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Summary

Alginate is an important polysaccharide that is
commonly used as a gelling agent in foods, cos-
metics and healthcare products. Currently, all algi-
nate used commercially is extracted from brown
seaweed. However, with environmental changes
such as increasing ocean temperature and the
increasing number of biotechnological uses of algi-
nates with specific properties, there is an emerging
need for more reliable and customizable sources
of alginate. An alternative to seaweed for alginate
production is Pseudomonas aeruginosa, a common
Gram-negative bacterium that can form alginate-
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containing biofilms. However, P. aeruginosa is an
opportunistic pathogen that can cause life-threaten-
ing infections in immunocompromised patients.
Therefore, we sought to engineer a non-pathogenic
P. aeruginosa strain that is safe for commercial
production of alginate. Using a homologous recom-
bination strategy, we sequentially deleted five key
pathogenicity genes from the P. aeruginosa chro-
mosome, resulting in the marker-free strain PGNS5.
Intraperitoneal injection of mice with PGN5 resulted
in 0% mortality, while injection with wild-type
P. aeruginosa resulted in 95% mortality, providing
evidence that the systemic virulence of PGN5 is
highly attenuated. Importantly, PGN5 produces
large amounts of alginate in response to overex-
pression of MucE, an activator of alginate biosyn-
thesis. The alginate produced by PGN5 is
structurally identical to alginate produced by wild-
type P. aeruginosa, indicating that the alginate
biosynthetic pathway remains functional in this
modified strain. The genetic versatility of P. aerugi-
nosa will allow us to further engineer PGN5 to pro-
duce alginates with specific chemical compositions
and physical properties to meet different industrial
and biomedical needs.

Introduction

Alginate is a commercially important biopolymer pro-
duced by brown seaweed and some species of bacte-
ria. The polymer is a polysaccharide composed of the
uronic acid stereoisomers, o-L-guluronic acid (G) and
B-o-mannuronic acid (M) (Haug et al., 1966). The rela-
tive abundance and distribution, as well as chemical
modification of these monomers, determine the physi-
cal characteristics of the polymer. For example,
regions enriched with repeating G residues (G-blocks)
result in a more rigid alginate structure, while alginate
polymers with an abundance of M residues (M-blocks)
have a more flexible structure, and acetylation of M
monomers increases fluid absorption by the polymer
(Smithsrad and Whittington, 1969; Stokke et al., 1993;
Vold et al., 2006). The industrial utility of alginate is
primarily due to its biocompatibility and its ability to
form sodium and calcium gels.
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Alginate is a common additive to foods and cosmetics,
often used as a gelling agent, and has many applica-
tions in the medical industry as well (Helgerud et al.,
2009). For example, alginate hydrogels are used in
advanced wound care dressings to absorb fluid, provid-
ing a moist environment to decrease infection risk and
speed up wound closure (Paul and Sharma, 2004). Algi-
nate is also used as an excipient for tablets and is a
common bio-ink used to form biocompatible, non-immu-
nogenic frameworks for the 3D printing of tissues and
organs (Augst ef al., 2006; Andersen et al., 2012; Lee
and Mooney, 2012). New studies are highlighting excit-
ing new health benefits of alginate, especially for its
antioxidant and anti-inflammatory properties (Liu et al.,
2017; Qu et al., 2017; Mortazavi-Jahromi et al., 2018;
Taeb et al.,, 2018). For example, a recent study in osteo-
porosis patients with degenerative lumbar disease
showed that oral administration of alginate nanoparticles
after corrective surgery increased antioxidant and anti-
inflammatory agents such as superoxide dismutase
(SOD) and interleukin-1 receptor antagonist (IL-1ra)
while decreasing markers of inflammation and oxidative
stress such as alanine aminotransferase (ALT) and inter-
leukin 1B (IL-1B) (Qu et al, 2017). Additionally, oral
administration of alginate devoid of G residues (i.e. poly-
mannuronic acid) to mice counteracted the inflammatory
and obesogenic effects of a high-fat, high-sucrose diet,
possibly through modulating the composition of the gut
microbiota (Liu et al., 2017).

Currently, all alginate used commercially is extracted
from brown seaweed (Peteiro, 2018). However,
increases in ocean temperature and CO, levels as a
result of climate change are a looming threat to seaweed
habitats and alginate yields. While laboratory cultivation
of brown seaweed is possible, it is expensive. Addition-
ally, the ability to tailor the composition of seaweed algi-
nate (e.g. M:G ratio) to suit specific applications is
limited. Thus, there is a growing need for more reliable
and customizable sources of alginate.

The only other known sources of alginate are from
cultures of bacterial species of the genera Azotobacter
and Pseudomonas (Gorin and Spencer, 1966; Linker
and Jones, 1966; Govan et al, 1981). Though the
potential for commercialization of bacterial alginate has
long
been recognized and researched, seaweed remains the
sole source of commercially available alginate (Rehm
and Valla, 1997; Remminghorst and Rehm, 2006; Hay
et al., 2013). Among the bacteria that produce alginate,
alginate biosynthesis has been best studied in Pseu-
domonas aeruginosa. P. aeruginosa is a ubiquitous
Gram-negative bacterium found in soil, water and man-
made environments. However, it is also an opportunistic
pathogen that can cause life-threatening infections in

immunocompromised patients, including those with res-
piratory infections, urinary tract infections, bacteraemia
and underlying disease such as cystic fibrosis (Lyczak
et al., 2002; Driscoll et al., 2007). P. aeruginosa has a
large genome and harbours genes for the production of
many secreted virulence factors, including proteases,
exoenzymes, exotoxins and lipases (Gellatly and Han-
cock, 2013). In addition to secreted toxins, the cell
envelope of P. aeruginosa contains virulence factors
such as flagella, adhesins and lipopolysaccharide (LPS)
in its outer membrane (Gellatly and Hancock, 2013).
Pseudomonas aeruginosa is also capable of forming
biofilms that protect the organism from environmental
stressors, including dehydration, predation, antibiotics
and host defences (Schwarzmann and Boring, 1971;
Govan and Fyfe, 1978; Nivens et al., 2001; Pier et al.,
2001; Leid et al, 2005). The P. aeruginosa biofilm is
rich in alginate (Pedersen et al., 1990).

