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Chapter

Pyoverdine as an Important
Virulence Factor in Pseudomonas
aeruginosa Antibiotic Resistance

Ovidio Durdn, Carlos Ramos, Olga Chen, Julio Castillo,
Brenda de Mayorga and Magaly de Chial

Abstract

The World Health Organization has designated P. aeruginosa as a priority one
pathogen due to the rise of multidrug-resistant (MDR) strains. It is a common oppor-
tunistic pathogen among humans. Nosocomial pneumonia, hospital-acquired urinary
tract infection, and surgical wound infections are all caused by it. P. aeruginosa causes
significant rates of disease and death in immunocompromised people such as those
who have had a bone marrow transplant, have cystic fibrosis, have had burns, or have
AIDS. P. aeruginosa’s ability to cause such a wide range of infections is owing to its
arsenal of virulence factors, which includes pyoverdine molecules, which are respon-
sible for MDR strains. Pyoverdines are nonribosomal short peptides that are essential
for bacterial pathogenicity because they serve as a signal molecule for the develop-
ment of other virulence factors and contribute to antibiotic resistance. Because they
are formed under iron-limiting conditions in the host environment, siderophores are
required for iron uptake in the host.

Keywords: pyoverdine, antibiotic resistance, Pseudomonas aeruginosa, virulent factor

1. Introduction
1.1 The genus P. aeruginosa and its medical importance

The taxonomy is as follows: Kingdom Monera, phylum Proteobacteria, class
gamma subdivision, order Pseudomonadaceae, genus Pseudomonas, and species P.
aeruginosa, and it was first described by Gessard in 1882 [1]. Pseudomonas is derived
from two Greek words: Pseudo, which means “false,” and monas, which means
“single unit,” while aeruginosa, which means “greenish-blue,” comes from the Latin
aerg, which means “rusted copper” [2]. It is a gram-negative, straight, or slightly
curved bacillus with a length of 1-5 m and a width of 0.5-1.0 m. The presence of a
polar flagellum, which is made up of a complex protein structure that allows for
mobility in liquid environments and reaction to chemical stimuli, makes P. aeruginosa
mobile. It can also bind to cell membranes thanks to this property. It has small
filaments called pili, which are located on the outside. These structures are used to
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move in semisolid media and, like the flagellum, adhere to surfaces. Its morphology is
heterogeneous, its colonies are generally large, flattened, smooth, or with serrated
edges and may show a metallic sheen.

In relation to its metabolism, it is aerobic although it can develop under anaerobic
conditions using nitrate as the terminal electron acceptor. It is a ubiquitous organism in
the environment and also, it can colonize multiple niches and utilize many environ-
mental compounds as energy sources. It is found mainly in water, soil, swamps, coastal
marine habitats, as well as in plant and animal tissues as well as in hospitals. P. aeruginosa
is characterized by producing a variety of pigments, such as pyocyanin (blue-green in
color), pyoverdine (PVD) (yellowish green fluorescent pigment), and pyorubin (red).
P. aeruginosa forms biofilms on moist surfaces such as rocks and soils [3-6].

This bacterium is an extremely important pathogen, since it is responsible for a
high percentage of nosocomial infections in patients confined in health centers. As an
opportunistic human pathogen, it is responsible for infection in immunocompromised
patients such as cystic fibrosis, diabetes, cancer, severely burn patients, advanced HIV
infections (acquired immunodeficiency syndrome, AIDS), bone marrow transplants,
surgical wound infections, and catheterized patients, and this is as a consequence of its
resistance to antibiotics and disinfectants that kill other environmental bacteria [7]. A
broad range of cell-associated and external factors influence multidrug resistance and
thus bacterial pathogenicity. In the colonization, survival, and invasion of tissues of
bacteria, virulence factors play a crucial pathogenic function. The pili are responsible
for adhesion to the epithelium. Exoenzyme S and other adhesins help epithelial cells
stick together. Tissue necrosis is caused by the exotoxin A. Phospholipase C is a
hemolysin that is thermolabile. Exoenzyme S’s pathogenic involvement is due to its
disruption of normal cytoskeletal organization, degradation of immunoglobulin G and
A, depolymerization of actin filaments, and contribution to macrophage resistance. At
least four proteases produced by P. aeruginosa cause bleeding and tissue necrosis.
Siderophores (pyoverdin and pyochelin), which allow bacteria to proliferate in the
absence of ferrous ions, are involved in chronic infection [4, 8]. The bacteria in strains
recovered from cystic fibrosis patients have an alginate pseudocapsule that protects
them against phagocytosis, dehydration, and antibiotics. It also enhances biofilm
formation by adhering to epithelial cells. Most of these virulence factors are controlled
by two different types of regulation systems: the two-component transcriptional
regulatory system and the quorum sensing system. These two pathways are required
for the microorganism’s survival and multiplication in the host (Figure 1).

Replace the entirety of this text with the introduction to your chapter. The intro-
duction section should provide a context for your manuscript and should be num-
bered as first heading. When preparing the introduction, please bear in mind that
some readers will not be experts in your field of research.

Prior to 1966, no comprehensive investigation of the aerobic pseudomonads tax-
onomy had been conducted. It is the work of Stanier and collaborators [10], in which
physiological and biochemical features were used to demonstrate the taxonomic basis
for the species identification. The genus was amended in 1984 by Palleroni, and five
groups were established based on the results of DNA-DNA hybridization and rRNA-
DNA hybridization. All five groups were later identified as belonging to the class
Proteobacteria, and members of the genus Pseudomonas “sensu stricto” were found to
belong to the subclass Gammaproteobacteria’s RNA-DNA group I. The rRNAI group
is also subdivided into fluorescent and nonfluorescent bacterium [11].

The genome size of P. aeruginosa, which ranges between 5.5 and 7 megabytes, is the
largest in bacteria and has the greatest environmental adaptability. The PAO1 strain is the
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Figure 1.

P. aeruginosa main virulent factors. Outer membrana (1), inner membrane (2), lipopolysaccharide (3),
outermembrane proteins, povins and lipoproteins (4), biofilm (5), flagellum (6), pili (7), secretion systems (8),
exotoxins (9), proteases, lipases, elastases, pyocianin (10), pyoverdine siderophore as an ivon uptake system [9].
Created with BioRender.com.

key reference strain for genetic and functional investigations on P. aeruginosa. It was first
isolated from a wound of an Australian patient in the 1950s. The PAO1 genome is a
6.264-Mbp circular chromosome that encodes 5700 genes, including 5584 projected open
read frames (ORFs), and was fully sequenced in 2000. As a result, it has the highest
proportion of regulatory genes of any bacterial genome, as well as many genes involved
in catabolism, transport, and efflux of organic compounds, as well as four potential
chemotaxis systems. The size and complexity of the P. aeruginosa genome are thought to
be an evolutionary adaptation that allows it to thrive in a variety of habitats while also
resisting the effects of antimicrobial drugs. Knowledge of the complete genome sequence
and encoded processes provides a wealth of information for the discovery and exploita-
tion of new antibiotic targets, and the hope of developing more effective strategies to
treat life-threatening opportunistic infections caused by P. aeruginosa in humans [12].

Studies on the P. aeruginosa transcriptome became possible after the genome was
completed [13]. Understanding the lifestyle and pathogenicity of P. aeruginosa
requires gene expression profiling. Following the introduction of next-generation
sequencing systems, high-throughput sequencing of cDNA fragments became an
alternative to microarray hybridization. The widespread use of this method, dubbed
RNA-Seq or RNA-seq, resulted in an exponential rise in the number of whole
transcriptome investigations published in the literature [14]. The transcriptomes of P.
aeruginosaclone C were studied with this technology, and it was discovered that rRNA
molecules accounted for 50 to 90 percent of the sense RNAs, followed by mRNA
transcripts and noncoding RNA in comparable quantities. Uncharged tRNAs and 29
yet-undescribed antisense tRNAs were found in similar numbers and identified yet-
undescribed RNA molecules. The identification of sense-antisense pairs of transfer-
messenger RNA (tmRNA), tRNAs, and mRNAs using this RNA seq method implies a
new level of gene regulation in bacteria [15].

