
Chapter 13
The Role of Alginate in Bacterial Biofilm
Formation

M. Fata Moradali and Bernd H. A. Rehm

Abstract Alginates are natural exopolysaccharides produced by seaweeds and
bacteria belonging to the genera Pseudomonas and Azotobacter. These natural
polymers are important polymeric substances contributing to the formation and
development of biofilm matrixes of numerous bacteria enhancing persistence
under environmental stresses, antibiotic treatment, and the immune system. Studying
bacterial alginates have gained substantial attentions not only for their importance in
bacterial pathogenesis but also regarding their biotechnological production for
various industrial purposes. The biosynthesis of alginate is unique and has been
extensively studied in the opportunistic human pathogen P. aeruginosa. This chapter
will present updated data about bacterial production of alginate, its biological
function, biosynthesis pathway, and regulation.

13.1 An Overview of Bacterial Alginate Discovery

Alginates were first discovered and extracted from seaweeds by E.C.C. Stanford, an
English chemist, in 1883 (Stanford 1883). Since this discovery, algal alginates have
been extensively characterized for understanding their chemistry and properties, so
they have been harnessed greatly for various industrial applications for more than a
century. For the first time, Sonnenschein in 1927 reported encapsulated strains of
P. aeruginosa (Sonnenschein 1927). Many years later in 1964, alginate production
by encapsulated strains of P. aeruginosa was reported by Linker and Jones (Linker
and Jones 1964). By analysis of sputum of cystic fibrosis (CF) patients, they found
that Pseudomonas species formed unusually large mucoid colonies by producing
polysaccharides, which chemically resembled alginic acids (Linker and Jones 1964).
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Later in 1966, they reported that alginate from these isolates was acetylated contrary
to algal alginates, while acetyl groups were removed during alkaline extraction
(Linker and Jones 1966). Then, Gorin and Spencer reported that alginic acid was
also produced by another bacterial species Azotobacter vinelandii (Gorin and Spen-
cer 1966). In 1973, the slimy polysaccharide produced by P. aeruginosa was
reported as consisting of β-1,4-linked D-mannuronic acid residues and variable
amounts of its 5-epimer L-guluronic acid (Evans and Linker 1973). Between 1967
and 1976, multiple reports considered strong association of mucoid strains of
P. aeruginosa with chronic pulmonary infections in CF patients (Reynolds et al.
1976; Wood et al. 1976; Elston and Hoffman 1967; Doggett 1969). In 1981, other
Pseudomonas species including P. fluorescens, P. putida, and P. mendocina were
introduced as other alginate-producing bacteria (Govan et al. 1981; Müller and
Monte Alegre 2007). The first report of immunogenic properties of alginate from
P. aeruginosa was reported in 1983 by Pier et al. (Pier et al. 1983). Later in 1984,
Sherbrock-Cox et al. reported the chemical characterization of P. aeruginosa algi-
nate (Sherbrock-Cox et al. 1984). According to this report, alginate produced by
P. aeruginosa mainly consisted of random or poly(D-mannuronic acid) block
structures while being highly acetylated (Sherbrock-Cox et al. 1984). Between
1985 and 1987, bacterial alginate was profoundly studied in the context of bacterial
pathogenesis. In this regard, serial investigations demonstrated alginate binding to
the surface of epithelial cells, and structural diversity in P. aeruginosa alginates was
thought to be important for this binding (McEachran and Irvin 1985; Ramphal and
Pier 1985; Doig et al. 1987).

Studies on the genetic background of alginate production and mucoid strains date
back to 1966, when Doggett et al. understood that the mucoid phenotype of
P. aeruginosa associated with the CF lung emerges from nonmucoid forms and
becomes the predominant population during infection over time (Doggett et al.
1966). Later, others showed that mucoid and nonmucoid strains are the variants of
the same strain (Diaz et al. 1970; Williams and Govan 1973). Between 1975 and
1978, various explanations were provided for genetic background of alginate pro-
duction, and some suggested that the ability of alginate production is transferrable
between strains of P. aeruginosa via conjugation (Govan 1976; Fyfe and Govan
1978). In 1980, Fyfe and Govan reported that at least one chromosomal locus is
involved in alginate production by bacteria (Fyfe and Govan 1980) followed by
introducing chromosomally clustered Alg loci (Ohman and Chakrabarty 1981).