In P. aeruginosa, alginate is polymerized, modified and
secreted by a multiprotein complex that spans the inner
and outer membranes of the organism (Franklin et al.,
2011; Hay et al., 2013). The proteins that make up this
complex are expressed from the alginate biosynthetic
operon, which contains 12 coding sequences (algD, alg8,
alg44, algK, algE, algG, algX, algL, algl, algJ, algF and
algA), as well as one separately localized gene (algC)
(Chitnis and Ohman, 1993). These genes are highly con-
served between bacterial species known to produce algi-
nate. In P. aeruginosa, expression of this operon is
controlled by the autoregulating sigma factor AlgU, which
is expressed from the alginate regulatory operon (algU,
mucA, mucB, mucC, mucD) (Deretic et al., 1994; Firoved
and Deretic, 2003). AlgU is a major regulator of alginate
biosynthesis, and its activity is highly regulated. A major
regulator of AlgU is MucA, a protein that binds and
sequesters AlgU to the inner membrane (Schurr et al.,
1996; Xie et al., 1996; Mathee et al., 1997). Positive regu-
lators of alginate biosynthesis usually act via degradation
of MucA to release AlgU, leading to expression of the
biosynthetic operon and alginate production.

Extracting and using alginate produced by P. aerugi-
nosa is problematic due to the potential pathogenicity of
the organism, as well as low and inconsistent alginate
yields in wild-type strains. Our group previously reported
that overexpression of a novel activator of alginate
biosynthesis, MucE, induces a mucoid phenotype and
consistent overproduction of alginate by activating the
protease AlgW to cleave MucA, thus activating Algu
(Qiu et al., 2007). We now report that by deleting five
key virulence factor genes from the chromosome of a
wild-type P. aeruginosa strain, we have created a non-
pathogenic strain, PGN5. Significantly, this strain is still
able to produce large quantities of alginate upon deliber-
ate activation of the alginate biosynthetic pathway
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through MucE overexpression. We have collected struc-
tural data to show that alginate produced by PGN5 is
identical to that of wild-type P. aeruginosa. Therefore,
PGN5 may provide a suitable alternative to seaweed for
producing alginate that is safe for human use. Addition-
ally, further genetic manipulation of PGN5 can potentially
provide a reliable source of alginates and other recombi-
nant proteins with specific physical properties to suit dif-
ferent industrial and biomedical needs.

Results

Deletion of five key pathogenicity genes in
P. aeruginosa

To generate an attenuated strain of P. aeruginosa for
production of alginate, the following virulence factor
genes were sequentially deleted from the chromosome
of the wild-type strain PAO1: toxA, plcH, phzM, wapR
and aroA. toxA encodes the secreted toxin Exotoxin A,
which inhibits protein synthesis in the host by deactivat-
ing elongation factor 2 (EF-2) (Iglewski et al., 1977;
Michalska and Wolf, 2015). plcH encodes the secreted
toxin haemolytic phospholipase C, which acts as a sur-
factant and damages host cell membranes. phzM
encodes phenazine-specific methyltransferase, an
enzyme required for the production of the redox active,
pro-inflammatory, = blue—green  secreted  pigment,

pyocyanin (Rada and Leto, 2013). wapR encodes a
rhamnosyltransferase involved in synthesizing O-antigen,
a component of lipopolysaccharide (LPS) of the outer
membrane of the organism. aroA encodes 3-phosphoshi-
kimate 1-carboxyvinyltransferase, which is required intra-
cellularly for aromatic amino acid synthesis. Deletion of
aroA from the P. aeruginosa genome has previously
been shown to attenuate the pathogenicity of this bacter-
ium (Priebe et al., 2002). Each gene was successfully
deleted using a homologous recombination strategy with
the pEX100T-Not1 plasmid (Schweizer and Hoang,
1995; Damron et al., 2009). The in-frame, marker-less
deletion of these five gene sequences was verified by
Sanger sequencing and by whole-genome re-sequen-
cing (Fig. 1). We have designated this engineered strain
as PGN5. The whole-genome sequence of PGN5 has
been deposited to NCBI GenBank with an accession
number of CP032541. Overall, the PGN5 genome was
similar to PAO1 (Fig. S1, Tables S1-S3). Gaps in the
PGN5 sequence included regions of the genes foxA,
plcH, phzM, wapR and aroA (Table S3).

To verify gene deletion and attenuation of the PGN5
strain, the presence of the products of the deleted genes
was measured and was either undetectable, or signifi-
cantly reduced in the PGN5 strain. To test for the toxA
gene deletion in PGN5, we performed a Western blot
analysis for the presence of Exotoxin A secreted into the

toxA region

GCCGGCCGGTCGCGGCAGTTACATCGCGATGGCTCCTTTGATGGGT

plcH region

CGCGATGGACTCCTCGCTTCAGGTCGCTGCTTCGGTCATCGTTTTAT

2.1 kb deleted (B)

phzM region

1 kb deleted
AACGAGAGAGAATAAAAGATGAATAGGGCCTGAATCGGAACTTTCAA

©

WapR region 0.9 kb deleted

(D)

ACAGGTAAGGTTGTAGTTTCGCCGATATCGCCGCACTCAAGGCGCG

aroA region 2.2 kb deleted )

CAGCGCCGTTCATCAATTGTTCTCCACGACCTCAGTCATGCGCCAGC

1 2|3 415 6|7 819 10

-
- ..

toxA | plcH |phzM |wapR | aroA

Fig. 1. Confirmation of deletion of five gene sequences in P. aeruginosa strain PGN5.

A-E. Sanger sequencing results of each gene deletion in the PGN5 strain. Panels A, B and E show plus strand sequence obtained. Panels C
and D show minus strand sequence obtained. Underlined sequence is upstream of the start codon of each gene. Bold sequence is downstream
of the stop codon of each gene. Location of deleted sequence is shown by red bracket.

