). Using a sterile needle, a fresh colony was touched with
the tip of the needle and stabbed halfway through the agar. Plates
for complementation test were supplemented with 40 lg/ml ura-
cil. All plates were incubated for 20 h at 30 �C. The diameter of
the swimming zone was measured and the plates were imaged
as mentioned previously.

Swarming assay was performed on semi-solid LB agar plates
containing 0.5% agar and 5% glucose as previously described with
slight modifications (Radulović et al., 2018). A fresh colony was
transferred to 10 ml LB broth and grown for 24 h. Cells were then
standardized to a final OD600nm of 0.6. A 1 ml broth was trans-
ferred to an Eppendorf tube and cells were centrifuged at 10,053
g for 2 min. Cells were resuspended in 50 ll fresh LB broth and
5 ll was transferred to the surface of the agar plate. Plates were
incubated at 30 �C for 10 h; then left at room temperature for
20 h. Uracil-treated plates were supplemented with 40 lg/ml ura-
cil. The zone of swarming was measured and the images of the
plates were obtained.
2.3.2. Rhamnolipid production assay
Rhamnolipid production was measured using prepared LB

plates supplemented with 0.2 g/L cetyltrimethylammonium bro-
mide (CTAB) and 0.005 g/L methylene blue as previously described
with slight modifications (Siegmund and Wagner, 1991). A hole
was stabbed with a toothpick into the center of the agar surface
and 5 ll of the cell supernatant in LB was added to the punched
hole. The plates were left at room temperature for 5 days and
the diameter of the observed halo represented the amount of
rhamnolipid produced. The halo measurements were divided by
the corresponding OD600nm readings to account for cell density.
2.3.3. Biofilm formation
Cells were grown to mid-log phase in to a final OD600nm of 0.6

A; and 1 ll of bacterial cells were added to fresh 100 ll LB in 96-
well round bottom plates. The inoculated plates were incubated at
37 �C for 48 h; afterwards, the well content was aspirated, and
washed thrice with sterile distilled water to remove unattached
cells. The wells were subsequently dried and stained with 150 ll
of 0.5% (w/v) crystal violet for 10 min. After repeated washing,
the air-dried wells were filled with 200 ll of 100% ethanol. The
plate was incubated at room temperature for 15 min and 490 nm
readings were measured on BioTek Synergy HT Microplate reader



Fig. 1. (A) Agarose gel electrophoresis (1.5%) of wild type pyrE and DpyrE after PCR
amplification. (B) Alignment results of DpyrE compared to WT pyrE demonstrating
the deletion.
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(Winooski, VA, USA) as previously described (O’toole and Kolter,
1998).

2.4. RT-qPCR analysis

Cells were grown in LB broth at 37 �C with shaking at 220 rpm
for 24 h. A 1 ml inoculated broth was transferred to an Eppendorf
tube and centrifuged at 10,053 g for 2 min. The collected cell pellet
was used for total RNA extraction using HiGeneTM Total RNA Prep
Kit (BioFACT Co., Daejeon, South Korea) according to manufac-
turer’s instructions. RNA concentration and quality was deter-
mined using BioPhotometer Plus (Eppendorf, Germany). cDNA
was synthesized using the FIREScript RT cDNA synthesis Kit (Solis
BioDyne, Tartu, Estonia, https://www.sbd.ee) as per manufac-
turer’s instructions. Real-Time PCR was done on ABI 7500 Real-
Time PCR System (Applied Biosystems, Darmstadt, Germany) using
5 � HOT FIREpol� EvaGreen� qPCR Supermix (Solis BioDyne, Tartu,
Estonia, https://www.sbd.ee). 16S rRNA was used as the control.
Genes selected in this study (Table 3) were determined to be asso-
ciated with the motility of P. aeruginosa, as previously described
(Hosseinidoust et al., 2013). Relative microRNA expression profiles
were determined and analyzed in Microsoft Excel spreadsheet.

2.5. Statistical analysis

All experiments were done in triplicate, and the data were pre-
sented as means ± standard deviations. Statistical comparison was
done using Two-Way ANOVA followed by Tukey’s post-hoc test
(GraphPad Prism software version 6.00 for Windows, La Jolla Cali-
fornia, USA; https://www.graphpad.com). Results were statistically
significant when a p-value � 0.05 was obtained.