13.2 Chemical Structure and Physiochemical Properties
of the Alginates

Alginates are unbranched anionic polysaccharides produced by brown seaweeds and
bacteria belonging to Pseudomonas and Azotobacter genera. Uronic acid residues
including β-D-mannuronic acid (M) and its C5 epimer α-L-guluronic acid (G) build
up alginate polymer via 1, 4-glycosidic bonds (Fig. 13.1). In nature, alginates are
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usually found in heteropolymeric forms containing variable numbers and lengths of
M blocks, G blocks, MG blocks, and non-acetylated and acetylated residues (Rehm
and Valla 1997; Douthit et al. 2005; Remminghorst and Rehm 2006b; Moradali et al.
2015) (Fig. 13.1). Algal alginates are non-acetylated chains, while bacterial alginates
have been found highly acetylated (Skjåk-Bræk et al. 1989). The occurrence of G
blocks in algal alginates is common, while Pseudomonas alginates lack G blocks
contrary to Azotobacter alginates (Gimmestad et al. 2009; Hay et al. 2014; Peteiro
2018; Moradali et al. 2018).

Like other polymeric substances, physiochemical properties of the alginates are
determined by their composition and molecular mass (Rehm 2010). Alginates were
found to exhibit viscoelastic properties (Webber and Shull 2004; Moresi et al. 2004;
Moradali et al. 2015). Furthermore, the most important feature of alginates is their
ability to efficiently and selectively bind divalent cations, leading to the formation of
hydrogels and cross-linked polymeric scaffolds (Mørch et al. 2006) (Fig. 13.1). The
intrinsic flexibility of alginates depends on the frequency of constituting blocks as
flexibility decreases in the order MG block > MM block > GG block (Meng and Liu
2013; Moradali et al. 2018). The affinity of alginates toward different divalent ions
was found to increase in the order Mg2+ <<Mn2+ <Ca2+ <Sr2+ <Ba2+ <Cu2+ <Pb2+;
however, the strength, dimension, stability, and mechanical properties of resulting
hydrogels differ based on the type of interacting cation, the G content, and the
variability of G blocks in polymers (Haug and Smidsrod 1967, 1970; Ouwerx et al.
1998; Sikorski et al. 2007).

The acetylation of alginates occurring as O-acetyl groups notably changes the
properties of the alginates by impacting polymer conformation, chain expansion,
solubility, water-binding capacity, viscoelasticity, and molecular mass (Moradali
et al. 2015). An acetylated alginate absorbs more water due to the better interaction

Fig. 13.1 Chemical composition and natural occurrence of various alginates produced by sea-
weeds and bacteria. Alginate chains efficiently and selectively bind different divalent cations
resulting in cross-linked polymeric scaffold and hydrogel formation (Haug and Smidsrod 1970)
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of side chains with water molecules, leading to chain expansion and better solubility
(Delben et al. 1982; Skjåk-Bræk et al. 1989; Straatmann et al. 2004).

13.3 Alginates in Bacterial Biofilms

Biofilms are defined as cellular aggregations surrounded by self-produced polymeric
substances and exist as both monospecies and polyspecies cellular communities in a
variety of habitats (Costerton et al. 1987; Høiby 2017) (Fig. 13.2). Indeed, adopting
the biofilm lifestyle versus planktonic (freestyle) mode provides a survival advan-
tage by which the microorganism can thrive in harsh conditions, stresses, antibiotic
treatments, and the immune system (Costerton 1999; Mah and O’Toole 2001;
Stewart and William Costerton 2001). Therefore, eradicating biofilms remains a
challenge, and a much higher concentration of a killing agent is required to kill
biofilm cells compared to planktonic cells (Lewis 2001; Mah and O’Toole 2001;
Davies 2003).

P. aeruginosa is a well-known biofilm former as well as a well-studied alginate
producer. It is an opportunistic human pathogen affecting immunocompromised
patients and the leading cause of morbidity and mortality in CF patients (Moradali
et al. 2017a). Extracellular polymeric substances including polysaccharides, pro-
teins, extracellular DNA (eDNA), and lipids entangle within the biofilm matrix,
which is a niche rendering bacteria for intense cell-cell interaction and communica-
tion, protecting cells from unfavorable conditions, as well as a reservoir of metabolic
substances, nutrients, and energy for fostering growth (Flemming and Wingender
2010; Strempel et al. 2013; Moradali et al. 2017a).

Fig. 13.2 Schematic process of biofilm formation by P. aeruginosa with temporal and spatial
variation in production of Psl, Pel, and alginate exopolysaccharides (Ghafoor et al. 2011; Colvin
et al. 2012; Jennings et al. 2015). To keep the figure simple, each polysaccharide is attributed to
distinct cell population
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The exopolysaccharides Psl, Pel, and alginate are major constituents of the
P. aeruginosa biofilm matrix (Fig. 13.2). They are interacting with other small
molecules and macromolecules such as rhamnolipid surfactants and eDNA, deter-
mining surface adhesion, biofilm initiation, maturation, and architecture (Davey
et al. 2003; Ghafoor et al. 2011; Gellatly and Hancock 2013) (Fig. 13.2). While
Pel and Psl are the primary structural polysaccharides in the biofilm of both
nonmucoid and mucoid P. aeruginosa strains, alginate overproduction is responsible
for the emerging excessive slimy or mucoid biofilm and predominantly occupies the
bio-volume of biofilm matrix (Hentzer et al. 2001; Colvin et al. 2011, 2012; Ghafoor
et al. 2011) (Fig. 13.2). The formation of mucoid biofilm by P. aeruginosa is the
hallmark of chronic infections, and it is indicative of disease progression and long-
term persistence (Boucher et al. 1997; Moradali et al. 2017a).