F. Image of agarose gel electrophoresis from PCR amplification of deleted gene regions. Odd lanes are PCR products from P. aeruginosa
strain PAO1, and even lanes are PCR products from strain PGN5.
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culture medium. The extracellular fractions of PAO1 and
PGNS5 were similar in their banding profiles with a Coo-
massie total protein stain (Fig. S2). However, extracellu-
lar Exotoxin A was detected in wild-type PAO1 control,
but not in the PGNS5 strain (Fig. 2A). To confirm the loss
of plcH, we assessed haemolysis on blood agar. The
haemolytic assay was carried out by streaking PAO1,
PGNS5, P. aeruginosa mucoid strain VE2 (i.e. PAO1+-
mucE) and a negative control, Escherichia coli strain
BL21 on blood agar plates. A clear zone was observed
surrounding PAO1 and VE2 cell growth, indicating com-
plete (B-) haemolysis (Fig. 2B). In contrast, the blood
agar remained red and opaque surrounding PGN5 and
BL21 growth, indicating negligible or no haemolytic activ-
ity in these strains (Fig. 2B). To assess for deletion of
phzM, we extracted and measured the amount of pyo-
cyanin secreted by PAO1 and PGN5. The amount of
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pyocyanin detected was significantly reduced in PGN5
(Fig. 2C). In fact, the difference in pigment production
between PAO1 and PGN5 was immediately apparent on
agar plates (Fig. 3A and B). To test for wapR gene dele-
tion, we performed an LPS extraction, followed by silver-
stained SDS-PAGE and Western blot on the following
strains: PAO1, PGN4 (PGN5 without aroA deletion), VE2
and PAO1,,,., Which serves as a negative control due
to a deletion in the O-antigen ligase gene and thus pro-
duces no O-antigen. The presence of O-antigen was
detected in PGN4, but the level of LPS banding was sig-
nificantly reduced compared to the LPS banding profile
observed in PAO1 and VE2 (Fig. 2D). Lastly, to test for
aroA deletion, ELISA was performed to detect the pres-
ence of 3-phosphoshikimate 1-carboxyvinyltransferase in
cell lysates prepared from PAO1 and PGN5. The ELISA
results showed that the amount of 3-phosphoshikimate

Fig. 2. Confirmation of loss of deleted gene products in P. aeruginosa strain PGN5.

A. Western blot analysis of Exotoxin A from the concentrated extracellular fraction of Exotoxin A-positive P. aeruginosa PA103, wild-type

P. aeruginosa PAO1 and P. aeruginosa PGN5. PIB was used as a negative control.

B. Haemolysis on blood agar observed with P. aeruginosa strains PAO1 and VE2, but not PGN5 or E. coli strain BL21. Areas of 3-haemolysis

shown with white arrows.
C. Pyocyanin concentrations detected in PAO1 and PGN5 media.

D. Silver-stained SDS-PAGE (left) and Western blot analysis (right) against O-antigen on cell lysates of P. aeruginosa strains PAO1,,,,,, PAO1,
VE2 and PGN4. O-antigen regions indicated by red brackets. Antibodies used are indicated.
E. ELISA of cell lysates of PAO1 and PGN5 for 3-phosphoshikimate 1-carboxyvinyltransferase (AroA). ***P < 0.001, determined by two-tailed

Student’s t-test.
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Fig. 3. Phenotype and alginate characterization of P. aeruginosa strain PGN5.
A. Non-mucoid phenotype of P. aeruginosa strains PAO1 and PGN5 on PIA.

B. Mucoid phenotype of PGN5+mucE and VE2 on PIAGm300.

C. Uronic acid (carbazole) assay was used to measure alginate production on VE2 and PGN5+mucE over 72 h. Mean + SD shown.
D. Overlay of HPLC chromatograms of alginate prepared from a seaweed alginate control (red), and P. aeruginosa strains VE2 (blue)
and>PGN5+muckE (green). Only area of interest is shown. Determined M:G ratios shown in table inlay. X-axis = retention time; Y-

axis = absorbance units.

E. Measured viscosity of 2% sodium alginate gels prepared from seaweed alginate samples Sigma 2158 and Sigma 180947, and alginate pro-

duced by VE2 and PGN5+mucE. Mean + SD shown.

F. Measured shear stress/shear rate measured from 2% sodium alginate gels prepared from seaweed alginate samples Sigma 2158 and Sigma
180947, and alginate produced by VE2 and PGN5+mucE. Mean + SD shown.

1-carboxyvinyltransferase was significantly reduced in
PGNS5, compared to that in PAO1 (Fig. 2E). Additionally,
the deletion of aroA resulted in slower growth in the
PGNS5 strain, a growth defect that was restored with the
addition of 1 mg/mL of aromatic amino acids (W, Y, F)
to the culture medium (Fig. S3), consistent with previous
observations (Priebe et al., 2002).

P. aeruginosa strain PGN5 produces a high amount of
alginate

PAO1, the parent strain of PGNS5, is a wild-type P. aerugi-
nosa strain that produces relatively small amounts of algi-
nate and exhibits a non-mucoid phenotype; thus, PGN5 is
also non-mucoid when cultured (Fig. 3A). In PAO1, the
alginate biosynthetic operon, which contains genes
required for alginate production, is negatively regulated.
Activation of this operon leads to alginate production and

a mucoid phenotype. For example, the P. aeruginosa
strain VE2 (i.e. PAO1+mucE) displays high levels of algi-
nate production and a mucoid phenotype (Fig. 3B) (Qiu
et al., 2007). This strain was generated through a mari-
ner-based transposition mutagenesis on PAO1 and car-
ries a gentamicin resistance cassette upstream of the
mucE gene, which drives its overexpression. The mucoid
phenotype in this strain is stable, with no observed rever-
sion to non-mucoidy after over 12 passages on non-selec-
tive media. Thus, overexpression of MucE, an activator of
the alginate biosynthetic pathway, induces a strong and
stable mucoid phenotype in the PAO1 strain. The plasmid
pUCP20-pGm-mucE, which constitutively overexpresses
MucE, was used to test whether the genetically modified
PGNS5 strain could produce alginate (Qiu et al., 2007).
Indeed, the presence of this plasmid in PGN5
(PGN5+mucE) induced a mucoid phenotype (Fig. 3B).
Through over 12 passages on non-selective media, the