Although the 16S rRNA gene is the basic tool of the current bacterial classification
system, it is known that closely related bacterial species cannot be differentiated based
on this gene. Therefore, in the last 10 years, other gene sequences have been used as
phylogenetic molecular markers in taxonomic studies, such as atpD, gyrB, rpoB, recA,
and rpoD [16]. Mulet and collaborators have shown that analysis of the sequences of
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four housekeeping genes (16S rRNA, gyrB, rpoB, and rpoD) in all known species of
the genus clarified the phylogeny and greatly facilitated the identification of new
strains. Multilocus sequence typing (MLST) of the four housekeeping genes is reliable
for species delineation and strain identification in Pseudomonas [17]. MLST is
enhancing our understanding of the general genome organization of P. aeruginosa
strains and species, and it is the standard method used for epidemiological surveys on
P. aeruginosa outbreaks worldwide [18, 19].

2. Iron role in metabolism

Iron is a micronutrient found in almost all living organisms and is an essential
component of nearly all of them [20]. It can be present in both reduced (Fe®*) and
oxidized (Fe®*) forms in cells, making it simple to insert into an enzyme’s catalytic site
and serve as an electron carrier in many redox-sensing proteins. Iron forms part of a
larger cofactor such as Fe-S clusters and heme, the former is involved in diverse
biological processes, including metabolite biosynthesis, DNA replication, RNA modi-
fication, gene expression, photosynthesis, and respiration, and the latter is required
for cytochrome biogenesis and the transport and storage of oxygen in vertebrates.
Iron is associated with oxidative stress. In the presence of oxygen, the ferrous ion is
unstable, forming ferric ions and reactive oxygen species (ROS), which can damage
biological macromolecules and cause cell death. This process is illustrated by the
Fenton Reaction [21].

Fenton Reaction:

Fe’™ + H,0,— Fe*" + OH + OH™

Even though iron is the fourth most prevalent element in the Earth’s crust, only its
ferrous form is soluble in water, whereas ferric iron has very low solubility and forms
insoluble precipitates hydroxides at neutral pH with solubilities of 10-9 to 10-10 M
(i.e. 56 ng/L) [22]. Because the concentration is too low to maintain life, all organisms
have evolved unique mechanisms to solubilize iron. After absorption of iron in the
ferrous form by the protein ferroportin in the duodenal mucosa, animals absorb it
from the meal. The iron is then transported to the glycoprotein transferrin, where it
becomes ferric, and is then stored in ferritin as a polymeric ferric complex. This is
utilized to feed iron to various apoproteins for them to produce various iron-
containing proteins as well as to provide the iron required for erythrocyte
development and hemoglobin synthesis [22, 23].

P. aeruginosa can acquire iron from different sources of its host organism, among
these sources are (Figure 2):

* Transferrin and the related protein lactoferrin:Milk and other extracellutlar fluids
contain it (saliva, tears, and nasal mucus). (Transferrin (Tf) is an iron carrier
glycoprotein (Fe 3+), synthesized and metabolized mainly in hepatocytes. It is
made up of a single polypeptide chain of 679 amino acids with a molar mass of
79,500 g/mol. Each transferrin molecule consists of two lobes with a similar
internal structure and is independent for Fe 3+ fixation; the N-terminal lobe
contains residues 1-336 and the C-terminal residues 336-679. Each lobe in turn is
folded, forming two domains. This conformation of the molecule allows the firm,
although reversible, union of Fe.
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Extracellular Intracellular
; Proteins
Dieta : g
ironry Transferrin > Ferritin | (including heme
l l proteins)
Potential sources of iron for pathogenic bacteria
Figure 2.

Outline of the principal ivon sources that may be accessed by bacterial pathogens source [23].

* Ferritin: Ferritin is the intracellular protein responsible for the storage and release of
iron. Ferritin can store up to 4500 iron atoms as a ferrihydrite mineral in a protein
shell and releases these iron atoms when needed by the cell. The ferritin protein coat
consists of 24 protein subunits of 2 types, the H subunit and the L subunit.

* Fe-containing proteins such as heme proteins: In these proteins, iron is in its
ferrous form and, as such, can be used as an appropriate ligand in which O2 can
bind to be transported around the body as oxyhemoglobin.

Pathogens obtain iron from their hosts by three methods that are engaged when the
bacterium is in an iron-deficient environment that limits its growth and is not mutually
exclusive. First, bacteria get iron by breaking down hemoglobin, such as hemolytic
bacteria. Fell does not have enough time to oxidize to insoluble Fe III in this situation.
Second, using a particular binding protein, the pathogen can bind to transferrin or
lactoferrin. At the bacterial cell surface, the iron is then taken from the molecule. Third,
the bacteria create a chelating chemical termed siderophore, which has a stronger
affinity for iron than the host organism’s iron-containing molecules [22].

3. Microbial siderophores and P. aeruginosa siderophores

Bacteria possess specific pathogenicity mechanisms that they exhibit to overcome a
host’s defenses. A pathogenic microorganism could cause damage, at any level, in a
susceptible host organism. Virulence is a quantitative measure of pathogenicity and is
measured by the number of microorganisms required to cause disease, that is, it is the
degree of pathogenicity.

Throughout evolution, bacteria have acquired characteristics that allow them to
invade the host environment, express specialized surface receptors for adhesion,
remain in these sites through colonization processes, evade the immune system, and
finally cause tissue damage within order to gain access to sources of nutrients
necessary for their growth and reproduction [24, 25].

Therefore, the virulence factor or determinant is a microbial component that
favors growth or survival during infection; iron being a determining factor of intra-
cellular survival for the growth of most bacteria and especially pathogens, such as P.
aeruginosa, an opportunistic human pathogen [26, 27].

1. When a microorganism enters a host organism, either in a pathogenic or symbiotic
form, it finds a favorable environment with access to practically all the nutrients
necessary for its growth except for one, iron. Iron, unlike other elemental sources
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for nutrition, such as nitrogen, phosphorus, potassium, and other macro- and
micronutrients, is not freely available in host organisms, so it is an important
limiting factor for the growth of microorganisms. It is known that one of the
responses of host organisms to pathogen attack consists in the reduction of free
iron by sequestering this metal in ferritin molecules, structurally known as
siderophores. This iron uptake mechanism that operates in bacteria has also been
found in animals and plants. In the latter, there is a notable difference, and in the
former, the control of ferritin synthesis occurs molecularly at the translational
level, while in plants it occurs at the transcriptional level [4, 28-30],
Hydroxamates: Siderophores that use a hydroxamate group to bind iron. The most
representative siderophore is aerobactin, produced by bacteria of the Salmonella
genus and some strains of E. coli, which has a dissociation constant very similar to
transferrins, so it competes with other sources such as ferritin.

2.Cathecolates: Enterobactin is the most studied siderophore of this group,
produced by strains of E. coli and other enterobacteria.

3.a-Hydroxycarboxylic acids: they are siderophores with a group similar to that of
a hydroxamate, in which one of the radicals is replaced by a double bond with
oxygen and nitrogen of the skeleton by a carbon. An example is the siderophore
achromobactin produced by Erwinia chrysanthemi.

4.Mixed: those are in which two different binding groups are combined in the same
molecule.
An example is anguibactin which contains a catechol and a hydroxamate group.

The siderophores, despite the variety in their structures, have similarities between
them:

* They contain strongly electron donating atoms (often oxygen and, to a lesser
degree, nitrogen or sulfur).

* Their shape is thermodynamically stable.
* They contain high Fe3+ spin species.

* They have a redox potential between —0.33 V (triacetylfusarinine) and — 0.75 V
(enterobactin).

More than 500 siderophores, chemically characterized and classified, are currently
reported. In addition, some have been shown to have the ability to chelate (subtract) other
metals other than iron, such as aluminum, gallium, chromium, copper, zinc, lead, man-
ganese, cadmium, vanadium, indium, plutonium, and uranium. Due to the great variety
of siderophores, it is evident that several mechanisms of iron (III) transport exist [31, 32].