Indeed, the overproduction of alginate confers a highly structured architecture to
the biofilms, which comprise microcolonies and so-called mushroom-like structures
(Fig. 13.2), while it provides an effective protective layer against
opsonophagocytosis, free radicals released from immune cells, and antibiotics
used for treatment (Hentzer et al. 2001; Hay et al. 2009a; Strempel et al. 2013).

Likewise, P. putida colonizing the rhizosphere of a variety of plants harnesses
alginate in combination with other exopolysaccharides in the structure of biofilm. It
was demonstrated that alginate production by this species contributes to the forma-
tion of highly structured and developed biofilm mediating stress tolerance particu-
larly under water-limiting conditions (Chang et al. 2007). Chang et al. suggested that
alginate is produced by pseudomonads in response to water-limiting conditions to
reduce the extent of water loss from biofilm residents (Chang et al. 2007). Alginate
shields biofilm cells and maintains a hydrated microenvironment protecting cells
from desiccation stress (Chang et al. 2007). Another study showed that alginate
production by fluorescent pseudomonads was stimulated in response to high osmo-
larity and dehydration (Singh et al. 1992).

Recently, a study on the soil bacterium P. alkylphenolia demonstrated that an
alginate-like exopolysaccharide biosynthesis gene cluster is necessary for the forma-
tion of biofilm aerial and multicellular structures (Lee et al. 2014). This species has the
ability to grow in the presence of linear alkylphenols (C1–C5) (Mulet et al. 2015).

Alginate-like exopolysaccharides were also detected in the gel matrix of aerobic
granular sludge and normal aerobic flocculent sludge which are complex microbial
consortia. Lin et al. noticed that the granular or granular structures of these sludge
particles were impacted by different compositions of the alginate-like
exopolysaccharides (Lin et al. 2013). They found that aerobic granules contained
significantly higher levels of G blocks and less MG blocks, while those derived from
aerobic flocculent sludge had equal amounts of G and MG blocks (Lin et al. 2010,
2013). These sources of hydrogels and alginate-like materials have largely attracted
researchers and companies to explore on how to recover and utilize these biopoly-
mers from wastewater sludge (van der Hoek et al. 2016).

Our analysis and others showed that gene clusters homologous to alg gene cluster
exist in the genomes of a few marine species of the genera Alcanivorax and
Marinobacter, but if they are capable of producing alginates remains controversial
(Manilla-Pérez et al. 2010; Lee et al. 2014).
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13.4 Biosynthesis of Alginate

Our understanding of alginate biosynthesis is mainly based on the model organism
P. aeruginosa and to less extend on A. vinelandii. For many years, understanding the
biosynthesis of alginates has been of great importance for scientific community with
regard to drug development for treatment of P. aeruginosa infections exacerbated by
alginate overproduction as well as establishing the production of bacterial and tailor-
made alginates.

Generally, alginate-producing bacteria have the same genetic elements in com-
mon for the biosynthesis of the alginates (Fig. 13.3), but they are mainly different at
epimerization level and more likely controlling regulatory mechanisms. Genes
required for alginate production are mainly clustered in bacterial genome. Except
for algC, the genetic elements including algD, alg8, alg44, algK, algE (algJ), algG,
algX, algL, algI, algJ (algV), algF, and algA are clustered within the alginate (alg)
operon (Fig. 12.3).

13.5 Biosynthesis of Alginate Precursor

The best understood part of alginate biosynthesis is the formation of the activated
precursor GDP-mannuronic acid. A series of cytosolic enzymatic steps catalyze the
formation of precursor (Fig. 13.3). Synthesis starts with the entry of six carbon
substrates to the Entner-Doudoroff pathway (KDPG pathway), resulting in pyruvate,
which is channeled toward the tricarboxylic acid (TCA) cycle, while oxaloacetate
from the TCA cycle can be converted to fructose-6-phosphate via gluconeogenesis.
Three alginate-specific enzymes including AlgA (phosphomannose isomerase/GDP-
mannose), AlgC (phosphomannomutase), and AlgD (GDP-mannose dehydroge-
nase) catalyze the four biosynthesis steps to convert fructose-6-phosphate to
GDP-mannuronic acid (Chitnis and Ohman 1993; Rehm and Valla 1997; Hay
et al. 2014). The final step catalyzed by AlgD is a key step in the control of the
alginate pathway because GDP-D-mannose is channeled into this pathway and it is
irreversibly converted to the precursor GDP-mannuronic acid, a step before alginate
polymerization (Roychoudhury et al. 1989; Tavares et al. 1999) (Fig. 13.3).