© 2019 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
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predominant phenotype of PGN5+mucE colonies is
mucoid; however, some reversion to non-mucoidy occurs.
Thus, the mucoid phenotype in this strain is relatively less
stable than VE2, presumably because overexpression of
MucE occurs from a plasmid, rather than a chromosomal
locus. To measure the amount of alginate produced by
PGN5+muckE on a cellular level, we performed a standard
carbazole assay, which showed that the PGN5+mucE
and VE2 strains produce comparable amounts of alginate
(Fig. 3C). Indeed, VE2 and PGN5+mucE produced aver-
ages of 2449 + 1.64 gl and 26.41 +£3.39 gl " of
alginate (dry weight) respectively.

To examine whether the alginate produced by
PGN5+mucE was similar in composition to alginate pro-
duced by VE2, we performed HPLC to compare the M
and G content of alginate produced by each strain. The
HPLC chromatograms obtained from alginate prepared
from VE2 and PGN5+mucE were similar to each other
and to a seaweed alginate control (FMC 8133) (Fig. 3D).
The M:G ratios of VE2 and PGN5+mucE were consis-
tently determined around 80:20, while seaweed alginate
was consistently around 70:30. To confirm that the phys-
ical properties of VE2 and PGN5+mucE alginates were
also similar, we prepared 2% sodium alginate gels from
alginate produced by each strain, as well as two different
commercial seaweed controls (Sigma 2158 and Sigma
180947) and measured the viscosity and yield stress.
The average viscosities of VE2 and PGN5+mucE algi-
nate gels were consistent and comparable at 73.58 and
72.12 mPa respectively (Fig. 3E). While the viscosities
of seaweed alginate gels varied between samples, vis-
cosities of VE2 and PGN5+mucE alginate gels were
within the range of gels prepared from seaweed alginate
(Fig. 3E). Likewise, the average yield stress of VE2 and
PGN5+mucE alginate gels was similar at 47.34 and
47.16 Pa respectively (Fig. 3F). The average yield stress
of sodium alginate gels prepared from Sigma 2158 and
Sigma 180947 was 33.64 and 32.15 Pa respectively;
thus, they have a lower tensile strength than gels pre-
pared from VE2 and PGN5+mucE alginate (Fig. 3F).

P. aeruginosa strain PGN5 did not cause mortality in mice

To test whether the pathogenesis of PGN5 was attenu-
ated, C57BL/6 mice were challenged with intraperitoneal
injection of 5 x 10® cells of the PCR- and phenotype-
validated strains VE2, PGN5+mucE or E. coli BL21, or
PBS as a negative control. Injection with the VE2 strain
was fatal in 95% of mice within 48 h (Fig. 4). In contrast,
injection with BL21 cells resulted in 20% mortality within
48 h, while no mortality was observed from injection with
either the PGN5+muckE strain or PBS (Fig. 4). The mice
were monitored for 4 weeks post-injection, and no
change in mortality was observed.
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Fig. 4. Per cent survival of male and female C57BL/6 mice after
injections with P. aeruginosa strains VE2, PGN5+mucE or E. coli
BL21.

A. Per cent survival of male mice n = 10.

B. Per cent survival of female mice, n = 10.

C. Per cent survival of combined survival of both male and female,
n = 20.

A bioluminescent construct of PGN5 did not disseminate
in mice

Since no mortality was observed of mice injected with
PGN5+mucE, we wanted to determine whether cells of
this strain might localize differently than VE2 cells within
the mice post-injection. To test this, we used the lux-
CDABEG operon to tag each strain with biolumines-
cence (Choi and Schweizer, 2006). VE2 and
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PGN5+mucE both carry gentamicin resistance genes,
while the plasmids we used for labelling with biolumines-
cence required gentamicin sensitivity. Thus, we first
incorporated the luxCDABEG operon into the chromo-
some of PAO1 and PGN5, and then introduced the
pUCP20-pGm-mucE plasmid into each strain to induce
alginate production and mucoidy, generating the biolumi-
nescent strains PAO1+mucE (functionally equivalent to
VE2) and PGN5+mucE. Intraperitoneal injection of
C57BL/6 mice with bioluminescent PAO1+mucE showed
either localization at the injection site or dissemination
through the body, and lethality resulted in all mice
injected (Fig. 5A and B). Conversely, localization at the
injection site but no dissemination was observed with
bioluminescent PGN5+mucE, and no mortality was
observed in injected mice (Fig. 5C and D).

Discussion

We have previously reported that overexpression of a
novel activator of alginate synthesis, MucE, induces high
and stable production of alginate in P. aeruginosa (Qiu
et al., 2007). In this study, we report the generation of

PAO1+mucE

PGN5+mucE

Oh 9h

Fig. 5. Images of mice injected with bioluminescent-labelled

P. aeruginosa strains.

A,B. Mice injected with bioluminescent PAO1+mucE at A. 0 h post-
injection and B. 9 h post-injection (n = 5).

C,D. Mice injected with bioluminescent PGN5+mucE at C. 0 h post-
injection and D. 9 h post-injection (n = 5). Note: different mice were
imaged at each time point to avoid overdose of anaesthetic.