3.1 P. aeruginosa siderophores

P. aeruginosa synthesizes two types of siderophores, pyoverdine (PVD), and
piochelin (PCH). Pyoverdine is the major siderophore of fluorescent pseudomonads
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Figure 3.
P. aeruginosa fluovescent pyoverdine growthing in an iron depleted media.

(Figure 3). Pyoverdines were discovered in 1892, and over the years, they have been
given various names: fluorescins, pseudobactins, and finally pyoverdins or
pyoverdines. In 1952, J. Totter and F. Moseley observed that the iron levels affected
the production of fluorescin by Pseudomonas aeruginosa. Today, more than 100
pyoverdines from different strains and species of Pseudomonas have been chemically
identified and characterized [33]. Pyoverdine are mixed hydroxamate-catecholate
siderophores, which are synthesized under iron-limited conditions. Pyoverdine has a
high binding affinity for ferric iron. P. aeruginosa strains produce four distinct
pyoverdines, called PVDI, PVDII, PVDIII, and PVDIV, and PCH as a secondary
siderophore [34]. Each is characterized by a different peptide chain and each has a
corresponding outer membrane receptor FpvAlI, FpvAll, FpvAlll, and FpvAIV
[34, 35]. Each outer membrane transporter can recognize and capture back only the
ferric form of the produced pyoverdine or one that is structurally related (with a
similar peptide sequence) by recognizing the peptide moiety. The methods to identify
pyoverdines in different P. aeruginosa strain is referred to as siderotyping [36-40].
P. aeruginosa produces a second siderophore called pyochelin which has a lower
binding affinity for the ferric form of iron (Figure 4). Pyochelin is the condensation
product between salicydic acid and two cysteinyl residues. Pyochelin also chelates Zn
(IT), Cu(II), Co(II), Mn(II), and Ni(II) [38].

OH
CH,
\ COH
__—N N
S
S

Figure 4.
Pyochelin of P. aeruginosa PAO1 [41].
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4. Pyoverdine structure

Pyoverdines are a class of fluorescent yellow-green siderophores produced and
secreted by many Pseudomonas species. In addition to pyoverdine, other siderophores
with lower affinity for ferric ions are also produced such as pyochelin, pseudomonin,
corrugatins, yersiniabactin, and thioquinolobactin [42]. Siderophores are small mole-
cules not only produced by many microorganisms but also by plants whose molecular
mass range from 200 to 2000 Da. These molecules are used to chelate iron with high
affinity and functions in iron acquisition and also as virulence factors in some bacterial.
The term siderophores from greek roots “sideros phoros” means iron carrier or trans-
porter. There are different types of siderophores classified according to the ligand used
to chelate iron. Catecholates are the more common functional group used to chelate iron
in bacterial siderophores (i.e. enterobactin). Hydroxymates (i.e. Ferrioxamine B) are
present in bacteria and Ferrichrome in fungi. Carboxylates (i.e. Rhizobactin) are pre-
sent as functional groups in some bacterial siderophores; however, siderophores such as
pyoverdine have a mix of functional groups that form hexadentate coordinates com-
plexes with ferric iron [42]. Plants siderophores are called phytosiderophores, and the
mugineic acid is the more common siderophore in plants. Pyoverdine siderophores
molecules consist of a hydroxyquinoline chromophore core, a small peptide chain
usually contain 6-14 amino acids and acyl side chain (Figure 5).

The chromophore is responsible for the color of the molecule and is linked to the
peptide chain and acyl group. Both hydroxyl group of the chromophore and side
chains oxygens in the peptide chain form interactions with iron. The peptide chain
may be partially or completely cyclized and has L and D configuration amino acids.
Unusual amino acids such as N5-formyl-N5-hydroxy ornithine, cyclo-N5-hydroxy
ornithine, allo-threonine, and others may be present in the peptide chain. The amino
acids compositions vary among Pseudomonas species and strains such as Pseudomonas
aeruginosa strains such as ATCC27853, PAO1, and Pa6 (Figure 6). More than 100
different pyoverdines have been identified in Pseudomonas species and strains. Each
pyoverdine has a peptide chain with a specific amino acid sequence and length

[34, 39].

H
HO
CHs>-CH
PR iH
HN ?Hzo 0 H, N ANk
. /QNMYNFH/\N&(NW\NH NH
®) O
!CH:NH%j/NH ; ((?:1,:2 i:g
HO O CH l - l -
| ° (?HZ ?Hz
H, N
ﬁ - N ?Hz
?HZ HO CHO NHQ
Ho~N~cho

Figure 5.
Pyoverdine structure from P. aeruginosa PAO1. Red, peptide chain partially cyclized. Green, dihydroxiquinoline
chromophore showing the iron hydroxyl intevacting groups. Yellow, acyl group [41].
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P. aeruginosa strains Peptide chain components PVD

P. aeruginosa ATCC27853 Ser-fOHOrn-Orn-Gly-aThr-Ser-(OHOrn) 1I

P. aeruginosa PAO1 Glu-Tyr-Dab-Ser-Arg-Ser-fOHOrn-Lys-fOHOrn-Thr-Thr I

P. aeruginosa Pa6 Ser-Dab- fOHOrn-Gln-Gln-fOHOrn-Gly III

P. aeruginosa R’ Ser-Dab-fOHOrn-GIn-fOHOrn-Gly v
Figure 6.

Peptide chain composition of three pseudomonas strains. Amino acids in bold are D configurations. Cyclic structure
in the chain is in parventhesis. fOHOrn is N°-formyl-N° -hydroxyornithine. aThy correspond to Allo-threonine and
dab is L-2,4- diaminobutyrate. The acyl side chain (amide or dicarboxylic acid) is linked to the amino group of

the chromophore. The length and type of acyl side chain depend on strain and growth conditions and whose purpose

remains unclear [34, 39, 43, 44].

5. Pyoverdines biosynthesis and transport

The siderophores biosynthesis is a complex enzymatic process that requires several
specific enzymes whose expression is regulated by iron and different transcriptional
factors. The enzymes involved in siderophores biosynthesis are organized into a
multi-enzymatic complex, called siderosomes, and are in close vicinity to each other
in the cytoplasmic face of the inner membrane. This organization may reduce the
diffusion of siderophores precursor. Most of the siderosome enzymes have modular
and each module incorporated specific amino acids into a growing peptide chain.
Enzymes involved in the biosynthesis of unusual amino acids present in siderophores
are also proposed to be part of the siderosome (Figure 7) [45].

Pseudomonas aeruginosa strains have four types of pyoverdines designated as
PVD1, PVDII, PVDIII, and PVDIV and the biosynthesis of pyoverdine I (PVDI) in
P. aeruginosa PAO1 involved the action of seven siderosome enzymes. The same
number of enzymes is required for pyochelin biosynthesis. A siderosome model for
P. fluorescens strain A506 has been included (Figure 7).

The initial step in pyoverdines biosynthesis takes place in the cytoplasm where
non-ribosomal peptide synthetases (NRPSs) catalyze the formation of the peptide

< £ KT Kt FRR R AR R

ﬂWﬂWﬂWﬂWWﬁ

= ”f‘lﬁ‘@mlﬁéﬁv : “('\.( Ldodoseneds

IM WMMRMMW%M

SIDEROSOME

Figure 7.

Mf:ilel of siderosome of P. aeruginosa PAOL The modular enzymes such as PvdL, Pvdl, Pvd], and PvdD are shown
in blue, green, yellow, and red color, respectively. The modules in each enzyme are numbered. PvdH, (gray) PvdA
(brown), and PvdF (black) are non-modular sidevosome enzymes involved in pyoverdine synthesis. OM, outer
membrane and IM, inner membrane [45]. Created with BioRender.com.
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precursor for pyoverdines called acylated precursor chain (Figure 8) [46, 47].