13.6 Alginate Polymerization, Modification, and Secretion

In bacteria, alginate polymerization, modifications, and secretion are mediated by a
membrane-spanning multiprotein complex in P. aeruginosa (Fig. 13.3). Briefly, this
multiprotein complex involves (1) alginate-polymerizing unit (Alg8-Alg44); (2) a
proposed periplasmic protein scaffold (Alg44-AlgG-AlgX-AlgK) protecting nascent
alginate (polymannuronate) against lyase activity of periplasmic AlgL while
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translocating polymer across the periplasm aligned with modifications (i.e.,
epimerization (AlgG)/acetylation (AlgX)); and (3) secretion unit (AlgK-AlgE)
responsible for secreting modified alginate across the outer membrane of bacteria
(Hay et al. 2012; Rehman et al. 2013; Moradali et al. 2015, 2018). Other subunits
including AlgI, AlgJ, and AlgF have been proposed as taking part in the integrity of
periplasmic scaffold, while they were found necessary for the acetylation of alginate
probably by providing acetylation precursor for terminal acetyltransferase AlgX
(Franklin et al. 2004) (Fig. 13.3).

Fig. 13.3 Proposed model of alginate biosynthesis in bacteria. (a) Operonic organization of the
genes encoding different proteins mediating different steps of alginate biosynthesis (Chitnis and
Ohman 1993; Hay et al. 2014). (b) Sequential enzymatic events mediating the production of
alginate precursor, GDP-mannuronic acid, from fructose-6-phosphate originating from TCA
cycle (Narbad et al. 1988; Narbad A. et al. 1990; Rehm and Valla 1997). (c) Proposed model for
the alginate biosynthesis/modification/secretion machinery complex and experimentally demon-
strated protein-protein interactions (marked with white triangles) (Hay et al. 2012; Rehman et al.
2013; Moradali et al. 2015). This model shows alginate production is positively regulated by c-di-
GMP binding to Alg44 which targets the catalytic site of Alg8 polymerase for activating the
polymerization of alginate. MucR is proposed to specifically provide c-di-GMP pool in proximity
of Alg44. Translocation of alginate across the periplasmic scaffold (AlgG/AlgX/AlgF/AlgI/AlgJ/
AlgK) is coupled with modification events (i.e., acetylation and epimerization) (Jain et al. 2003;
Robles-Price et al. 2004; Moradali et al. 2015). The alginate lyase, AlgL, is responsible for
degrading misguided alginate accumulating in the periplasm (Bakkevig et al. 2005; Wang et al.
2016). Secretion of modified alginate is mediated by two interacting proteins AlgK and AlgE (Hay
et al. 2010; Rehman et al. 2013). MucD protein links the complex with the posttranslational alginate
regulatory network via an interaction with AlgX (Hay et al. 2012). OM outer membrane, CM
cytoplasmic membrane, P(alg) promoter, TCA cycle the tricarboxylic acid cycle, MPI mannose-6-
phosphate isomerase, PMM phosphomannomutase, MPG mannose-1-phosphate
guanylyltransferase, GMD GDP-mannose 6-dehydrogenase
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13.6.1 Polymerization of Alginate

Two interacting membrane-anchored proteins Alg8 (polymerase) and Alg44
(co-polymerase) form the alginate synthase complex catalyzing the formation of
polymannuronate chain from activated precursor GDP-mannuronic acid (Fig.13.3).
Alg8 is a glycosyltransferase belonging to the glycosyltransferase family 2 that
catalyzes the transfer of a sugar molecule from an activated donor, i.e.,
GDP-mannuronic acid, to an acceptor molecule which is a growing carbohydrate
chain. Polymerization mechanism was understood as requiring conformational
change of Alg44 upon binding to the second messenger bis-(30, 50)-cyclic dimeric
guanosine monophosphate (c-di-GMP). In other words, the activation of alginate
polymerization is essentially regulated through sensing c-di-GMP at posttransla-
tional level (Remminghorst and Rehm 2006a; Merighi et al. 2007; Oglesby et al.
2008; Remminghorst et al. 2009). Alg44 consists of a cytoplasmic
c-di-GMP-sensing PilZ domain, a transmembrane region extending into the peri-
plasm of the bacteria while interacting with other periplasmic subunits
(Remminghorst and Rehm 2006a; Oglesby et al. 2008) (Fig. 13.3). Studies based
on protein-protein interaction, protein purification, and crystallization proposed that
Alg44 is a dimer binding dimeric c-di-GMP toward activating polymerization
(Whitney et al. 2015; Moradali et al. 2017b). Our attempt to understand the activa-
tion mechanism of alginate polymerization showed that the c-di-GMP binding to
Alg44 targets the catalytic sites of Alg8 probably by inducing a conformational
change via involving the engagement of some highly conserved amino acid residues
of Alg8 at two predicted loops surrounding the catalytic site of Alg8 (Moradali et al.
2017b).