P. aeruginosa strain PGN5, which was engineered by
sequentially deleting five pathogenic genes. These gene
deletions were verified by biochemical or immunological
assays to detect the absence or significant reduction in
either the gene products or their activity, as well as
through multiple DNA sequencing methods, including
whole-genome re-sequencing. Analysis of the PGN5 gen-
ome not only verified deletion of the targeted five patho-
genic genes, but also uncovered small insertions/
deletions, SNPs and additional gaps in the genomic
sequence compared to the PAO1 reference strain. The
specific effects these changes to the genome have on
the PGN5 strain are uncertain, but it is clear from our
data that they do not affect the ability of PGN5 to make
alginate. To test whether the five gene deletions attenu-
ated the virulence of P. aeruginosa, we performed mouse
infection model studies and challenged the animals with
intraperitoneal injection of mucoid PGN5 (PGN5+mucE),
its wild-type counterpart VE2 (PAO1+mucE) or the FDA-
approved strain E. coli BL21 as a negative control. These
strains were validated by PCR, phenotype and viable
plate counts throughout the culture preparation and
mouse injection procedure to verify strain authenticity and
viable cell number. Inoculation of mice with PGN5
resulted in 0% mortality. In contrast, inoculation with VE2
resulted in 95% mortality while inoculation with BL21
resulted in 20% mortality. These results suggest that
PGNS5 is a highly attenuated P. aeruginosa strain. Indeed,
our results suggest that PGN5 is less pathogenic and
less toxic than the BL21 E. coli strain, which is FDA-
approved for production of biopharmaceuticals.

We also examined the dissemination of the bacteria
after intraperitoneal injections in the mouse challenge
experiments by using bioluminescence-labelled mucoid
PAO1 and PGNS5 strains. All mice injected with biolumi-
nescent PAO1 succumbed to the infection, while only
about 50% exhibited systemic bacterial dissemination. In
the other 50%, dissemination of bacterial toxins from the
injection site most likely led to septic shock. In contrast,
bioluminescent PGN5 was only detected at the injection
site, no dissemination was apparent, and zero mortality
was observed in these mice. This suggests that the inva-
siveness and toxin production associated with P. aerugi-
nosa is either absent or reduced to a level that does not
affect vitality in the PGN5 strain.

Importantly, overexpression of MucE in PGN5 induced
stable in vitro production of alginate that was compara-
ble to its wild-type counterpart in chemical structure,
physical characteristics of the alginate gel and total
amounts produced. Thus, the genetic modifications in
PGN5 have no measurable effect upon the alginate
biosynthetic pathway. The viscosities of sodium alginate
gels prepared from VE2 and PGN5+mucE alginate were
nearly identical, as was the yield stress, suggesting that
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the gels have similar a tensile strength. HPLC chro-
matograms from alginate produced by VE2 and PGN5
were identical and rich in M residues. This is consistent
with previous reports of bacterial alginates having rela-
tively low G content (Tatnell et al., 1996; Moradali et al.,
2015). While seaweed alginate composition varies
between species and plant parts, it usually ranges from
about 30-75% G content (Draget et al, 2005; Fertah
et al., 2017). In general, alginate with higher G content
boasts a higher tensile strength, and thus, it is a more
desirable medium for some medical and industrial appli-
cations, such as 3D printing.

All commercially used alginate has been produced by
extraction from brown seaweed. The process of harvest-
ing and extracting alginate from seaweed is labour-inten-
sive, requiring harsh acid/base treatments and yielding
large amounts of contaminated wastewater. In contrast,
bacterial alginate can be extracted from the culture med-
ium via ethanol precipitation, a procedure that does not
require treatment with harsh chemicals. Because five
pathogenicity gene sequences were completely deleted
from different parts of the PGN5 chromosome, it is unli-
kely for this strain to revert to its original level of viru-
lence. In contrast, other attenuated bacterial strains are
often selected naturally as a result of point mutations;
thus, the pathogenicity of these strains can be restored
through reversion to wild type. PGNS5 is also auxotrophic
for aromatic amino acids and is unlikely to survive in
case of accidental release into the environment. Thus,
our data suggest that preparing alginate from cultures of
PGN5 is a safe and highly reproducible method that is
also an environmentally conservative alternative to using
seaweed for the commercial production of alginate.
Similar genetic manipulations of Azotobacter or other
Pseudomonas species have the potential to generate
other safe strains that stably produce alginate for use as
platforms for microbial alginate production.

Pseudomonas aeruginosa is a well-studied microbe,
and many tools are available for the genetic manipula-
tion of this organism. This makes PGN5 an attractive
option for producing alginates with specific properties for
distinct applications and possibly other recombinant pro-
teins that are difficult to make in E. coli. Bioengineering
this bacterium can be used to produce alginates with dif-
ferent physical properties, improving upon the character-
istics of seaweed alginates and expanding applications
for these specialty biopolymers beyond the current uses
of alginate.

Experimental procedures

Bacterial strains, culture, plasmids and oligonucleotides

Bacterial strains and plasmids used in this study are
listed in Tables 1 and 2. P. aeruginosa strains were

either grown on Pseudomonas isolation agar (PIA)
plates or in Pseudomonas isolation broth (PIB) at 37°C
(Difco, Sparks, MD, USA). E. coli strains were cultured
in Luria Broth (LB) or on LB with 1% agar at 37°C
(Difco). When necessary, culture medium was supple-
mented with antibiotic as follows: gentamicin or carbeni-
cillin at a concentration of 300 ug ml~" for P. aeruginosa
and 30 pg mi~" for E. coli; kanamycin at a concentration
of 50 ug mi~" for E. coli. PGN5 was cultured with media
supplemented with 1 mg/mL of the aromatic amino acids
(Y, W, F) unless otherwise stated. Oligonucleotides used
in this study are available upon request.

Gene deletions

Retrieval and analysis of P. aeruginosa gene sequences
were performed at the Pseudomonas Genome Database
website: www.pseudomonas.com (Winsor et al., 2016).
Five genes, toxA, plcH, phzM, wapR and aroA, were
sequentially deleted from the chromosome of the wild-type
P. aeruginosa strain PAO1. The pEX100T-Notl plasmid
was used to mediate the in-frame marker-less deletion of
each gene (Schweizer and Hoang, 1995; Damron et al.,
2009). This plasmid carries the genes ampR, which con-
fers resistance to carbenicillin, and sacB (B. subtilis),
which provides sucrose sensitivity. Plasmid inserts used
to delete toxA, plcH, phzM and wapR were generated by
PCR amplification of 500-1000 bp of sequence directly
upstream and 500-1000 bp of sequence directly down-
stream of each target gene, followed by fusion of these
DNA fragments via cross-over PCR. The resultant PCR
product was digested and ligated into pEX100T-Notl. For
in-frame deletion of aroA, about 800 bp of upstream
sequence adjacent to about 900 bp of downstream
sequence of the target gene was synthesized, digested
and ligated into pEX100T-Notl by the company GenScript
(Piscataway, NJ, USA). Each of the final plasmids was
transformed into OneShot™ TOP10 Electrocomp E. coli
(Invitrogen, Carlsbad, CA, USA).