P. aeruginosa PAO1 has four non-ribosomal peptide synthesis (NRPS) enzymes: PvdL,
Pvdl, Pvd], and PvdD [48]. Three more enzymes are involved in the formation of
unusual amino acids of the peptide chain of PVDI. The unusual amino acids in PVDI
are L-2,4 diaminobutyrate (Dab) and L-N5-formyl-N5-hydroxyornithine (fOHOrn).
The PvdH enzyme is responsible for the synthesis of Dab, PvDA, and PvDF that
catalyze the synthesis of fOHorn through consecutive hydroxylation and formylation
reactions. Model of siderosome of P. fluorescens strain A506 includes three NRPS
enzymes (PvdG, PvdL, and PvdD) and the same P. aeruginosa enzymes that catalyze
the formation of unusual amino acids.

The NRPS enzymes are modular enzymes with 2-4 modules. PvdL and PVdI have
four modules and Pvd] and PvdD are bimodular. The first module (M1) of PvdL
catalyzes the incorporation of acyl group (myristic or myristoleic acid) instead of
amino acid. This acylation probably links the peptide to the membrane and prevents
diffusion during synthesis. The M2 of PvdL catalyzes the activation of L-Glu and its
condensation to the acyl group. PvdL, module three (M3), incorporates an L-Tyr that
is converted to D-Tyr by domain of this module. M4 adds Dab to generate an acylated
tripeptide (Glu-Tyr-Dab). Pvdl modules are responsible for adding D-Ser, L-Arg,
D-Ser, and fOHOTrn to previous acylated tripeptide. L-Lys and fOHorn and two L-Thr
are, respectively, added by the bimodular enzymes Pvd] and PvdD. The peptide
bound formation is catalyzed by a PCP domain present in the modules. Thioesterase
domain of the PvdD module is released by hydrolysis of the 11 amino acid chain from
the NRPS [42].

N coenzyme A
(o] q o} N
H’N\HL noi " ¢ f.N N
0 + 0-P-0—p-0-P'0 J H . Houp. ¢ ¢ th
R 0 o :'; oNTNT Hs™ e k‘o—?-o-ﬁ-o eX N

P
NN
A domain OHH OD
(o]

[ .
o=P-0
P "‘k - IAponomain I 6
(o} o N N 4'PP-transferase‘4 3'-5'-ADP
-p- N
YR

2 s N \H_/\H o 9 4'-phosphopanteth
. OHH HS M6 0-0 gine (4PP)
Aminoacyl |5 domain associated|
adeylate —
NH IK. - | Holo T domain |
R
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Thioester-bound aminoacid Module 1 Module 2 Module 3

-

Figure 8.
Mechanism of multiple carrier thiotemplate [47].
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The released peptide is transported to the periplasmic space where it is modified.
The transport to the periplasmic space involved a class of ABC pumps codified by
pvdE gene. The modifications that take place in the periplasmic space includes the
deacetylation and the removal of myristic or myristoleic acid from the peptide chain
and the formation of pyoverdine precursor called ferribactin. The PvdQ enzyme is
responsible for this modification. The enzyme PvdP converts ferribactin into
dihydropyoverdine. The conversion of dihydropyoverdine to PVDI is catalyzed by the
enzyme PvdO.

Finally, the PVDI is secreted from the periplasmic space to the environment via
PvdRF-OpmQ ATP pump. The secreted PVDI binds to ferric iron to form PVDI-iron
complex (Ferripyoverdine). The Ferripyoverdine is imported via FpvA receptors
which interact with TonB-ExbBD complex and the help of transporter FpvB [49]. The
Fe* of the Ferripyoverdine in the periplasmic space is reduced to Fe* and released
from pyoverdine. Liberated Fe*” is transported into the cytoplasm through ABC
transporter FpvDE.

6. Regulation of pyoverdine production

The transcriptional control of genes involved in the synthesis of pyoverdine is
induced by iron deficiency or depletion (Figure 9). The regulation of pyoverdine
production involves sensing cytoplasmic levels of iron ions by the regulator
protein Fur, which in turn represses regulatory genes involved in iron uptakes,
such as FpvR, FpvI, and PvdS [50-54]. PvdS is a sigma factor required for the
expression of pyoverdine biosynthesis genes and some virulence-related genes
[55-58, 29]. Fpvl is a sigma factor required by the genes encoding the outer
membrane pyoverdine receptor/importer FpvA, and FpvR is an anti-sigma factor
that binds to and inactivates PvdS and Fpvl [50, 59]. FpvR autoproteolytic cleaves
itself at a periplasmic domain without any further degradation unless it contacts
ferripyoverdine-bound FpvA. When FpvR/FpvA contact occurs, which involves the
activity of TonB (the transport-energizing inner membrane protein), the protease
RseP releases PvdS and Fpvl allowing the activation of their regulated genes [50, 60].
The regulation of pyoverdine biosynthesis is more complex because it involves signals
other than iron starvation, such as the influence of the regulator protein CysB may
imply coordination with sulfur availability or biofilm formation and alginate
production [61, 62]. Phosphate starvation has been reported to trigger pyoverdine
production in host environments [63]. Additionally, the LexR-type transcriptional
regulator AmpR affects the expression of more than 500 genes related to
metabolism and virulence in P. aeruginosa and has been recently implicated in the
regulation of pyoverdine production [64]. Intracellular levels of bis-(3'-5")-cyclic
dimeric guanosine monophosphate (c-di-GMP) may also modulate pyoverdine
production [65].

7. Pyoverdine as virulence factor in Pseudomonas aeruginosa

The World Health Organization classified P. aeruginosa as a priority one pathogen
due to the multidrug resistance mechanisms of this bacterium. As we mentioned, P.
aeruginosa produces diverse and overwhelming infections due to the wide variety of
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Figure 9.
The ferripyoverdine signaling pathway. The alternative sigma factors 67" and o"*® direct expression of the fpvA
gene encoding the cell surface ferripyoverdine receptor protein FpvA, and pvd genes encoding enzymes required for

synthesis of pyoverdine. """ and o ** are inhibited by the FpoR,, protein, which is degraded in the presence of

ferripyoverdine (Fe-Pvd). Expression of the fpvl and pvdsS genes is repressed by the ivon (Fe**)-containing form of
the fur vepressor [66]. Created with BioRender.com.

virulence factors that are responsible for multidrug resistance strains (MDRs) [67].
The pyoverdine siderophore is a key virulence factor that provides the bacterium with
iron during infection [68].

Regarding the virulence, it has been found that deficient pyoverdine mutants of P.
aeruginosa were not virulent in the Burn mouse model compared with the wild-type
strain PAO1. The mutant strain virulence was restored when pyoverdine purified
from the wild-type strain was added during infection. In a similar study, although
infected calf muscles of immunocompromised mice were injected with pyoverdine
and pyochelin mutants, no lethality was observed, concluding the role of pyoverdine
during infection. The pyoverdin-deficient mutant and the double mutant, on the
other hand, grew poorly in the lungs when compared to wild-type strain PAO1, and
the latter’s virulence was significantly reduced [69, 70].

In the model nematode Caenorhabditis elegans, pyoverdine is virulent, even in the
absence of the pathogen. A study found that when this siderophore is consumed by C.
elegans together with other chemicals in its aqueous environment, pyoverdine gains
access to and eliminates ferric iron through an unknown method once within the host.
The host mitochondria, which are iron-rich organelles, are a likely target for this
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abstraction. Mitochondrial function is disrupted, and mitochondria are targeted for
turnover when they are removed. In vitro experiments with pyoverdine-treated
murine macrophages revealed considerable toxicity, while no pyoverdine production
reduced pathogenicity. Furthermore, pyoverdine translocates into cells and impairs
host mitochondrial homeostasis, as previously observed in C. elegans [71-73].

Pyoverdine is a multifaceted role in P. aeruginosa pathogenesis; in addition, scav-
enging iron from host proteins also regulates the expression of several virulence
factors, including exotoxin A, an endoprotease PrpL, and pyoverdine biosynthesis
itself acting as a signaling molecule to control the production of secreted products
[74]. A recent study using a double mutation in genes involved in biofilm formation
showed that pyoverdine is essential for the development of virulent factors such as
exotoxin A and PrpL protease [4, 75].