13.6.2 Modification of Alginate

Modification of polymers by producers aims at gaining physicochemical properties
corresponding to their biological function in a given environment. Modification of
alginate in bacteria comprises epimerization and acetylation of the polymannuronate
chain. While enzymatic modifications occur, both AlgG and AlgX as well as likely
AlgF/I/J constitute the proposed periplasmic scaffold, which translocates and guides
alginate across the periplasm (Fig. 12.3). Upon epimerization of nascent alginate
specifically mediated by the periplasmic AlgG epimerase, M residues are converted
to G residues, leading to the formation of polyMG alginate (Jain et al. 2003;
Gimmestad et al. 2003). Acetylation is mediated by terminal acetyltransferase
AlgX by which O-acetyl ester linkages are added at the C2 or C3 position of M
residues, resulting in acetylated alginates (Franklin and Ohman 2002; Baker et al.
2014) (Figs. 13.1 and 13.3).

Unmodified polymannuronate alginates are fairly a stiff polymer which is prob-
ably unfavorable for required flexibility in emerging matrix (Smidsrød et al. 1973).
This is due to the nature of di-equatorial linkages of M blocks, while equatorial-axial
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bond of MG block increases the flexibility of the chain (Smidsrød et al. 1973). On
the other hand, alginate produced by Pseudomonas species was found lacking G
blocks as AlgG cannot generate two consecutive G residues. The presence of G
blocks increases cross-linked chains and gelling properties of alginates in the
presence of divalent cations such as Ca2+ (Fig. 13.1). The formation of G blocks
in A. vinelandii alginate is mediated by other types of mannuronan C-5-epimerases
of the so-called Ca2+-dependent AlgE-type, which act extracellularly in a Ca2+-
dependent manner (Haug and Larsen 1969; Campa et al. 2004; Gimmestad et al.
2006). The G blocks have been commonly found in algal alginates living in the
oceans and coastal areas and also within the coat of dormant cysts of A. vinelandii
known as a nitrogen-fixing and soil bacterium (Clementi 1997; Peteiro 2018). This
indicates that this type of modification contributes to tolerating physical and
mechanical stresses. The acetylation of bacterial alginate increases the interaction
of polymers with water and causes chain expansion (Skjåk-Bræk et al. 1989;
Moradali et al. 2015).

Furthermore, we found that alginate polymerization and modifications are linked
processes. Using various mutants of P. aeruginosa complemented with different
combinations of catalytically active and inactive variants of alginate-polymerizing
and alginate-modifying genes (i.e., alg8, alg44, algG, and algX), we uncovered that
AlgG and AlgX had mutually auxiliary role within the multiprotein complex and
Alg44 regulates acetylation event beside its association with polymerization step
(Moradali et al. 2015, 2017b). In addition, we noticed that the degree of alginate
polymerization reflecting the molecular mass is determined by modification events,
where the degree of polymerization showed a negative correlation with the degree of
epimerization and a positive correlation with the degree of acetylation. Also, we
noticed that the epimerization process did interfere with the processivity of alginate
polymerization, leading to the formation of shorter chains, while acetylation did not
(Moradali et al. 2015). This may explain why alginates produced by P. aeruginosa
possess much higher molecular mass compared with algal alginates. Hence, this
study resulted in the production of various alginates including those chemically
characterized as acetylated polyMG, non-acetylated polyMG, acetylated polyM, and
non-acetylated polyM.

The impact of resulting various alginates on the development of biofilms was also
examined. We found that the biofilm architecture of P. aeruginosa and viscoelastic
property of alginates were remarkably affected by the various alginates. Generally,
viscoelastic property is a key physicochemical parameter to assess the behavior of
materials under given condition, and it is determined by measuring solid-like elastic
modulus (G’) and the liquid-like viscous modulus (G”). Our analysis showed that all
resulting viscoelastic alginates displayed the solid-like elastic modulus (G’) greater
than the liquid-like viscous modulus (G”), indicating they had greater elasticity than
viscosity. We found out that while molecular mass is a key factor to determine
viscoelastic property, the influence of the modification of alginates was also a
striking determinant. Here, the presence of acetyl groups lowered viscoelasticity
by possibly interfering with intermolecular alginate chain interactions. However
increasing molar fractions of M blocks and resulting higher molecular masses
increased viscoelasticity of the alginates (Moradali et al. 2015). Regarding biofilm
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examination, genetically modified P. aeruginosa mutants producing merely acety-
lated alginates formed well-developed biofilms with highly organized heterogeneous
architectures through promoted cell aggregations, when compared with those
biofilms formed by the mutant producing non-acetylated alginate. As acetylated
alginate displayed much lower viscoelasticity than non-acetylated alginate, we
concluded that in the course of biofilm formation, acetyl groups of alginates may
function as a signal for cell aggregation regardless of low viscoelastic property
(Moradali et al. 2015).