3. Results

3.1. Construction of the mutant

PCR amplification results revealed a fragment approximately
1700 bps in size resulting from the insertion of the aacC1
gentamicin-resistant gene for the DpyrE and approximately 700
bps fragment resembling the wild type PA01 (Fig. 1A). Sequencing
results revealed proper insertion of the aacC1 and confirmed the
deletion of the 74 bps fragment. Results for alignment of the
DNA sequence on NCBI Blast software are demonstrated in Fig. 1B.

3.2. Growth curves

Growth curves for wild type andDpyrE revealed that there were
no differences in growth on enriched media as both the bacterial
Table 3
List of genes and their target primer sequences used to study gene expression by RT-
qPCR for both PA01, DpyrE and DpyrE+U.

Gene Primer sequence

RhlA F- GGC GAT CGG CCA TCT G
R- AGC GAA GCC ATG TGC TGA T

PilA F- TGC GCG TTC GGA AGG T
R- CGA CTC TTC AAC AGT GGT CTT CA

PilI F- GCA CTG CAA CCC TTC ATT CAT
R- CGC ATG CGG GCT GAA C

RhlB F- GCC TGT CGG CGT TTC ATG
R- CAT CCC CCT CCC TAT GAC AA

FliC F- CAG TGC CAA GGA CGA TGC T
R- AAC GTT CAG ACC GCT GAT CTG

FliD F- TGG CTG GCA CCT ACC AGA TC
R- GGC CTG GAG GGC AAT CTT

AlgR F- CCT CGG CCA GCA ATG G
R- CGG ATA TCC AGC AGG ACG AT

4

strains reached the stationary phase simultaneously. Whereas sup-
plementation of the media with 40 lg/ml uracil did not have any
considerable effect on the growth curves (Fig. 2).

3.3. Motility

All three types of motility observed were reduced as a result of
the mutation (Fig. 3). Upon supplementation of uracil in the
growth media of DpyrE (DpyrE+U), the motility was restored to
some extent but not comparable to the levels of the wild type
strain. PA01 had mean diameters of 18 mm for twitching, 35 mm
for swimming, and 12 mm for swarming. The DpyrE+U strain
exhibited mean diameters of 10 mm for subsurface twitching,
15 mm for swimming and 8 mm for swarming. For the DpyrE
strain, there was complete loss of twitching motility; and swim-
ming and swarming motilities were severely diminished with the
mean diameters being 3 mm and 4 mm respectively.

3.4. Rhamnolipid production

Rhamnolipid production was decreased in the DpyrE strain
when compared to PA01 (Fig. 4A). The wild type exhibited a mean
diameter of 16 mm for the rhamnolipid halo, while the DpyrE
strain showed a 75% drop in production and had a mean diameter
of only 6 mm for the rhamnolipid halo. On the contrary, DpyrE+U
revealed a mean diameter of 10 mm for amount of rhamnolipid
produced. Dividing the results by the OD600nm, the results were
as follows, 13.3 for the wild type, 9.16 for DpyrE+U and 5 for the
DpyrE strain (Fig. 4B).

3.5. Biofilm formation

Biofilm formation was reduced in the DpyrE strain when com-
pared to PA01 by more than 50%. Supplementation with uracil
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Fig. 2. Growth curves of wild type P. aeruginosa and mutant strains in LB with and without 40 lg/ml uracil supplementation.

Fig. 3. Representative images of the effect of pyrE knockout on (A) twitching, (B) swimming and (C) swarming capabilities of P. aeruginosa PA01, DpyrE and DpyrE+U on LB
agar plates. The intensive growth in the middle is the initial bacterial colony while the halo around the colony represents the twitching distance. (D) Mean twitching,
swimming and swarming motilities of P. aeruginosa PA01, DpyrE and DpyrE+U. Data are presented as means ± SD, n = 6 (**p�0.01 and *p�0.1).
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increased biofilm formation by about 30% but did not restore bio-
film formation to the levels of the wild type strain (Fig. 5).
3.6. RT-qPCR

Real-time PCR results showed a statistically significant drop in
gene expression for rhamnolipid, pili and flagella-producing genes,
except for fliD and algR which are involved in biofilm formation, in
the mutant when compared to the wild type. fliD showed a marked
increase in expression when compared to the wild type and uracil-
supplemented mutant strain. The DpyrE+U showed no change in
the fliD expression after supplementation with uracil. It was also
determined that after supplementation with uracil, the DpyrE+U
showed even further decreased gene expression levels compared
to DpyrE; except for the fliD gene where there was no statistically
significant change in gene expression (Fig. 6).
4. Discussion