Exotoxin A is one of P. aeruginosa’s most potent toxins, capable of inducing apo-
ptosis in host cells and killing model organisms [76]. Under iron-repleted growth
conditions, the transcription of exotoxin A was absent, indicating that it is negatively
regulated for iron. Interestingly, in the presence of iron ions, pyoverdine was found to
activate a signaling pathway for the upregulation of exotoxin A expression [77, 78].

The extracellular protease IV, PrpL, degrades surfactant proteins and interleukin-22
necessary for pulmonary mucosal immunity that made P. aeruginosa a major pathogen
of ventilator-associated pneumonia and causes considerable lung tissue damage [79].

The sigma factor PvdS is required for the expression of PrpL. The extracellular
protein profiles obtained, using PAO1 and a ApvdS::Gm mutant, showed that PrpL
((PvdS-regulated endoprotease, lysyl class) was expressed under the control of PvdS
under iron-deficient conditions. In this study, Rnase protection assays confirm that
the initiation of transcription is iron-dependent. A study shows that expression of
prpL was lower in the biosynthetic gene pvdF mutant than in wild-type bacteria, and
expression was increased to wild-type levels by the addition of pyoverdine [80].

The relationship between iron and antibiotic resistance in P. aeruginosa has been
reviewed [21]. It is required to determine whether iron fluctuations are a critical com-
ponent for antibiotic resistance in this bacterium, according to this review. A series of
studies concluded that increased concentration of iron in the growth medium decreased
the resistance of P. aeruginosa strains of various origins to antibiotics such as ampicillin,
norfloxacin, gentamicin, ofloxacin, and cefsulodin [21]. Conversely, another study
showed that increasing iron concentration increased resistance to two antibiotics,
tobramycin and tigecycline by using the wild-type strain PAO1 and isolated strains from
cystic fibrosis patients in a growth medium with an iron chelator, chelex, and FeCl,
(100 pM) [81]. Inversely, Singh and collaborators found that “decreasing” iron concen-
tration “decreased” resistance to tobramycin [82]. They used an iron chelator, the most
used being 2,2 dipyridyl (DIP) or deferoxamine (DFO), a siderophore used by P.
aeruginosa to the growth medium, to create conditions of iron limitation. These dis-
crepancies could be attributable to the variability of experimental methods, particularly
the iron concentration settings and in addition P. aeruginosa uptake iron by different
methods and those are important for antibiotic resistance mechanisms.

Therefore, pyoverdine plays an important role in antibiotic resistance, since it
mediates the uptake of iron in P. aeruginosa. Oglesby-Sherouse et al. [81] demon-
strated that pyoverdine increases the ability of P. aeruginosato resist tigecycline treat-
ment. A recent study with clinical isolates of P. aeruginosa showed the importance of
pyoverdine for the bacteria virulence, since most of them were MDR-expressing
resistance such as genes of the MexAB-OprM efflux pump system (mexABR) and
pyoverdine receptor genes (fpvA) which are induced by iron limitation conditions.
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Among the clinical isolates, 22 out 51 were ESBLs (extended-spectrum p-lactamases)
producers which represent an important subclass of enzymes that confer resistance to
oxyimino-cephalosporins [83]. A similar study related the pyoverdine production,
biofilm formation, ESBL, and other virulence genes (OprI, OprL, LasB, PlcH, ExoS,
and ToxA) with the antibiotic resistance of 54 clinical isolates, and among them 93%
were pyoverdine producers showing its role in antibiotic resistance [83]. A strong
relationship between EBSL isolates producers and virulence factor, including
pyoverdine, was also found in clinical isolates of P. aeruginosa [84]. Additionally,
multidrug resistance, presence of virulence-associated genes, and expression of cer-
tain virulence factors, most notably elastase, protease, siderophore, and DNase activ-
ity, were strongly related to pyoverdine production. A recent study with clinical
isolates of P. aeruginosa related its pathogenicity with pyoverdine production in
model’s organism in C. elegans and an acute murine pneumonia model [85].

8. Concluding remarks

The rise of resistant P. aeruginosa strains in hospitals has prompted researchers to
look for new therapeutic options. Attenuation of the pathogen’s virulence factors is
one of these strategies. The pathophysiology of the bacteria is restricted because it
does not need to be eliminated or killed. In many cases, attenuation of these products
that harm the host is unnecessary for growth or colonization, and their absence causes
the pathogen to adopt a commensal lifestyle. Pyoverdine is an important virulence
factor, and its role in iron transport as well as its position as a signaling molecule for
the synthesis of other virulence factors make it an attractive target for new therapeu-
tics that block its function. A potential therapeutic method involves tagging pyochelin
or pyoverdine with an antibiotic or a redox-inactive metal ion such as gallium, which
interferes with P. aeruginosa iron metabolism and its synthesis. Some P. aeruginosa
strains may utilize another iron-chelating pathway using nicotianamine in the absence
of siderophores, which may be investigated in the same way.

14



Pyoverdine as an Important Virulence Factor in Pseudomonas aeruginosa...
DOI: http://dx.doi.org/10.5772/intechopen.104222

Author details

Ovidio Duran’, Carlos Ramos™*, Olga Chen’, Julio Castillo">*°, Brenda de Mayorga2
and Magaly de Chial>**

1 Departamento de Genética y Biologia Molecular, Universidad de Panamd, Panama
2 Departamento de Microbiologia, Universidad de Panama, Panama

3 Centro de Biodiversidad y Descubrimiento de Drogas, Instituto de Investigaciones
Cientificas y Servicios de Alta Tecnologia (INDICASAT AIP), Panamad

4 Estacién Cientifica Coiba AIP, Panama
5 Member of Sistema Nacional de Investigacién, SENACYT, Panama

*Address all correspondence to: mdechial@yahoo.com.mx; magaly.dechial@up.ac.pa

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited. [{=) XA

15



The Global Antimicrobial Resistance Epidemic — Innovative Approaches and Cutting-Edge Solutions

References

[1] Diggle SP, Whiteley M. Microbe
profile: Pseudomonas aeruginosa:
Opportunistic pathogen and lab rat.
Microbiology (Reading, England). 2020;
166(1):30-33. DOI: 10.1099/
mic.0.000860

[2] Palleroni, NJ. The Pseudomonas
story. Environmental microbiology. 2010;
12(6):1377-1383. DOI: 10.1111/].1462-
2920.2009.02041.x

[3] Hardalo C, Edberg SC. Pseudomonas
aeruginosa: Assessment of risk from
drinking water. Critical Reviews in
Microbiology. 1997;23(1):47-75.

DOI: 10.3109/10408419709115130

[4] Cornelis P, Dingemans J. Pseudomonas
aeruginosa adapts its iron uptake
strategies in function of the type of
infections. Frontiers in Cellular and
Infection Microbiology. 2013;3:75.

DOI: 10.3389/fcimb.2013.00075

[5] Ossa-Giraldo AC, Echeverri-Toro LM,
Santos ZM, Garcia MG, Agudelo Y,
Ramirez F, et al. Factores de riesgo para
infeccién por Pseudomonas aeruginosa
multi-resistente en un hospital de alta
complejidad [Risk factors for multidrug-
resistant Pseudomonas aeruginosa
infection, in a tertiary hospital in
Colombia]. Revista chilena de infectologia:
organo oficial de la Sociedad Chilena de
Infectologia. 2014;31(4):393-399. DOL:
10.4067/50716-10182014000400003

[6] Budzikiewicz H. Siderophores of the
Pseudomonadaceae sensu stricto
(fluorescent and non-fluorescent
pseudomonas spp.). Fortschritte der
Chemie organischer Naturstoffe =
Progress in the chemistry of organic
natural products. Progres dans la chimie
des substances organiques naturelles.
2004;87:81-237. DOI: 10.1007/978-3-
7091-0581-8_2

16

[7]1 Bodey GP, Bolivar R, Fainstein V,
Jadeja L. Infections caused by
Pseudomonas aeruginosa. Reviews of
Infectious Diseases. 1983;5(2):279-313.
DOI: 10.1093/clinids/5.2.279