Also, resultant alginates without G residues and acetyl groups (i.e.,
non-acetylated polyM) caused the formation of undeveloped and narrow
microcolonies, which were supported by specific long trails or strips of cells
emerging from stigmergic self-organization behavior (Moradali et al. 2015).

13.6.2.1 Alginate Lyases

The periplasmic alginate lyase AlgL is encoded within the alginate operon in
P. aeruginosa (Jain and Ohman 2005) (Fig.13.3). This enzyme belongs to the family
of alginate lyases or alginate degrading enzymes which act as either mannuronate or
guluronate lyases, but due to their structural diversity, they have not been classified
yet (Wong et al. 2000; Ertesvåg 2015). Interestingly, these alginate-modifying
enzymes have a wide natural occurrence including in algae (but not brown algae),
marine invertebrates, and terrestrial microorganisms (Wong et al. 2000; Ertesvåg
2015). Wide natural distribution of alginate lyases implicate their possible role in
digesting alginates for utilizing them as carbon source, while no bacterial alginate
producer has been found to be an alginate utilizer. Presumably, in bacteria, alginate
lyases play other biological roles. Bacterial AlgL was demonstrated to be essential
for degrading misguided alginate trapped in the periplasm, leading to releasing free
uronic acid oligomers to avoid the lethal effect of accumulated alginate on cells
(Bakkevig et al. 2005) (Fig. 13.3). We showed that AlgL in P. aeruginosa is
functionally associated with existing alginate biosynthesis/modification/secretion
multiprotein complex (Wang et al. 2016). Such a critical role in the biosynthesis
of bacterial alginate is well-understood within various bacterial mutants defective in
the production of proposed scaffold forming subunits, i.e., AlgK, AlgX, or AlgG,
that destabilize the multiprotein complex. Subsequently, the translocation of alginate
across bacterial envelope was supposed to be misguided into the periplasm, leading
to AlgL-mediated alginate degradation and the production of unsaturated
oligouronides (Jain and Ohman 1998; Jain et al. 2003; Gimmestad et al. 2003;
Robles-Price et al. 2004) (Fig. 13.3). We demonstrated that chromosomal expression
of algL in P. aeruginosa enhanced alginate O-acetylation and both attachment and
dispersal stages of the bacterial biofilm lifecycle were sensitive to the level of O-
acetylation (Wang et al. 2016). Alginate lyases have been attractive and promising to
study for developing therapeutics in combination with antibiotics in order to erad-
icate alginate-based biofilms (Alkawash et al. 2006; Lamppa and Griswold 2013).
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13.6.3 Secretion of Alginate

The mechanism of alginate secretion is well-understood in P. aeruginosa. Two
interacting proteins AlgK and AlgE, respectively, localized in the periplasm and
the outer membrane, mediate alginate secretion across the outer membrane (Whitney
et al. 2011; Rehman et al. 2013) (Fig. 13.3). AlgE acts selectively for the secretion of
the negatively charged alginate polymer upon possessing a highly electropositive
pore constriction formed by an arginine-rich channel (Rehm et al. 1994; Hay et al.
2010; Whitney et al. 2011). On the other hand, the lipoprotein AlgK facilitates
proper localization of AlgE at the outer membrane (Keiski et al. 2010). This protein
possesses a tetratricopeptide repeat (TPR) protein-protein interaction motif possibly
mediating the interaction of AlgK with other subunits of the multiprotein complex
(Rehman et al. 2013; Moradali et al. 2015) (Fig. 13.3).

13.7 Multitier Regulation of Alginate Biosynthesis

The biosynthesis of bacterial alginate is under the control of a complex regulatory
network acting at transcriptional, posttranscriptional, and posttranslational levels
(Hay et al. 2014) (Fig. 13.4). At transcriptional level, the alternate sigma factor
AlgU (previously called AlgT or σ22) plays as the master regulator of alginate
biosynthesis, which positively acts on algD promoter. AlgU belongs to the
extracytoplasmic function (ECF) family of sigma factors, which are known to be
involved in conferring resistance to a wide range of envelope stresses. Recently, it is
understood that stimulation of AlgU for cell envelope homeostasis overlaps with
controlling pathways for biofilm formation (Wood and Ohman 2012). Under
uninduced condition, the anti-sigma factor MucA protein binds to AlgU at the
inner membrane and sequesters its activity (Fig. 13.4). The genes encoding AlgU
and MucA are clustered with other important chromosomal genes including mucB,
mucC, and mucD, and this operon is known as the switch locus for alginate
biosynthesis. Multiple studies showed that mutations in this operon are frequent
among clinical strains of P. aeruginosa leading to the inactivation of MucA.
Consequently, AlgU activates the expression of the alg operon (Fig. 13.4) and its
own operon (Boucher et al. 1997; Firoved et al. 2002). It also activates the expres-
sion of several other genes involved in alginate biosynthesis and regulation such as
algR, algB, algD, algC, and amrZ (Boucher et al. 1997; Mathee et al. 1999; Firoved
et al. 2002; Wozniak et al. 2003; Muhammadi and Ahmed 2007).