The present study observed the inhibitory effect of the disrup-
tion of de novo pyrimidine synthesis pathway upon motility and
5

altered biofilm phenotype in P. aeruginosa (PA01) and DpyrE
mutant. This was achieved through site-directed mutagenesis in
the pyrimidine pathway, thereby leading to a complete halt in
the pyrimidine biosynthesis in the mutant microorganism. Isaac
and Holloway (1968) reported that the mutagenesis of the pyrim-
idine pathway lead to several mutant strains of P. aeruginosa and
also studied their characteristics pertaining to decreased virulence.
While modified biofilm production by different bacteria including
P. aeruginosa through multiple genetic screens have been reported;
construction of a site-directed mutagenesis is reportedly challeng-
ing (Hosseinidoust et al., 2013; Morici et al., 2007). This study
focused on site-directed mutagenesis as an essential element of
protein engineering, wherein proteins suitable for structural char-
acterization of the bacteria where selectively synthesized. The
preference for studying pyrE mutation in P. aeruginosa PA01 were
based on promising variations in the virulence of the mutant bac-
terium (Hosseinidoust et al., 2013; Morici et al., 2007; Ralli et al.,
2007). The mutation in this study by way of halting pyrimidine
synthesis, forced the bacterium to salvage its pyrimidine from
enriched media (Fig. 7). The net result was a decreased motility
and biofilm formation as evidenced from the results, thereby ren-
dering the bacterium less pathogenic.



Fig. 4. (A) Representative images of the effect of pyrE knockout on rhamnolipid
production for the halo produced by P. aeruginosa PA01 wild type, mutant and
uracil-supplemented strains on mineral media. (B) Rhamnolipid production assay
in wild type, DpyrE and the DpyrE+U strains after dividing OD600nm readings. Data
are presented as means ± SD, n = 6 (**p�0.01).

Fig. 5. Effect of pyrE knockout on biofilm production capabilities of the PA01, DpyrE
and complemented DpyrE+U at crystal violet readings of OD490nm.

Fig. 6. Gene expression levels of selected genes involved in motility and biofilm
formation of P. aeruginosa in wild type, mutant and uracil-supplemented strains.
Data are presented as mean fold change ± SD, n = 6 (***p�0.001, **p�0.01, and
*p�0.05).
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Based on the analysis of the growth curves in this study, it was
found that enriched media had no effect on the patterns of growth
in both the wild and mutant types of P. aeruginosa. However, upon
supplementing the media with 40 lg/ml uracil, the wild types had
a shorter lag phase in comparison to an extended lag phase com-
bined with faster log phase in the mutant bacteria, which were
pyrimidine auxotrophs. Nevertheless, the mutant bacteria were
unable to grow in minimal media without the addition of uracil
(data not shown). The supplementation with uracil enabled the
6

mutant bacteria to synthesize pyrimidines using the salvage path-
way rather than the slower de novo pyrimidine pathway leading to
hastened nucleotide synthesis and faster growth (Ralli et al., 2007).
On the contrary, the PA01 exhibited slower growth owing to their
functional de novo pyrimidine pathway.

One of the most important virulence factor of P. aeruginosa to
cause life-threatening infections is its motility and ability to attach
and colonize surfaces (Burrows, 2012; Hosseinidoust et al., 2013;
O’toole and Kolter, 1998). As a result, the mutant had marked
reduction in swimming and swarming motilities, with a total loss
of twitching, in comparison to PA01. However, all three forms of
motility were restored in the mutant strain upon addition of uracil
to the medium; indicating a correlation between motility and
pyrimidine synthesis through the salvage pathway. Similarly, a
decrease in rhamnolipid production and biofilm formation was
also observed in the mutant bacteria in comparison to PA01. Nev-
ertheless, uracil supplementation restored both rhamnolipid pro-
duction and biofilm formation in the mutant strain to a
considerable extent, which were not observed in the wild type
PA01. The reduced motility of the DpyrE mutant, in spite of uracil
supplementation, could be attributed to decreased rhamnolipid
synthesis. More importantly, reduction in motility and biofilm for-
mation in the mutant bacteria were a result of internal interference
such as inhibition of quorum sensing, as there was no observable
change in the growth capabilities of the wild type and mutant
strains in enriched media (Bains et al., 2012; Morici et al., 2007;
Ralli et al., 2007). This was further confirmed by qPCR findings of
the present study which revealed a decrease in the genes expres-
sion of rhamnolipid, pili, and flagella markers in DpyrE.