[8] Strateva T, Mitov I. Contribution of
an arsenal of virulence factors to
pathogenesis of Pseudomonas aeruginosa
infections. Annales de Microbiologie.
2011;61:717-732. DOI: 10.1007/
s13213-011-0273-y

[9] Jurado-Martin I, Sainz-Mejias M,
McClean S. Pseudomonas aeruginosa: An
audacious pathogen with an adaptable
arsenal of virulence factors.
International Journal of Molecular
Sciences. 2021;22(6):3128. DOI: 10.3390/
ijms22063128

[10] Stanier RY, Palleroni NJ,
Doudoroff M. The aerobic
pseudomonads: A taxonomic study.
Journal of General Microbiology. 1966;
43(2):159-271. DOI: 10.1099/
00221287-43-2-159

[11] Gomila M, Pefia A, Mulet M, Lalucat J,
Garcia-Valdés E. Phylogenomics and
systematics in pseudomonas. Frontiers in
Microbiology. 2015;6:214. DOI: 10.3389/
fmicb.2015.00214

[12] Stover CK, Pham XQ, Erwin AL,
Mizoguchi SD, Warrener P, Hickey MJ,
et al. Complete genome sequence of
Pseudomonas aeruginosa PAO1, an
opportunistic pathogen. Nature. 2000;
406(6799):959-964. DOI: 10.1038/
35023079

[13] Palma M, Worgall S, Quadri LE.
Transcriptome analysis of the
Pseudomonas aeruginosa response to
iron. Archives of Microbiology. 2003;
180(5):374-379. DOI: 10.1007/
s00203-003-0602-z



Pyoverdine as an Important Virulence Factor in Pseudomonas aeruginosa...

DOI: http://dx.doi.org/10.5772/intechopen.104222

[14] Wang Z, Gerstein M, Snyder M.
RNA-Seq: A revolutionary tool for
transcriptomics. Nature Reviews
Genetics. 2009;10(1):57-63.

DOI: 10.1038/nrg2484

[15] Pust MM, Davenport CF,
Wiehlmann L, Timmler B. Direct RNA
nanopore sequencing of Pseudomonas
aeruginosa clone C transcriptomes.
Journal of Bacteriology. 2022;204(1):
e0041821. DOI: 10.1128/]B.00418-21

[16] Hilario E, Buckley TR, Young JM.
Improved resolution on the phylogenetic
relationships among pseudomonas by
the combined analysis of atp D, car a, rec
a and 16S rDNA. Antonie Van
Leeuwenhoek. 2004;86(1):51-64. DOI:
10.1023/B:ANT0.0000024910.57117.16

[17] Curran B, Jonas D, Grundmann H,
Pitt T, Dowson CG. Development of a
multilocus sequence typing scheme for
the opportunistic pathogen Pseudomonas
aeruginosa. Journal of Clinical
Microbiology. 2004;42:5644-5649

[18] Mulet M, Lalucat J, Garcia-Valdés E.
DNA sequence-based analysis of the
pseudomonas species. Environmental
Microbiology. 2010;12(6):1513-1530.
DOI: 10.1111/j.1462-2920.2010.02181.x

[19] Curran B, Jonas D, Grundmann H,
Pitt T, Dowson CG. Development of a
multilocus sequence typing scheme for
the opportunistic pathogen Pseudomonas
aeruginosa. Journal of Clinical
Microbiology. 2004;42:5644-5649

[20] Ganz T. Iron and infection.
International Journal of Hematology.
2018;107(1):7-15. DOI: 10.1007/
$12185-017-2366-2

[21] Ezraty B, Barras F. The’ liaisons
Dangereuses’ between iron and
antibiotics. FEMS Microbiology Reviews.
2016;40:418-435

17

[22] Ratledge C. Iron metabolism and
infection. Food and Nutrition Bulletin.
2007;28(Suppl. 4):S515-S523.

DOI: 10.1177/15648265070284S405

[23] Ratledge C, Dover L. Iron
metabolism in pathogenic bacteria.
Annual Review of Microbiology. 2000;
54:881-941. DOI: 10.1146/annurev.
micro.54.1.881

[24] Arora SK, Ritchings BW, Almira EC,
Lory S, Ramphal R. The Pseudomonas
aeruginosa flagellar cap protein, FliD, is
responsible for mucin adhesion. Infection
and Immunity. 1998;66(3):1000-1007.
DOI: 10.1128/IAI1.66.3.1000-1007.1998

[25] Rada B. Neutrophil extracellular trap
release driven by bacterial motility:
Relevance to cystic fibrosis lung disease.
Communicative & Integrative Biology.
2017;10(2):e1296610. DOI: 10.1080/
19420889.2017.1296610

[26] Khalili Y, Memar MY, Farajnia S,
Adibkia K, Kafil HS, Ghotaslou R.
Molecular epidemiology and carbapenem
resistance of Pseudomonas aeruginosa
isolated from patients with burns. Journal
of Wound Care. 2021;30(2):135-141. DOI:
10.12968/jowc.2021.30.2.135

[27] Hilliam Y, Kaye S, Winstanley C.
Pseudomonas aeruginosa and microbial
keratitis. Journal of Medical
Microbiology. 2020;69(1):3-13.

DOI: 10.1099/jmm.0.001110

[28] Visca P, Imperi F, Lamont IL.
Pyoverdine siderophores: From
biogenesis to biosignificance. Trends in
Microbiology. 2007;15(1):22-30.

DOI: 10.1016/j.tim.2006.11.004

[29] Visca P. Iron regulation and
siderophore signalling in virulence by
pseudomonas aeruginosa. In: Ramos J-L,
editor. Pseudomonas. US, Boston, MA:
Springer; 2004. pp. 69-123



The Global Antimicrobial Resistance Epidemic — Innovative Approaches and Cutting-Edge Solutions

[30] Cézard C, Farvacques N, Sonnet P.
Chemistry and biology of pyoverdines,
pseudomonas primary siderophores.
Current Medicinal Chemistry. 2015;
22(2):165-186. DOI: 10.2174/
0929867321666141011194624

[31] Galle M, Carpentier I, Beyaert R.
Structure and function of the type III
secretion system of Pseudomonas
aeruginosa. Current Protein & Peptide
Science. 2012;13(8):831-842.

DOI: 10.2174/138920312804871210

[32] Cornelis P, Matthijs S. Diversity of
siderophore-mediated iron uptake
systems in fluorescent pseudomonads:
Not only pyoverdines. Environmental
Microbiology. 2002;4(12):787-798.

DOI: 10.1046/j.1462-2920.2002.00369.x

[33] Schalk IJ, Guillon L. Pyoverdine
biosynthesis and secretion in
Pseudomonas aeruginosa: Implications
for metal homeostasis. Environmental
Microbiology. 2013;15(6):1661-1673.
DOI: 10.1111/1462-2920.12013

[34] Cornelis P, Hohnadel D, Meyer JM.
Evidence for different pyoverdine-
mediated iron uptake systems among
Pseudomonas aeruginosa strains.
Infection and Immunity. 1989;57(11):
3491-3497. DOI: 10.1128/
iai.57.11.3491-3497.1989

[35] de Chial M, Ghysels B, Beatson SA,
Geoffroy V, Meyer JM, Pattery T, et al.
Identification of type II and type III
pyoverdine receptors from Pseudomonas
aeruginosa. Microbiology (Reading,
England). 2003;149 (Pt 4):821-831.

DOI: 10.1099/mic.0.26136-0

[36] Meyer JM, Geoffroy VA, Baida N,
Gardan L, Izard D, Lemanceau P, et al.
Siderophore typing, a powerful tool for
the identification of fluorescent and
nonfluorescent pseudomonads. Applied
and Environmental Microbiology. 2002;

18

68(6):2745-2753. DOI: 10.1128/
AEM.68.6.2745-2753.2002

[37] Meyer JM, Gruffaz C, Raharinosy V,
Bezverbnaya I, Schifer M,

Budzikiewicz H. Siderotyping of
fluorescent pseudomonas: Molecular
mass determination by mass
spectrometry as a powerful pyoverdine
siderotyping method. Biometals: an
international journal on the role of metal
ions in biology, biochemistry, and
medicine. 2008;21(3):259-271.