On the other hand, MucA is protected by the periplasmic protein MucB from
proteolysis triggered via regulated intramembrane proteolysis (RIP). The RIP sig-
naling cascade involves several proteases and proteolytic events activated by enve-
lope stresses negatively affecting localization or folding of the membrane proteins.
The degradation of periplasmic domain of MucA via the RIP cascade and the
subsequent release of AlgU represent another regulatory layer of alginate
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overproduction in response to inducing stresses (Alba et al. 2002; Qiu et al. 2007;
Cezairliyan and Sauer 2009; Wood and Ohman 2009) (Fig. 13.4).

It was shown that the alginate biosynthesis multiprotein complex links to the RIP
cascade via a periplasmic serine protease and chaperone-like protein called MucD
which forms a complex with AlgX (Hay et al. 2012). MucD was proposed to

Fig. 13.4 Schematic major regulatory networks controlling the biosynthesis of alginate and biofilm
formation by P. aeruginosa. Key determinants for alginate biosynthesis and overproduction of
alginate include elevation of c-di-GMP and releasing AlgU sigma factor as a result of inactivation of
MucA (blue rectangle with red cross) by either genetic mutation or proteolysis via the RIP cascade
(Boucher et al. 1997; Firoved et al. 2002; Remminghorst and Rehm 2006a; Wood and Ohman 2012;
Moradali et al. 2017b). The RIP cascade is thought to be negatively regulated by MucD which also
interacts with the alginate biosynthesis multiprotein complex (Damron and Yu 2011). Various
proteins localized in the envelope of the cells where these proteins form two-component systems
(brown/green rectangles), chemoreceptor-like system (orange complex) and other protein networks
sense environmental cues (Moradali et al. 2017a). Either triggered as phosphorylation cascades
(small red circle labelled with “P”) or protein-protein interactions, the signals induce diguanylate
cyclases (containing GGDEF motif) such as WspR and MucR to synthesize c-di-GMP from two
molecules of GTP (guanosine-50-triphosphate) (Güvener and Harwood 2007; Hay et al. 2009b).
Consequently, c-di-GMP-sensing proteins such as Alg44 act as receptor/effector for specific out-
puts such as induction of alginate and Pel polymerization, inhibition of motility and derepression of
psl/pel expression via FleQ protein, induction of attachment, and biofilm formation/maturation (Lee
et al. 2007; Baraquet et al. 2012; Li et al. 2012; Moradali et al. 2017b). Gray arrows indicate
inductive effect of proteins or molecules, and red blunt headed arrows indicate suppressive effects.
The two-component systems are interconnected, and the LadS/RetS/GacS/GacA/RsmA regulatory
network (green rectangles) plays a key role in phenotypic switch from motility to biofilm (Brencic
et al. 2009; Chambonnier et al. 2016). RIP regulated intramembrane proteolysis, OM outer
membrane, CM cytoplasmic membrane
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negatively regulate the RIP cascade by chaperoning and/or degrading misfolded
membrane proteins that would otherwise activate the RIP cascade (Fig. 13.4). One
study proposed that MucD may be sequestered by stable alginate biosynthesis
multiprotein complex, while induced destabilization in the protein complex results
in releasing MucD from it (Yorgey et al. 2001; Qiu et al. 2007; Damron and Yu
2011; Hay et al. 2012).

Studying clinical isolates of P. aeruginosa with mucoid phenotype unraveled
another regulatory pathway for the overproduction of alginate via mutations in the
mucA gene which seems frequently observed in these strains. Resulting defective
MucA is readily prone to proteolytic degradation as its defective periplasmic domain
cannot interact with MucB for being protected, leading to AlgU release (Reiling
et al. 2005; Hay et al. 2014). The mutation of mucA is one of the key adaptive
mutations in regulatory genes which occur during proposed adaptive radiation of
P. aeruginosa over the course of persistent infections in CF patients. By definition,
during adaptive radiation initial infecting strains diversify into a variety of genotypes
and phenotypes over time until the most favorable and adapted descendants are
selected for long-term persistence. Hence, biofilm formation, alginate
overproduction, and mucoid phenotype are part of this phenotypic adaptation pro-
cess (Higgins et al. 2003; Hogardt and Heesemann 2010, 2013; Rau et al. 2010;
Winstanley et al. 2016).