For each deletion, the pEX100T-Notl plasmid carrying
its specific insert was introduced into P. aeruginosa via
triparental conjugation with the helper plasmid pRK2013.
The target gene was deleted with a two-step allelic
exchange procedure. Briefly, homologous recombination
between one site on the plasmid and its target site on
the chromosome integrated the plasmid into the
P. aeruginosa chromosome (i.e. a single-cross-over
event). Single cross-overs were selected by plasmid-
conferred resistance to carbenicillin and sensitivity to
10% (w/v) sucrose supplemented in PIA. Single cross-
overs were grown overnight in LB broth to allow for
homologous recombination between the second site on
the plasmid and its target site on the chromosome (i.e. a
double-cross-over event), which removes the entire
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Table 1. Strains used in this study

Strain

Genotype

Relevant characteristics

Source

Pseudomonas aeruginosa strains

PAO1 Wild-type serogroup O5

VE2 PAO1 with chromosomal
fusion of Pgm-aacC1-muckE

PA-103 Serogroup O11

PGN4 PAO1AtoxAAplcH
AphzMAwapR

PGN5 PAO1AtoxAAplcH
AphzMAwapRAaroA

PGN5+mucE PAO1AtoxAAplcH
AphzMAwapRAaroA
pUCP20-pGm-mucE

PAO1 ypp1 PAO1AwbpL

Escherichia coli strains

Non-mucoid, blue—green growth on PIA
Mucoid, blue—green growth on PIA

Positive for Exotoxin A secretion
Non-mucoid, greenish colonies on PIA

Non-mucoid, white/tan colonies on PIA

Mucoid, white/tan colonies on PIA

Produces no O-antigen

FDA-approved for production of
biopharmaceuticals; deficient in
ion and ompT proteases

Kropinski et al. (1979)
Qiu et al. (2007)

Liu (1966)
This study

This study

This study

Rocchetta et al. (1998)

Lucigen, Middleton, WI, USA

BL21 (DEJ) F — ompT hsdSB (rB- mB-)
gal dem (DE3)
DH5a F~ ¢80dlacZAM15

A(lacZYA-argF)U169 deoR
recA1 endA1 hsdR17(r~ mg")
phoA supE44 L~ thi-1 gyrA96 relA1
TOP10 F- merA A(mrr-hsd RMS-mcrBC)
¢80/acZAM15 Alacx74 recA1l
araD139 A(ara-leu) 7697 galU
galK rpsL (Str™) endA1 nupG -
thi recA thr leu tonA lacY supE
RP4-2- Tc:Mul::pir Km"

SM10 (Apir)

Ideal for cloning and plasmid propagation

Laboratory strain

Invitrogen, CA, USA

Laboratory strain

Table 2. Plasmids used in this study

Plasmid Relevant characteristics

Source

pEX100T-Notl

pRK2013
pUCP20-pGm-mucE

pUC18-mini-Tn7T-Gm-/ux

Pseudomonas suicide vector with Notl restriction site fused into
Smal of pEX100T sacB oriT Cb®

Helper plasmid for conjugation, Km*

mucE overexpression under gentamicin promoter, Gm®

pTNS2 Helper plasmid; does not replicate in P. aeruginosa. Cb"®

Pseudomonas suicide vector that carries luxCDABE operon for
insertion into atfTn7 sites, Gm~

pFLP2 Facilitates recombination between FRT sites, Cb"

Damron et al. (2009)

Figurski and Helinski (1979)
Qiu et al. (2007)

Choi and Schweizer (2006)
Choi and Schweizer (2006)

Choi and Schweizer (2006)

plasmid sequence along with the target gene sequence.
Double cross-overs were selected by sensitivity to car-
benicillin and resistance to sucrose, indicating that the
plasmid sequence had been removed. Sucrose-resistant,
carbenicillin-sensitive colonies were sequenced to verify
the in-frame gene deletion.

Gene sequencing

Sanger sequencing to confirm in-frame deletions was
performed by the West Virginia University (WVU) Geno-
mics Core Facility (Morgantown, WV, USA). Whole-gen-
ome re-sequencing on these strains was performed by
CD Genomics (Shirley, NY, USA). Genomic assembly
of the data utilized the SPAdes microbial isolate

assembler (Bankevich et al., 2012) followed by transfer
annotation using PROKKA (Seemann, 2014). Homol-
ogy-based taxonomy assignment utilized PanGIA (Li
et al, 2018), along with in-house derived confidence
level settings based on positive control DNA mixtures.
Reference-based analysis employed Bowtie2 (Lang-
mead and Salzberg, 2012) compared to the parental
strain genome (GenBank accession number AE004091.
2) with variant calling. BowTie2 settings include a 1000-
nt window and a 200-nt step size. Whole-genome
sequences are available for PGN4 (GenBank accession
number CP032540) and PGN5 (GenBank accession
number CP032541). Pairwise genome comparison uti-
lized the Artemis Comparison Tool for visualization
(Carver et al., 2005).
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Western blot for Exotoxin A