DOI: 10.1007/510534-007-9115-6

[38] Visca P, Colotti G, Serino L,

Verzili D, Orsi N, Chiancone E. Metal
regulation of siderophore synthesis in
Pseudomonas aeruginosa and functional
effects of siderophore-metal complexes.
Applied and Environmental
Microbiology. 1992;58(9):2886-2893.
DOI: 10.1128/aem.58.9.2886-2893.1992

[39] Meyer JM. Pyoverdines: Pigments,
siderophores and potential taxonomic
markers of fluorescent pseudomonas
species. Archives of Microbiology. 2000;
174(3):135-142. DOI: 10.1007/
s002030000188

[40] Regine F, Mathias S, Valerie G, Jean-
Marie M. Siderotyping a powerful tool
for the characterization of pyoverdines.
Current Topics in Medicinal Chemistry.
2001;1(1):31-57. DOI: 10.2174/
1568026013395542

[41] Poole K, McKay GA. Iron acquisition
and its control in Pseudomonas
aeruginosa: Many roads lead to Rome.
Frontiers in Bioscience: a Journal and
Virtual Library. 2003;8:d661-d686. DOI:
10.2741/1051

[42] Schalk IJ, Rigouin C, Godet ]J. An
overview of siderophore biosynthesis
among fluorescent Pseudomonads and
new insights into their complex cellular
organization. Environmental



Pyoverdine as an Important Virulence Factor in Pseudomonas aeruginosa...

DOI: http://dx.doi.org/10.5772/intechopen.104222

Microbiology. 2020:22(4):1447-1466.
DOI: 10.1111/1462-2920.14937

[43] Budzikiewicz H, Schifer M,
Fernandez DU, Matthijs S, Cornelis P.
Characterization of the chromophores of
pyoverdins and related siderophores by
electrospray tandem mass spectrometry.
Biometals: an international journal on
the role of metal ions in biology,
biochemistry, and medicine. 2007;20(2):
135-144. DOI: 10.1007/5s10534-006-
9021-3

[44] Demange P, Wendenbaum S,

Linget C, Mertz C, Cung MT, Dell A,

et al. Bacterial siderophores: Structure
and NMR assigment of pyoverdins PaA,
siderophores of Pseudomonas aeruginosa
ATCC 15692. Biology of Metals. 1990;3:
155-170

[45] Gasser V, Guillon L, Cunrath O,
Schalk IJ. Cellular organization of
siderophore biosynthesis in
Pseudomonas aeruginosa: Evidence for
siderosomes. Journal of Inorganic
Biochemistry. 2015;148:27-34. DOLI:
10.1016/j.jinorgbio.2015.01.017

[46] Konz D, Marahiel MA. How do
peptide synthetases generate structural
diversity? Chemistry & Biology. 1999;
6(2):R39-R48. DOI: 10.1016/S1074-5521
(99)80002-7

[47] Konz D, Klens A, Schérgendorfer K,
Marahiel MA. The bacitracin
biosynthesis operon of bacillus
licheniformis ATCC 10716: Molecular
characterization of three multi-modular
peptide synthetases. Chemistry &
Biology. 1997;4(12):927-937. DOL:
10.1016/s1074-5521(97)90301-

[48] Poppe J, Reichelt J, Blankenfeldt W.
Pseudomonas aeruginosapyoverdine
maturation enzyme PvdP has a
noncanonical domain architecture and
affords insight into a new subclass of

19

tyrosinases. The Journal of Biological
Chemistry. 2018;293(38):14926-14936.
DOI: 10.1074/jbc.RA118.002560

[49] Cornelis P, Bodilis J. A survey of
TonB-dependent receptors in
fluorescent pseudomonads.
Environmental Microbiology Reports.
2009;1:256-262. DOI: 10.1111/
j-1758-2229.2009.00041.x

[50] Rédly GA, Poole K. FpvIR control of
fpvA ferric pyoverdine receptor gene
expression in Pseudomonas aeruginosa:
Demonstration of an interaction
between FpvI and FpvR and
identification of mutations in each
compromising this interaction. Journal
of Bacteriology. 2005;187(16):5648-5657.
DOI: 10.1128/]B.187.16.5648-5657.2005

[51] Cornelis P, Matthijs S, Van

Oeffelen L. Iron uptake regulation in
pseudomonas aeruginosa. Biometals: An
International Journal on the Role of
Metal Ions in Biology, Biochemistry, and
Medicine. 2009;22(1):15-22.

DOI: 10.1007/s10534-008-9193-0

[52] Pasqua M, Visaggio D, Lo Sciuto A,
Genah S, Banin E, Visca P, et al. Ferric
uptake regulator fur is conditionally
essential in Pseudomonas aeruginosa.
Journal of Bacteriology. 2017;199(22):
e00472-e00417. DOI: 10.1128/
JB.00472-17

[53] Ochsner UA, Wilderman PJ,

Vasil Al, Vasil ML. GeneChip expression
analysis of the iron starvation response
in Pseudomonas aeruginosa:
Identification of novel pyoverdine
biosynthesis genes. Molecular
Microbiology. 2002;45(5):1277-1287.
DOI: 10.1046/j.1365-2958.2002.03084.x

[54] Ochsner UA, Vasil ML. Gene
repression by the ferric uptake regulator
in Pseudomonas aeruginosa: Cycle
selection of iron-regulated genes.



The Global Antimicrobial Resistance Epidemic — Innovative Approaches and Cutting-Edge Solutions

Proceedings of the National Academy of
Sciences of the United States of America.
1996;93(9):4409-4414. DOI: 10.1073/
pnas.93.9.4409

[55] Vasil ML, Ochsner UA, Johnson Z,
Colmer JA, Hamood AN. The fur-
regulated gene encoding the alternative
sigma factor PvdsS is required for iron-
dependent expression of the LysR-type
regulator ptxR in Pseudomonas
aeruginosa. Journal of Bacteriology.
1998;180(24):6784-6788. DOI: 10.1128/
JB.180.24.6784-6788.1998

[56] Wilderman PJ, Vasil Al, Johnson Z,
Wilson MJ, Cunliffe HE, Lamont IL,

et al. Characterization of an
endoprotease (PrpL) encoded by a PvdS-
regulated gene in Pseudomonas
aeruginosa. Infection and Immunity.
2001;69(9):5385-5394. DOI: 10.1128/
IAIL.69.9.5385-

[57]1 Wilderman PJ, Vasil Al, Johnson Z,
Wilson MJ, Cunliffe HE, Lamont IL, et al.
Characterization of an endoprotease
(PrpL) encoded by a PvdS-regulated gene
in Pseudomonas aeruginosa. Infection
and Immunity. 2001;69(9):5385-5394.
DOI: 10.1128/1AI1.69.9.5385-

[58] Wilson M], Lamont IL.
Characterization of an ECF sigma factor
protein from Pseudomonas aeruginosa.
Biochemical and Biophysical Research
Communications. 2000;273(2):578-583.
DOI: 10.1006/bbrc.2000.2996

[59] Rédly GA, Poole K. Pyoverdine-
mediated regulation of FpvA synthesis in
Pseudomonas aeruginosa: Involvement
of a probable extracytoplasmic-function
sigma factor. Fpvl. Journal of
Bacteriology. 2003;185(4):1261-1265.
DOI: 10.1128/)B.185.4.1261-1265.2003

[60] Wilson MJ, McMorran BJ,
Lamont IL. Analysis of promoters
recognized by PvdS, an

20

extracytoplasmic-function sigma factor
protein from Pseudomonas aeruginosa.
Journal of Bacteriology. 2001;183(6):
2151-2155. DOI: 10.1128/
JB.183.6.2151-2155.2001