The regulation of alginate biosynthesis at transcriptional level via AlgU activity and
the regulation of algD promoter overlap or link with other regulatory pathways mainly
based on other sigma factors. Hay et al. provided a comprehensive overview on these
interconnected regulatory pathways at transcriptional level (Hay et al. 2014).

At posttranscriptional level, a complex regulatory system consists of RsmA/Y/Z
complex controls alginate biosynthesis (Fig. 13.4). RsmA is considered as a global
regulator acting upon binding to mRNAs and negatively controls biofilm formation
pathways such as via inhibition of the elevation of c-di-GMP levels (Irie et al. 2010;
Jimenez et al. 2012). Two noncoding RNAs, RsmY and RsmZ, bind to RsmA and
counteract its translational repression activity, consequently derepressing the translation
of the genes such as involved in biofilm formation, increasing c-di-GMP level, and
exopolysaccharides production (Fig. 13.4). This signaling pathway is also under the
control of the GacS/A two-component system where in response to external stimuli, a
phosphorylated GacA directly induces the synthesis of RsmY and RsmZ noncoding
RNAs (Bhagirath et al. 2017; Allsopp et al. 2017; Li et al. 2017) (Fig. 12.4). However,
the regulation of alginate biosynthesis at posttranscriptional level is not limited to this
RsmA/Y/Z and GacS/A pathways as recently it was shown that AlgU and also AlgR
from the two-component transcriptional regulator AlgZ/R control RsmA synthesis,
alginate biosynthesis, and several other genes (Stacey et al. 2017).

At posttranslational level, c-di-GMP is a key signal in the regulation of biofilm
formation by which timely expression of many genes is controlled (Fig. 13.4). This
ubiquitous second messenger present in a wide range of bacteria and principally
controls motility-biofilm switch (Römling et al. 2013; Moradali et al. 2017a).
Indeed, the cellular level of c-di-GMP is the major determinant for this substantial
phenotypic alteration, so that its elevation triggers biofilm formation while inhibiting
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motility. At least 40 enzymes directly synthesize and/or degrade c-di-GMP in
P. aeruginosa which controls cellular level of this small molecule in response to
perceived stimuli (Ryan et al. 2006). Previously, we demonstrated that alginate
polymerization is impacted by cellular level of c-di-GMP via binding to Alg44
(Moradali et al. 2017b). One particular c-di-GMP-synthesizing protein, MucR,
was demonstrated to specifically enhance the level of alginate production in
P. aeruginosa, presumably by generating a localized c-di-GMP pool in proximity
to the alginate polymerase (Hay et al. 2009b; Moradali et al. 2015, 2017b; Wang
et al. 2015) (Fig. 12.4). Likewise, there are many other c-di-GMP receptor proteins
which act as effectors for enhancing required pathways for biofilm formation
including the production of alginate, Pel, and Psl while they inhibit the expression
of motility-relevant genes such as those involved in flagella biosynthesis (Baraquet
et al. 2012; Moradali et al. 2017a) (Fig. 13.4).

13.8 Concluding Remarks

Studying biopolymers constituting the biofilm matrix has gained substantial atten-
tion for many years. For more than a century, algal alginates have been of particular
interests primarily for their unique physicochemical properties and wide industrial
applications. However, the discovery of alginates in mucoid strains of P. aeruginosa
and its direct impact on the development of chronic respiratory infections have
further increased their importance for human affairs. In contrast to algal alginates,
many aspects of the biosynthesis of bacterial alginates have now been unraveled. It is
now well-known that microbial communities, either medically or environmentally
relevant, harness specific material properties of alginates in response to their envi-
ronment. Although much has been learned about physicochemical properties, appli-
cations, and the biosynthesis of alginates over the last few decades, there are still
several key questions mainly about cognate multitier regulation and cross talks
among various cellular regulators involved in alginate biosynthesis. In addition,
persistent alginate-based biofilms in chronic respiratory infections are still a huge
challenge for clinical settings and therapeutic development.

Reporting alginate-like polysaccharides surrounding microbial consortia in recent
studies indicated that there are still many possibilities for discovering novel alginates
and novel producers in different habitats. Studying novel alginate-producing bacteria
from different habitats and comparing cognate regulatory networks would shed light
on how environmental cues stimulate the production of various alginates by the
bacterial community. On the other hand, understanding molecular mechanisms
driving alginate biosynthesis in bacteria would establish a foundation for possible
biotechnological production of tailor-made alginates as well as develop therapeutics
to interfere with the formation of pathogenic alginate-based biofilms.
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