In this study, the growth rates of wild type and mutant strains
were similar in enriched media, which were comparable to what
was reported by Brichta (2003). Nevertheless, motility, rhamno-
lipid production, and biofilm formation were reduced in the
mutant type when compared to the wild type PA01. Similar results
were reported by Ralli et al. (2007), following a pyrD knockout
mutation in P. aeruginosa. While reporting diminished motility,
rhamnolipid production and biofilm formation, they also reported
reduced expression of exoproducts such as casein protease, elas-
tase, and hemolysins and decreased iron-binding capacity. They
suggested a role in inducing mutagenesis in the pyrimidine path-
way as a mechanism for eliminating P. aeruginosa infection in
immunosuppressed individuals. The pyrimidine auxotrophy exhib-
ited by the DpyrE mutant enhances its motility, rhamnolipid pro-
duction and biofilm formation upon addition of uracil to the
growth media. This is in accordance to earlier findings corroborat-



Fig. 7. Proposed mechanism of uracil complementation in pyrE mutation of P. aeruginosa.
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ing pyrimidine auxotrophy with reduction in virulence factors of P.
aeruginosa such as production of hemolysin, casein protease, elas-
tase, pyoverdin, and pyocyanin (Ralli, 2005).

Although further gene expression studies regarding rhamno-
lipid, pili, and flagella function need to be further evaluated, the
complementation of uracil in this study failed to restore normal
gene expression in the mutant pyrE strain. Nonetheless, the
decrease in the rhamnolipid gene expression observed in the pre-
sent study has significant clinical implications, as rhamnolipids
contribute to the ability of P. aeruginosa to resist antibacterial
action of polymorphonuclear neutrophils (PMNs) in a biofilm envi-
ronment (Donlan and Costerton, 2002). Based on these findings,
there is potential use of DNA synthesis inhibitors specifically
pyrimidine inhibitors as an alternative therapy to inhibit bacterial
motility and biofilm formation in P. aeruginosa strains.

Fluorouracil (5-FU) is an anti-neoplastic drug that acts by block-
ing pyrimidine synthesis through inhibition of the enzyme
thymidylate synthase (TS) (Attila et al., 2009). Fluorouracil has
been known to cause antibacterial effects against oral microorgan-
isms including P. aeruginosa at very high concentrations (>100 lM)
(Vanlancker et al., 2016). Based on a study on P. aeruginosa PA14
strain by Ueda et al. (2009), 5-FU has the ability to suppress quo-
rum sensing and biofilm formation through uracil-related muta-
tions, namely carA, carB, pyrB, pyrC, pyrD, pyrE, and pyrF. Similar
results were reported by Attila et al. (2009) with respect to the
ability of 5-FU to inhibit biofilm formation and reduce virulence
in E.coli. Using gold nanoparticle probes, Selvaraj and Alagar
(2007) demonstrated the antibacterial capabilities of 5-FU against
P. aeruginosa.

While bacteria efficiently develop resistance to inhibitors of
bacterial growth such as antibiotics, the alternative approach of
developing antibacterial drugs which inhibit virulence factors is
gaining prominence (Attila et al., 2009; Guo et al., 2016). Guo
et al. (2016) have reported the development of a novel compound
against P. aeruginosa, with an ultimate aim of suppressing its viru-
lence and antibiotic resistance. This novel treatment targets the
pyrD, encoding for the PyrD protein. The PyrD protein is a dihy-
droorotate dehydrogenase (DHODase) involved in pyrimidine
biosynthesis, similar to the PyrE protein investigated in the present
study (Niazy and Hughes, 2015; Ralli et al., 2007). Donlan and
Costerton (2002) also recommended a paradigm shift from the
conventional strategies to eradicate biofilm-forming bacteria
towards a futuristic approach based on inhibition of genes respon-
sible for virulence factors such as cell adhesion, motility and rham-
nolipid production.
7

5. Conclusions

The results of the present study revealed that pyrEmutants of P.
aeruginosa PA01 exhibited a decrease in motility and biofilm for-
mation capabilities as a result of the disruption of de novo pyrim-
idine synthesis. These findings demonstrate the importance of
therapies targeting disruption of pyrimidine pathways, such as
the pyrE, in order to treat recalcitrant P. aeruginosa infections sim-
ilar to cystic fibrosis patients. Nevertheless, such possible therapies
need to be validated further throughmolecular and clinical studies.
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