A Western blot was used to verify the deletion of foxA in
PGN5 by the absence of the Exotoxin A product. Cells
from 24-h broth cultures of P. aeruginosa strains PAO1,
Exotoxin A-positive PA103 and PGN5 were removed by
centrifugation. Supernatant was filter-sterilized with a 0.2
um syringe filter and concentrated with an Amicon Ultra-
15 Centrifugal Filter Unit with a 10-kDa cut-off (Sigma,
St. Louis, MO, USA) according to the manufacturer's
instructions. Total protein concentration of the super-
natant (extracellular fraction) was quantified with the
bicinchoninic acid assay (BCA) using a bovine serum
albumin (BSA) standard (Pierce, Rockford, IL, USA). For
Coomassie staining, equal amounts of protein (60 mg)
were run with SDS-PAGE on a TGX 4-20% gel (Bio-
Rad, Hercules, CA, USA), stained with Coomassie R-
250 (Protea Biosciences, Morgantown, WV, USA) and
imaged on a ProteinSimple Fluorochem M (San Jose,
CA, USA). For Exotoxin A western blot, samples with
equal total protein concentrations (0.05 ng/uL) were run
on the ProteinSimple Wes automated Western blot sys-
tem using the 12-230 kDa separation module and the
8 x 25 capillary cartridge (San Jose, CA, USA). Exo-
toxin A was detected with a polyclonal rabbit anti-Exo-
toxin A antibody (Sigma, St. Louis, MO, USA) diluted
1:200 and the ProteinSimple anti-rabbit detection module
(San Jose, CA, USA).

Analysis of haemolytic activity

To verify deletion of plcH, haemolytic activity of E. coli
strain BL21 and P. aeruginosa strains PAO1, VE2 and
PGN5 was assessed by culturing bacterial strains for
48 h on blood agar (trypticase soy agar with 5% sheep
blood; Remel, Lenexa, KS, USA). Before inoculation,
plates were treated with a 1 mg mlI~' solution of aro-
matic amino acids and dried. Plates were imaged for the
presence or absence of clear plaques indicating haemol-
ysis surrounding bacterial growth.

Extraction and quantification of pyocyanin

To verify deletion of phzM in PGN5, a two-step extrac-
tion procedure with chloroform and HCI was used to
recover and quantify the secreted pyocyanin pigment
(Essar et al., 1990). Briefly, cells from 24-h broth cul-
tures of P. aeruginosa strains PAO1 and PGN5 were
removed by centrifugation and the supernatant was fil-
ter-sterilized with a 0.2-um syringe filter. Pyocyanin was
extracted from 7.5 ml samples with 4.5 ml of chloroform.
Pyocyanin was re-extracted from 3 ml of the chloroform
layer with 1.5 ml of 0.2 M HCI to give a pink colour. The

absorption at 520 nm (Asyo) of the aqueous HCI layer
was measured with a SmartSpec™ 3000 spectropho-
tometer (Bio-Rad, Hercules, CA, USA), and pyocyanin
concentration was calculated as follows:

Aszo x 17.072 x 1.5 = pyocyanin concentration (in plml~").

LPS extraction, silver staining and Western blot for
O-antigen

To verify deletion of wapR, lipopolysaccharides (LPS)
were analysed for the presence of O-antigen. LPS
was extracted using the Hitchcock and Brown method
(Hitchcock and Brown, 1983), resolved by elec-
trophoresis on 12% SDS-PAGE and stained for visual-
ization using an ultrafast silver staining method
(Fomsgaard et al., 1990). For Western immunoblotting,
LPS was transferred onto BioTraceNT nitrocellulose
membranes (Pall) and detected with a 1:1 mixture of
monoclonal antibodies MF15-4 (OSA specific) and 5c-
7-4 (inner core specific) overnight at room temperature,
followed by incubation with an alkaline phosphatase-
conjugated goat anti-mouse Fab, secondary antibody
(Jackson ImmunoResearch, West Grove, PA, USA).
The blots were developed using nitroblue tetrazolium
(NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP)
as described previously (Blake et al., 1984; de Kievit
et al., 1995).

ELISA for AroA

An enzyme-linked immunosorbent assay (ELISA) was
used to verify deletion of aroA by determining the
absence of the 3-phosphoshikimate 1-carboxyvinyltrans-
ferase product. A 96-well untreated plate was coated
with equal amounts of carbonate buffer and of broth cul-
ture of the P. aeruginosa strains PAO1 and PGN5. The
plate was then incubated for 2 h at 37°C and blocked in
skim milk overnight. A polyclonal rabbit anti-AroA primary
antibody (LifeSpan BioSciences, Inc., Seattle, WA, USA)
and a polyclonal goat anti-rabbit IgG secondary antibody
(Sigma, St. Louis, MO, USA) were used to detect 3-
phosphoshikimate 1-carboxyvinyltransferase. Samples
were incubated in 1-Step™ Ultra TMB ELISA Substrate
Solution (Thermo Scientific, Rockford, IL, USA), followed
by addition of acid stop solution (R&D Systems, Min-
neapolis, MN, USA). The absorbance was immediately
measured at 450 nm (A4s0) on a Spectramax® i3x micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA).
Absorbance reported was the relative absorbance
detected between PAO1 and PGN5. Reported values
represent the mean + SD of three independent experi-
ments. Two-tailed Student’s t-test was used to determine
statistical significance.

© 2019 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial

Biotechnology, 13, 162-175



172 M. E. Valentine et al.

Growth assays

To quantify rescue of growth of the PGN5 strain by aro-
matic amino acid supplementation, PIB supplemented
with gentamicin was inoculated with a single colony of
the P. aeruginosa strains PGN5+mucE or VE2 and
grown at 37°C until reaching an Aggo Of 1, as measured
on a SmartSpec™ 3000 spectrophotometer. The seed
cultures were then used to inoculate PIB supplemented
with either 0, 0.5 or 1 mg ml~" of aromatic amino acids
(Y, F, W). Cultures were grown for 72 h at 37°C, and
Asoo measurements were taken every 24 h to estimate
the total number of cells in each culture. The results pre-
sented represent three independent experiments.