[61] Imperi F, Tiburzi F, Fimia GM,
Visca P. Transcriptional control of the
pvdS iron starvation sigma factor gene
by the master regulator of sulfur
metabolism CysB in Pseudomonas
aeruginosa. Environmental
Microbiology. 2010;12(6):1630-1642.
DOI: 10.1111/j.1462-2920.2010.02210.x

[62] Delic-Attree I, Toussaint B, Garin ],
Vignais PM. Cloning, sequence and
mutagenesis of the structural gene of
Pseudomonas aeruginosa CysB, which
can activate algD transcription.
Molecular Microbiology. 1997;24(6):
1275-1284. DOI: 10.1046/
j-1365-2958.1997.4121799.x

[63] Zaborin A, Romanowski K,

Gerdes S, Holbrook C, Lepine F, Long ],
et al. Red death in Caenorhabditis
elegans caused by Pseudomonas
aeruginosa PAO1. Proceedings of the
National Academy of Sciences of the
United States of America. 2009;106(15):
6327-6332. DOI: 10.1073/
pnas.0813199106

[64] Balasubramanian D, Kumari H,
Jaric M, Fernandez M, Turner KH,

Dove SL, et al. Deep sequencing analyses
expands the Pseudomonas aeruginosa
AmpR regulon to include small RNA-
mediated regulation of iron acquisition,
heat shock and oxidative stress response.
Nucleic Acids Research. 2014;42(2):
979-998. DOI: 10.1093/nar/gkt942

[65] Chen Y, Yuan M, Mohanty A,
Yam JK, Liu Y, Chua SL, et al. Multiple
diguanylate cyclase-coordinated
regulation of pyoverdine synthesis in
Pseudomonas aeruginosa.
Environmental Microbiology Reports.



Pyoverdine as an Important Virulence Factor in Pseudomonas aeruginosa...

DOI: http://dx.doi.org/10.5772/intechopen.104222

2015;7(3):498-507. DOI: 10.1111/
1758-2229.12278

[66] Edgar RJ, Hampton GE, Garcia G,
Maher MJ, Perugini MA, Ackerley DF,
et al. Integrated activities of two
alternative sigma factors coordinate iron
acquisition and uptake by Pseudomonas
aeruginosa. Molecular Microbiology.
2017;106(6):891-904. DOI: 10.1111/
mmi.13855

[67] Frédi LR, Neill DR, Fothergill JL. The
building blocks of antimicrobial
resistance in Pseudomonas aeruginosa:
Implications for current resistance-
breaking therapies. Frontiers in Cellular
and Infection Microbiology. 2021;11:
665759

[68] Meyer JM, Neely A, Stintzi A,
Georges C, Holder IA. Pyoverdin is
essential for virulence of Pseudomonas
aeruginosa. Infection and Immunity.
1996;64(2):518-523. DOI: 10.1128/
iai.64.2.518-523.1996

[69] Takase H, Nitanai H, Hoshino K,
Otani T. Impact of siderophore
production on Pseudomonas aeruginosa
infections in immunosuppressed mice.
Infection and Immunity. 2000a;68:
1834-1839. DOI: 10.1128/
TAI.68.4.1834-1839.2000

[70] Khalil MA, Ibrahim Sonbol F,
Mohamed AF, Ali SS. Comparative study
of virulence factors among ESbetaL-
producing and nonproducing
Pseudomonas aeruginosa clinical isolates.

Turkish Journal of Medical Sciences.
2015;45:60-69

[71] Kang D, Kirienko DR, Webster P,
Fisher AL, Kirienko NV. Pyoverdine, a
siderophore from Pseudomonas
aeruginosa, translocates into C. elegans,
removes iron, and activates a distinct host
response. Virulence. 2018;9(1):804-817.
DOI: 10.1080/21505594.2018.1449508

21

[72] Kang D, Kirienko NV. An In vitro
cell culture model for pyoverdine-
mediated virulence. Pathogens. 2021,
10(1):9. DOI: 10.3390/
pathogens10010009

[73] Kirienko NV, Kirienko DR, Larkins-
Ford ], Wahlby C, Ruvkun G,

Ausubel FM. Pseudomonas aeruginosa
disrupts Caenorhabditis elegans iron
homeostasis, causing a hypoxic response
and death. Cell Host & Microbe. 2013;13:
406-416

[74] Lamont IL, Beare PA, Ochsner U,
Vasil Al, Vasil ML. Siderophore-
mediated signaling regulates virulence
factor production in Pseudomonas
aeruginosa. Proceedings. National
Academy of Sciences. United States of
America. 2002;99:7072-7077.

DOI: 10.1073/pnas.092016999

[75] Vasil ML, Ochsner UA. The response
of Pseudomonas aeruginosa to iron:
Genetics, biochemistry and virulence.
Molecular Microbiology. 1999;34(3):
399-413. DOI: 10.1046/
j-1365-2958.1999.01586.x

[76] Jenkins CE, Swiatoniowski A,
Issekutz AC, Lin TJ. Pseudomonas
aeruginosa exotoxin a induces human
mast cell apoptosis by a caspase-8 and -
3-dependent mechanism. The Journal of
Biological Chemistry. 2004;279:
37201-37207. DOI: 10.1074/jbc.
M405594200

[77] Lory S. Effect of iron on
accumulation of exotoxin A-specific
mRNA in Pseudomonas aeruginosa.
Journal of Bacteriology. 1986;168(3):
1451-1456. DOI: 10.1128/
jb.168.3.1451-1456.1986.

[78] Beare PA, For RJ, Martin LW,

Lamont IL. Siderophore-mediated cell
signalling in Pseudomonas aeruginosa:
Divergent pathways regulate virulence



The Global Antimicrobial Resistance Epidemic — Innovative Approaches and Cutting-Edge Solutions

factor production and siderophore
receptor synthesis. Molecular
Microbiology. 2003;47(1):195-207.
DOI: 10.1046/j.1365-2958.2003.03288.x

[79] Guillon A, Brea D, Morello E, Tang A,
Jouan Y, Ramphal R, et al. Pseudomonas
aeruginosa proteolytically alters the
interleukin 22-dependent lung mucosal
defense. Virulence. 2017;8(6):810-820.
DOI: 10.1080/21505594.2016.1253658

[80] Hunt TA, Peng WT, Loubens I,
Storey DG. The Pseudomonas aeruginosa
alternative sigma factor PvdS controls
exotoxin a expression and is expressed in
lung infections associated with cystic
fibrosis. Microbiology. 2002;148:
3183-3193. DOI: 10.1099/00221287-148-
10-3183

[81] Oglesby-Sherrouse AG, Djapgne L,
Nguyen AT, Vasil Al, Vasil ML. The
complex interplay of iron, biofilm
formation, and mucoidy affecting
antimicrobial resistance of Pseudomonas
aeruginosa. Pathogens and Disease.
2014;70(3):307-320. DOI: 10.1111/
2049-632X.12132

[82] Singh PK, Parsek MR, Greenberg EP,
Welsh MJ. A component of innate
immunity prevents bacterial biofilm
development. Nature. 2002;417(6888):
552-555. DOI: 10.1038/417552a

[83] Sambrano H, Castillo JC,

Ramos CW, de Mayorga B, Chen O,
Durdan O, et al. Prevalence of antibiotic
resistance and virulent factors in
nosocomial clinical isolates of
Pseudomonas aeruginosa from Panama.
The Brazilian Journal of Infectious
Diseases: An Official Publication of the
Brazilian Society of Infectious Diseases.
2021;25(1):101038. DOI: 10.1016/j.
bjid.2020.11.003

[(84] Ullah W, Qasim M, Rahman H,
Jie Y, Muhammad N. Beta-lactamase-

22

producing Pseudomonas aeruginosa:
Phenotypic characteristics and molecular
identification of virulence genes. Journal
of the Chinese Medical Association:
JCMA. 2017;80(3):173-177

[85] Kirienko DR, Kang D, Kirienko NV.
Novel pyoverdine inhibitors mitigate
Pseudomonas aeruginosa pathogenesis.
Frontiers in Microbiology. 2019;9:3317.
DOI: 10.3389/fmicb.2018.03317