Carbazole assay

The carbazole assay is a standard uronic acid detection
method that was used to quantify the amount of alginate
produced in culture. The P. aeruginosa strains VE2 and
PGN5+mucE were grown on PIA for 48 h at 37°C. Algi-
nate and cells were collected with 0.85% NaCl. Cell sus-
pensions were incubated in sulfuric acid/borate solution
and carbazole at 55°C. As carbazole reacts with uronic
acid, the solution turns a pink to purple colour. Absor-
bance at 530 nm (As3p) was measured on a Smart-
Spec™ 3000 spectrophotometer. The concentration of
alginate (ng/ml OD™'400) Was calculated using a stan-
dard curve generated with purified mannuronic alginic
acid (Sigma, St. Louis, MO, USA).

Collection of alginate

Pseudomonas aeruginosa strains VE2 and PGN5+mucE
were cultured for 72 h in 1 | of PIB or PIB supplemented
with 1 mg mlI~" of aromatic amino acids. Alginic acid
was precipitated with three volumes of ethanol, vacuum-
filtered through a Twill Dutch weave wire cloth (5 um;
Dorstener Wire Tech, Spring, TX, USA) and dried in a
vacuum oven. The dried weight of alginate collected
from VE2 and PGN5+mucE strains was presented as
the mean + SD of five independent experiments.

Compositional analysis of alginate via HPLC

Determination of the M:G sugar ratios was performed by
HPLC analysis using an adapted pre-column derivatiza-
tion of hydrolysed alginate with 1-phenyl-3-methyl-5-pyr-
azolone (PMP) (Honda et al., 1989). Seven mg of dried
alginic acid was suspended in 962 pl of water and 38 pl
of trifluoroacetic acid (TFA) and hydrolysed in a sealed
vial at 100°C. After 4 h, the pH of the samples was
adjusted to 9.5 and 0.5M PMP in methanol (0.15 ml)
was added. The samples were incubated at 70°C for

1.5 h with shaking at 1000 r.p.m. The pH was adjusted
to 6.5, and excess PMP reagent was removed by
repeated extraction with chloroform prior to analysis. The
M/G ratios were determined by HPLC using an Agilent
Infinity Il HPLC system equipped with a 1260 quaternary
pump (G7111B), vial sampler (G7129A), multicolumn
thermostat (G7116A), diode array detector (G7115A)
and Openlab CDS ChemStation Edition (v. C.01.08
[210]) software. Chromatographic separation was per-
formed using an Agilent Eclipse Plus C18 column
(4.5 x 150, 3.5 uM) and a mobile phase consisting of
0.1 M phosphate buffer (pH 6.7) with acetonitrile at a
ratio of 82:19 (v/v, %). The column temperature was
maintained at 25°C, and elution of the derivatized M/G
monomer at 1 ml min~! was detected at 245 nm. As a
control, commercially available alginate from seaweed
(FMC Protanal CR 8133, Wilmington, DE, USA) was
prepared and run along with P. aeruginosa alginate
samples.

Physical property testing of alginate

To test the physical properties of bacterial alginates,
sodium alginate gels were prepared from dried alginic
acid. Briefly, alginic acid was dissolved in NaOH pH
8.5-9 to form sodium alginate, which was then precipi-
tated with ethanol, filtered and dried in a vacuum oven.
Sodium alginate gels (2% w/v) were prepared by dissolv-
ing sodium alginate in distilled water. Sodium alginate
gels were prepared for comparison from seaweed algi-
nate samples purchased from Sigma: alginic acid
sodium salt, from brown algae (Sigma 2158; catalogue
number A2158) and alginic acid sodium salt (Sigma
180947; catalogue number 180947). Viscosity and yield
stress were measured on a HAAKE MARS | Rheometer
(Thermo Scientific, Karlsruhe, Germany) using preset
parameters. Results are presented as the mean + SD of
3-5 independent experiments. Analysis and calculations
were performed with RheoWin Software (version 4.82,
Thermo Scientific).

Bacterial pathogenicity in mice

Pseudomonas aeruginosa strains PGN5 and VE2, and
E. coli strain BL21 were grown in LB broth to generate
frozen stocks for injection into C57BL/6 mice. Cell cul-
tures were concentrated to 2.5 x 10° cells per ml, flash-
frozen in liquid nitrogen and stored at —80°C. The cul-
tures used were strain-verified by PCR and phenotype,
and cell concentrations were verified by viable plate
counts before freezing and before mouse injection. A
total of eighty 10- to 12-week-old mice were divided into
four groups of 10 males and 10 females. Each group
received 200 pl intraperitoneal injections of one of the
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following: PBS, 5 x 10® cells of the P. aeruginosa
strains VE2 or PGN5+mucE, or 5 x 10® cells of the
E. coli strain BL21. After injection, mice were monitored
for mortality every 3 h for 72 h and then every 12 h for
7 days.

Localization of bioluminescent bacteria in mice

PAO1 and PGN5 were marked with bioluminescence
using the method and plasmids developed in the Sch-
weizer laboratory (Choi and Schweizer, 2006). The
pUC18 mini-Tn7T-Gm-/ux plasmid was used, which
allows for insertion of the luxCDABE operon, along with
an FRT-flanked gentamicin resistance cassette into a
neutral site downstream of the g/mS gene. Briefly, elec-
trocompetent PAO1 and PGN5 cells were prepared with
300 mM sucrose and electroporated with the pUC18
mini-Tn7T-Gm-/ux and pTNS2 plasmids. Pure stocks
were generated from resultant gentamicin-resistant and
bioluminescent colonies. The pFLP2 plasmid was used
to remove the gentamicin resistance cassette. Final
stocks used for mouse injection were PCR-verified, bio-
luminescent, plasmid-cured, and gentamicin and carbeni-
cillin-sensitive. For mouse injection, stocks were
prepared and injected as described above. Mice were
imaged on an IVIS Lumina XRMS (PerkinElmer, Wal-
tham, MA, USA) every 6 h for 18 h and monitored for
4 weeks. By 18 h post-injection, bioluminescence was
only detected at the injection site of all mice.

Statistical analyses

GRraPHPAD Prism 7.02 for Windows (GraphPad Software,
La Jolla, CA, USA) was used to generate graphs and
perform statistical analyses.
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